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Introduction

We live and work in the age of immunotherapy.
The modality is now firmly affixed to the triad of
chemotherapy, radiation therapy, and surgery. This
book captures the translation of immunology into
therapies. The migration of bench research to
bedside experimentation has been largely driven by
academia and amplified by industry; however, in
the current age, there is equipoise between the
not-for-profit and for-profit enterprises regarding
advancements in the human applications of
immunotherapies.

The breadth of treatments reflects the complexity
of the immune system itself. The coordinated
response of the multiple components of an endog-
enous immune response has generated a portfolio
of immunotherapy options that are reflected in the
names of the chapters. Not all chapters, though, are
created equally. Some immunotherapies are just
beginning their human experimentation and some
are seasoned and perhaps even seen as out of vogue.
Nevertheless, as a whole, these components of
immune-based therapies provide patients with
therapeutic optimism and some with therapeutic
impact.

This book is a sum of its chapters and thus
individual immunotherapies. What is not yet evi-
dent
therapies can be harnessed. This is undoubtedly

is how combinations of immune-based

needed in order to secure long-term and complete
treatment for the majority of malignancies, espe-
cially arising as solid tumors. The coordinated
response of the endogenous immune system will be
mirrored by the corradiated application of immu-
notherapies. However, that will be the topic of a
future book. What is present and is remarkable, is
that monotherapies based on harnessing the
immune response have resulted in Lazarus-type
moments, are used to prevent cancer, and have
provided responses in tumors that were previously
considered untreatable.

Immunotherapy as presently wielded is a
relatively blunt tool. Yet the immune system is built
on precision. Academics and industry investigators
are only beginning to understand how to sharpen
the therapeutic edge of an applied immune
response. The proving ground is the human experi-
ence as preclinical models by and large do not yield
sufficient information regarding efficacy and tox-
icity. Thus, immunotherapy practitioners and
patients alike are risk takers. Together, they will
advance the clinical application of the immune
system so that its complexity can be harnessed as
an instrument to treat cancer on an individualized
basis.

This is a good time to be studying immunotherapy,
and we hope this book rewards your interest.






CHAPTER 1

Translation in Immunology: The
Role of Translational Biomarkers to

Guide Clinical Use of
Immunotherapy for Cancer

Saranya Chumsri' and Keith L. Knutson’

! Department of Hematology and Oncology, Mayo Clinic, Jacksonville, FL, USA
?Department of Immunology, Mayo Clinic, Jacksonville, FL, USA

Introduction

For over a century, the role of the immune system
in controlling and eradicating tumors has been a
subject of intense debate. Since the 1800s, it has
been recognized that the immune system also
plays an important pathologic protumor role in
tumor initiation and progression. Virchow com-
mented on the interaction between inflammation,
leukocytes, and cancer in his article from 1863 [1].
More than a hundred years later, we are still extri-
cating the complexities of the interaction between
cancers and the host immune system. More
recently, Schreiber, Old, and Smyth described the
process in which cancer and the immune system
interact with each other, termed “cancer immu-
noediting” [2]. Cancer immunoediting describes a
contiguous process that the immune system influ-
ences and shapes developing tumors. This process
can result in successful rejection of the tumor or
generate a tumor through immunologic evasion,
the latter of which we now know can occur by
multiple mechanisms and more often than not
through any one of a number of immune suppres-
sive pathways [3].

Despite the long-standing interest in host
antitumor immunity, it was only recently that
immunotherapy emerged as one of the effective
treatment options for cancer. In the past decade,
several new immunotherapies, such as immune
checkpoint blockade agents, tumor antigen—
targeted monoclonal antibodies, and a cell-based
dendritic vaccine, were approved by the U.S. Food
and Drug Administration (FDA) for the treatment
of multiple cancer types. In particular, the immune
checkpoint blockade agents, which are treatments
that target cytotoxic T-lymphocyte associated
protein 4 (CTLA-4), programmed cell death pro-
tein 1 (PD-1), and programmed cell death ligand
1 (PDL-1), have gained impetus as potent anti-
cancer therapies and have shown promising results
across several tumor types, leading to a widespread
revolution in cancer treatments and a massive shift
in laboratory investigations. Since this form of
therapy targets the host’s regulatory components of
the immune system rather than specific oncogenic
mutations or tumor cells themselves, immune
checkpoint blockade has been shown to be effec-
tive across multiple cancer types. Furthermore,
given that the immune system has the capacity for
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long-term memory, patients who respond to this
form of immunotherapy frequently have durable
responses, which can protect against disease
progression for months and years [4-6].

While the early results of immune checkpoint
blockade have been quite promising, only about
a third of patients benefit from single agent
therapy, accounting for both partial and com-
plete responses, defined by the FDA as the
objective response rate (ORR). Not all tumor
types are equally responsive to immune check-
point blockade, for reasons that as of yet remain
unclear. Emerging studies suggest that combination
treatments adding additional immunotherapies or
other modalities to immune checkpoint blockade
results in ORRs that appear to be higher in many
cases. However, in most cases the superiority of
combination therapy over monotherapy is still
not well proven. Chen and Mellman et al. intro-
duced the concept of the cancer-immunity cycle,
which describes the interactions and processes of
how the immune system recognizes and eradi-
cates cancer cells [7]. To ensure effective
antitumor activities, a series of stepwise events,
including release of cancer cell antigens, antigen
presentation, priming and activation, trafficking
of T cells to tumors, infiltration of T cells into
tumors, recognition of cancer cells by T cells,
and killing of cancer cells, must be initiated
and properly expanded. This cancer-immunity
cycle hypothesis provides potential opportu-
nities to intervene, and provides rationale for
combination therapy consisting of multiple
immunotherapies to improve clinical responses
[8]. Additionally, several other combination
approaches, including with chemotherapy, anti-
angiogenic therapy, and hormonal therapy, are
being considered [5, 9, 10]. In this chapter,
potential and established biomarkers that can be
used as prognostic indicators or as identifiers of
patients who will benefit more from these
immune checkpoint blockade agents are
reviewed. Thus, the impressive therapeutic
activity of immune checkpoint blockade, seen in
recent years, has solidified the science of transla-
tional biomarkers, which enable more rapid,
sensible deployment of novel clinical approaches
for the select groups of patients who are most
likely to benefit.

Biomarkers for anti-CTLA-4

Cytotoxic T-lymphocyte associated protein 4
(CTLA-4) is an immune checkpoint that down-
regulates immune responses. CTLA-4 functions
predominantly early in the cancer-immunity cycle
during T cell activation and enhances the immuno-
suppressive activity of regulatory T cells (T, cells)
[11, 12]. In contrast to PD-1 or PDL-1, which is
typically thought to modulate antigen-experienced
effector cells in inflammatory environments,
CTLA-4 engages in the priming phase and regu-
lates the amplitude of early activation of naive and
memory T cells [13]. Ipilimumab was the first
immune checkpoint blockade agent approved by
FDA, is a humanized monoclonal antibody against
CTLA-4, and is indicated for advanced melanoma.
However, the response rate for single-agent ipilim-
umab is merely 10%, and ipilimumab has several
concerning mechanistic-based toxicities [14].
Common serious toxicities associated with ipilim-
umab are dermatitis, enterocolitis, endocrinopa-
thies, liver abnormalities, and uveitis [15].
Therefore, it is critical to identify biomarkers that
can be used to select patients who are more likely to
benefit from this toxic therapy.

Several serum biomarkers, such as lactate
dehydrogenase (LDH), C-reactive protein (CRP),
vascular endothelial growth factor (VEGF), and
soluble CD25 (sCD25), have been shown to be
associated with ipilimumab treatment in patients
with advanced melanoma [16-19]. Higher baseline
levels of LDH and VEGF were associated with
reduced ipilimumab treatment response in patients
with metastatic melanoma. However, subsequent
reductions in LDH, CRP, and T as well as an
increase in absolute lymphocyte count after ipilim-
umab treatment were significantly associated with
improved overall survival (OS) and disease control
rate. sCD25 acts as a decoy receptor for IL-2. While
recombinant IL-2 improves efficacy of ipilimumab,
sCD25 inhibits the anticancer effects of ipilimumab,
and the high level of baseline sCD25 appears to
confer resistance to ipilimumab [16]. However,
most of these studies were small retrospective data-
base reviews, and at this time, no confirmatory
clinical trials have been done to support the routine
use of these biomarkers for the selection of patients
who should receive ipilimumab.
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Given that ipilimumab exerts its antitumor
activity through activation and increasing prolifer-
ation of T cells, serial measurements of absolute
lymphocyte counts (ALC) in the blood after
treatment have also been investigated as a pharma-
codynamic biomarker of ipilimumab [20, 21]. After
ipilimumab therapy, an ALC > 1000/puL at week
seven or an increase in ALC from baseline at week
twelve was significantly associated with improved
OS [18, 22, 23]. Besides a simple absolute count of
lymphocytes, which can be heterogeneous,
CD4'ICOS* T cells, an activated T cell subset, have
been used to track immune response after ipilim-
umab therapy as a pharmacodynamics marker.
Four independent studies demonstrated that
patients who had a sustained increase in CD4*ICOS*
T cells over twelve weeks after ipilimumab therapy
had significant improvement in OS [24-28]. This
consistent finding is intriguing because ICOS
(inducible T cell costimulatory) costimulation is
associated with Th2 immune responses, suggesting
the possibility that antibodies are involved in the
clinical activity of CTLA-4 blockade [29].

Since T cells recognize processed peptides
presented by host major histocompatibility com-
plex molecules, mutations in cancers can produce
unique peptides that can be recognized by T cells,
termed mutated neoantigens [30]. The antigenicity
of these neoantigens may affect the function of the
protein, and a passenger mutation with no
functional role may still generate sufficientimmune
responses, although the potential for immune
escape based on antigen loss is still possible.
However, a greater mutational load in the tumors
can potentially produce more neoantigens, which
will result in a larger repertoire of existing tumor-
specific T cells, and less chances of antigen-loss
variant escape. Given the fact that immune check-
point blockade agents exert their activity by
unleashing these preexisting tumor-specific T cells,
it was initially hypothesized that tumors with
higher mutational loads would respond better to
this form of therapy [30]. This hypothesis was sub-
stantiated based on the early results of studies with
ipilimumab, which has activity in the cancer with
the highest mutational load, melanoma. In two
melanoma studies of ipilimumab, patients who
responded to ipilimumab had a statistically
significant higher median mutation load in their

tumors compared to patients who did not respond.
However, there appeared to be no distinct cutoff
that can be used to identify patients who would not
benefit from ipilimumab therapy [31, 32]. The
inability to establish a cutoff may reflect important
variations such as HLA allelic variation and immu-
nogenicity of the putative neoantigens, both of
which may limit the utility of the mutational load
as a response indicator [33].

Despite years of trials and retrospective studies,
to date no companion diagnostic test has been
approved by the FDA to identify patients who are
more likely to benefit from ipilimumab. Thus,
additional translational studies of patients under-
going therapy should be designed and implemented
to aid in identifying the patients most likely to
respond.

Biomarkers for anti-PD-1/PDL-1
therapies

Programmed cell death protein 1 or PD-1 (also
known as PDCD1) and its ligand PD-1 ligand 1 or
PDL-1 (also known as B7-H1) are key immune
checkpoints that down-regulate antitumor effects of
T cells in the tumor microenvironment [34, 35].
PDL-1 engages PD-1 and inhibits proliferation and
cytokine production of T cells [36]. Several preclin-
ical studies demonstrated that inhibition of the
PD-1/PDL-1 interaction enhances T cell responses
and augments their antitumor activities [34, 37, 38].
The potential translational biomarkers for anti-
PD-1/PDL-1 can be categorized into either immune-
related or genomic-related biomarkers [39].

Immune-related biomarkers

PD-1 and PDL-1 immune checkpoint blockade
agents are thought to exert their activity mainly by
enhancing the antitumor activities of preformed
host immune responses [40]. Thus, the amount of
preexisting immune infiltrate in the tumor at base-
line prior to anti-PD-1/PDL-1 treatment was one
of the first translational biomarker candidates to be
explored. In melanoma, higher numbers of preex-
isting CD8" T cells, particularly at the invasive
tumor margin, have been shown to associate with
tumor regression in patients treated with anti-PD-1
therapy (pembrolizumab) [40]. Comparing bet-
ween responders and nonresponders, responding
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patients had significantly higher numbers of CD8?,
PD-1%, and PDL-1* cells at the invasive tumor
margin and a more clonal T cell antigen receptor
repertoire. Furthermore, patients who responded
to therapy had significant increases in CD8" T cells
both inside the tumors and at the invasive margins.
Similar findings, in which an increase in CD8*
T cell infiltration after anti-PD-1 therapy correlates
with tumor regression, were also observed in
another study with pembrolizumab in melanoma
and nivolumab in solid tumors in a phase I study
[41, 42].

Another immune-related biomarker that has
received a great deal of attention is tumor cell-
associated PDL-1 expression. PDL-1 is widely
expressed in the tumor microenvironment not
only on the tumor cells but also in subsets of
immune cells, particularly macrophages, dendritic
cells, and activated T, B, and NK cells as well as
other nonmalignant cells, including endothelial
cells as part of a physiological process to down-reg-
ulate host immune responses in inflammatory
microenvironment [43-45]. The distribution of
PDL-1 expression differs among tumor types. In
certain type of cancers, PDL-1 is expressed on both
tumor cells and immune infiltrating cells. These
types of cancers include squamous cell carcinoma
of the head and neck (SCCHN), melanoma, breast
cancer, and renal cell carcinoma [46-50]. However,
in other forms of cancers such as colorectal (CRC)
and gastric cancer, PDL-1 is expressed almost
exclusively on the immune-infiltrating cells but
rarely on the tumor cells [51, 52].

In the initial phase I trial of nivolumab, an anti-
PD-1 antibody, in 39 patients with advanced solid
malignancies, 9 biopsied samples were available for
PDL-1 assessment by immunohistochemistry.
Among these 9 patients, 3 out of 4 patients with
membranous expression of PDL-1 responded to
nivolumab. Objective responses were not observed
in the other 5 patients without PDL-1 expression
[42]. Similar findings were subsequently observed
in a larger trial of nivolumab, which demonstrated
no objective response in patients with PDL-1-neg-
ative tumors. In contrast, patients with PDL-1
expression of 25% of tumor cells were twice as
likely to respond compared to the overall study
population [39, 53]. While PDL-1 expression can
be used to identify patients who are more likely to

respond to anti-PD-1 therapy, subsequent studies
have shown that objective responses could still be
observed in some patients with PDL-1-negative
tumors [54]. In an analysis of multiple anti-PD-1
trials, the average ORR of anti-PD-1 therapy was
approximately 29% across 15 trials in various solid
malignancies. Among patients with PDL-1-positive
tumors, the ORR was 48% compared to 15% in
PDL-1-negative tumors [55]. These findings exem-
plified that PDL-1 negativity cannot be used to
exclude patients from anti-PD-1 therapies but
rather to enrich patients who are more likely to
benefit from this therapy.

Of note, while PD-1 is the actual target of anti-
PD-1 therapy, expression of PD-1 does not appear
to provide any additional predictive value [50].
Tumeh et al. demonstrated that more complex
parameters, such as close proximity of PD-1* cells
to PDL-1* cells, proliferation of CD8+ T cells mea-
sured by Ki67 and CD8 costaining, and markers of
IFNy signaling, provided superior predictive value
compared to a single marker [40].

There are several technical difficulties and limita-
tions of using PDL-1 expression as a biomarker for
anti-PD-1/PDL-1 therapies. First, the expression of
PDL-1 is variable in multiple tumor biopsies col-
lected over time and/or from different anatomical
sites in each individual patient [39]. This variable
expression represents a potential pitfall of devel-
oping PDL-1 IHC as an absolute biomarker based
on a single biopsied tumor specimen. Moreover, the
tumors used to evaluate PDL-1 expression were col-
lected after varied duration of treatment among
multiple clinical trials. Some of the trials used
tumors collected right before the initiation of
therapy, and some trials used the tumors from the
initial diagnosis. The tumors that were collected
after the initial diagnosis, which could have been
months or years before the initiation of therapy,
may not have reflected the PDL-1 status at the time
of therapy. Furthermore, the expression of PDL-1 is
not uniform within the tumors. Focal expression of
PDL-1 could be missed in small core needle biopsy
specimens, resulting in false negative results [56].

Genomic-related biomarkers

To date, no specific oncogenic mutations have been
shown to associate with outcome in patients treated
with anti-PD-1/PDL-1 therapy as an independent
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variable. However, several aberrant oncogenic
drivers and signaling pathways have been shown to
associate with PDL-1 expression. PTEN mutations
resulting in constitutive activation of the PI3K-
AKT pathway have been shown to associate with
higher PDL-1 expression in glioma cells [57].
Similar findings were observed with constitutive
ALK signaling activation, which was found to
associate with increased PDL-1 expression via
activation of STAT3 in certain lymphomas and
lung cancers [58]. Additionally, in a subset of lung
adenocarcinomas, KRAS mutations were associ-
ated with increased PDL-1 expression and denser
inflammation compared to wild-type tumors [59].
Nevertheless, there appeared to be no significant
difference in PDL-1 expression in non-small-cell
lung cancer (NSCLC) tumors with mutant EGFR
and those with wild-type EGFR [60]. Furthermore,
in melanoma, a previous study also demonstrated
no significant difference in PDL-1 expression bet-
ween BRAF-V600E mutated vs. wild-type tumors
[61]. Consistent with this finding, the response to
anti-PD-1 therapy appeared to be similar in
patients with BRAF-V600E mutation and BRAF
wild-type tumors [6, 62].

Given that genes encoding for both PDL-1 and
another PD-1 ligand, PDL-2, are located on the
9p24.1 locus, translocations or amplifications of
9p24.1 locus also have been shown to increase
PDL-1 and PDL-2 expression on the surface of
tumors. Amplification of 9p24.1 has been observed
in several tumor types, including Hodgkin lym-
phomas [63, 64], mantel cell lymphomas [65],
gastric cancers [66], and breast cancer [67]. Up to
97% of classical Hodgkins lymphomas have alter-
ations of the PDL-1 and PDL-2 loci: either
polysomy, copy number gain, or amplification
resulting in PDL-1 overexpression. Furthermore,
consistent with the known capability of virus-
caused up-regulation of the PD-1/PDL-1 pathway,
Epstein-Barr virus infection, which is common in
Hodgkin’s lymphoma, also contributes to overex-
pression of PDL-1. As a result of these two
mechanisms, a large proportion of classical
Hodgkin’s lymphoma have increased PDL-1
expression [68]. Corresponding to these findings,
the initial phase I study of nivolumab in 23 patients
with relapsed or refractory Hodgkin's lymphoma,
with the majority progressing after autologous

stem-cell transplantation and brentuximab vedo-
tin, showed a remarkable ORR of 87%, including
17% with a complete response, 70% partial
response, and 13% with stable disease [63, 64].
Similar findings were observed in a subsequent
multi-center, single arm phase II trial of nivolumab
in 80 patients with classical Hodgkins lymphoma
after failure of both autologous stem-cell transplan-
tation and brentuximab vedotin. However, the
expression of PDL-1 on Reed-Sternberg cells was
not required and patients were enrolled regardless
of their PDL-1 expression status. ORR was
observed in 66.3% of patients, with 9% complete
response, 58% partial response, and 23% stable dis-
ease [69]. Based on these promising results, the
FDA granted the accelerated approval of nivolumab
for the treatment of patients with Hodgkin’s disease
in this setting.

Similar to that reported with ipilimumab, muta-
tional burden is another key factor that has been
found to be associated with clinical response to
anti-PD-1/PDL-1 therapies. Early studies of anti-
PD-1 indicated that these agents appear to have
activity across all cancers with the highest median
mutation loads, namely, melanoma, NSCLC,
SCCHN, bladder cancer, and gastric cancer. The
ORR for anti-PD-1 in these cancer types was more
than 15% across the board [53, 70, 71]. In contrast,
the ORR is relatively low in cancers with low muta-
tional loads, such as prostate and pancreatic
cancers. In a small study of patients with lung can-
cer receiving pembrolizumab, higher mutational
burden was associated with improved response to
this agent [72]. Nevertheless, and much like that
observed for ipilimumab, there is no clear cutoff
for the number of actual mutations that can be
used for the purpose of patient selection. Currently,
beyond the number of mutations, there are several
computational algorithms that can be used to pre-
dict the numbers of potential neoantigens.
However, to date, these algorithms are still highly
imperfect and at present not suitable for use for
routine clinical management.

Another specific genetic subset that has been
shown to associate with higher mutation burden
and better response to anti-PD-1/PDL-1 is tumors
with DNA mismatch repair (MMR) defects. Genes
in the MMR complex are often found to be mutated,
deleted, or epigenetically silenced in several
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cancers, including CRC, gastric, endometrial,
ampullary, duodenal, and prostate cancers. MMR-
deficient genotypes account for approximately 4%
of all solid tumors and can be identified by detect-
ing microsatellite instability (MSI) or by
immunohistochemical staining of MMR proteins
[39]. These tumors with MMR defect have a 10- to
100-fold increase in mutational burden compared
to MMR-proficient tumors. Furthermore, colon
cancers with MSI exhibit several other features that
predict sensitivity to anti-PD-1/PDL-1 therapy.
These features include high CD8* T cell infiltra-
tion, CD4* T cells with the Thl phenotype, high
levels of PD-1, PDL-1, CTLA-4, lymphocyte
activation gene (LAG3), and IFNy-inducible
immune inhibitory metabolic enzyme (IDO1) [51,
73]. Despite a generally low rate of response in
CRC patients, there was a patient with CRC who
had a durable complete response in the initial phase
I trial of nivolumab [42]. Subsequent analysis of
this patient’s tumor demonstrated an MSI* pheno-
type [74]. This finding was confirmed in a larger
phase II trial of pembrolizumab in patients with
tumors harboring MMR defects. In this particular
trial, patients with MMR-deficient and -proficient
CRC were enrolled. The ORR was 40% in MMR-
deficient CRC compared to 0% in MMR-proficient
CRC. Similar high response rates were also
observed in another cohort of patients with MMR-
deficient non-CRC with an ORR of 71% [60].
Besides somatic mutations, integration of onco-
genic viruses in cancer genomes represents another
form of genetic alterations that can produce neoan-
tigens. There are several human cancers that are
driven by viruses, namely, Epstein-Barr virus,
human papillomavirus, Merkel cell polyomavirus
(MCPyV), human T-lymphotropic
(HTLV-1), Kaposi sarcoma-associated herpes virus
(KSHYV), hepatitis B, and hepatitis C viruses. Early
studies demonstrated that these viral-associated
cancers might have high response rates to anti-
PD-1/PDL-1 therapies. Approximately 80% of
Merkel cell carcinomas are associated with MCPyV
infection, and patients with Merkel cell carcinoma
often produce MCPyV T-antigen-specific T cells
and antibodies [75, 76]. A high ORR of 56% was
observed in a phase II trial of pembrolizumab in
this group of patients, which might be indicative of
activation of latent MCPyV-specific immune

virus 1

effectors [77]. Similar findings were also observed
in hepatocellular carcinoma, in which the ORR was
36% among hepatitis C infected patients compared
to 15% in noninfected patients [78].

Approved anti-PD-1/PDL-1 blockade
agents and biomarkers in clinical use
Since 2014, several agents targeting this particular
pathway have been approved or are under
consideration by the FDA. Presently, three PD-1-
PDL-1 targeting agents have been approved by the
FDA, namely, pembrolizumab, nivolumab, and
atezolizumab. Multiple other agents targeting this
particular pathway are currently under clinical
development. The agents targeting PD-1 currently
in clinical development include pidilizumab,
AMP-224, and AMP-514, as well as agents target-
ing its ligand, PDL-1, including BMS-936559,
durvalumab, and avelumab [79].

Pembrolizumab, a humanized monoclonal IgG4
antibody against PD-1, was the first PD-1/PDL-1
targeting agent approved by the FDA. It was
approved in September 2014. Pembrolizumab is
currently indicated for the treatment of unresect-
able or metastatic melanoma patients, whose
tumors express PDL-1, either as an initial treatment
or subsequent treatment after progressing on ipili-
mumab and/or a BRAF inhibitor, the first or later
line treatment of patients with metastatic NSCLC,
and the treatment of patients with recurrent or
metastatic SCCHN after progressing on platinum-
containing chemotherapy [80-83].

Similar to pembrolizumab, nivolumab is a
humanized monoclonal IgG4 antibody against
PD-1. Currently, nivolumab is indicated as a
single agent for the first-line treatment of patients
with BRAFV600 wild-type unresectable or meta-
static melanoma, metastatic NSCLC progressing
after platinum-based chemotherapy, advanced
renal cell carcinoma with prior antiangiogenic
therapy [84], relapsed Hodgkin lymphoma after
autologous hematopoietic stem cell transplanta-
tion and posttransplantation brentuximab
vedotin, and recurrent or metastatic SCCHN pro-
gressing after platinum-based therapy [64, 85-89].
In addition, nivolumab is also indicated in
combination with ipilimumab in unresectable or
metastatic melanoma patients with BRAF wild-
type [90, 91].
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Table 1.1 Summary of approved biomarkers for anti-PD-1/PDL-1 blockade agents in clinical use.

Assay Agent Disease Setting Cutoff Reference
PDL-1 IHC 22C3 PDL-1 IHC 22C3 1st-line NCSCLC without EGFR or TPS = 50% 82
PharmDx assay PharmDx assay ALK mutation
For patient selection
> 2nd-line NSCLC TPS > 1% 60
For patient selection
PDL1 IHC 28-8 Nivolumab Nonsguamous NSCLC TPS 2 1% 89

PharmDx assay

Note: TPS=tumor proportion score.

In contrast to pembrolizumab and nivolumab,
atezolizumab is a humanized monoclonal IgG1
antibody against PDL-1. Atezolizumab is indicated
for the treatment of patients with locally advanced
or metastatic urothelial carcinoma progressing
after platinum-based chemotherapy [92] and
patients with metastatic NSCLC progressing after
platinum-based chemotherapy [93].

At present, two established biomarkers are
currently in routine clinical use. They are the
PDL-1 THC 22C3 pharmDx assay for pembroli-
zumab in NSCLC and the PDL-1 IHC 28-8
pharmDx assay for nivolumab in nonsquamous
NSCLC and melanoma. Upon the approval of
pembrolizumab in NSCLC, the FDA also simulta-
neously approved the companion diagnostic test,
PDL-1 IHC 22C3 pharmDx assay, to guide patient
selection. PDL-1 IHC 22C3 pharmDx is a
qualitative immunohistochemical assay using
mouse monoclonal anti-PDL-1 clone 22C3 in for-
malin-fixed, paraffin-embedded samples. Tumor
proportion score (TPS) is used to determine the
expression level of PDL-1. PDL-1 is considered
positive if TPS > 1% and high PDL-1 expression is
defined as TPS > 50%. Currently, pembrolizumab
has two indications in metastatic NSCLC,
including the first-line therapy for NSCLC patients
whose tumors have high PDL-1 expression (TPS >
50%) and no EGFR or ALK genomic aberrations
[82]. This approval was based on a large phase II
trial of pembrolizumab in patients with squamous
and nonsquamous NSCLC, which demonstrated
significantly higher ORR, improved PFS, and OS
in patients with tumors expressed PDL-1 > 50%
[60]. The second indication includes the second or
later line of therapy in NSCLC patients progress-
ing on platinum-based chemotherapy. In this

For prognostic purpose

indication, the cutoff for TPS is lower than the
first indication at > 1% rather than > 50%. This
lower cutoff may be due to enhanced sensitivity to
immune checkpoint blockade agents among
patients with platinum resistance. In contrast,
PDL-1 THC 28-8 pharmDx for nivolumab in
NSCLC and melanoma was approved as a comple-
mentary companion diagnostic test rather than a
required test for patient selection. In two phase III
trials of nivolumab, NSCLC patients whose
tumors expressed PDL-1 > 1% using PDL-1 IHC
28-8 pharmDx assay had improved OS, but only in
the nonsquamous NSCLC group [88, 89]. These
assays in current clinical use are summarized in
Table 1.1.

Conclusion

Immunotherapy, particularly with immune check-
point blockade, represents a revolutionary para-
digm shift in cancer treatment. By enhancing
endogenous host immune responses, rather than
specifically targeting particular aberrant signaling
pathways intrinsic to the tumor cell, this form of
treatment has proven to be effective across multiple
tumor types. Nonetheless, the response to immu-
notherapy is not universal and specific transla-
tional biomarkers are needed to identify patients
who are more likely to benefit from this therapy.
To date, there are only two PDL-1 immunobhisto-
chemistry assays that are approved by the FDA and
are currently in clinical use. However, as our under-
standing of the interplay between immune system
and tumor microenvironment grows, novel mech-
anistic-based biomarkers and combination therapy
will emerge to improve patient selection for this
form of therapy.
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Introduction

Monoclonal antibody (mAb)-based therapy is one
of the most important and successful therapeutic
strategies used for treating patients with solid
tumors and hematologic malignancies. The origins
of this treatment modality began with the observa-
tion of antigen expression by tumor cells made
using serological techniques in the 1960s [1]. These
antigens were thought to be “targets” that could be
addressed therapeutically. The development of
hybridoma technology in 1975, whereby mice were
immunized against a specific epitope on an antigen,
led to the first generation of murine antibodies tar-
geting surface antigens [2]. Subsequently,
approaches were developed to humanize anti-
bodies, which allowed for the creation of mAbs not
recognized as foreign by the human immune
system [3, 4]. This represented a critical step in
advancing mAbs in the clinic. In the following
decades, serologic, genomic, proteomic, and bioin-
formatics techniques were used to identify
numerous cell surface antigens that are mutated,
overexpressed, or selectively expressed in tumor
tissues versus normal tissues. Concomitantly, addi-
tional technologies to generate human antibodies,
including use of transgenic mice, phage display

techniques, and innovative antibody engineering
approaches, as well as the development of large-
scale production techniques, allowed for the
transition of mAb therapy from the laboratory to
widespread clinical use [5-8].

This chapter summarizes the mechanisms of
action of mAbs, characteristics of ideal tumor
antigens to serve as antibody targets, clinical
development of mAb therapy, and mechanisms of
resistance. We focus on mAbs targeting antigens
involved in cancer cell proliferation and survival.
Monoclonal antibodies that have been developed
to either activate or antagonize immunologic path-
ways are discussed in a subsequent chapter of this
book. Similarly, mAbs that have been used in the
construction of chimeric antigen receptor T cells
are the focus of another chapter. Finally, mAbs
that target peptide-major
complexes, referred to as TCR mimics, have also

histocompatibility

been developed and are the subject of another
chapter.

Mechanisms of action

Antibodies, which are secreted by B cells, are key
components of the adaptive immune system capable
of recognizing antigens with high specificity. They
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share similar basic structural units that include two
large heavy chains and two small light chains. These
structural units are organized into two distinct
regions, the Fab variable region, which recognizes
and binds specific antigens, and the Fc region,
which is capable of interacting with specific Fc
receptors (Figure 2.1).

The mechanisms by which antibodies can kill
tumor cells can be categorized broadly as direct
tumor cell killing and immune-mediated tumor
cell killing. Direct tumor cell killing can be accom-
plished by an agonistic mAb binding to a cell
surface receptor and inducing apoptosis. In
addition, antagonistic mAbs can bind to a cell sur-
face receptor blocking dimerization, kinase
activation, and downstream signaling. This in turn
leads to inhibition of cell growth and induction of
apoptosis. Inhibition of cell signaling is one mech-
anism by which the mAbs cetuximab and
trastuzumab work [9, 10]. Cetuximab is a mAD that
targets the extracellular domain of the epidermal
growth factor receptor (EGFR). It is approved by
the U.S. Food and Drug Administration (FDA) for
the treatment of KRAS wild-type, EGFR-express-
ing metastatic colorectal cancer and recurrent or
metastatic head and neck cancer. The approval in
metastatic colorectal cancer was based on tumor
samples from patients enrolled in the CRYSTAL
trial and two supporting studies analyzed retro-
spectively [11-13]. In patients with KRAS wild-type

Disulfide Bond

Figure 2.1 General antibody structure. The basic structural
units of an antibody are organized into two distinct regions,
which include two large heavy chains and two small light

tumors, the addition of cetuximab to chemo-
therapy or best supportive care resulted in
improvements in overall survival, progression-free
survival, and overall response rate. There was no
benefit in patients with KRAS mutant tumors. The
initial approval in head and neck cancer was for use
in combination with radiation in patients with
locally or regionally advanced squamous cell carci-
noma or as a single agent for patients with recurrent
or metastatic disease, for whom prior platinum-
based therapy had failed. This approval was based
on a significant improvement in overall survival
and duration of locoregional disease control when
cetuximab was added versus radiation therapy
alone [14]. It was subsequently approved for use in
combination with platinum-based therapy plus 5-
florouracil for first-line treatment of patients with
recurrent locoregional and/or metastatic disease.
This approval was based on the results of a multi-
center study that enrolled patients with metastatic
or locally recurrent head and neck cancer not suit-
able for potentially curative treatment with surgery
or radiation [15]. The addition of cetuximab to
platinum-based  therapy plus 5-fluorouracil
resulted in significantly improved progression-free
and overall survival [16].

Trastuzumab is a mAb that targets the extracel-
lular portion of HER2. It received initial FDA
approval in 1998 for the treatment of metastatic
breast cancer that overexpresses the HER2 protein.

Heavy Chain

Light Chain

B Fab or Variable Region
I__] Fc or Constant Region

chains linked by disulfide bonds. The Fab variable region
(green) recognizes and binds specific antigens and the Fc
region (orange) interacts with specific Fc receptors.
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Approval was based on data from a phase III trial
that showed that the addition of trastuzumab to
chemotherapy in heavily pretreated patients
improved response rates and extended time to
disease progression [17]. Trastuzumab is now rou-
tinely used in the treatment of HER2-positive
breast cancer in the metastatic, adjuvant, and neo-
adjuvant settings.

In addition to these direct tumor cell killing
mechanisms of action of “naked” mAbs, antibodies
can be conjugated to cytotoxic drugs and used to
deliver these drugs directly to the tumor site. The
first antibody drug conjugate (ADC) to receive
FDA approval was gemtuzumab ozogamicin, an
ADC that links the cytotoxic agent calicheamicin
to an anti-CD33 antibody. It was approved for use
in 2000 for patients at least 60 years of age with
CD33-positive acute myeloid leukemia. This was
based on a single-arm phase II trial showing an
overall response rate of 26% in these patients [18].
This approval was conditioned on completion of a
subsequent phase III clinical trial; unfortunately,
that confirmatory study was negative, leading to
withdrawal of the approval in 2010 [19]. More
recently, the results of additional randomized
studies adding gemtuzumab ozogamicin to various
induction regimens have suggested improved
overall survival in specific patients with acute mye-
loid leukemia with intermediate cytogenetic
characteristics, leading to renewed interest in this
agent [20, 21, 22].

The second ADC to receive regulatory approval
was brentuximab vedotin, which combines an anti-
CD30 antibody conjugated to monomethyl
auristatin E, a microtubule disrupting agent.
Brentuximab vedotin is approved for use in treat-
ing patients with relapsed or refractory Hodgkin’s
lymphoma based on a single-arm, multicenter
study that enrolled patients who relapsed after
autologous stem cell transplant [23]. In this study,
brentuximab vedotin showed a 75% objective
response rate with a median duration of response
of 20.5 months in patients with relapsed or
refractory Hodgkin’s lymphoma [23]. A subsequent
randomized phase III trial (AETHERA) showed
that consolidation with brentuximab vedotin after
autologous stem cell transplant improved progression-
free survival in Hodgkins lymphoma patients
with high-risk factors for relapse or disease prog-
ression after transplantation [24]. The approval for

systemic anaplastic large-cell lymphoma was based
on a single-arm, phase II, multicenter study that
demonstrated an 86% objective response rate in
patients with CD30-positive systemic anaplastic
large cell lymphoma who had previously received
multiagent chemotherapy [25].

One early ADC used routinely in the clinic is
trastuzumab emtansine (T-DM1), which includes
the mADb trastuzumab linked to emtansine (DM1),
a highly potent microtubule polymerase inhibitor.
T-DM1 was approved for use in HER2-postive
breast cancer based on the results of the EMILIA
clinical trial that enrolled women with advanced
HER2-positive breast cancer who were resistant to
trastuzumab alone [22]. T-DM1 improved median
overall survival compared to the combination of
the HER2 tyrosine kinase inhibitor lapatinib and
capecitabine. Many additional ADCs are currently
being evaluated in clinical trials.

Other mechanisms by which antibodies can kill
tumor cells are categorized immune-mediated
tumor cell killing. Much of immune-mediated
tumor cell killing is due to immune cell engage-
ment with the Fc portion of the mAb (Figure 2.2)
[26]. Specifically, Fc receptors (FcR) on natural
killer (NK) cells binding to the Fc portion of a
mAb engaged with a surface receptor can lead
to antibody-dependent cellular cytotoxicity
(ADCC). ADCC involves the FcR on an NK cell
(FcRIII; CD16) recognizing cell-bound anti-
bodies and cross-linking the antibodies, which
leads to the release of granzyme and perforin into
the synapse, promoting apoptosis [27, 28].
Although FcR genotypes are not completely pre-
dictive of response to therapy, there is evidence
that FcR polymorphisms enhance response rates
for rituximab in follicular lymphoma, cetuximab
in colorectal cancer, and trastuzumab in breast
cancer [29-31]. ADCC can also be mediated by
macrophages. In addition, macrophage binding to
antibodies coating the cell surface can promote
phagocytosis. Furthermore, tumor antigen-tar-
geted mAbs can trigger an antigen-specific T cell
response via a process known as cross-presenta-
tion. Briefly, the mAb-coated tumor antigens
released by dying cells are taken up by dendritic
cells, which process and present the antigen to T
cells [32, 33]. These activated T cells are then able
to recognize the antigen expressed by the tumor
cells complexed with an MHC molecule. Efforts
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Figure 2.2 Immune-mediated mechanisms of action for
monoclonal antibodies. A. Antibody-dependent cellular
cytotoxicity. Fc gamma receptors on the surface of
immune effector cells such as natural killer cells bind to
the Fc region of antibodies interacting with tumor cell
surface antigens, leading to the release of granzyme and
perforin that mediate tumor cell killing. B. Cross-presentation
and T cell activation. Tumor antigens released by dying

have been made to modify the Fc region of mAbs
to increase their ability to interact with the
immune system. Approaches used include chang-
ing the amino acid sequence or altering the

tumors cells and coated with mAbs are taken up by
dendritic cells, processed, and presented to T cells. C.
Phagocytosis. Macrophage binding to mAb via its FcR
mediates phagocytosis. D. Complement-dependent
cytotoxicity. C1q complement proteins bind to antibodies
interacting with tumor cell surface antigens, triggering
the complement cascade. Membrane attack complexes
form on the surface of the cell, leading to cell death.

glycosylation pattern in a manner that enhances
interaction with the FcR on effector cells [34, 35].
Obinutuzumab is an example of a glycomodified
mADb that was shown to be safe and effective,
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leading to FDA approval for the treatment of
chronic lymphocytic leukemia [36, 37].

Finally, mAbs can also induce complement-
dependent cytotoxicity (CDC) [38, 39]. The exact
role of CDC in the clinical response to mAb therapy
is unknown, as the effects of CDC are very rapid,
whereas the response to mAb-based therapy occurs
over weeks. It has been suggested that CDC may
contribute most to the efficacy of mAbs in hemato-
logic malignancies, where target cells are exposed
to complement proteins in the circulation [40].
Consistent with this, it is generally accepted that
CDC is limited as a mechanism of action for mAb
treatment of solid tumors [41]. It has also been sug-
gested that CDC plays a role in some of the adverse
effects observed with mAb therapy [42].

There is evidence of interactions between var-
ious mechanisms of action of a single mAb. These
interactions can be synergistic or antagonistic and
can impact the antitumor effects of the mAb. For
example, the effects of complement fixation are
complex [43]. The anti-CD20 mAb rituximab can
promote rapid target cell killing via CDC. However,
complement fixation can also block the interaction
between the mAb and the FcR on NK cells, thereby
decreasing ADCC [44]. The mAb, trastuzumab,
also has multiple described mechanisms of action,
including inhibition of cell signaling by preventing
dimerization and promoting receptor internaliza-
tion, which inhibits kinase activation [10]. ADCC
is another described mechanism of action [32].
ADCC requires that the mAb complexed with the
target antigen remain on the cell surface for recog-
nition by the FcR of NK cells. Therefore, the effect
of trastuzumab promoting receptor internalization
could decrease the extent of ADCC.

Tumor antigens

The efficacy and safety of therapeutic mAbs
depends on the target antigen. An ideal target
antigen is abundant and has consistent expression
by malignant cells [45]. In addition, there should
be limited tendency for antigen-negative tumor
variants to emerge [41]. If the desired mechanism
of action is ADCC or CDC, then it is preferable
that the mAb-antigen complex not be internalized
rapidly to allow maximal exposure of the Fc region
of the mAb to immune effector cells or complement

proteins [45]. In contrast, for mAbs for which cell
surface receptor internalization is a primary mech-
anism of action or for conjugated mAbs that are
designed to deliver a payload into the cancer cell,
then rapid, efficient internalization is preferable
[45]. Another consideration, specifically when
considering mAbs for the treatment of solid
tumors, is whether the antigen is secreted. Secreted
antigens bind the mAb in the circulation, thereby
limiting the availability of mAb for tumor binding.

Several different categories of tumor antigens
that can be recognized by therapeutic mAbs exist
(Table 2.1). Antigens involved in growth and
differentiation signaling typically are growth
factors or growth factor receptors, including EGFR,
HER2, ERBB3, MET, insulin-like growth factor 1
receptor (IGF1R), ephrin receptor A3 (EPHA3),
tumor necrosis factor (TNF)-related apoptosis-
inducing ligand receptor 1 (TRAILR1), TRAILR2,
and receptor activator of nuclear factor-xB ligand
(RANKL). Antigens involved in angiogenesis
include growth factors and proteins that support
the formation of microvasculature, including
vascular endothelial growth factor (VEGF), VEGF
receptor (VEGFR), integrin a5p1, and oVf3.
Stromal and extracellular matrix antigens are criti-
cal in that they provide structural support for the
tumor. Stromal and extracellular matrix antigens
that can be targeted include fibroblast activation
protein and tenascin. Glycoproteins can be found
on the surface of solid tumor cells as well as malig-
nant hematologic cells. Examples of glycoproteins
expressed by solid tumors include epithelial cell
adhesion molecule (EPCAM), carcinoembryonic
antigen (CEA), mucins, prostate-specific mem-
brane antigen (PSMA), and folate-binding protein
(FBP). Hematopoietic differentiation antigens are
typically associated with cluster of differentiation
(CD) groupings and include CD20, CD30, CD33,
and CD52.

Clinical development
of monoclonal antibodies

The initial step in developing mAbs for clinical use
involves in vitro and in vivo preclinical studies [8,
45, 46]. First, the physical and chemical properties
of the antibody must be characterized. In addition,
detailed analyses must be performed to determine



Table 2.1 Categories of tumor antigens recognized by therapeutic mAbs.

Carbohydrate

Epidermal growth factor
receptor

Glycolipid

Glycoproteins expressed
by solid tumors

Growth and differentiation
signaling

Lewis-Y
EGFR

GD2
GD2
EPCAM
CAIX
gpA33
PSMA
CEA
FBP
HER2
VEGF
EGFR

IGF1R
CD38
RANKL
MET

EPHA3

TRAILR1
EGFR
EGFR
PDGRFa
HER2
ERBB3
ERBB2

Breast, colon, lung, and prostate
Colorectal carcinoma

Neuroblastoma

Neuroblastoma and osteosarcoma
Breast, colon, and lung

Renal cell carcinoma

Colorectal carcinoma

Prostate carcinoma

Breast, colon, and lung

Ovarian

Breast, colon, lung, ovarian, and prostate
Lung, colon, and kidney

Glioma, lung, breast, colon, and head and neck

tumors

Breast, colorectal, and pancreatic

Myeloma

Breast and bone

Non-small cell lung cancer, acute myeloid
leukemia, and head and neck cancer

Acute myeloid leukemia, myelodysplastic
syndromes, and myelofibrosis

Cervical

Lung

Pancreatic cancer

Sarcoma

Breast, colon, long, ovarian, and prostate

Breast, non-small cell lung cancer, and ovarian

Breast, colon, lung, ovarian, and prostate

Hu3S193 and IgN311
Panitumumab

Dinutuximab

Hu3F8 — Y — mAbs[[check]]
Adecatumumab
Girentuximab

huA33

J591

Labetuzumab

MOv18 and MORAb-003
Ado-trastuzumab emtansine
Bevacizumab

Cetuximab

Dalotuzumab
Daratumumab
Denosumab
Ficlatuzumab

Ifabotuzumab

Mapatumumab
Necitumumab
Nimotuzumab
Olaratumab
Pertuzumab
Seribantumab
Trastuzumab

Naked antibody
Naked antibody

Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody

Naked antibody
Naked antibody
Naked antibody
Naked antibody

Naked antibody

Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody

(Continued)



Table 2.1 (Continued)

Hematopoietic CD52
differentiation antigen cD19
CD3
CD30
D33
CD20
CD20
CD20
VEGFR-2
CD20
CD20
Immunostimulatory SLAMF7
receptor

*As of August 2, 2017.

Note: Monoclonal antibodies targeting immune-checkpoint inhibitors are discussed in Chapter 4. Checkpoint blockades are therefore not included in this table.

Leukemia
Leukemia

Hodgkin’s lymphoma
Leukemia

Lymphoma

Leukemia

Leukemia

Gastric and adenocarcinoma
Non-Hodgkin’s lymphoma
Lymphoma

Myeloma

Alemtuzumab
Blinatumomab

Brentuximab vedotin
Gemtuzumab ozogamicin
2°Y-labeled ibritumomab tiuxetan
Obinutuzumab

Ofatumumab

Ramucirumab

Rituximab

131]-labeled tositumomab
Elotuzumab

Naked antibody
Bispecific antibody

Conjugated antibody
Conjugated antibody
Conjugated antibody
Naked antibody
Naked antibody
Naked antibody
Naked antibody
Conjugated antibody
Naked antibody

Yes
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antigen expression in both malignant and normal
tissues. Studies must also be completed to deter-
mine the mAb effects on signaling pathways and
immune effector functions. In vivo studies must
then be completed to determine antibody distribu-
tion and localization as well as therapeutic activity.

The clinical phase of development requires com-
pletion of studies in patients to determine toxicity
and confirm therapeutic efficacy. A critical step in
clinical evaluation includes determining in vivo
biodistribution to assess the ratio of mAb uptake in
normal tissues versus the tumor [47]. This
information is important for predicting as well as
defining dose requirements to achieve optimal
plasma and tissue concentration and in establish-
ing possible effects of antigen-receptor saturation
toxicity [45, 48, 49]. At the Ludwig Institute for
Cancer Research, a clinical trial model has been
developed that incorporates toxicity assessment
with biodistribution, pharmacokinetic, and phar-
macodynamics analyses (Reviewed in Scott et al.
[45]). Using this design, these investigators have
completed first-in-human clinical trials of more
than 15 mAbs in cancer patients. Subsequent phase
I to III clinical trials must then be performed to
confirm safety and efficacy. In general, most mAbs
have different and usually milder toxicities than
standard chemotherapeutics [45, 50, 51]. With
respect to confirming efficacy, the FDA usually
bases approval on an agent showing improved
overall survival compared to standard therapy in a
phase III trial. This was the case for rituximab, a
mAb targeting CD20. Rituximab was initially
granted FDA approval for use in first-line treatment
of patients with diffuse large B-cell, CD20-positive,
non-Hodgkin’s lymphoma in combination with
cyclophosphamide, doxorubicin, vincristine, and
prednisone, or other anthracycline-based chemo-
therapy regimens based on the results of three
randomized trials that demonstrated an improve-
ment in overall survival for patients receiving
rituximab [52-54].

There have been instances, however, where
approval was granted based on surrogate markers.
As an example, in 2013, the FDA granted acceler-
ated approval to pertuzumab, a mAb targeting
HER?2 for use with trastuzumab and docetaxel in
the neoadjuvant treatment of HER2-positive breast
cancer patients [55]. This approval was based on a

neoadjuvant trial that demonstrated the addition of
pertuzumab to trastuzumab and docetaxel led to
significant increases in the pathologic complete
response rates (i.e., the absence of invasive disease
in the breast or axillary lymph nodes in the patho-
logic specimen obtained at the time of surgery)
compared to trastuzumab and docetaxel alone
[56]. This followed prior approval in patients with
HER2-positive metastatic breast cancer based on
the CLEOPATRA trial, a phase III randomized,
double-blind, placebo-controlled trial that showed
a significant improvement in progression-free
survival (the trial's primary endpoint) in patients
receiving  pertuzumab  versus placebo in
combination with trastuzumab and docetaxel [57].
A secondary endpoint of that trial was overall
survival, and at the time of FDA approval a planned
interim analysis suggested an improvement in
overall survival, but the hazard ratio and p values
did not cross the stopping boundary. Subsequent
reports from that trial after longer follow-up have
confirmed an overall survival benefit for the
addition of pertuzumab to trastuzumab and
docetaxel [58].

Mechanisms of resistance

While mAb antibody therapy has demonstrated
success in many hematologic malignancies and
solid tumor types, there are a number of mecha-
nisms that may limit their clinical effectiveness.
For mAbs that work primarily by targeting the
antigen or receptor, heterogeneous target antigen
expression can limit effectiveness. This heteroge-
neous expression can be present initially or develop
during therapy. It may also represent a response to
therapy. In a study evaluating patients with HER2-
positive breast cancer that received trastuzumab in
the neoadjuvant setting, the tumors from approxi-
mately one-third of patients with residual disease
identified at the time of surgery were found to be
HER2-negative [59]. It was hypothesized that this
represented treatment of the HER2-positive clones,
with the remaining tumor cells being HER2-
negative. Patients whose residual disease was
HER2-negative had significantly worse recur-
rence-free survival than patients who retained
HER?2 positivity. It has also been demonstrated that
expression of the presumed target does not always



20 Immunotherapy in Translational Cancer Research

correlate with response to therapy. As an example,
evaluation of EGFR expression in archived samples
of metastatic colorectal cancer patients or patients
with recurrent or metastatic squamous cell carci-
noma of the head and neck treated with the EGFR-
targeted antibodies cetuximab or panitumumab
has shown that expression levels of EGFR is not
predictive of response to treatment [60, 61]. In
patients with metastatic colorectal cancer, it has
been shown that KRAS mutational status, not
EGFR expression, is a reliable marker, with the
benefit of cetuximab being limited to patients with
KRAS wild-type tumors [11-13]. In contrast, for
patients with advanced non-small-cell lung cancer,
it is the EGFR expression not KRAS status that pre-
dicts for response to cetuximab therapy [62, 63].
These data suggest that a biomarker that may be
predictive in one tumor type or setting may not be
predictive in others.

Other factors related to the engagement of mAb
to the intended antigen receptor can also mediate
decreased effectiveness. These include physical
properties of the mAD to include size as well as phar-
macokinetic characteristics such as stability and
half-life that impact the mAb penetrance into the
tumor [64]. Aspects of the tumor microenviron-
ment including vascular permeability and tumor
interstitial pressure can also impact mAb penetrance
into the tumor [64]. If there is poor receptor satura-
tion, this may impact the effect of the mAb on
receptor dimerization and downstream signaling. It
is also possible that the signaling pathway being
blocked by the mAb is not critical for the tumor’s
growth, or that overactivation of alternative sig-
naling pathways may contribute to a lack of response
in the tumor to treatment. Similarly, interactions
between cell surface receptors, which have been
observed for EGFR and MET, can prevent abroga-
tion of signaling pathways [64].

Finally, the immune-mediated mechanisms of
action can contribute to decreased therapeutic effi-
cacy. As has been discussed above, mAb binding to
the receptor can promote internalization of the
mAb-receptor complex. This in turn can prohibit
FcR binding, limiting ADCC. Furthermore, as was
also previously discussed, mAb therapy can lead to
the induction of antitumor T cell responses via
cross-presentation. It is also possible that mAb can
lead to the induction of protumor regulatory T cell

responses [32]. CDC can also lead to resistance to
therapy. It has been shown that when anti-CD20
binds to chronic lymphocytic leukemia cells
followed by complement fixation, the mAb-
antigen-complement complex can be sheared off
the surface of the leukemic cell during circulation
through the liver and spleen [65]. This results in
circulating leukemic cells that lack the target
antigen and are therefore not susceptible to mAb
therapy.

Conclusions

The use of mAbs to treat both solid tumors and
hematologic malignancies represents a great suc-
cess story in cancer therapy. This success is attrib-
utable to advances in our understanding of tumor
biology and immunology as well technological
advances enabling target identification and anti-
body generation. It is anticipated that continued
advances will allow for the development of even
more innovative approaches to capitalize on the
specificity of mAbs as part of therapeutic strategies
providing clinical benefit to cancer patients.
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CHAPTER 3

Somatic Mutations and
Immunotherapy
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In addition to protecting us from pathogens such
as viruses and bacteria, it is now clear that the
immune system can recognize and destroy cancer
[1]. Many components of the immune system play
arole in antitumor responses, but CD8+ and CD4+
T cells have been perhaps the most well studied.
The importance of T cells in antitumor immunity
has been unequivocally demonstrated in a plethora
of murine studies where genetic or pharma-
cological perturbation of components of the T cell
response impaired or abrogated antitumor
responses. In humans, treatment with high doses of
the T cell growth factor interleukin-2 [2] and the
adoptive transfer of ex vivo expanded tumor infil-
trating T cells can mediate durable complete
regression in some patients with metastatic solid
cancers [3-11]. Inhibitors to the PD-1 and CTLA-4
immune checkpoint pathways have also demon-
strated striking clinical activity in a subset of
patients with various cancer types [12-26], with
some of these responses likely mediated by the
activation of endogenous antitumor T cells.
Although the identity of the tumor rejection
antigens recognized by T cells in the vast majority
of reported clinical responders to immunotherapy
will never be known, characterization of the
antigens and the T cell response to these antigens

may provide insight and clues on how to enhance
T cell-based immunotherapies against cancer.
Tumor cells are genetically and epigenetically
different than normal cells, and these differences
can make them susceptible to immunological
attack. Over the last several decades, different
classes of tumor antigens arising as a consequence
of genetic and epigenetic alterations have been
described [27]. These classes can be broadly
grouped into “self” and “nonself” tumor antigens.
Self antigens include cancer germline (CG), tissue
differentiation, and overexpressed antigens. The
first human tumor antigen characterized was
MAGE-A1, a CG antigen [28]. CG antigens are
normally expressed in germline cells (which do not
express human leukocyte antigen [HLA] mole-
cules) with limited expression in normal tissues,
but due to DNA demethylation are re-expressed by
some cancer cells. Some well-studied CG antigens
include NY-ESO-1 and members of the SSX and
MAGE families, but a large number of immuno-
genic CG antigens have been described [29] and
some have been targets of immunotherapy. The
adoptive transfer of T cells engineered to express T
cell receptors (TCR) targeting an HLA-A*02:01
restricted epitope from NY-ESO-1 mediated
objective clinical responses in patients with
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metastatic melanoma and synovial cell carcinoma
with no observed T cell-related toxicities [30, 31].
Targeting of the NY-ESO-1 CG antigen, however,
is limited by the low frequency of NY-ESO-1
expression in common tumor types [32]. Although
targeting of the more frequently expressed CG
antigen MAGE-A3 with a recombinant protein
vaccine was not effective in patients with non-
small-cell lung cancer in the adjuvant setting [33],
cell transfer immunotherapy using autologous T
cells engineered to express MAGE-A3-specific
TCRs resulted in objective tumor regressions in
five out of nine patients with metastatic cancer;
however, serious neurological toxicities were
observed in three patients, with two deaths, likely
the consequence of cross-reactivity of the MAGE-
A3 TCR with a peptide derived from the highly
homologous MAGE-A12 protein, which was
expressed in a subset of neurons in the brain [34].
Thus, another potential limitation to targeting CG
antigens is that some epitopes may be expressed in
normal tissues.

Tissue differentiation antigens such as GP100,
MART-1, CEA, and mesothelin are normally
expressed in select healthy tissues but can be
expressed in some cancers. The targeting of this
class of antigens should be approached with cau-
tion as “on target, off-tumor” toxicities can occur.
Although some objective tumor regressions were
observed, the targeting of the melanocyte
differentiation antigens GP100 and MART-1 with
T cells genetically modified to express high avidity
TCRs against these antigens led to toxicities due to
the destruction of normal melanocytes in the skin,
eye, and ear [35]. Moreover, the transfer of T cells
genetically engineered with high avidity TCRs tar-
geting CEA led to severe, transient inflammatory
colitis in patients with colorectal cancer, likely due
to recognition of lower levels of CEA expressed in
normal cells of the colon [36].

Overexpressed proteins, such as HER2/neu
(ERBB2), WT-1, and p53, represent another major
class of tumor antigens, and some have been targets of
immunotherapy. However, like tissue differentiation
antigens, extreme caution is warranted when target-
ing this class of antigen since these proteins are also
found at lower levels in normal tissues.

The preceding classes of tumor antigens can be
considered “self-antigens” since they are either still

expressed in some normal tissues or were expressed
in normal tissues at some point during human
development. This fact in itself may limit immuno-
therapies that aim to boost the endogenous
immune response against these antigens, since
central tolerance may have deleted high-avidity T
cells targeting these antigens. With the exception of
cell transfer therapy using T cells engineered with
high-avidity TCRs against NY-ESO-1, other
attempts thus far to target these antigens have
resulted in either some clinical responses with
serious toxicities to normal tissues as highlighted
above, or low or unconfirmed response rates with
little toxicity. Theoretically, targeting of these
antigens could be a viable strategy if the antigen
were either no longer expressed in targetable
normal tissues, or expressed on normal but nones-
sential tissues where collateral damage would be
acceptable.

In contrast to self antigens, “non-self” tumor
antigens comprise antigens that are truly tumor
specific; thus, the targeting of these antigens should
be safe and not result in normal tissue toxicities.
The major classes of these antigens are derived
from cancer-causing viruses and neoantigens aris-
ing as a consequence of random somatic mutations.
Estimates suggest that viruses play a role in tumor-
igenesis in approximately 10%-15% of human
cancers [37, 38]. Thus in these cases, both prophy-
lactic and therapeutic immunotherapy against viral
epitopes may provide clinical benefit in the absence
of normal tissue toxicities. Indeed, the prophylactic
vaccination against human papilloma viruses
(HPV), the causative agent of cervical cancer and
some head and neck cancers, among others, can
prevent the development of these cancers in
humans (reviewed in Schiller and Lowy [39]).
Synthetic long peptide vaccines against HPV
antigens also appeared to be effective in patients
with premalignant disease of the cervix [40] but
not in patients with metastatic gynecological can-
cers [41]. Cell transfer immunotherapy using
tumor-infiltrating lymphocytes (TILs) containing
HPV-reactive T cells was associated with complete
tumor regression in two of nine patients with met-
given the
heterogeneous nature of the infused T cell prod-

astatic cervical cancer; however,

ucts, it is possible that T cells recognizing non-HPV
antigens were present in the infusion product and
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contributed to tumor regression [10]. Thus, the
clinical impact of therapeutically targeting oncovi-
ral epitopes in the metastatic solid cancer setting is
less clear. Clinical trials for patients with HPV-
associated cancers using TCR-gene therapy
targeting an HPV-16 E6 or E7 viral epitope are
ongoing and will provide insight into whether tar-
geting an oncoviral epitope can mediate regression
of metastatic solid tumors. This book chapter
focuses on the class of antigens known as mutated
antigens, hereafter referred to as neoantigens,
which are the protein products of random somatic
mutations, and will highlight the evidence in
humans that T cells targeting this class of antigen
may be an important component to the success of
many current immunotherapies. Strategies to
immunotherapeutically target neoantigens will
also be discussed.

T cells targeting neoantigens were first described
in mice in the late 1980s and early 1990s [42-44],
and shortly after, definitive evidence that a human
T cell could recognize a neoantigen expressed by a
solid cancer was first reported by Coulie and Boon
in 1995 [45]. In this study, peripheral blood T cells
from a patient with metastatic melanoma were
stimulated in vitro with autologous tumor cell lines
to generate cytotoxic T lymphocyte (CTL) clones,
and one clone was found to recognize a point
mutation in an intronic segment encoded by the
MUMI gene. However, the initial techniques that
used tumor cDNA libraries to identify neoantigen
T reactive cells were cumbersome, and over the
ensuing two decades the number of patient-derived
neoantigen-reactive T cells reported using these
techniques was relatively sporadic [46-54]. Thus, it
was uncertain whether T cells targeting this class of
antigen was a rare or common event that would
have therapeutic consequences. Despite this, these
techniques have been used to provide some early
correlative evidence that neoantigen-reactive T
cells may be playing a role in the success of human
cancer immunotherapy. For example, neoantigen-
reactive T cells were detected in the infusion
product of several patients with melanoma who
experienced dramatic tumor regressions upon the
adoptive cell transfer (ACT) of ex vivo expanded
TILs [49, 52, 54, 55].

The advent of reliable, fast, and relatively inex-
pensive high-throughput, next-generation nucleic

acid sequencing technologies has greatly facilitated
our ability to detect and identify neoantigen-
reactive T cells. Some of the main methods that are
currently being used to detect neoantigen-reactive
T cells are shown in Figure 3.1. The process begins
with isolation of tumor DNA and RNA, which then
undergoes next-generation whole-exome and/or
genome, and transcriptome sequencing to identify
somatic mutations expressed by the patient’s autol-
ogous cancer. To evaluate T cell reactivity against
neoantigens in a relatively unbiased fashion, the
identified mutations are first encoded in a tandem
minigene (TMG) construct, which is a genetic con-
struct composed of a variable number of minigenes
that each encode for a mutated amino acid flanked
by approximately 12 amino acids derived from the
wild type protein (Figure 3.1A) [56, 57]. By linking
multiple minigenes together to form a TMG, the
throughput of neoantigen screening is enhanced.
The TMG, either as in vitro transcribed RNA or
plasmid DNA, is then introduced into an appro-
priate antigen presenting cell (APC), such as
autologous dendritic cells or B cells, which can pro-
cess and present the neoantigens in the context of
the patient's own MHC-I and MHC-II molecules.
T cells derived from the patient are then cocultured
with TMG-expressing APCs, and T cell reactivity
can be assessed by standard immunological assays
such as cytokine enzyme-linked immunosorbent
assay (ELISA) or enzyme-linked immunospot
(ELISPOT), and/or flow cytometric analysis of cell
surface T cell activation markers or intracellular
cytokine expression. Alternatively, or in addition to
TMGs, long peptides containing the mutated
amino acid flanked by amino acids from the wild
type protein can be synthesized and used to pulse
APCs (Figure 3.1B) followed by a coculture as
described above. And analogous to minigenes and
TMGs, peptides can also be pooled together to
generate peptide pools, which increases the
throughput of neoantigen screening. If reactivity to
TMGs or peptide pools is observed, then the iden-
tity of the recognized neoantigen can be identified
by performing coculture experiments with the
individual mutated peptides that made up the
TMG or peptide pool, and/or by reverting each
individual mutation in the TMG back to the wild-
type sequence to see which reversion abrogates or
diminishes T cell reactivity. Testing against the
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Figure 3.1 Next-generation-sequencing-based strategies to identify neoantigen-reactive T cells in patients with cancer.

nonmutated wild-type sequence should also be
carried out to determine how specific the T cell
response is for the mutant compared to the wild
type epitope. In our experience, we generally have
observed stronger CD4+ T cell responses in vitro to
long peptides containing the neoantigens com-
pared to TMGs encoding the same neoantigens,
while mutated TMGs generally elicited stronger
CD8+ T cell responses than long peptides contain-
ing the same antigen, although there were
exceptions (unpublished data).

Another method to evaluate neoantigen-reactive
T cell responses relies on HLA-peptide binding
prediction algorithms such as NetMHC [58, 59]
and epitope analysis programs from the Immune
Epitope Database (Figure 3.1C). Since the peptide
binding groove of many HLA are known, these
algorithms analyze mutated neoepitope sequences
and predict how well these minimal peptides
(usually 8-11 amino acids in length) would bind to
the patient's own HLA molecules. The general
concept behind the use of these algorithms is that
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neoepitopes that are predicted to bind strongly to
HLA may be more stable in the HLA groove and
therefore more likely to elicit a T cell response. The
predicted neoepitopes can then be synthesized and
pulsed onto APCs (Figure 3.1C, left) and tested for
T cell reactivity as described above. The predicted
minimal epitopes can also be incorporated into
labeled MHC multimers, thereby generating a
reagent that can be used to stain and isolate neoan-
tigen-reactive T cells (Figure 3.1C, right). High
throughput methods to screen a large number of
putative neoepitopes using MHC multimers have
been developed [60]. It should be noted that not
every neoepitope predicted to bind strongly to
HLA actually generates a neoepitope-reactive T
cell in vivo, and in fact the current data suggest that
only a small fraction of predicted neoantigens
elicits an endogenous T cell response in patients
with cancer. Moreover, a limitation of HLA-pep-
tide binding algorithms is that predictions are less
reliable for less common HLA class I alleles and for
HLA class II alleles.

Recently, other groups have incorporated mass
spectrometry with next-generation sequencing to
identify neoepitopes expressed by human mela-
noma [61, 62]. Brieflyy, MHC-peptide molecules
were purified from tumors and the bound peptides
were eluted and underwent mass spectrometry
analysis. Coupled with the mutation data derived
from next-generation sequencing, unique neoepit-
opes were identified from several patients with
melanoma; however, the sensitivity and robustness
of this technique is unknown since it was not com-
pared to other methods to identify neoepitopes.

Inhibitors to the PD-1 and CTLA-4 checkpoint
pathways have had remarkable success in a subset
of patients with a variety of cancers such as mela-
noma, renal cell cancer, and non-small-cell lung
cancer (NSCLC). The effector cells mediating
tumor regression in these patients are not known,
but several lines of correlative evidence suggest that
T cells targeting neoantigens may be playing a role.
First, immune checkpoint inhibitors appear to be
more effective in cancers that have a high average
number of mutations such as NSCLC [21, 22],
bladder cancer [20], melanoma [12, 23-26], and
hyper-mutated cancers due to defects in DNA mis-
match repair machinery [13, 14, 16, 63]. The higher
number of mutations in these cancers could result

in a higher number of potential neoantigens avail-
able for presentation to the patient’s immune
system. However, exceptions to this correlation do
exist, since some patients with cancers harboring a
low number of mutations such as kidney cancer
[17, 18] and virus-associated Merkel-Cell carci-
noma [19] also respond to PD-1 blockade therapy.
Second, within a given cancer type that has a high
mean number of mutations such as melanoma and
NSCLC, patients whose tumors have higher num-
bers of mutations were more likely to benefit from
PD-1 or CTLA-4 blockade than those whose
tumors possessed fewer mutations [12, 15, 21, 23,
25]. Finally, using HLA-peptide binding prediction
algorithms as described above, a higher number of
predicted high binding neoepitopes was positively
correlated with clinical benefit to anti-CTLA-4
therapy in melanoma [23, 25] and PD-1 blockade
in patients with NSCLC [21]. In one patient with
NSCLC, tumor regression after anti-PD-1 therapy
was correlated with an increased frequency of T
cells in the peripheral blood targeting a patient-
specific neoepitope derived from the HERCI1
protein, as determined using a high-throughput
MHC tetramer screening technique. Similarly, in a
different study an increase in the frequency of a
dominant T cell population reactive against a neo-
epitope derived from the ATR protein kinase was
detected in the blood of a patient with melanoma
who experienced a clinical response during anti-
CTLA-4 treatment [26]. Because of the highly
complex nature of the endogenous immune
response to a patient’s given tumors, the antigens
that are critical for mediating tumor rejection
cannot be defined in patients treated with immune
checkpoint inhibitors. This is especially relevant in
the setting of metastatic melanoma, where it is well
known that melanoma TILs contain reactivities to
shared melanoma-associated antigens such as
MART-1, GP100, and other CG antigens [64].
Moreover, studies have found that both anti-
CTLA-4 and TIL therapy can broaden T cell
responses against shared melanoma-associated
antigens [65, 66]. Thus, the foregoing studies pro-
that
neoantigen-reactive T cells may be involved with

vide indirect correlative  evidence
the clinical responses after checkpoint blockade,
but they do not prove that T cells targeting neoan-

tigens are mediating tumor regression.
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Perhaps more direct evidence that T cells recog-
nizing neoantigens are likely major contributors to
tumor regression after immunotherapy comes
from clinical trials of adoptive cell transfer therapy,
which has been shown to mediate durable complete
regressions in approximately 20%-25% of patients
with metastatic melanoma [6, 9]. One unique fea-
ture of ACT is that the treatment product can be
characterized, and thus clinical responses can more
strongly be associated to the contents of the deliv-
ered product. As mentioned briefly above,
techniques that relied on screening of tumor cDNA
libraries to identify neoantigen-reactive T cells
found early evidence of neoantigen-reactive TILs
in patients who had dramatic tumor regressions
after ACT. These findings were further strength-
ened with studies that used high-throughput
next-generation sequencing techniques combined
with common immunological screening methods
as described in Figure 3.1. The first study of human
ACT immunotherapy to use whole-exome
sequencing (WES) to identify neoantigen-reactive
T cells was reported by Robbins et al. in 2013 [67].
The infusion TILs from three patients with mela-
noma who underwent dramatic tumor regressions
after therapy were tested against candidate neoepi-
topes, which were determined by WES combined
with an HLA-peptide binding algorithm
(Figure 3.1C). All three TIL products were found to
contain CD8+ T cells that targeted neoepitopes
that were expressed by their autologous cancer,
although one of these TILs also had evidence of T
cells that targeted a shared melanoma-associated
antigen. In another patient with melanoma who
experienced a complete response after ACT, the use
of WES combined with the TMG approach and
HLA-peptide binding algorithms (Figure 3.1A, C)
led to the identification of HLA-I-restricted T cells
in the infusion product that reacted to 10 different
neoantigens expressed by the patient’s tumor [68].
Approximately 25% of the total infusion product
was estimated to be neoantigen reactive, and after
treatment, the majority of the neoantigen-reactive
T cells were detectable in the patients peripheral
blood one year after cell transfer. In another study,
WES combined with an HLA-peptide binding
algorithm was used to identify candidate neoepit-
opes predicted to bind to the HLA-A alleles from
eight patients with melanoma [69]. TILs from these

patients were then screened for neoepitope recog-
nition using a high-throughput HLA-tetramer/
peptide exchange technique which revealed that
five of the eight patients contained HLA-A-
restricted neoepitope-reactive T cells in both TILs
and peripheral blood prior to cell therapy. In
addition to neoantigen-reactive CD8+ T cells,
CD4+ T cells that recognize neoantigens have been
found in patients with melanoma that responded
to TIL therapy [11]. Although the neoantigen
landscape of melanoma has been the most reported
of all cancer types, it is perhaps surprising then that
the strongest evidence to date that neoantigen-
reactive T cells can cause regression of human
cancer comes from two patients with metastatic
epithelial gastrointestinal cancers treated with cell
transfer immunotherapy. In the first case study, a
patient with metastatic bile duct cancer that
contained 26 nonsynonymous mutations experi-
enced some tumor regression and stabilization of
disease for approximately one year after treatment
with 42 billion autologous TILs, which were retro-
spectively determined to contain approximately
25% CD4+ T helper 1 cells that specifically targeted
a mutated ERBB2IP neoepitope expressed by the
tumors [57]. When the tumors progressed, the
patient was treated with 126 billion TILs, approxi-
mately 95% of which recognized the ERBB2IP
neoepitope, and experienced dramatic tumor
regression that lasted 35 months. The neoantigen-
reactive T cells comprised approximately a third of
all her T cells circulating in the peripheral blood
three months after cell transfer and were the top-
ranked T cell clonotype persisting in the patient’s
blood over two and a half years after treatment
(unpublished). This case report was the first to
demonstrate that treatment with a highly enriched
population of neoantigen-reactive T cells could
mediate regression of human tumors.

In the second case study, a patient with meta-
harbored 61
nonsynonymous mutations was found to have
CD8+ TILs that recognized the KRASS'?® neoanti-
gen in the context of the HLA-C*08:02 allele [70].
KRAS®?" is the most common hotspot driver
mutation found in patients with various gastroin-
testinal cancers, but to date it has been undruggable.
The patient was treated with 148 billion TILs,
approximately 75% of which were reactive against

static colorectal cancer who
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KRAS%'?", and experienced regression of all of the
seven metastatic lung nodules. However, at approx-
imately nine months post cell transfer, one lung
lesion began to progress. This sole progressing
lesion was resected and underwent genomic anal-
ysis, which revealed evidence for the genetic loss
of the copy of chromosome 6 encoding the
HLA-C*08:02 restriction element. Loss of
HLA-C*08:02 abrogated tumor recognition by the
transferred HLA-C*08:02-restricted KRASS'2P-
reactive T cells and thus provided a mechanism of
immune evasion by the tumor. Nevertheless, these
two case reports provided direct evidence that the
administration of highly enriched populations of
either CD4+ or CD8+ T cells targeting a patient-
specific neoepitope can mediate clinical responses
in patients with metastatic cancer.

It is important to note, however, that although
the adoptive transfer of neoantigen-reactive TILs
can mediate tumor regression as described above,
most patients with gastrointestinal cancers thus far
have not experienced durable tumor regression
when treated with TILs containing T cells that tar-
geted a neoantigen expressed by the patient’s tumor
(unpublished). The reasons for the relative lack of
efficacy are unknown, but factors such as the fre-
quency and number of neoantigen-reactive T cells
infused, the number and type of neoantigens tar-
geted (passenger versus driver mutation), the
differentiation state of the infused T cells, and the
expression of the targeted neoantigen in vivo could
impact therapeutic efficacy.

However, the finding that the majority of
patients with epithelial gastrointestinal cancers
naturally harbor neoantigen-reactive T cells [71]
opens up opportunity to investigate strategies to
potentially enhance cell transfer immunotherapy
against neoantigens (Figure 3.2). To reliably infuse
a high frequency of T cells that target multiple
neoantigens, methods to purify neoantigen-
reactive cells in vitro could be used (e.g., with a
clinical grade cell sorter) (Figure 3.2A), or T cells
could be repeatedly stimulated in vitro with neoan-
tigen constructs to promote selective outgrowth of
the neoantigen-reactive T cells (Figure 3.2B). This
would be especially relevant in cases where the
initial precursor frequency of neoantigen-reactive
T cells in tumor or blood is very low. Bioinformatic
approaches could be used to prioritize neoantigens

to target based on their likelihood of being driver
or trunk mutations, which are more likely to be
expressed by all cancer cells. This is in contrast to
the targeting of passenger or branch mutations,
which are not likely to be expressed by every can-
cer cell. Given that in murine models, the adoptive
transfer of highly differentiated effector T cells is
less effective at mediating tumor regression than
the transfer of younger less differentiated T cells
[72], and that the majority of tumor-reactive
T cells found in human TILs are differentiated
effector cells, strategies to generate less differenti-
ated neoantigen-reactive T cells might improve
therapeutic efficacy. This could be achieved
through TCR-gene engineering (Figure 3.2C),
whereby the genes encoding the neoantigen-
reactive TCRs are identified and then cloned into
either a viral vector [31] or nonviral gene transfer
transposon/transposase system [73]. Autologous,
less-differentiated T cells (e.g., naive, stem cell
memory, or central memory) from the patient are
then isolated and genetically modified to express
the neoantigen-reactive TCR. Furthermore, neo-
antigen-reactive T cells could be grown in the
presence of compounds such as inhibitors to AKT
[74,75] or cytokines such as IL-21 [76], that appear
to partially restrain the differentiation program of
proliferating T cells. Strategies from the stem cell
field also have been used to dedifferentiate mature
T cells to a state of induced pluripotency through
the introducing of the specific genes OCT-3/4,
SOX2, ¢-MYC, and KLF4 [77-79]; however,
biological and technical hurdles still exist, such as
the redifferentiation of induced pluripotent cells
back into conventional T cells, and have to be
resolved before this strategy can be translated to
the clinic. Neoantigen-reactive T cells could also
be genetically modified to become more active and
less susceptible to in vivo tumor immunosup-
pression through gene-editing techniques such as
Zinc Finger Nucleases, meganucleases, TALENS,
and CRISPR. Specifically, these technologies
could be used to delete (or insert) genes, such as
PD-1 [80], that could impact in vivo antitumor
T cell responses. Once infused, the in vivo
activity of neoantigen-reactive T cells could poten-
tially be promoted by the administration of
systemic immunomodulators such as immune
checkpoint inhibitors, agonists to immune
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During cell culture, T cells can potentially be enhanced by:

1) Culturing in the presence of compounds that partially restrain
T-cell differentiation (e.g., AKT inhibitor, IL-21).

2) Gene modification (e.g., using gene editing technology to knock
out PD-1 or other negative regulators of T-cell function).

3) Dedifferentiating into younger T cells using stem cell factors.

Activity of the transferred T cells may be
enhanced by combining with:

1) Checkpoint inhibitors.

2) Agonists to costimulatory molecules.
3) Neoantigen vaccines.

4) Oncolytic viruses.

Figure 3.2 Strategies to potentially enhance T cell transfer immunotherapy targeting neoantigens.

costimulatory molecules, neoantigen vaccines,
and/or oncolytic viruses.

Therapeutic cancer vaccines thus far have been
largely ineffective in mediating regression of meta-
static human cancer [81]. However, the vast
majority of these vaccines targeted self tumor

antigens, for which central tolerance may have
deleted high-avidity T cells targeting these antigens.
There now exists a newfound enthusiasm for the
development of therapeutic cancer vaccines target-
ing patient-specific neoantigens because these
antigens are tumor-specific, non-self antigens, and
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thus high-avidity T cells may exist against these
antigens. Also, technologies are now advanced
enough to perform comprehensive and rapid
sequencing of tumors to identify mutations, and
production of personalized experimental reagents
and clinical treatments can be generated relatively
quickly. Moreover, other immunomodulators with
clinical activity such as immune checkpoint inhibi-
tors now exist that may enhance neoantigen-based
vaccines. A dendritic cell (DC)-based neoantigen
vaccine was recently reported [82] where tumors
from three patients with melanoma underwent
next-generation sequencing followed by an in silico
analysis to select patient-specific neoepitopes pre-
dicted to bind with high affinity to the HLA-A*02:01
allele that was expressed by all patients. Mature
DCs were generated for each patient and pulsed
with their autologous neoepitope peptides.
Although the clinical impact of this DC vaccine
could not clearly be measured, the infusion of the
DC vaccine was accompanied by an increase in
TCR-clonotype diversity targeting the neoanti-
gens. Therapeutic cancer vaccines based on RNA
encoding patient-specific neoantigens or mutated
peptides are also being developed based on some
promising preclinical studies in mice [83-86].
These personalized neoepitope vaccines will likely
be used in combination with other immunother-
apies such as immune checkpoint inhibitors and/or
adoptive cell therapies.

Mutated antigens appear to be the ideal immu-
notherapeutic target since they are truly
tumor-specific, and so their targeting should be
safe. Moreover, all cancers contain mutations and
therefore neoantigens that could potentially be tar-
getable. Indeed, the Surgery Branch, National
Cancer Institute, has observed that the vast
majority of patients with metastatic melanoma or
gastrointestinal cancers harbor naturally occurring
neoantigen-reactive T cells, and the characteriza-
tion of over 150 neoantigens from these patients
[49, 54-57, 67, 69-71, 87, 88] (and unpublished
data) has revealed that every immunogenic neoan-
tigen is unique to the autologous patient, except for
a shared KRAS'?P neoantigen that was targeted by
HLA-C*08:02-restricted CD8+ T cells from two
patients with metastatic colorectal cancer [70, 71].
As described in this chapter, accumulating
correlative data from clinical trials suggests that

neoantigen-reactive T cells are likely mediating
some of the clinical responses in patients receiving
immunotherapy, and the tumor regression
observed after the transfer of highly enriched pop-
ulations of neoantigen-reactive T cells provided
direct evidence for the therapeutic utility of target-
ing this class of antigens. However, although
neoantigens may be the optimal antigens to target,
tumors have a number of mechanisms to evade the
antitumor/neoantigen T cell response. In addition
to an immunosuppressive tumor microenviron-
ment, loss of components of MHC has been
documented in patient tumors after immunother-
apy as described above and in other studies [70,
89-91]. Correlative evidence also exists in humans
that some tumors progressing after immunother-
apy do not express the neoantigens potentially
targeted by T cells [92, 93], and this form of immu-
noediting has been directly observed in mouse
tumor models [94]. Some tumors progressing after
anti-PD-1 therapy have also been found to contain
mutations in genes that make them resistant to
antiproliferative signals mediated by T cell-pro-
duced IFN-y [89, 95]. Thus, future therapies aimed
at targeting mutated antigens may need to over-
come these and other barriers in order to bring
about meaningful clinical responses to a larger
number of patients with cancer.
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Preclinical mechanism

Introduction

The immune system is powerful and highly regu-
lated in its protection of the body (self) against a
wide range of foreign pathogens (non-self). T lym-
phocytes are principle players in mediating this
process [1]. Tight control is necessary to avoid an
unrestrained attack on the host. Immune tolerance,
the process to avoid self-recognition, consists of
central tolerance—thymic selection and elimination
of self-recognizing T cells early in development—
and peripheral tolerance—a complex network of
stimulatory and inhibitory signals controlling the
action of T lymphocytes [1, 2]. These signals or
“checkpoints” help control the immune system’s
response to self.

For over a century, the immune system has
been implicated in the recognition and control of
tumors (altered self). In the 1890s, William
Coley appreciated that tumors could regress in
the presence of Streptococcus pyogenes infection.
This observation led to the development of
“Coley’s toxins,” which were made from bacteria
or bacterial products and were injected into
hundreds of bone sarcomas with clinical benefit
in some patients [3, 4]. Since then, the field of

immuno-oncology has evolved with an increased
understanding of immune activation and
regulation.

Interactions of T lymphocytes contribute to the
ability to recognize and even thwart tumor growth
[5-8]. Both the innate and the adaptive immune
system are involved in protecting the body against
tumor development and growth through a process
known as immune surveillance [9-11]. Tumors
have developed methods to evade immune surveil-
lance by exploiting the very mechanisms that
modulate immune response to self-antigen.
Antibodies targeting two of the coinhibitor signals,
cytotoxic T lymphocyte-associated protein 4
(CTLA-4) and programmed cell death receptor-1
(PD-1), have demonstrated antitumor activity in
some cancers and are the most advanced in
development. This chapter focuses on the preclin-
ical development of these agents and the most

promising clinical experience to date.

T-cell activation

T cell receptor (TCR) activation alone is insuffi-
cient for T cell clonal expansion and differentiation;
a second signal is needed. In the late 1980s, the
discovery of a costimulatory receptor, CD28, with
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its corresponding ligands, CD80 and CD86 (B7.1
or B7.2), confirmed the need for a two-signal pro-
cess [12, 13]. In the absence of the CD28:B7 inter-
action, the T cell response is impaired and results
in an unresponsive state known as clonal anergy
[14, 15]. Furthermore, both costimulatory and
coinhibitory signaling are needed to coordinate the
optimal antigen-specific immune response [16].

CTLA-4

In 1987, CTLA-4 was identified as a member of the
CD28:B7 immunoglobulin superfamily, a surface
glycoprotein bound to the same ligands present on
activated cytotoxic T cells [15, 17-19]. Normally
expressed at low levels on naive effector T cells and
regulatory T cells (Tregs), CTLA-4 is upregulated to
the cell surface upon activation of the TCR [20, 21].
Initially thought to be another costimulatory signal,
further study revealed its inhibitory role [22-24].
Following TCR engagement, CD28 ligation pro-
vides the necessary costimulatory signal required
for T cell activation [24]. CTLA-4, with a higher
affinity for CD80/CD86 (B7-1 and B7-2) than
CD28, directly competes for binding to CD28 and
ultimately inhibits T cell activation [25]. CTLA-4
effectively acts to release the physiologic “brakes”
on the immune system, thus promoting enhanced
effector function [26-28]. CTLA-4-deficient mice
suffer a rapid catastrophic lymphoproliferative state
with lymphocyte infiltration throughout all organs
[29]. Mice administered anti-CTLA-4 monoclonal
antibody experienced the rejection of engrafted
syngeneic colon and fibrosarcoma tumors [30]. The
first clinical antibody developed targeting CTLA-4
was ipilimumab (Yervoy); this became the first
immune checkpoint inhibitor approved by the
Food and Drug Administration (FDA) for patients
with metastatic melanoma [31]. Tremelimumab
(CP-675,206), another anti-CTLA-4 antibody, did
not demonstrate a survival advantage over chemo-
therapy in patients with advanced melanoma and
has yet to receive approval; however, access to ipili-
mumab among patients randomized to not receive
tremelimumab and/or inadequate dosing schedule
may have contributed to these results [32].

PD-1 and PD1 ligand 1 and 2

PD-1 (CD279) and corresponding ligands PD-L1
(B7-H1) and PD-L2 (B7-H2) are transmembrane
proteins that serve a nonredundant role in regulation

of T cell activation [33]. PD-1, a member of the
immunoglobulin superfamily, is expressed in
tumor-infiltrating lymphocytes (TILs) including T
cells, B cells, and NK cells. PD-L1 is expressed on
the surface of numerous solid tumors [12, 34-37]
and hematologic malignancies [38-42] and corre-
lates with outcome in multiple tumors [35, 43, 44].
PD-L1 is also expressed on tumor-infiltrating
immune cells [45] (Figure 4.1, adapted from
Postow et al. [46]).

The interaction of PD-1 and PD-L1/2 directly
inhibits tumor apoptosis, downregulating
peripheral T cell effector function with promotion
of T regs [34, 47], thus blocking T cell activation
and proliferation. The PD-1:PD-L1 interaction is
also thought to maintain peripheral tolerance [48].
The use of inhibitory antibodies to PD-L1 restores
T cell responses including proliferation, cytokine
secretion, and killing of virally infected cells [49,
50]. The PD-1 pathway appears to protect the host
from immune-mediated tissue destruction in
setting of chronic antigen stimulation [28]. PD-1/
PD-L1 is upregulated when proinflammatory cyto-
kines IL-12 and IFN gamma are present [51, 52].
PD-1-deficient mice demonstrated a delayed-onset
organ-specific autoimmune infiltration [53-55].
Additionally, blockade of the PD-1 pathway in
murine models demonstrates antitumor activity
and therapeutic potential [56]. Antibodies directed
against PD-1 and PD-L1 are in development.
Nivolumab (Opdivo, BMS-936558, or MDX1106)
and pembrolizumab (Keytruda, MK-3475), both
PD-1 inhibitors, and avelumab (MSB0010718C)
and atezolizumab (MPDL3280A), both PD-L1
inhibitors, have shown antitumor effects in several
solid and hematologic malignancies (discussed in
further detail, below).

Clinical activity of CTLA-4, PD-1,
and PD-L1-blocking agents

A summary of the clinical activity of the agents
furthest in development is illustrated in Table 4.1.
An increasing number of clinical trials are in
development to understand the antitumor activity of
these agents across different tumor subtypes.
Notably, in addition to the Response Evaluation
Criteria in Solid Tumors (RECIST) typically used in
trials to study solid tumors, because of the distinct
behavior that immunotherapy-treated tumors can
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Figure 4.1 Graphic demonstrating where in the immune
response neoantigens resulting from tumor mutations are
thought to play a role (orange hexagon = putative tumor
neoantigen; black hexagon = costimulatory signal). Two
signals are required for T cell activation: (1) antigen (Ag)
presented to T cells via major histocompatibility complex
interaction with T cell receptor (TCR) and (2) CD28

exhibit, recent immunotherapy studies now incor-
porate radiographic assessment using the immune-
related response criteria (irRC), initially reported by
Wolchok and colleagues [57]. These criteria added
“nonconventional” responses, including response
in the presence of new lesions, delayed response
(growth of existing lesions followed by tumor shrink-
age), and prolonged stable disease. Prolonged stable
disease was particularly important in illustrating
how ipilimumab demonstrated a modest overall
response rate as compared to overall survival [58].

Melanoma

The first FDA approvals of checkpoint blockade
agents occurred in melanoma, a hitherto rapidly
progressing deadly disease in the metastatic
setting. Ipilimumab, a monoclonal antibody
targeting CTLA-4, exhibited increased overall

costimulatory interaction with B7 ligand. Regulation of T
cell activation involves multiple coinhibitory and
costimulatory mechanisms, including upregulation of
cytotoxic T lymphocyte associated protein—-4 (CTLA-4),
which competes for B7 ligand binding and inhibits T cell
activation, and programmed cell death-1 (PD-1)
interaction with ligand PD-L1/2.

survival in two Phase III trials, leading to its
approval. In the first, 676 previously treated
patients were randomized to one of three arms:
ipilimumab with the glycoprotein 100 (gp100)
vaccine, ipilimumab alone, or gp100 alone. Overall
survival (OS) was increased to 10 months in the
ipilimumab plus gpl00 arm, 10.1months in
the ipilimumab alone arm, and 6.4 months in the
gp100 alone arm [58]. In the second study, 502
patients with metastatic melanoma were radom-
ized to ipilimumab with dacarbazine or dacarba-
zine alone; again, there was an OS advantage for
those patients who received ipilimumab (11.2 months,
95% CI 9.4-13.6, compared with 9.1 months, 95%
CI, 7.8-10.5) [59].

Two phase III trials have shown the efficacy of
the anti-PD-1 agent pembrolizumab in metastatic
melanoma with or without prior exposure to



Table 4.1 Summary of checkpoint blockade agents most advanced in clinical development as of early 2016.

Ipilimumab Unresectable/ stage IV 676 1} Ipi+gp100: 6% ORR; 14% SD; OS 10.0 vs 6.0 months (gp100 arm). Approved 3/2011 58
melanoma 502 1} Ipi+dacarbazine vs dacarbazine alone. ORR 15.2% vs 10.3% (p=.09), 59
median duration of response 19.3months vs 8.3 (p=.03). Median OS
11.2 vs 9.1 months.

Stage Il melanoma 951 n Ipi vs placebo. RFS 26.1 vs 17.1 months. 3yr RFS 46.5% vs 34.8%. OS not  Approved 10/2015 135
(adjuvant) reached.
Tremelimumab Advanced melanoma 655 n Treme vs chemo. 10.7% ORR vs 9.8% (ns); OS 12.6 vs 10.7 months (ns). Not approved 32
Malignant mesothelioma 29 Il No CR, 2 (7%) PR. SD in 9 (31%). Median PFS 6.2 months. Median OS Orphan drug* 81
10.2months.
Nivolumab Melanoma, advanced 418 ] Nivolumab + dacarbazine vs dacarbazine alone. ORR 40% vs 13.9%. Approved 9/2014 132
untreated Median PFS 5.1 vs 2.2months. OS at 1 year 72.9% vs 42.1%. Approved with
945 n Nivo +ipi vs ipi vs nivo. Median PFS 11.5months vs 2.9 vs 6.9. ipilimumab 9/2015% 61
142 | Nivo+ipi vs ipi. ORR 61% (16 CR) vs 11% (0 CR). Median PFS not 124
reached (nivo +ipi) vs 4.4 months.
Melanoma, advanced 631 n Nivo vs ICC. ORR 31.7% (4 CR, 34 PR) vs 10.6% (0 CR, 5 PR). 6 month 134
progressed after PFS 48% vs 34%.
ipilimumab
Advanced NSCLC 582 1} Nivo vs docetaxel. ORR 19% vs 12% p=.02. OS 12.2 months vs Approved 10/2015 136
nonsquamous platinum 9.4months. PD-L1 expression predictive of response for ORR, PFS, and Approved with
refractory 0s. companion PD-L1
IHC 22C3 pharmDx
test
Advanced NSCLC squamous 272 n Nivo vs docetaxel. ORR 20% vs 9% (p=.008). Median PFS 3.5 vs 2.8. OS Approved 3/2015 73
platinum refractory 9.2 vs 6 months.
Hodgkin lymphoma 23 | ORR 87% (4 CR 16 PR), PFS at 24 weeks is 86%. Median OS not reached.  Approved 5/2017* 94
Renal cell carcinoma 821 n Nivo vs everolimus. ORR 25% vs 5%. Median OS 25 months vs Approved 11/2015 79

19.6months (p<.001).



Pembrolizumab Melanoma 834 i Pembro q 2 weeks vs pembro q 3 weeks vs ipi. ORR 33.7% (p<.001 vs Approved 9/2014*, [137]

(MK-3475) ipi) vs 32.9% (p<0.001 vs ipi) vs 11.9%. Median PFS 5.5 vs 4.4 vs 12/2015
2.8months. Median OS.
Advanced melanoma ipi 540 I Pembro 2 mg/kg vs pembro 10mg/kg vs ICC. ORR 21% vs 25% vs 8%. [60]
refractory Median PFS 2.9 vs 2.9 vs 2.7 months.
NSCLC 495 I Pembro 2mg/kg g 3 weeks vs 10 mgkg q 3 weeks vs 10mg/kg q 2 Approved 10/2015% [74]
weeks. No major differences between doses/schedule. All patients ORR Approved with
19.4%. Median PFS 3.7 months, median OS 12 months. companion PD-L1
IHC 22C3 pharmDx
test
Avelumab NSCLC 184 | ORR 13.6% (1 CR, 24 PR), DCR 50.5%. Median PFS 11.6weeks. OS Breakthrough status* [75]
(MSB00010718C) 8.4months.
Atezolizumab Urothelial carcinoma 316 1] ORR 15% in all comers, 18% in PDL1>1% and ORR 27% in PD-L1 >5%. Approved 5/2016* [85]
(MPDL3280A) 12 CR and 35 PR. Median duration of response not reached by 24
weeks.

#The Orphan Drug Act grants special status to a drug to treat a rare disease upon request of a sponsor and provides developmental incentives.

FAccelerated approval: Allows drugs for serious conditions that fulfill an unmet medical need to be approved based on a surrogate endpoint.

*Breakthrough therapy: A process designed to expedite the development and review of drugs that may demonstrate substantial improvement over available therapy.

Note: ORR = objective response rate; SD = stable disease OS = overall survival; RFS = recurrence-free survival; CR = complete response; PR = partial response; PFS = progression-free
survival; ICC = investigator’s choice chemotherapy; DCR = disease control rate; ipi = ipilimumab; nivo = nivolumab; pembro = pembrolizumab.
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anti-CTLA-4. In the KEYNOTE-006 study, 834
patients were randomized to pembrolizumab
10mg/kg every 2 or 3 weeks up to 2 years, or ipili-
mumab 3mg/kg every 3 weeks for 4 doses (the
FDA-approved regimen). OS was improved in both
pembrolizumab arms, at 74.1 and 68.4% (every 2
and every 3 week schedules, respectively) versus
58.2% in the ipilimumab arm. The objective
response rates (ORRs) were also higher (33.7 and
32.9%, every 2 and every 3 week schedules, respec-
tively) in the pembrolizumab arms compared to
ipilimumab (11.9%), and grade 3-5 adverse events
(AEs) were less frequent (13% and 10% versus 20%
for ipilimumab).

In the KEYNOTE-002 study, 540 patients who
had progressed on or after ipilimumab received
pembrolizumab (2 or 10 mg/kg every 3 weeks) or
chemotherapy. Progression-free survival (PFS) was
improved with pembrolizumab treatment; the
ORR was 21% and 26% in the two pembrolizumab-
containing groups (2 and 10 mg/kg, respectively),
versus 4% for chemotherapy. Pembrolizumab was
well tolerated, with grade 3-4 AE in 11% and 14%
of the pembrolizumab-treated arms, as compared
with 26% in the chemotherapy arm [60].

The combination of ipilimumab with nivolumab
(PD-1 inhibitor) exhibits greater efficacy than
either agent alone, as exhibited in a Phase III study,
CheckMate 067 [61]. This combination also
received accelerated FDA approval in 2015. In this
study, 945 patients who had not received prior
treatment were randomized to nivolumab (1 mg/kg
every 3 weeks) with ipilimumab (3 mg/kg every 3
weeks) for 4 doses followed by nivolumab (3 mg/kg
every 2 weeks) or ipilimumab (3mg/kg every 3
weeks for four doses); nivolumab was continued in
the nivolumab-containing arms. The PFS for the
combination, nivolumab alone, or ipilimumab
alone was 11.5, 6.9, and 2.9 months, respectively.
ORRs were 58%, 44%, and 19%, respectively. As
expected, toxicities were greater in the combination
arm. Grade 3-4 AE for the combination, nivolumab,
or ipilimumab were 55%, 16%, and 27%, respec-
tively, and led to treatment discontinuation in
36.4%, 7.7%, and 14.8% of patients.

Due to the results of these studies, checkpoint
blockade therapy is now used in the first-line
setting in patients with metastatic melanoma
without a BRAF mutation. The optimal sequencing

of BRAF-targeted agents and immunomodulatory
agents in patients with BRAF-mutant melanomas
remains to be established.

Non-small-cell lung cancer (NSCLC)

In the United States, lung cancer is the leading
cause of cancer-related death [62]. Although lung
cancer incidence rates are higher in patients with
an immunosuppressed state, such as HIV/AIDS
and postsolid organ transplant [63-65], immune
manipulation with cytokine therapy [66, 67] or
vaccine therapy [68] failed to show benefit.
Ipilimumab with or without chemotherapy dem-
onstrated minimal benefit [69, 70]. However,
renewed interest in immune therapy for lung can-
cer arose with the success of early phase trials for
the safety and early clinical efficacy of nivolumab
in the treatment of squamous and nonsquamous
NSCLC [71, 72].

Two phase III studies tested the efficacy of
nivolumab 3 mg/kg every 2 weeks compared to
docetaxel 75mg/m? IV every 3 weeks, in NSCLC
patients with squamous cell histology (CheckMate
017) and nonsquamous type (CheckMate 057).
Biomarker evaluation was tested concurrently as
PD-L1 expression was retrospectively investigated
using an immunohistochemistry (IHC) antibody
assay (Dako, clone 28-8, Epitomics) with pre-
defined cutoffs of 1%, 5%, and 10% in both trials.
In the CheckMate 017, 272 patients with squamous
NSCLC who previously progressed on a platinum
doublet were treated. ORR was 20% in the group
treated with nivolumab compared to 9% in the
docetaxel group (p=0.008), and OS was improved
with nivolumab (9.2 months vs. 6 months, HR 0.59,
p<.001). There were fewer grade 3 and 4 AEs after
treatment with nivolumab (7%) compared to
docetaxel (55%). In this trial, 63 (47%) of patients
treated with nivolumab had >1% PD-L1 expres-
sion. Expression at any of the predefined cutoff
values was not prognostic or predictive of response
to nivolumab [73].

In patients with nonsquamous NSCLC
(CheckMate 057) similar results were seen. 582
patients were enrolled, with 287 treated with
nivolumab and 268 with docetaxel. The ORR was
19% in the nivolumab group compared to 12% in
the chemotherapy group (p=.002). The OS favored
nivolumab (12.2months vs 9.4 months, HR 0.73,
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p=.002). Grade 3 and 4 toxicity was less in the
nivolumab group (10% vs 54%). Seventy-eight per-
cent of tumors expressed PD-L1 (21%); there was a
strong association with clinical response for
patients treated with nivolumab (ORR for PDL-1 >
1% vs <1% was 31% vs 9%, p =.002). The association
between PD-L1 expression and OS was not
significant at >1% but is significant at >5%
(p<.001) and 210% (p <.001) [58].

Further trials studying anti-PD-1 agent pembro-
lizumab and anti-PD-L1 agent avelumab were
recently presented. In CheckPoint-001, 495 patients
with treatment-naive (n=101) and prior treated
(n=394) NSCLC were treated with pembroli-
zumab (2mg/kg or 10mg/kg every 3 weeks or
10 mg/kg every 2 weeks). In this single-agent study,
responses by dose level were similar, and ORR
reported for all patients was 19.4%. Treatment
responses were slightly higher in previously
untreated patients (ORR 24.8%) and in smokers
(ORR 22.5%) when compared to nonsmokers
(10.8%). Median PFS was 3.7 months (95% CI of
2.9 to 4.1) in all groups, with median OS of 12
months (95% CI 9.3 to 14.7) for all patients. In pre-
viously untreated patients the median OS was 16.2
(16.2 to not reached), whereas patients who failed
prior therapies had a median OS of 9.3 months
(95% CI 8.4 to 12.4). Grade >3 toxicities occurred
in 9.3% (47) patients with 1 treatment-related
death from pneumonitis. The Merck 22C3 THC
assay was concurrently studied as a companion
assay to assess the predictive value of PD-L1
expression in this cohort. PD-L1 staining was clas-
sified as positive at >50% staining. In the 313
patients tested, 73 had positive PD-L1 expression
with a higher ORR when compared to patients with
PD-L1 staining of 1%-49% (ORR 45.2% vs 16.5%
(p<.001) [74].

Avelumab (MSB00010718C), an anti-PD-L1
inhibitor, was tested in 184 patients after progres-
sion on first-line platinum-based therapy. Patients
in this phase I trial received avelumab 10 mg/kg q 3
weeks. The ORR was 13.6%, with 1 complete
response (CR) and 24 partial response (PR); 68
(37%) experienced stable disease (SD) and the dis-
ease control rate was 50.5%. OS was 8.4 months
(95% CI of 7.3 to 10.7 months), with a survival at
one year of 37%. PD-L1 positivity was defined as
PD-L1 staining (241%) and was present in 66.3%

of patients. The ORR was not significantly different
in PD-L1 positive patients (ORR 15.6% vs 10% (not
significant) and median OS 8.9 months vs
4.6months (not significant)). In this trial,
treatment-related AEs occurred in 77.2%
of patients, with 2 treatment-related deaths
(acute respiratory failure and radiation pneumo-
nitis) [75].

The above results have led to the FDA approval
of the nivolumab for the treatment of squamous
and nonsquamous NSCLC. Pembrolizumab is
approved for use in PD-L1 positive NSCLC with a
companion diagnostic, the PD-L1 THC 22C3
pharmDx test, the first test designed to detect PD-
L1 expression in non-small-cell lung tumors.
Avelumab has received breakthrough status.

Renal cell carcinoma

Cytokine therapy including interleukin-2 (IL-2)
and interferon alpha (IFN-a) were the mainstay of
therapy in the 1990s for a selected group of other-
wise healthy metastatic renal cell carcinoma
(mRCC) patients, prior to the use of targeted
therapies with mammalian target of rapamycin
(mTOR) inhibitors and vascular endothelial
growth factor tyrosine kinase inhibitors (VEGEF-
TKI) for metastatic disease. Clinical benefit for
IL-2 treatment was modest (~15% response rate)
but was offset by substantial toxicities [76].
Furthermore, while targeted agents such as
sorafenib, sunitinib, everolimus, temsirolimus,
and bevacizumab improved PFS and OS, rarely did
complete responses occur, and tumors ultimately
developed resistance [77].

Anti-PD-1 inhibition with nivolumab demon-
strated clinical efficacy in mRCC with an
acceptable safety profile in a phase II trial [78] and
was quickly followed by the phase III trial
(CheckMate 025), which compared nivolumab to
standard of care treatment with an mTOR
inhibitor, everolimus, in patients with advanced
clear cell mRCC, who had progressed on at least 1
prior VEGF-TKI [79]. Patients (n=3821) were
randomized (1:1) to receive either nivolumab
3 mg/kg every 2 weeks or everolimus 10 mg daily;
803 patients received therapy [79, 80]. The
primary endpoint of OS favored nivolumab
(25 months versus 19.6 months, HR 0.73 p =.002)
and demonstrated a five-fold improvement in
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ORR (25% vs 5%, Odds Ratio 5.98, p<.001) [79].
Grade 3-4 toxicities occurred in 76 (19% of
patients). Discontinuation of therapy due to
therapy-related AEs occurred in 31 (8%) patients
taking nivolumab versus 52 (13%) taking everoli-
mus. Overall, these results led to approval for
nivolumab for mRCC by the FDA. Subgroup anal-
ysis determined that a survival benefit occurred
irrespective of Memorial Sloan-Kettering Cancer
Center prognostic score [79, 80]. Although PD-L1
expression (positive defined as >1% staining using
the Dako IHC assay) was observed in 181 of 756
(24%) patients, this factor did not predict response
to anti-PD1 therapy [79].

Bladder

Metastatic urothelial carcinoma is often a rapidly
progressing lethal disease [81], and no treatment
exists that confers a survival advantage for patients
who progress on platinum-based therapy. Many
bladder tumors express PD-L1 [37, 82], and lym-
phocytes infiltrating in the tumor are correlated
with improved survival [82]. Additionally, the use
of other immune-modulating therapies, including
bacillus Calmette-Guérin, has demonstrated
positive results in bladder cancer [82-84].
Atezolizumab and pembrolizumab have demon-
strated antitumor activity in early phase trials.
Atezolizumab was tested after progression on
platinum-based therapy for patients with meta-
static urothelial carcinoma (mUC), reported from
the phase II IMvigor 210 trial [85]. The study
enrolled 316 patients and treated them with atezoli-
zumab 1200 mg IV every 3 weeks. One third of the
311 patients had liver metastasis; 40% of patients
had >2 prior lines of therapy, with 74% having
received cisplatin therapy in the past. The results
were reported by PD-L1 expression using SP142
IHC assay. The primary endpoint of ORR was 15%
for all patients treated, ORR 18% for PD-L1 expres-
sion > 1% and ORR 27% for PD-L1 expression >
5%. Twelve patients achieved a CR and 35 achieved
aPR. Treatment-related grade 3 and 4 AEs occurred
in 15% of patients, of which the most common was
fatigue (2%). Three percent of patients discontin-
ued treatment due to toxicity [85]. The results of
this trial led the FDA to designate atezolizumab
with breakthrough status in June 2014, for the

treatment of cisplatin-refractory mUC [86].
Additionally, pembrolizumab has demonstrated
antitumor activity in mUC with the report of the
KEYNOTE-012 study. In the phase Ib trial, patients
were treated with pembrolizumab 10 mg/kg every 2
weeks. Responses were correlated with higher PD-

L1 expression in this study [87].

Hodgkin lymphoma
PD-1 pathway inhibition has demonstrated
durable clinical responses in solid tumors, and
evidence suggests potential benefit in selected
hematologic malignancies [88-90]. One mecha-
nism by which Reed-Sternberg cells, a hallmark
for Hodgkin lymphoma (HL), evade the immune
system is through the PD-1 pathway [91, 92]. In
classic HL (cHL), the malignant Reed-Sternberg
cells are few in number (usually <1%) but are sur-
rounded by a reactive immune infiltrate com-
posed of lymphocytes, leukocytes, plasma cells,
and fibroblasts [91-93]. Additionally, the genes
that encode the ligands for PD-1, CD274 and
PDCDILG?2, are targets of chromosome 9p24.1,
which can be amplified in HL, leading to overex-
pression of PD-L1 and PD-L2 [91].

Nivolumab and pembrolizumab have been tested
in heavily pretreated patients with cHL [94]. In a
phase II trial, 23 patients with relapsed, refractory
cHL were treated with nivolumab 3 mg/kg every 2
weeks. At the time of the report, 20 of the 23 patients
had a clinical response (ORR of 87%, 95% CI of
66%-77%), with 4 CR and 16 PR and the remaining
3 patients with SD. The 24-week PFS is 86% (62%—
95%), and median OS was not reached at 40 weeks
(0-75 weeks). Six patients went on to allogenic stem
cell transplant [94, 95]. Treatment-related AEs
occurred in most of the patients (78%), with the
most common being rash (22%) and thrombocyto-
penia (17%). Grade 3 drug-related AEs occurred in
5 patients (22%) evaluated, including myelodysplas-
tic syndrome, pancreatitis, pneumonitis, stomatitis
colitis, and thrombocytopenia; no drug-related
grade 4 or 5 events occurred [94]. Nivolumab
achieved approval by the FDA in May 2016, for the
treatment of relapse refractory HL after autologous
stem cell transplantation and brentuximab vedotin.
Similarly, single agent pembrolizumab 10mg/kg
every 2 weeks was studied in a phase II trial
(KEYNOTE-013). The 15 patients assessed had
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received a median of 4 prior therapies. The ORR was
53% (3 CR and 5 PR). Therapy was tolerable, with
primarily grade 1-2 AEs, including respiratory
events and thyroid disorders, each in 20% of patients,
and no treatment-related deaths were observed [95].

Preliminary positive clinical data

Ovarian cancer

Ovarian cancer is diagnosed in advanced stage in
over 70% of patients [96], and even with effective
multimodality treatment including cytoreductive
surgery and systemic chemotherapy with platinum
and taxanes, over 70% of patients experience dis-
ease recurrence [97]. The immune system’s role in
ovarian tumorigenesis is supported by the presence
of TILs and PD-L1 expression of tumor cells [9, 98,
99]. Early clinical activity combined with an
acceptable safety profile has been demonstrated in
the phase I and II trials of nivolumab, pembroli-
zumab (anti-PD-1), and avelumab (anti-PD-L1).

Nivolumab 1mg/kg or 3mg/kg was tested in 20
heavily pretreated patients, 75% with serous his-
tology. Half (55%) of the patients had 4 or more prior
lines of therapy. The ORR across both cohorts was
15% (2 CR, one of which was clear cell and 1 PR).
Disease control (SD) was established in 45% (95% CI
23.1%-68.5%) of patients. The PFS overall in both
cohorts was 3.5 (1.7-3.9) months with OS of 20
months (7 to NR). Grade 3 and 4 AEs were reported
in 40% of patients, with two AEs requiring treatment
discontinuation, and were most frequently related to
thyroid function. PD-L1 expression was tested using
formalin-fixed, paraffin-embedded tissue with
murine PD-L1 antibody (clone 27A2, MBL, Japan by
LSI Medicine) [100, 101]. An independent review
demonstrated no differences in treatment effect
based on PD-L1 expression [101].

In contrast, pembrolizumab (10mg/kg every 2
weeks for up to 2 years) was tested in a PD-L1-
selected population (PD-L1 positive defined by
21% of cells in tumor nest or PD-L1 positive bands
in stroma as determined by IHC) in the phase Ib
KEYNOTE-028 trial of pembrolizumab. Of the 26
patients treated, 84.6% had received prior therapy
and 38.4% had received 25 prior treatments in the
metastatic setting. Three patients demonstrated an
objective response (1 CR, 2 PR) and 6 SD. Of the 3
patients who responded, responses were durable:

>24weeks at time of reporting. AEs attributed to
drug occurred in 69.2% of patients with grade >3
occurring in 1 patient [100].

Avelumab (MSB00010718C), an anti-PDL1 anti-
body, was administered to women with pretreated
refractory and relapsed ovarian cancer. The phase
Ib dose expansion of single-agent avelumab admin-
istered 10mg every 2 weeks was reported in
patients unselected for PD-LI status. Seventy-five
patients were treated, the majority of whom had
serous subtype (78%), with a median of four prior
therapies. Twenty-three were evaluable for efficacy
at the time of presentation. The best overall
response was 17.4% (95% CI 11.5%-57.2%); 47.8%
(11) had SD and 2 patients showed >30% tumor
shrinkage after reported progression. Median PFS
was 11.9 weeks and PFS rate at 24 weeks was 33.3%
(95% CI 11.5%-57.2%). The most common
treatment-associated AEs were fatigue, nausea, and
diarrhea (>10% of patients). Only 2 patients had to
discontinue therapy due to grade >3 toxicity (1
autoimmune myositis and 1 elevated lipase). No
serious adverse events were reported [102].

Colon cancer with mismatch repair-
deficient tumors
Colon cancers with mismatch repair (MMR) defi-
ciency exhibit microsatellite instability. Although
representing a small proportion of colorectal can-
cer (CRC) [103], MMR deficient tumors harbor
from 10 to 100 times the number of somatic muta-
tions than do MMR-proficient tumors [104, 105].
In a small phase II trial, 32 patients with CRC
were administered pembrolizumab 10 m/kg every
2 weeks until progression. Among patients with
MMR deficient tumors the ORR was 40% (95% CI
12%-74%) and PFS at 20 weeks was 78% (95%
CI 40%-97%). This contrasts with patients with
MMR-proficient CRC where ORR was 0% (0%-—
20%) and PFS at 20 weeks was 11% (95% CI
2%-13%). While progression-free and overall
survival parameters were not reached in the MMR
deficient group, in the proficient group median
PFS was 2.2 months (1.4-2.8 months) and OS was 5
months. High somatic mutation loads were associ-
ated with response [106]. In 2017, pembrolizumab
approved for mismatch repair-deficient
(MMR-D) unresectable cancers, and nivolumab
for MMR-D colorectal cancers.

was



46 Immunotherapy in Translational Cancer Research

Breast cancer

The role for checkpoint inhibitors in breast cancer
is currently being investigated in the triple-negative
breast cancer (TNBC) subgroup. This heteroge-
neous group of tumors is identified clinically by the
absence of estrogen, progesterone, and human
epidermal growth factor (HER2) receptors. When
compared to other receptor-positive types, TNBC
demonstrate increased PD-L1 expression [107,
108] and a higher proportion of TILs, which have
demonstrated prognostic significance [109-112].
The first two trials studying checkpoint blockade
in this subgroup, pembrolizumab and atezoli-
zumab (MPDL3280A), showed promise due to
durability of responses and low toxicity profile.

In TNBC, 32 heavily pretreated patients with
PD-L1 positive tumors were treated with pembroli-
zumab. Of the 27 evaluable for response, ORR was
18% (1 CR and 4 PR), and PFS 1.9 months (95% CI,
1.7-5.4) However, 3 of the 5 responders were still
on study for at least 48 weeks with median duration
of response not reached (5-40+ weeks). Slightly
over half of the patients experienced treatment-
related toxicities of any grade. The most common
were arthralgia and fatigue (18.8%), myalgia
(15.6%), and nausea (15.6%). Grade 3 and 4 AEs in
15.6% patients included anemia, headache, aseptic
meningitis, and pyrexia. The isolated grade 4 event
of decreased blood fibrinogen level ultimately led
to death with disseminated intravascular coagula-
tion [113]. Recently, early clinical activity of
pembrolizumab in estrogen receptor—positive,
HER2-negative disease was described, with an
ORR of 12% (3 PR) and clinical benefit rate at 24
weeks of 20%. Treatment-related AEs were similar
to prior reported, with 16% of patients experi-
encing grade 3/4 toxicities [114].

In unselected patients with TNBC, the PD-L1
inhibitor atezolizumab (MPDL3280A) every 3
weeks (15 or 20mg/mg or flat dose 1200 mg) was
studied in a phase I trial. Twenty-seven patients
were enrolled, with 59% having visceral disease,
85% having received —4 prior systemic treatments.
Of the 21 evaluable patients, the unconfirmed ORR
was 24% (8% to 47%) with 3 PRs and 2 CRs. The
duration of response was up to 42 months, and the
study 1is still ongoing. Therapy-related AEs
occurred in 67% of patients, with grade 3 events
including adrenal insufficiency, neutropenia,

nausea, vomiting, and leukopenia, and one grade 5
event of pulmonary hypertension in a patient with
atrial septal defect [115].

Other malignancies

Additional preliminary evidence of activity data is
emerging across tumor types. The KEYNOTE-012
trial is a phase Ib trial of pembrolizumab in solid
tumors, and the KEYNOTE-028 trial is a phase Ib
trial studying pembrolizumab in PD-L1-selected
solid tumors. Emerging results are encouraging for
squamous cell head and neck cancer [116, 117],
mesothelioma [118], and gastric [119, 120], esoph-
ageal [121], ovarian [100], and breast [114] can-
cers, for which results have been presented.

The tumors in which checkpoint blockades have
been less successful, demonstrating minimal
clinical or survival benefit, include nivolumab-
treated multiple myeloma [122], MMR-proficient
colon cancer [106], and prostate cancer [123].

Combination strategies

The inhibitory but nonredundant mechanisms of
CTLA-4 and PD-1/PD-L1 provide mechanistic
rationale for cotreatment with checkpoint blockade
agents. Ipilimumab and nivolumab have recently
been approved in metastatic melanoma due to
survival benefit [61, 124]. As expected, grade 3 and
4 toxicities increased with the combination com-
pared to single agent, but no fatal toxicities were
reported [61].

Other clinical trials combining checkpoint
blockade inhibitors are ongoing in other tumor
subtypes, including NSCLC, ovarian cancer, colo-
rectal cancer, Hodgkin lymphoma, renal cell
carcinoma, breast cancer, and soft-tissue sarcoma.
Current trials are studying various novel check-
point blockade antagonists and agonists, as well as
combination therapies with chemotherapy, radi-
ation, targeted therapy, vaccines, chimeric antigen
receptor T cells, and oncolytic viruses.

Biomarkers

Useful biomarkers can assist clinicians in treatment
decision making and patient selection. For example,
lung cancer patients who express epidermal growth
factor or anaplastic lymphoma kinase rearrangement
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can be treated with erlotinib or crizotinib, respec-
tively. The clinical studies reviewed in this chapter
demonstrate the incredible promise of checkpoint
agents with durable responses in some patients.
However, not all patients respond, revealing a need
to identify and select patients who would benefit
from the therapy, without exposing patients who
would not benefit. Continued efforts to establish
clinically relevant biomarkers to predict response
to therapy is critical. No validated marker is in
widespread clinical use, although many have been
studied [106, 125-130].

PD-L1 is the most developed candidate bio-
marker; it is expressed on the surface of many
solid tumors as well as tumor-infiltrating
immune cells, and in some settings correlates
with prognosis and with benefit from PD-1 and
PD-L1 inhibitors, as discussed above. However,
PD-L1 expression is dynamic and may fluctuate
depending on the tumor microenvironment and
cytokine feedback signaling [51]. Moreover, the
optimal antibody for testing and the cutoff
values for positivity and negativity remain con-
troversial [131]. Although in most cases patients
with tumors expressing PD-L1 may have higher
likelihood of response to checkpoint blockade,
patients without PD-L1 expression do not nec-
essarily fail to respond [61, 132-134], and there
are some prospective studies that fail to demon-
strate a difference in response based on PD-L1
expression levels [73,79, 101, 132]. Additionally,
PD-L1 staining does not appear to predict
response to dual checkpoint blockade with
nivolumab and ipilimumab in metastatic mela-
noma [61]. Continued biomarker discovery
efforts are ongoing.

Conclusions

Checkpoint blockade therapies provide durable
responses and clinical benefit in a subset of
patients, with side effect profiles that are often
tolerable or reversible. However, not all patients
respond, and no clinically available biomarker
to predict response to therapy is available.
Continued studies combining immune-targeted
agents and different treatment modalities show
preliminary evidence of promise to improve
response rates.
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CHAPTER 5

Myeloid Leukemia Vaccines
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Evidence for T-cell-mediated killing
of myeloid leukemia

Acute myeloid leukemia (AML) and chronic
myelogenous leukemia (CML) are the two most
common forms of myeloid leukemia with an
annual incidence of roughly 20,000 and 8,000 cases
in the United States, respectively [1]. Several lines
of evidence point to the fact that these diseases can
be cured by T-cell-mediated therapies. However,
current immunotherapy strategies aimed at both
CML and AML are associated with significant
morbidity and mortality.

CML is a hematopoietic stem cell disorder char-
acterized by the t(9;22) translocation, which results
in the generation of the BCR-ABL fusion protein
[2-4]. While current treatment strategies involve
the use of small molecule inhibitors that block the
function of the mutant tyrosine kinase, BCR-ABL
[5-12], treatment for CML before the development
of these pharmaceuticals often involved immuno-
therapeutic approaches. Early clinical investigations
in the 1980s showed that long-term treatment with
interferon alpha (IFN-a) could induce complete
hematological remissions in 30%-70% of patients
with median overall survival of ~5 years—significantly
better than prior therapies involving hydroxyurea

or oral busulfan [13-19]. While IFN-o demon-
strated clear survival advantages, its side effects
often became intolerable with ~20% of patients dis-
continuing therapy in early IFN-a studies and 89%
of patients crossing over from the IFN-a + cytara-
bine cohort to the imatinib cohort in the landmark
IRIS trial [6, 13, 16]. While IFN-a is no longer
commonly used in current practice for the
treatment of patients with CML, correlative studies
performed in association with the clinical trials
investigating IFN-o showed that the treatment led
to the expansion of CD8" T cells specific for leu-
kemia-associated self-antigens. More importantly,
the expansion of these T cells was associated with
clinical response [20]. Beyond IFN-a, CML has
also been treated with allogeneic stem cell trans-
plantation (allo SCT) with good success. SCT
outcomes starting from the late 1980s have shown
continued improvements in long-term survival,
with initial 2-year survival of ~50% increasing to
~60% by 2000 [21]. As supportive care and donor
human leucocyte antigen (HLA) matching have
improved, survival has continued to improve, with
arecent report describing 3-year overall survival of
91% of CML patients who undergo allo SCT in
chronic phase, and 59% overall survival in patients
transplanted in advanced phase [22]. While allo
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SCT is curative in many CML patients, roughly
30% of patients develop chronic graft-versus-host
disease [22]. One of the striking features about
CML susceptibility to T-cell-mediated therapy is
the very high response rate of CML to donor lym-
phocyte infusion (DLI) for patients whose disease
relapses following SCT. DLI can induce molecular
remissions in 75%-95% of CML patients whose
disease relapses post-SCT, depending upon the
degree (molecular, cytogenetic, or hematologic) of
relapse at the time of DLI [23]. These results
strongly suggest that CML is more susceptible to T
cell therapy than many other hematologic malig-
nancies, including AML.

In contrast to CML, the only broadly used form
of immunotherapy for AML is allo SCT. While
some patients with AML (e.g., patients with
t(15;17), inv(16), t(8;21), or diploid cytogenetics
with isolated NPM1 mutations) can be cured with
chemotherapy alone [24-29], the majority of AML
patients will suffer disease relapse, which is associ-
ated with an extremely poor outcome [30]. As a
result, allo SCT is recommended, if possible, for
AML patients with relapsed disease (if brought
back into remission) [31] and for patients with
cytogenetic or mutational abnormalities associated
with a high rate of relapse [24, 26]. For these high-
risk patients, allo-SCT performed for patients in
complete remission is associated with a long-term
overall survival rate of 30%-40% [24, 31]. The
importance of T-cell-mediated immunity for
effecting cures in AML patients undergoing allo
SCT was demonstrated in studies showing
increased relapse rates and worse overall survival
in patients who underwent allo SCT with donor T
cell depletion or with identical sibling donors,
which would eliminate the contribution of minor
histocompatibility antigens in donor-derived T cell
targeting of AML [32, 33]. While survival out-
comes are better for high-risk AML patients who
undergo allo SCT compared with similar patients
who do not, the impact of donor T cell immunity in
effecting cures is likely less for AML compared to
CML, as outcomes from DLI for AML are signifi-
cantly worse, with 2-year survival of only 15% for
AML patients who undergo DLI for treatment of
active disease [34].

Taken together, these data show that CML and
AML can be cured by strategies aimed at enhancing

T-cell-mediated targeting of the malignant cells;
however, the current treatments are far from
optimal due to limited efficacy and significant
morbidity and mortality. Given these shortcom-
ings, less-toxic vaccination strategies have been
attempted.

Barriers to successful cancer
vaccine strategies

Conventional antimicrobial vaccines typically
involve the administration of the killed or dena-
tured organism or selected recombinant microbial
proteins designed to induce a robust and coordi-
nated immune response [35]. The microbial pro-
teins that are used in vaccines are foreign to the
host immune system. These foreign microbial pro-
teins typically elicit robust humoral responses with
the generation of high-affinity antibodies against
protein epitopes, which can be highly effective in
producing strong immunity against primarily
extracellular organisms. In addition, when micro-
bial proteins are taken up by antigen-presenting
cells, microbial antigens can be presented both by
class II HLA to activate CD4" helper T cell (T,)
responses and by class I HLA, via cross-presenta-
tion, to activate CD8" cytotoxic T cells (T ) as well
(Figure 5.1). The activated T, and T, cells often
possess T cell receptors with high affinity for their
microbial peptide/HLA antigen because the host T
cell repertoire has not been tolerized through
either central or peripheral mechanisms to these
antigens, resulting in high-avidity interactions
with cells presenting these peptide/HLA antigens
[36, 37]. Subsets of these high-avidity T cells can
become memory T cells, which can rapidly respond
to rechallenge with antigen. This coordinated T
cell response is particularly relevant in the genera-
tion of immune responses against viruses and
intracellular organisms such as Mycobacterium
tuberculosis.

In contrast to the combined humoral and cel-
lular adaptive immune responses that can be
elicited from antimicrobial vaccines, antitumor,
including antimyeloid leukemia, vaccines are often
greatly hindered in their ability to induce robust,
long-term immune responses [38-40]. The
antigenic targets of most myeloid leukemia (ML)
vaccines are typically peptides derived from
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Figure 5.1 Class | and class Il antigen presentation. A. All
cells, apart from red blood cells, express class | human
leucocyte antigen (HLA) molecules, which express endoge-
nous peptide fragments. For class | HLA the first and last
couple of residues of the presented peptide chain are
primarily responsible for anchoring the peptide to the HLA,
and a cognate T cell receptor expressed by a CD8+ T cell
primarily interacts with the middle amino acids and, to some
extent the HLA molecule itself. Different HLA molecules bind

aberrantly or overexpressed intracellular proteins,
which can be presented by class I HLA, or follow-
ing uptake of the leukemia proteins by
antigen-presenting cells (monocytes, macrophages,
and B lymphocytes) class II HLA.

Because most ML vaccines target peptides
derived from normal but aberrantly expressed pro-
teins, the number of T cells with high-affinity
TCRs that can recognize these antigens is greatly
reduced as a result of central tolerance of high-
avidity T cells specific for these antigens in the
thymus [41, 42]. Furthermore, as ML vaccines
are given after diagnosis (as opposed to most
anti-infectious vaccines, which are given prophy-
lactically), it is likely that additional peripheral
tolerance mechanisms lead to further reductions in
high-avidity T cell populations. This paucity of
high-avidity T cells greatly hinders T_ cytotoxic

(B)

CD4* T cell membrane

TCRa chain TCRB chain

Peptide

Cell membrane

these amino acids with different affinities, which influences
which peptides can be presented by which HLA molecules.
B. Only professional antigen-presenting cells such as
monocytes, macrophages, and B cells express class Il HLA. For
class Il HLA, the presented peptides are typically longer than
for class | restricted peptides, and they can extend beyond
the actual binding cleft on the class Il HLA molecule. T cell
receptors expressed on CD4+ T cells recognize the peptide/
HLA complex. Source: Courtesy of Molly Roth Creative LLC.

potential and the ability of T, cells to coordinate
further adaptive responses [40]. Finally, because
the ML vaccines often use peptides, B-cell
responses are very difficult to induce.

Myeloid vaccine targets

In contrast for foreign pathogens, human tumors,
including CML and AML, have genomes very
similar to the patient’s germline. Because of this ge-
netic similarity, the number and diversity of
antigenic targets for successful immunotherapy is
quite limited. These antigens can be crudely
divided into groups
antigens (LA As), which are preferentially expressed

of leukemia-associated

by leukemia but present to some degree in normal
tissue, and leukemia-specific antigens, which are
only expressed by leukemia cells because of a
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leukemia-specific genetic defect that yields a novel
antigen, or neoantigen. The mechanism for presen-
tation of antigens as peptides to class I MHC (major
histocompatibility complex) is demonstrated in
Figure 5.2.

LAAs typically are identified as proteins that are
expressed on some normal tissues but are prefer-
entially presented by class I HLA on leukemia.
These proteins are self-antigens, and as such, they
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Figure 5.2 Types of presented cancer antigens. Many
mechanisms can lead to the presentation of cancer peptide
epitopes. A. The most commonly reported are cancer self-
antigens derived from proteins overexpressed in the tumor
and minimally expressed in normal tissue (blue arrows).
These peptides are derived from proteins with a wild-type
primary sequence and are best considered cancer (or
leukemia)-associated self-antigens. B. A related form of
cancer-associated self-antigen can arise from a wild-type
protein that is aberrantly localized in the cancer cell
facilitating presentation by class | HLA (green arrows). The
best examples of these are the neutrophil granule proteins,
which are present in high abundance in the cytosol of
leukemia blasts. Neoantigens are distinct from self-antigens
because they are derived from mutated proteins that are
specific to the tumor cell. C. The best characterized
leukemia neoantigen is derived from the t(9;22) translocation

are expressed in the thymus, where central toler-
ance leads to the removal of high-avidity T cells
toward these antigens (Figure 5.3). These types of
proteins are usually expressed in very restricted
tissues such as testis, ovary, and genitourinary
tract [43, 44]. Alternatively, these proteins can be
expressed in subcellular compartments that do not
undergo processing through the typical class I
HLA pathway such as PRTN3, which is normally
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that generates a gene fusion product with a resulting
peptide that can be presented by class | HLA (purple
arrows). D. The development of genome sequencing has
allowed for the prediction, and in a small number of cases,
discovery of neoantigens the result from single-nucleotide
variations between the patient’s germline DNA sequence
and the tumor genome (pink arrows). E. Neoantigens could
also derive from aberrantly spliced mRNA molecules,
leading to aberrant protein primary sequences (black
arrows). This mechanism of neoantigen production could
be important in acute myeloid leukemia and myelodysplastic
syndrome, where mutations in spliccosome genes are
common. All of these mechanisms yield proteins that
ultimately undergo degradation through the proteasome
and transportation via the TAP proteins into the
endoplasmic reticulum, where they are bound to class | HLA
molecules. Source: Courtesy of Molly Roth Creative LLC.
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Figure 5.3 Tolerance mechanisms. Multiple mechanisms
for the development of tolerance to cancer antigens exist.
Lymphoid precursors exit the bone marrow and migrate to
the thymus where they undergo both positive and
negative selection mechanisms to eliminate T cells
possessing T cell receptors that can bind to self-antigen/
HLA complexes. This process of central tolerance is
extremely effective and greatly reduces the frequency of
T cells that can bind with high affinity to cancer self-
antigens. Central tolerance should not influence T cell
reactivity towards neoantigens; however, multiple other

expressed in neutrophil granules (and not suscep-
tible to class I HLA presentation) but is aberrantly
localized in the cytosol of leukemia blasts [45].
Despite central tolerance, T cells that can recog-
nize and react against LAAs presented by the
appropriate class I HLA have been observed in leu-
kemia patients, which has led to the targeting of
these antigens in vaccine trials, described in the
following section [46].

Neo-antigens (or leukemia-specific antigens)
occur as the result of specific mutational events
that occur in the leukemia cell. Because these
events are leukemia specific, the source proteins for
the antigens are not expressed in the thymus, which
would prevent central tolerance from eliminating

Exhaustion

Regulatory T Cell O %

mechanisms of peripheral tolerance can dampen immune
responses. T cells can lose function through lack of
costimulation (anergy), upregulation of checkpoint
inhibitory proteins (exhaustion), and long-term antigen
stimulation (senescence). In addition to these direct
interactions between effector T cells and target cells,
other extrinsic cell types such as myeloid-derived
suppressor cells, M2 macrophages, and regulatory T cells
can also impact the antitumor effect of cancer. Source:
Courtesy of Molly Roth Creative LLC.

high-avidity T cells from a patients T cell reper-
toire [41, 42]. Peripheral tolerance mechanisms
may still exist, however (Figure 5.3). Neo-antigens
can arise from different genetic perturbations.
Nonsynonymous single-nucleotide variants that
induce an amino acid change in a protein antigen
are likely the most common source of neoantigens
[47, 48]; however, for myeloid leukemias, the most
well-characterized neoantigen is the BCR-ABL
fusion protein that is the driving mutation for CML
[49]. This protein has a novel amino acid sequence
at the fusion site, and various resulting peptides
can be presented by class I HLA and elicit T cell
responses. Vaccine studies against these antigens
have been performed (see below). Finally, another



CHAPTER 5 Myeloid Leukemia Vaccines 59

potential source of neoantigens is proteins that
have undergone aberrant splicing. During tran-
scription, nascent RNA molecules undergo a highly
regulated process of intron removal and exon
splicing that is mediated by the spliceosome, a
ribonucleoprotein  macromolecular  complex.
Roughly 15% of AML and 50% of myelodysplastic
syndrome (which can evolve into AML) cases have
mutations in at least one spliceosome gene, which
could lead to the synthesis of aberrantly spliced
mRNA and protein molecules [50, 51]. These pro-
teins could serve as a large source of neoantigens.
Methodologies to confirm this type of neoantigen
are under development.

Vaccine types

The simplest and most commonly used myeloid
vaccines have been peptide vaccines. These vac-
cines are composed of an antigenic peptide or pep-
tide mixture often administered with an adjuvant
and granulocyte-macrophage colony stimulating
factor (GM-CSF) [46]. Most peptides are derived
from LAAs and are expected to stimulate CD8*
T cell responses.

Dendritic cell (DC) vaccines are the second
common type of vaccine. Whereas peptide vac-
cines rely on the addition of an adjuvant and
endogenous antigen presenting cells, which can be
deficient in cancer patients, to elicit T cell
responses, DC vaccines involve the infusion of
autologous, functional DCs that present a leukemia
antigen, express costimulatory molecules, and
secrete cytokines to enhance the antileukemia T
cell response [52-56]. In most cases, patient-
derived CDI14" monocytes are induced to
differentiate to DCs that present the leukemia
vaccine with the DCs either infused, or more com-
monly, injected intradermally into the patient.
Following infusion, the DCs home to regional
lymph nodes and induce CD8* and CD4" T cell
responses, which is an advantage over standard
peptide-only vaccines. DCs and their antigen pay-
load vaccines have been prepared in multiple
different ways to present their tumor antigens. The
most common method is peptide loading of
the DCs. DCs have also been transduced with
either DNA or RNA encoding the tumor antigen so
that the antigen can be endogenously expressed.

However, other investigators have generated DCs
from leukemia cells [55] or fused leukemia cells
with DCs to generate a vaccine [56]. In addition,
DCs have been treated with apoptotic tumor cells
so that multiple antigens can be presented both
by class I HLA and class I HLA via cross-presenta-
tion [52-54].

Leukemia-associated antigen vaccines
The majority of ML vaccines have sought to elicit
T cell responses to LAAs. These antigens are pep-
tide’/HLA complexes with the peptide being
derived from proteins that are either aberrantly
expressed or overexpressed by the leukemia cell.
Because these peptides are derived from normal
proteins, they are considered self-antigens.

WT1

The WTI gene is located on chromosome 11p13
and is an intracellular transcription factor. The
protein has very limited expression in normal
tissue, being only detectable in the developing uro-
genital system, testis, placenta, ovaries, kidney,
mesenchymal cells, and CD34* hematopoietic cells
[43, 44, 57]; however, it is overexpressed in many
tumors, including lung, breast, colorectal cancer,
and AML [58-62]. In cancer, the WT1 protein can
function as either an oncogene or tumor suppressor
based on the isoform expressed [63]. WT1 plays an
important role in leukemogenesis, and its inhibi-
tion leads to growth inhibition and eventually apo-
ptosis [64]. Because WT1-specific CD8* T cells can
be expanded in vitro relatively easily, adoptive cel-
lular therapy trials have been conducted to test this
form of cellular therapy [65].

In addition to the adoptive cellular therapy
trials, multiple WT1 vaccine trials have been con-
ducted in AML. Oka et al. reported the first WT1
peptide vaccine trial in AML in 2004 [66]. In that
study, 12 patients with AML who expressed HLA-
A24, which is the MHC protein that presents
the WT1 peptide, who had molecular evidence of
disease but were in hematological complete
remission, received the WT1p235-243 peptide
(CMTWNQMNL) and a peptide, WT1p235 pep-
tide (CYTWNQMNL), with enhanced binding
affinity, termed heteroclitic, with incomplete
Freund’s adjuvant (IFA) (for amino acid single
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letter terminology, see Figure 5.4). Of these 14
patients, 5 showed a reduction in their disease
burden as measured by RT-PCR of WT1 tran-
scripts and 2 showed a reduction of their leukemic
blast percentage. Immune responses were mea-
sured using WT1/HLA-A24 tetramers, and 9
patients showed an increase in tetramer* CD8*
T cells following vaccination. The tetramer reagent
is generated by using avidin to link four of the
same peptide/MHC complexes together. A fluo-
rochrome is linked to the complex that allows for
the detection of the tetramer complex using multi-
parameter flow cytometry. One remarkable finding
in this study was the relatively high frequency of
WT-1-specific CD8" T «cells enumerated by

tetramer before vaccine (0.09% to 0.98%) with
patients who showed an immunologic response
to tetramer-based enumeration, having post-
vaccine WT-1-specific CD8* T cells ranging from
0.26% to 6.61% of total CD8* T cells. HLA-A24 is
the most prevalent HLA type in the Japanese
population, but it is rare in other ethnic groups,
including Caucasians, where HLA-A2 is the most
prevalent type.

Mailander et al. reported the first HLA-A2
restricted WT-1 epitope (WTlpl26-134,
RMFPNAPYL) vaccine in one patient in 2004 [67].
The patient had detectable disease at the start of
therapy, but after four vaccinations had <5% bone

marrow blasts, a >1-log reduction in WT1
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Figure 5.4 Amino acids. The 20 naturally occurring
amino acids are shown. They can be classified generally
by their side chain properties, with the majority
possessing aliphatic side chains but others containing
aromatic, polar, or charged side chains. In general, the

amino acids at the HLA binding or “anchor” positions,
located at the ends of the peptide epitope, are generally
hydrophobic and small; however, multiple exceptions to
this principle are known. Source: Courtesy of Molly Roth
Creative LLC.
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transcript levels, and achieved a hematologic
remission after 16 weeks of therapy. A phase II
study using the same epitope with GM-CSF and
keyhole limpet hemocyanin adjuvant was subse-
quently performed in 19 HLA-A2 patients with
measurable disease [68]. Following treatment, 10
patients had stable disease, with 2 more showing an
improvement in neutrophil count. Immune
responses were also observed with an increase in
WT1-specific T cell count of 44%; 38% of subjects
had a reduction in WT1 transcripts.

WT1 vaccination has also been performed for
patients with CML. Two patients, reported
separately, received the HLA-A24 restricted
WT1p235-243 with IFA while also receiving ima-
tinib [69, 70]. Both patients showed reductions in
BCR-ABL transcript levels by RT-PCR, with 1
patient entering a complete molecular response.
Both patients also had evidence of WT1-specific T
cell expansion following vaccination.

Polyvalent WT1 vaccine approaches have also
been investigated. Maslak et al. used a four-peptide
pool with the aim of eliciting WT1 antigen specific
to both CD8* and CD4* T cells [71]. The first
peptide was a heteroclitic WT1pl26 analog
(YMFPNAPYL, with Y substituted in position 1
instead of R). Two long peptides WT1p427
(RSDELVRHHNMHQRNMTKL) and WT1P331
(PGCNKRYFKLSHLQMHSRKHTG) were
selected to bind to class I and class II HLA (HLA-
DRB1). The final peptide, a heteroclitic WT'1-p122
(SGQAYMFPNAPYLPSCLES, with Y substituted
in position 5 instead of R), was intended to be able
to stimulate both CD8" and CD4* T cells. Of the 9
HLA-A2* AML patients in complete hematologic
remission who received vaccination, 4 relapsed and
5 remained in complete remission, with WT1 tran-
script levels decreasing over time to either
undetectable or at very low levels.

DC vaccines have also been used to target WT1
in AML patients. WT1 mRNA was electroporated
into patient-derived DCs, which were subsequently
infused into patients. Because the entire WT1
mRNA was electroporated into the patient-derived
DCs, multiple class I WT1 epitopes could be pro-
duced, allowing enrollment of patients with
multiple different HLA-types. In one study of 10
AML patients treated with WT1 mRNA electro-
porated DCs, 2 patients had their disease status

convert from a partial remission after their salvage
chemotherapy to a complete remission (CR), and 3
other patients who were in CR at the time of vacci-
nation had reductions in the WT1 transcript level
as measured by RT-PCR [72].

RHAMM

RHAMM (CD168) is a hyaluronan receptor whose
gene is located on chromosome 5q33.2 [73, 74].
RHAMM overexpression in normal fibroblasts
leads to increased cellular motility and anchorage-
independent growth [75]. Its overexpression is
necessary for H-ras-induced transformation [75].
RHAMM can also be secreted from cells and sub-
sequently associates with the hyaluronan receptor
(CD44) that is anchored to the cell’s plasma mem-
brane. There it can induce mitotic arrest [76].
Inside the cell, RHAMM interacts with microtu-
bules and is involved in the regulation of mitosis
and mitotic spindle integrity [77, 78]. Outside the
cell, binding of hyaluronan to the RHAMM/hyal-
uronan receptor complex leads to activation of the
MAP-kinase pathway through ERK1 and ERK2
[77]. Because of its function, RHAMM is maxi-
mally expressed during mitosis [79]. It has very low
expression in normal tissues; however, it is overex-
pressed in many tumor types, including leukemia
blasts [80-84]. To date, peptide vaccine trials
against RHAMM have targeted the RHAMM-R3
epitope (p165-173, ILSLELMKL), which is endoge-
nously processed and presented on HLA-A2 [79].
Because RHAMM is endogenously processed for
presentation by class I HLA and is also present on
the cell surface, it can elicit both cellular and
humoral immune responses [85].

The first RHAMM vaccine trial using RHAMM-
R3 peptide with the adjuvant ISA-51 and GM-CSF
was performed in 10 patients, 6 of whom had AML
or MDS [86]. Of these 6 patients, 4 showed evi-
dence of an immune response as measured by
expansion of CD8* T cells recognizing RHAMM-
R3/HLA-A2 tetramer. Three of the 4 patients
demonstrating a RHAMM-R3 T cell expansion
response showed clinical improvement, with 2
patients demonstrating a reduction in bone
marrow blast percentage and another patient
becoming transfusion independent. A subsequent
study on 6 AML and MDS patients demonstrated
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immune responses in 2 patients. One patient had a
reduction in bone marrow blasts and another had
normalization of blood counts [87].

PR1 (PRTN3 and ELANE)

Proteinase-3 (PRTN3) and neutrophil elastase
(ELANE) are primary neutrophilic granule pro-
teins that are aberrantly expressed in the cytoplasm
of AML blasts [88]. When the proteins are present
in the cytosol they undergo proteosomal digestion,
and peptide epitopes can be presented by class I
HLA on the cell surface. The best characterized
epitope derived from is PR1 (VLQELNVTYV),
which is present in both proteinase-3 and neutro-
phil elastase [45]. PR1 vaccine was tested, with
IFA-51 and GM-CSE in 66 HLA-A2 AML, MDS,
and CML patients, 53 of whom had measurable
disease at the time of vaccination [89]. Immune
responses, defined as a >2-fold increase in the
percentage of PR1-specific CD8+ T cells measured
by tetramer enumeration, were measured in 35 of
the 66 patients (53%), with responses being associ-
ated with lower disease burden at vaccination and
younger patient age. Of the 53 patients with mea-
surable disease at the time of vaccination, 12 (24%)
had a measurable clinical response, with 8 complete
responses, and there was an association between
the development of an immune response with a
clinical response. The 10-year event free and
overall survival rates were 20% and 38%, respec-
tively [89].

In addition to vaccination with the single PR1
epitope, PR1 has been combined with HLA-A2-
specific WT-1 epitopes in clinical trials for patients
with acute and chronic myeloid leukemia. A study
of 8 patients with myeloid leukemia, of whom 5
were in CR at the start of the study, involved one
vaccination with WT1p126-134 and PR-1 with
IFA-51 and GM-CSE. Following vaccination, 7
patients demonstrated CD8* T cells reactive to
PR-1, and 5 had T cells reactive to WT-1p126-134,
with all patients having a response to at least one
epitope. Of the 5 patients in CR, 3 remained in CR,
and 2 relapsed several months after discontinua-
tion of the vaccine [90]. A subsequent study on 6
AML and 2 MDS patients was performed using a
different vaccination schedule. Six patients
completed the full vaccination protocol. All 6

demonstrated PR-1 and WT1p126-134-specific T
cell responses after the first vaccination; however,
repeat vaccination was associated with a decrease
in PR-1 and WT1p126-134-specific T cells. By
the end of the study, no patients had demonstrable
PR-1 or WT1p126-130specific T cell populations
[91]. A subsequent one-dose booster vaccination
given three months after the original series was
able to induce the expansion of PR-1 and
WTI1p126-134 -specific T cells; however, these T
cells only had low avidity T cell receptors for their
cognate antigens [91].

Leukemia-specific neoantigens

Neoantigens are derived most commonly from the
driver or passenger somatic mutations that are
present in tumor cells. There is strong correlation
between the number of somatic mutations present
in specific tumor cells and the generation of neo-
antigen peptides from those mutations that can
bind to class I HLA proteins [48]. For patients with
leukemia, this process is complicated, as the
number of mutations/cells in patients with acute
myeloid leukemia is much lower than for carcin-
ogen-induced tumors such as melanoma,
squamous or adenocarcinoma of the lung, or uro-
thelial cancer [50, 92]. However, this approach is
attractive as a vaccine candidate because the epi-
topes derived from these mutated proteins cannot
be expressed in the thymus. Thus, central toler-
ance does not eliminate high-avidity T cells as it
does in the case of leukemia-associated self-
antigens. However, it is possible that neoantigens
can be generated from processes that mediate
translocations or splicing abnormalities, which
are much more common in leukemia than are
single-nucleotide variants.

To date, no AML neoantigen-specific vaccine
studies have been performed; however, a vaccine
study targeting gliomas with IDHI1 mutations
(which are common in AML) has been recently
reported [93]. While AML neoantigen vaccine
studies have not been undertaken, many different
vaccine strategies have been employed to target one
of the most well-characterized cancer-specific
mutant proteins: the BCR-ABL fusion protein,
which is the pathognomonic mutation associated
with CML.
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BCR-ABL

The BCR-ABL protein results from the t(9;22)
(q34;q11) translocation [2-4]. The translocation
breakpoint occurs either between exon 2 and 3 or 3
and 4 of ber with subsequent joining to exon 2 of
abl. The protein fusions are 210kDa and are called
b2a2 and b3a2 [94]. The b3a2 fusion results in the
insertion of a novel lysine residue that is not present
in either ber or abl. Several peptides from
this region of b3a2 (e.g, KQSSKALQR and
GFKQSSKAL) can be endogenously processed and
presented on relatively common class I HLA types:
HLA-A3, HLA-A11, and HLA-B8 [95-97]. BCR-
ABL fusion peptides can also be presented on class
IT HLA [98].

The first BCR-ABL vaccine used five b3a2 pep-
tides, four of which were predicted to be presented
by HLA-A3, HLA-A11, or HLA-B8 and one pep-
tide predicted to be presented by HLA-DRI,
HLA-DR4, or HLA-DR11 coadministered with
QS-21 adjuvant. The study evaluated 12 CML
patients in either complete or partial remission at
the start of vaccination [99]. Importantly, the
vaccine was administered concurrently with stan-
dard CML therapy at the time (IFN-a or
hydroxyurea). T cell responses were observed in
50% of the patients (n=6) who received the two
highest doses, but conclusions about clinical effi-
cacy could not be made because of the concurrent
therapies. A similar follow-up study evaluating 14
CML patients in chronic phase treated with a sim-
ilar six-peptide vaccine and IFN-a resulted in 5
patients achieving a complete cytogenetic remis-
sion; however, it is again unclear how much of the
effect was a result of the vaccine or the concurrent
IFN-a [100].

A similar vaccine using the same five b3a2 pep-
tides was used in combination with QS-21 and
GM-CSF on a six biweekly injection vaccine
schedule in 16 patients who were either receiving
concurrent IFN-a or imatinib therapy [101]. Three
months after the completion of the vaccine series, 6
of the 12 patients whose disease was in partial cyto-
genetic remission at the start of the vaccine series
were in complete cytogenetic remission. Thirteen
of the 14 patients who expressed an appropriate
HLA class II molecule demonstrated antigen-
specific CD4* T «cell expansion following

vaccination. T cells from 5 patients receiving
concurrent IFN-a showed increased numbers of
vaccine-epitope-specific IFN-y-secreting T cells
following vaccination [101].

A three-peptide b3a2 vaccine was investigated in
combination with GM-CSF and the pan class II
binding epitope, PADRE, as adjuvants for 19
patients with CML in chronic phase or complete
hematological response who had previously
received imatinib therapy [102]. Stimulated
PBMC:s (peripheral blood mononuclear cells) from
11 of the 19 patients demonstrated peptide-specific
T cell responses to a short peptide based upon
ELISPOT analysis, and 14 of the 19 patients dem-
onstrated longer peptide-specific responses. Of the
19 patients enrolled, 13 patients demonstrated a
“molecular response” defined as a 1-log reduction
in BCR-ABL transcripts. All 13 of the molecular
responders entered the trial after having achieved a
major cytogenetic response to their prior therapy.
Five enrolled patients had not demonstrated a
cytogenetic response to therapy prior to vaccina-
tion, and none of these patients demonstrated a
molecular response. One patient’s disease became
undetectable by BCR-ABL nested PCR analysis.

To broaden the application of BCR-ABL vaccine
strategies to more CML patients, Maslak et al. con-
ducted a vaccine trial using peptides from both
b3a2 and b2a2 junction sequences that were pre-
dicted to elicit CD4* responses, as well as three
heteroclitic peptides encompassing the b3b2 and
b2a2 junctions that were predicted to be presented
by HLA-A2 [103]. Immune responses to the pre-
dicted HLA-A?2 restricted peptide were detected,
by IFN-y ELISPOT, in 4 of the 7 HLA-A2 express-
ing patients, and 9 of the 13 patients demonstrated
T cell responses to the long, predicted class II epi-
topes. Clinical effectiveness in this study was
complicated because the patients had very low-
burden disease: 3 had disease detectable by FISH,
and the remainder only had disease that was
detectable by nested PCR. Two of the 3 patients
with FISH-detectable disease had disease that was
undetectable by FISH following vaccination. All of
the patients, however, had detectable BCR-ABL
transcripts after the vaccine series [103].

A similar study using combinations of the het-
eroclitic HLA-A2 b2a2 and b3a2 peptides and the
class II binding b2a2 and b3a2 peptides with
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IFA-51 and GM-CSF as adjuvants was tested on 10
patients who were in complete cytogenetic response
but had BCR-ABL transcripts detectable by PCR.
Three patients had transient 1-log reductions
in BCR-ABL transcripts after the vaccine series
[104]. Please see Table 5.1 for a summary of
the above trials.

Complex (undefined) antigen
dendritic cell vaccine strategies

DC vaccines can be developed to stimulated
immune responses to specific antigens. As
described above, such an approach has been used
to target WT1 in AML [72]; however, this is the
only example of a DC vaccine presenting a specific
epitope being evaluated for the treatment of a mye-
loid leukemia. Alternatively, DC vaccines intended
to target multiple tumor-associated antigens at
once have also been developed. While early antitu-
mor DC vaccine approaches involved priming DCs
with autologous tumor lysate (as a source of poten-
tial LAAs and neoantigens), this approach has not
been actively pursued in myeloid malignancies
[52]. Rather, several other approaches have been or
are in the process of active investigation [52-54].

One approach has involved priming autologous
DCs with apoptotic bodies derived from patient
AML blasts based on evidence that apoptotic
bodies possess antigen that can be taken up more
efficiently by DCs compared to priming using
tumor lysates. In one study, 4 AML patients were
treated with apoptotic-body-primed autologous
DC vaccine with coinjected Streptococcus pyogenes
OK-432 as an adjuvant biweekly for five doses. Two
patients were observed to have increases in the
numbers of WT1 and hTERT epitope-specific
T cells [105].

Several research groups have demonstrated that
myeloid leukemia blasts can be driven to differen-
tiate to have an antigen-presenting phenotype like
DCs [55]. These DCs could be valuable vaccine
reagents, as they should be able to present both
class T and class II epitopes efficiently, with appro-
priate costimulatory molecules. Leukemia-derived
DCs have been generated both from AML blasts
and CML cells. Small clinical studies have been
performed to investigate these cells’ ability to
induce responses to both CML and AML. In an

early study of 3 CML patients, autologous PBMCs
were differentiated into DCs and readministered to
patients with keyhole limpet hemocyanin adjuvant.
Autologous CD4* T cells showed enhanced IFN-y
secretion when coincubated with the CML-derived
DCs in vitro; however, no hematologic responses
were observed [106]. A similar phase I/II trial of 22
AML patients has also been performed. In this
study, 5 patients entered a CR after initial chemo-
therapy and had blasts that were successfully
differentiated into “dendritic-like leukemia cells”
Of the 5 patients who underwent vaccination, 4
showed evidence of an immune response based on
ELISPOT analysis; however, only 2 remained in
remission one year after vaccination [107]. A
pragmatic limitation to the broad application of
this approach is that leukemia cells possessing a
FLT3 mutation or lacking CD14 cannot mature
into a DC phenotype [54, 108, 109].

More recently, an alternative approach to
inducing leukemia-derived DCs is the actual syn-
thesis of AML/DC fusion cells that result from the
fusion of a patients AML blasts with the patient’s
autologous DCs. The results of the first trial of 17
AML patients who received their personalized
AML/DC fusion vaccines was recently reported
[56]. All of the patients were in CR following
induction chemotherapy and received vaccine
~6 months after entering CR. After median follow-
up of 57 months, 12 of the 17 patients who received
vaccine were alive and still in CR.

Conclusions

Myeloid leukemias can be effectively treated via T-
cell-mediated immunotherapy. However, current
treatments such as IFN-a and allo SCT are associ-
ated with significant morbidity and, in the case of
allo SCT, mortality. AML and CML have a limited
number of antigenic targets, most of them being
LAAs. Several LAAs, such as WT'1, RHAMM, and
PRI, have been targeted in vaccine trials; however,
the clinical efficacy of these studies has been
limited. Peptide vaccines have also been developed
against leukemia-specific neoantigens derived
from the BCR-ABL fusion protein. Several differ-
ent DC vaccine strategies for AML have been
tested, but no large-scale studies, to date, show
broad efficacy.



Table 5.1 Myeloid leukemia vaccine trials.

CMTWNQMNL or CYTWNQMNL % A24 200pg SC g2 weeks x4 doses IFA 12 AML, 2 MDS 2 active disease, 12 CR 5 decrease in WT1 transcripts, 2
then ¢28d x 23 (or progression). decrease in blast percentage
Note: bold underline signifies
heteroclitic amino acids.

RMFPNAPYL 58 A2 200pg SC g2 weeks x4 doses KLH 17 AML, 2 MDS 18 active disease, 1 CR 2 erythroid response, 4 improved
then q28d x 23 (or progression) GM-CSF blast percentage
RMFPNAPYL 7', A2,DRB1  200ug SC g2 weeks x6 doses IFA 9 AML 9CR 5 continuous CR (4 relapse)
RSDELVRHHNMHQRNMTKL, GM-CSF
PGCNKRYFKLSHLQMHSRKHTG,
SGQAYMFPNAPYLPSCLES
mawM o
ILSLELMKL (R3) & A2 300pg SC g2 weeks x4 doses IFA 3 AML, 3 MDS Limited disease 1 CR(AML), 1 PR (MDS)
GM-CSF
ILSLELMKL (R3) & A2 1000pg SC 2 weeks x4 doses IFA 1 AML, 5 MDS Limited disease 1 blast reduction (MDS), 1
GM-CSF hematologic improvement (MDS)
o
VLQELNVTYV & A2 250, 500, or 1000pg SC g3 weeksx3  IFA 42 AML, 13 CML, 9 53 measurable disease, 8 CR, 1 PR, 3 hematologic
doses (x6 doses for 12 patients) ~ GM-CSF MDS 13CR improvement

RMFPNAPYL % A2 200pg WTT1, 500pug PR1 SCx 1 IFA 5AML, 1 CML, 2 MDS 5CR, 1CP 3 continuous CR (2 relapse), 1
VLQELNVTV dose GM-CSF molecular response
RMFPNAPYL ' A2 200pg WTT, 500pug PR1 SC g2 IFA 6 AML, 2 MDS 6 CR 2 continuous CR (3 relapse), 2 SD
VLQELNVTV weeks x 6 doses followed by 1 GM-CSF

after 12 weeks

IVHSATGFKQSSKALQRPVASDFEP * Al 10, 30, 100, 300 ug of the mixed Qs-21 12 CML 12 CR/PR 10 CP, 1 AR, 1 BC
ATGFKQSSK b3a2 peptides SC on days 0, 14,

KQSSKALQR 28,42,70

HSATGFKQSSK

GFKQSSKAL

(Continued)



Table 5.1 (Continued)

IVHSATGFKQSSKALQRPVASDFEP ' All 10, 30, 100, 300 ug of the mixed Qs-21 14 CML 6 CCR, 2 PCR, 5 MCR, 5 CCR, 2 complete molecular

ATGFKQSSK b3a2 peptides SC on days 0, 14, 1 cytogenetic remission, 5 SD, 2 PD

KQSSKALQR 28, 42,70 relapse s/p allo-SCT

HSATGFKQSSK

GFKQSSKAL

SSKALQRPV

IVHSATGFKQSSKALQRPVASDFEP 1" A11, A3, 100pg of the mixed b3a2 peptides  Molgramostim 16 CML 1 CCR, 12 PCR, 3 7 CCR, 6 PCR, 2 minimal

ATGFKQSSK B8, SC g2 weeks x 6 doses Qs-21 minimal cytogeneic cytogenetic remission

KQSSKALQR DR1, GM-CSF remission

HSATGFKQSSK DR4,

GFKQSSKAL DR11

KQSSKALQR 02 All 100, 300, 1000 ug of the mixed PADRE 19 CML 14 major cytogenetic 13 of 14 major cytogenetic

GFKQSSKAL b3a2 peptides ID on days 1, 8, GM-CSF response, 5 response had 1 log reduction in

GFKQSSKALQRPV 15, 22, 36 cytogenetic ber-abl. No response in
non-response cytogenetic non-response

patients

IVHSATGFKQSSKALQRPVASDFE 3 All Either combined b3a2 or b2a2 IFA 13 CML 10 CCR, 2 PCR, 1 13 with detectable bcr-abl in

KQSSKALQR peptides SC g2 weeks x5 doses, ~ GM-CSF 0.4% Ph+by FISH peripheral blood or marrow

GFKQSSKAL then q28 days x4 doses, then at

YLKALQRPV 9 and 12 months. Note: bold

KLLQRPVAV underline signifies heteroclitic

VHSIPLTINKEEALQRPVASDFE amino acids.

YLINKEEAL

IVHSATGFKQSSKALQRPVASDFE ¢ All 100 pg of either combined b3a2 IFA 10 CML 10 CCR 3 with transient 1 log reduction in

KQSSKALQR or b2a2 peptides SC q2 GM-CSF ber-abl transcripts

GFKQSSKAL weeks x4 doses, then on week

YLKALQRPV 9, then, g28 days x 10 doses.

KLLQRPVAV Note: bold underline signifies

VHSIPLTINKEEALQRPVASDFE heteroclitic amino acids

YLINKEEAL (100)

Note: AML=acute myeloid leukemia; MDS =; CR=complete remission; PR =partial remission; IFA=incomplete Freund’s adjuvant; KLH=keyhole limpet hemocyanin;
GM-CSF=granulocyte-macrophage colony stimulating factor; CML=chronic myelogenous leukemia.
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As the fields of cancer genomics and computa-

tional immunology develop, it is likely that
tumor-specific neoantigens will be identified more
readily, which could lead to more personalized
vaccine strategies with the goal of inducing high-
avidity T cell responses to multiple tumor-specific
epitopes.
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Introduction

In the late 19th century, Dr. William Coley
famously noted tumor regression in sarcoma
patients after local infections. He hypothesized that
the immune system, while fighting the infection,
becomes primed to recognize tumor cells as patho-
gens and then lyses them. Dr. Coley deliberately
inoculated cancer patients with streptococcus
bacteria as well as various viruses; he again saw
local regression of their tumors [1]. The field of
cancer immunotherapy was born, but Dr. Coley’s
findings were met with great skepticism, relegating
immunotherapy to a very minimal role in the
treatment of cancer. Recent clinical successes in the
form of monoclonal antibodies and checkpoint
inhibitors (CPIs) have brought immunotherapy
into the mainstream, renewing interest in the
development of cancer vaccines. The appeal of can-
cer vaccines over classic chemotherapy, and even
over other immunotherapies, is the ability to
induce active immunity. A full, active immune
response primed against tumor cells will not only
lyse current tumor cells, but will also induce long-
lasting immune memory, enabling the immune
system to attack dormant tumor cells and decrease
the chance of a future recurrence. Substantial

progress towards this goal has been made recently,
but the full realization remains elusive.

Cancer vaccine strategies

The basic formula to induce an active immune
response involves presenting one or more tumor-
associated antigens (TAAs) in the correct context.
This typically requires that antigens are taken up,
processed, and presented by antigen-presenting
cells (APCs). In this chapter, we attempt to compre-
hensively review the strategies that have been
developed to accomplish this goal and the exam-
ples of each strategy that have made it to phase III
trials. We divide these vaccines by strategy, covering
each of the following: dendritic cell (DC) vaccines,
tumor cell vaccines, protein-based vaccines, viral
vaccines, and an anti-idiotypic antibody vaccine.
Tables 6.1-6.5 include a comprehensive list of these
vaccines with pertinent details; the chapter follows
these tables closely.

Dendritic cell vaccines

Dendritic cells are the bodys most potent
professional APCs, which uptake, process, and present
antigens to naive T cells in lymphoid organs [2].
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Table 6.1 Dendritic cell vaccines.

Sipuleucel-T  Prostate cancer DC Autologous DC 3 Metastatic 512 IMPACT  Median OS 25.8 vs 21.7, 3
(Provenge) primed with PAP p=03; PFS: 14.6 vs 14.4wk
p=.63
DCVax Prostate cancer DC Autologous DC 1,2 33 74% developed significant 4
primed with PSMA prolifererative responses
to PSMA.
3 Unknown 612 Cleared by FDA for 612 pt 5
trial, not started yet
GBM DC Autologous DC 2 New diagnosis/ 39 Median OS 30mo vs 6
pulsed with recurrence 14.6mo historical control;
autologous whole 33% of patients reached
tumor lysate 4 years survival
3 New diagnosis 331 Estimated completion 2017 7 NCT 00045968
ICT-107 GBM DC Autologous DC 2 HLA-A1/A2 resected, 124 Increased OS by 2mo 8
pulsed with 6 with <1cm? residual (p=.58)
peptides tumor Per protocol (PP) OS by 3mo
(p=.40)
Increased PFS by 2mos
(p=.02)
Increased PP PFS by 3mo
(p=.01)
3 Resected, min residual 414 Starting Nov 2015, 7 NCT 02546102
disease estimated completion Dec
2019
AGS-003 RCC DC Autologous DC w/ 2 Metastatic 25 OS twice expected rate; 9
autologous tumor 24% survived >5years
RNA & CD-40L 3 Metastatic or 450 ADAPT Estimated completion April 10, 7 NCT 01582672
RNA advanced disease 2017

Note: DC=dendritic cell; PAP=prostatic acid phosphatase; OS=overall survival; PFS=progression-free survival; PSMA = prostate-specific membrane antigen; GBM=glioblastoma multiforme;
RCC=renal cell carcinoma.



Table 6.2 Protein-based vaccines.

Nelipepimut-S  Breast Peptide HER-2/neu peptide GM-CSF 2 Disease free 187 Syr DFS: 89.7 vs 80.2 (p=.08); 1"
(Neuvax) cancer Optimal dosing 5yr DFS: 94.6%
Vs 80.2% (p=.05)
3 Disease free, node 700 PRESENT  Halted after interim review. Data 12, NCT 01479244
positive, HER2 1+,2+ being analyzed. 7
gp100 Melanoma  Peptide gp100:209-217 Montanide 3 Stage IV unresectable 177 0S: 17.8 vs 11.1mo, p=.06 14
peptide ISA-51 melanoma PFS: 2.2 vs 1.6mo, p=.008
Response rate 16% vs 6%, p=.03
3 Stage IIl/IV, progressed 676 0S: gp100:6.4 vs ipi+gp100:10.0mo, 15
on SOC therapy p<0.001
0S: gp100: 6.4 vs ipi alone: 10.1mo,
p=.003
Emepepimut  NSCLC Peptide MUCT lipopeptide BSC 2 Stage IIIB/IV NSCLC 171 All pts 3yr 0S 31% vs 17%, 16
(tecemotide) p=.035; stg lIB OS 49% vs
27%, p=.07
MPL 3 Unresectable Stage Il 1513 START Median OS 25.6 vs 22.3mo 17
Trial p=.123; TTP: HR=0.87, p=.016
Concurrent chemotherapy
(chemo) grp:
Median OS 30.8 vs 20.6mo,
p=.016
3 Unresectable stage lll, 35 START 2 Terminated August 2014 18 NCT 02049151
concurrent CRT Trial
3 Unresectable stage Il, 285 INSPIRE Terminated August 2014 18 NCT 01015443
stable after CRT
Elpamotide Pancreatic ~ Peptide VEGFR2 peptide Montanide Phase Locally advanced or 153 PEGASUS-  OS HR=0.87, p=.897, Severe injsite 19
cancer ISA-51 2/3 metastatic PC reaction pts with better OS
(15.67mo) compared to placebo

(8:54), p=NS



GV1001

Rindopepimut
(CDX-110)

Vitespen
(HSPPC-96)

IMA901

Seviprotimut
(POL-103A)

Pancreatic
cancer

GBM

Melanoma

RCC

RCC

Melanoma

Peptide

Peptide

Multiple
peptides

Multiple
peptides

Multiple
peptides

Telomerase peptide ~ GM-CSF

14-mer peptide of GM-CSF

EGFRVIII with KLH

Autologous tumor N/A
derived peptides
complexed with
gp96 (HSP)

10 peptide vaccine GM-CSF

Shed peptides from 3 Alum
allogenic melanoma
cell lines

Locally advanced or
metastatic

EGFRVIl+w/o progression
after SOC

EGFRvIll+pts w/o
progression after SOC

Adjuvant; at least
partially resectable
stage IV disease (dz)

Post-nephrectomy in
non-metastatic,
resectable RCC

Metastatic RCC,
HLA-A2+

Locally advanced or
metastatic, HLA-A2+

Resected, high-risk
stage Il

Resected, stage I/l

Stage llb-1ll
postresection

1062
82 ACT Il
374 ACT IV

ITT 322 PT  C-100-21

219 study

Group

818

68

339 IMPRINT

38

116

1059 MAVIS

Median OS Chemo vs sequential
chemo-+vaccine (vax): 7.89 vs
6.94mo, p=.05

Median OS chemo vs concurrent
chemo+vax: 7.89 vs 8.36,
p=.11

vs matched control from ACTIVATE:

median OS 24.6 vs 15.2mo; PFS
12.3mo vs PFS 6.4mo

Discontinued. Vax vs control arms:
HR=0.99

ITT OS no diff HR1.16, p=.32;
PerTreat M1a+M1b: HR=0.45,
p=.03

ITT RFS HR=0.923, p=.506;
Subset with stage | or IIl: RFS HR
0.576, p=.056

0S of immune responder+Cy vs
-Cy HR=0.38, p=.04

Sunitinib only vs sunitinib +vax:
HR: 1.34, p=.087

Median OS: 3.8 vs 2.7 year
(p=NS); TTP 1.6 vs 0.6yr
(p=.03)

Vaccine vs placebo RFS:
Quadravalent HR=0.63,
p=.095; Trivalent HR=0.407,
p=.0018

Est comp Oct 2018

21

23

24

26

27

28

29

31

30

NCT 01480479

NCT 01265901

NCT 01546571

(Continued)



Table 6.2 (Continued)

Theratope Breast Protein
(STn-KLH) cancer

CIMAvax-EGF  NSCLC Protein

MAGE-A3 NSCLC Protein

Melanoma  Protein

STn (MUC1
epitope) + KLH

recEGF +recNeisseria

protein

recMAGE-A3

recMAGE-A3

Enhanzyn

Montanide

ISA-51

AS02B

AS15

AS15 vs
ASO2B

AS15

3

2

2

3

2

3

Metastatic; no dz
progression after
soC

Stage lIIB/IV after SOC

Stage lIIB/IV after SOC

Adjuvant - resected
stage IB/II

Completely MAGE-A3
positive, resected
stage IB, II, lIA
NSCLC

Unresectable
metastatic
melanoma

dz free stage IIIB/C
melanoma

1028

80

579

182

2272

75

1351

MAGRIT

DERMA

0S: 23.1 vs 22 months, p=.916

Concomitant endocrine therapy
0S 36.5 vs 30.7mo, p=.03;
>median Ab response 41.3
vs25.4mo, p=.009

Median OS 12.7 vs 8.5mo, p=NS
<60 Median OS 11.57 vs 5.33,
p=.0124

UK trail

OS HR 0.81, p=.454

DFS HR 0.76, p=.248

DFS 60.5 vs 57.9mo, p=.74

0OS: 33mo AS15 vs 19.9mo AS02B

6mo PFS AS15 25% vs ASO2B
14%

Trial terminated after initial

33
32

56

57

35

36

38,

analysis showed no difference in 7

DFS

Note: DFS=disease-free survival; SOC=standard of care; RFS=recurrence-free survival; TTP=time to progression; CRT=chemoradiotherapy; ITT=intention to treat;
MPL=monophosphoryl lipid A; KLH=keyhole limpet hemocyanin.

NCT 00796445



Table 6.3 Tumor cell vaccines.

GVAX Prostate Tumor cell  Allogenic tumor cell
cancer lines PC-3 and
LNCaP expressing
GM-CSF

Pancreatic ~ Tumor cell 2 irradiated allogenic

cancer PDA cell lines
expressing GM-CSF
Algenpantucel-L Pancreatic ~ Tumor cell  Allogeneic tumor cell
(Hyperacute) cancer lines expressing
aGal
Belagenpumatecel-L  NSCLC Tumor cell  Allogenic tumor cell
(Lucanix) w/ antisense
plasmid
OncoVAX Colorectal ~ Tumor cell  Autologous tumor
cancer cells+BCG

Note: PSA=prostate-specific antigen.

Neoadjuvant,
combined with
docetaxel

Asymptomatic
metastatic

Symptomatic
metastatic

Metastatic pancreatic
ductal carcinoma

Adjuvant stage I/,
after RO/R1
resection

Adjuvant, after RO/
R1 resection

Stage IIl/IV, stable dz
after chemo

Adjuvant, stage I/Il

Adjuvant, stage II/Ill

Adjuvant, stage Il

626

408

93

70

722

532

412

254

550

VITAL-1

VITAL-2

IMPRESS

STOP
Trial

ECOG
5283

ECOG
8701

4 had downstaging, 3 had
undetectable PSA at 2mo
post-op

Stopped early after HR 1.01
less than 30% of
achieving endpoint

Terminated for safety
concerns

Median OS 6.0 vs 3.4mo,
p=.006, favored
Gvax+CRS-207

Median DFS 14.1 vs expected
11.4mo; higher dose 12mo
DFS 81% vs predicted <50%

No difference in OS: SOC
30.5mo vs SOC+vax 27.3mo

No improvement overall, some
in pts enrolled w/in 12wks

Pts with immune response vs
control OS: HR=1.65,
p=.012; stage Il with
immune response OS
HR=2.0, p=.018

Overall reduced rate of
recurrence by 44%, p=.023;
stage Il by 61%, p=.011

Est completion July 2020

58

39

39

40

41

42

43,
44

45

45

7

NCT 00089856

NCT 00133224

NCT 01072981

NCT 01072981

NCT 02448173



Table 6.4 Viral vaccines.

ProstVac-VF Prostate
cancer
TG4010 NSCLC
TroVax RCC
(MVA-5T4)

PROSTVAC Vaccinia virus
(rV-PSA) and Fowlpox virus
(rF-PSA)

rV-PSA-TRICOM prime,
rF-PSA-TRICOM boost

rV-PSA-TRICOM prime,
rF-PSA-TRICOM boost

Modified vaccinia Ankara
encoding MUC1 and IL-2

Modified vaccinia Ankara
encoding 5T4

recGM-CSF 2
recGM-CSF 2
+ 3
recGM-
CSF
2
3
2
3

Biochemical progression
after local therapy

Metastatic, adjuvant
deprivation therapy
resistant

Metastatic, castration
resistant

Metastatic; first-line
therapy

Metastatic; dz progression
after first-line therapy

Locally advanced/
metastatic, after
nephrectomy

64 ECOG

7897

125

1297

170 TIME

1000

33

732

Median time to PSA Prog:
rF-PASX4 9.2 months,

rF-PSA then rvV-PSA
9.2months,

rV-PSA then
rF-PSA18.2months, p=.15

Median OS 25.1 vs 16.6,
HR=0.56, p=.006

Est. completion date
August 2017

Overall PFS HR=0.76,
p=NS

Increased 6 months PFS in
non-squamous,
HR=0.67, p=.016

Phase Il trial terminated

Vax-+nivolumab Est.
completion date
December 2018

Trovax+IL-2 vs
placebo+IL-2: OS 20.1
vs 19.2months, p=.55

Good prognosis subgroup,
HR=0.54, p=.046

47

49,

50

50

52

NCT 01322490

NCT 01383148



Table 6.5 Anti-idiotypic antibody vaccine.

Racotumomab  NSCLC Antibody ~ Anti-P3 anti-idiotypic ~ Alum 2 Stage llb/IV dz, objective 176 Median OS 8.23 vs 6.8mo 55
monoclonal AB IEIO response or stable dz after p=.004
SOC Median PFS 5.33 vs 2.9 p=.039

3 1082 Est. completion early 2017 7 NCT 01460472



80 Immunotherapy in Translational Cancer Research

A DC vaccine exploits the function by enhancing
presentation of TAAs, typically by loading the
antigens directly into the DC. One way to accom-
plish this is to select a single antigen, synthetically
produce it, and load it into autologous DCs
(Provenge and DCVax-Prostate). Other DC vac-
cines are similar, but instead DCs are loaded with
multiple  synthetically — produced  peptides
(ICT-107). Another strategy is to expose DCs to
autologous tumor components and allow the DCs
to select which epitopes are presented (DCVax-L).
Finally, one vaccine loads the DCs with autologous
tumor RNA (ASG-003). The primary advantage of
this strategy is that investigators directly load DCs,
instead of assuming that the patient’s DCs will take
up and process the selected cell or antigen in vivo.
The disadvantage, however, is that the process of
extracting, loading, and reinfusing these cells is
rather expensive, potentially limiting the wide
applicability of this technology. These vaccines are
summarized in Table 6.1.

Sipuleucel-T (Provenge®, Dendreon)

In many ways the most successful cancer vaccine to
date, Provenge remains the only Food and Drug
Administration (FDA)-approved cancer vaccine.
Provenge uses autologous peripheral-blood mono-
nuclear cells and activates them against prostate
cancer cells by loading a fusion protein of prostate-
specific antigen and granulocyte macrophage
colony-stimulating factor (GM-CSF). In the phase
III trial that led to FDA approval, 512 patients with
metastatic, castration-resistant prostate cancer
were randomized to Provenge or placebo. After a
median follow-up of 34.1 months, there was a 22%
relative risk reduction of mortality in the Provenge
group (HR=0.78, p=.03), and median survival was
increased (25.8 vs 21.7 months) [3].

DCVax® (Northwest Biotherapeutics)

DCVax is a family of vaccines consisting of autol-
ogous DCs pulsed with various TAAs. The two
most advanced forms are DCVax-Prostate, in
which DCs are pulsed with recombinant prostate-
specific membrane antigen whole protein, and
DCVax-L, in which DCs are pulsed with epitopes
acid-eluted from autologous tumor cells [4]. Two
small phase I/II studies have been completed with
DCVax-Prostate, which showed the vaccine to be

safe, immunogenic, and capable of inducing a
high rate of disease stabilization in patients with
metastatic androgen-independent prostate cancer
[4]. The FDA has given approval for a phase III
trial based on these early results, though at the
time of publication of this chapter, the trial had yet
to begin [5]. DCVax-L has completed phase I/II
trials in 39 patients with newly diagnosed or
recurrent glioblastoma multiforme (GBM). The
median survival rate was 30 months—a vast
improvement over historical controls with a typ-
ical median survival of 14.6 months [5]. A phase
III trial is ongoing to measure progression-free
survival (PFS) and overall survival (OS) in 331
patients with newly diagnosed GBMs. This trial
has completed enrollment and it should reach
completion in 2017 [6, 7].

ICT-107 (ImmunoCellular)

ICT-107 consists of autologous DCs pulsed with
six synthetic class I peptides from a variety of TAAs
known to be expressed on GBM tumor cells. The
results of a phase II trial of ICT-107, in which
patients with minimal residual disease (n=124)
were randomized after resection of a GBM to
receive ICT-107 or unpulsed DCs, showed
improved PFS in both intention to treat (HR =0.56,
p=.02) and per-protocol analysis (HR=0.53,
p=.01) [8]. Based on these impressive results, a
phase III randomized, controlled, double-blinded
study of ICT-107 in GBM has begun and is actively
recruiting patients; this trial is estimated to reach
completion in 2019 [7].

AGS-003 (Rocapuldencel-T)

AGS-003 is a vaccine against renal cell carcinoma
(RCC) prepared ex vivo from autologous DCs co-
electroporated with two types of RNA, the patient’s
amplified tumor RNA and synthetic CD40L RNA.
After promising early studies in patients with met-
astatic RCC, a phase II trial was conducted in
which 25 patients were given ASG-003 in addition
to planned sunitinib therapy. Results of the trial
indicated minimal toxicity, and roughly a doubling
of expected survival, with 24% of patients surviving
more than 5 years [9]. After these promising
results, a phase III trial (the ADAPT trial) started,
randomizing patients with advanced or metastatic
RCC to sunitinib with or without AGS-003 [10].
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The ADAPT trial completed enrollment with 462
patients randomized to standard therapy with
Rocapuldencel-T versus standard therapy in 2:1
fashion. Although there was no significant
difference between the groups with regard to
overall survival (Hazard Ratio 1.10 (0.83, 1.46) for
combination therapy vs. standard therapy), more
than half of the subjects in both treatment groups
were censored for survival. The study authors note
the potential for delayed treatment effect, as the
objective response rate and overall response rate
trended toward improvement in the combination
group. Longer-term follow-up will be necessary to
determine whether Rocapuldencel-T in addition to
standard therapy improves outcomes.

Protein-based vaccines

Protein-based vaccines rely on normal pathways of
antigen uptake and presentation to facilitate immune
response to one or more TAAs of the investigator’s
choosing, typically delivered through subcutaneous
injection. Although the proteins or peptides selected
are generally immunogenic, they often require an
immunoadjuvant to increase the likelihood of gen-
erating full, active immunity. The major advantage
of this strategy is that the same synthetically derived
compound can be produced cheaply in large quan-
tities and given to a large number of patients. The
disadvantage, however, is that the patient’s immune
system must perform the crucial step of loading DCs
with the administered antigen.

A protein-based vaccine can consist of a single
immunogenic peptide, which allows the immune
system to focus on one highly expressed TAA and
makes assessing immune response to the vaccine
more straightforward. Alternatively, multiple
specific peptides can be given at the same time,
allowing for more widespread application of the
vaccine to patients with tumors expressing mul-
tiple TAAs and potentially attacking tumors on
multiple fronts. Finally, an entire protein can be
used as the inoculant, allowing the patients APCs
to select the most immunogenic epitopes within
the larger complex to be presented. Here we discuss
examples of each of the three separate strategies:
single peptide vaccines, multiple peptide vaccines,
and full protein vaccines. These vaccines are sum-
marized in Table 6.2.

Single peptide vaccines

Nelipepimut-S (NeuVax™, Galena Biopharma)
Nelipepimut-S is a vaccine composed of GM-CSF
and E75, a peptide from the transmembrane por-
tion of HER2, a well-known breast cancer TAA.
E75 was identified as the most immunodominant
peptide from a number of HER2-derived peptides,
and then studied in a large phase I/II trial, where
patients receiving the vaccine had improved dis-
ease-free survival (DFS) over patients receiving
GM-CSF alone (89.7% vs 80.2%, p=.08). Subset
analysis showed that patients with HER2 low-
expressing (IHC 1+ or 2+) tumors, a population
with few current therapeutic options, also had
improved DFS over placebo (88.1% vs 77.5%,
p=.16) [11]. Based on these findings, the phase III
PRESENT study, which began in 2014, compared
nelipepimut-S vs GM-CSF in patients with node-
positive, HER2 low-expressing breast cancer. In
June 2016, the PRESENT trial was halted after
interim review. Data from the study are currently
being analyzed [12]. This vaccine is also being
studied in combination with trastuzumab in two
phase II trials [7].

Glycoprotein 100 (gp100)

Gpl100 is a melanosomal protein that has been
shown to induce a strong immune response. A
vaccine was created based on a specific immuno-
genic peptide of gp100 (amino acids 209-217) and
has been tested in clinical trials in combination
with the immunoadjuvant Montanide ISA-51. In
early clinical studies, gp100 was shown to induce a
meaningful immune response against melanoma
cells in HLA-A0201-positive patients. A phase II
trial was performed administering gpl00 with
IL-2, which showed improved objective response
rates compared to previous reports of IL-2 alone
[13]. This prompted a phase III trial, which
randomized 177 patients with stage III/IV mela-
noma to IL-2 alone or the gp100 vaccine plus IL-2.
The vaccine group showed a higher clinical
response rate (16% vs 6%, p=.03) and longer PFS
(2.2months vs 1.6months, p=.008) [14]. This
gp100 vaccine was then used as control in a land-
mark study that led to the FDA approval of ipilim-
umab, a CPI that blocks CTLA-4. The trial had
three arms: gp100 alone, gp100 with ipilimumab,
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and ipilimumab alone. Patients treated with gp100
had the lowest median OS of the three groups,
worse than those treated with ipilimumab and
gp100 (6.4 months vs 10.0 months, p <.001) or ipili-
mumab alone (6.4 vs 10.1 months, p=.003) [15].
While the results of this trial favored ipilimumab
over the vaccine, research continues with gp100,
particularly in vaccines using gp100 as one of mul-
tiple peptides [7].

Emepepimut-S (Tecemotide, Cascadian
Therapeutics)

Emepepimut-S, formerly known as Stimuvax or
BLP25 liposomal vaccine, is a single-peptide
vaccine but with a more complicated delivery
system. The vaccine is composed of a MUC1-based
peptide, tecemotide, which has been combined
with an immunoadjuvant, monophosphoryl lipid
A, and anchored into the membrane of a liposome.
This liposomal formulation is designed to facilitate
efficient uptake of the peptide into APCs. While
MUCI1 is overexpressed in multiple malignancies,
the largest trials with emepepimut-S have been
completed in non-small-cell lung cancer (NSCLC).
A phase IIb trial was completed in patients with
either stage IIIB or IV NSCLC and showed the
vaccine to have the most promise in the subgroup
of patients with loco-regional disease (stage IIIB)
[16]. The first phase III trial, the START trial, was
completed in 1513 patients with unresectable stage
III NSCLC who did not progress on primary
chemoradiotherapy. Median OS was not signifi-
cantly different between groups (25.6 months vs
22.3months, HR=0.88, p=.123), but a secondary
endpoint of time to symptom progression was
improved in vaccinated patients (HR=0.85,
p=.023). Also, in predefined subgroup analysis,
patients undergoing concurrent chemoradiother-
apy showed a significant increase in median OS
when receiving the vaccine (30.8months vs
20.6months, p=.016) [17]. Given the positive
results in the subgroup analysis, two additional
phase III trials, the START 2 and INSPIRE studies,
were started. Following the disappointing results of
an interim analysis of a phase I/II trial in Japanese
patients (the EMR 63325-009 study), however, the
two ongoing phase III trials were terminated, and
there are currently no further trials of emepep-
imut-S [18].

Elpamotide
Elpamotide is a peptide derived from vascular
endothelial growth factor receptor-2 (VEGFR2),
given with Montanide ISA-51. The idea of pur-
suing a vaccine directed at VEGFR2 was based on
the success of anti-VEGF therapies in a number
of advanced malignancies [19]. A phase I study of
elpamotide in combination with gemcitabine in
patients with advanced pancreatic cancer showed
prolonged survival (8.7 months) when compared
to historical patients receiving gemcitabine. This
positive result led to a phase II/III study
(PEGASUS-PC), in which 159 patients with
locally advanced or metastatic pancreatic adeno-
carcinoma who had received no prior chemora-
diotherapy were randomized to the vaccine or
Montanide ISA-51 alone; both arms were given
standard of care (SOC) gemcitabine. The overall
results of this study were largely disappointing,
with no difference in OS (p=.918). In subgroup
analysis, vaccinated patients having a strong
had better OS
without severe

injection site reaction
(15.67 months) than those
reactions (8.28 months) and patients receiving
Montanide only (8.54months, p value not
reported) [19]. The authors of this paper suggest
a potential role for this vaccine in patients who
are preselected based on reaction to a skin test,
but there are no current ongoing trials using
elpamotide.

GV1001

GV1001 is a subunit of human telomerase reverse
transcriptase. The vaccine, GV1001 plus GM-
CSE, targets telomerase, which is required to
lengthen telomeres shortened by the repeated
DNA replication required for tumor growth. After
promising phase II results showing immunoge-
nicity and a signal of efficacy [20], the vaccine was
studied in a phase III trial (TeloVac) [21]. This
phase III trial randomized 1062 patients with
locally advanced or metastatic pancreatic adeno-
carcinoma to one of three arms: chemotherapy,
sequential chemo-immunotherapy, or concurrent
chemo-immunotherapy. Median OS was higher
in the chemotherapy alone group than the sequen-
tial chemo-immunotherapy group (7.89 months
vs 6.94months, p=.05) and was similar between
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chemotherapy and concurrent chemo-immuno-
therapy groups (7.89months vs 8.36 months,
p=.64) [21].

Rindopepimut (Rintega®, Celldex
Therapeutics)

Rindopepimut (CDX-110) is composed of an
EGFRVIII peptide conjugated to the immune stim-
ulant, keyhole limpet hemocyanin (KLH).
Interestingly, this peptide was originally studied in
phase I trials as a part of DC therapy composed of
autologous DCs pulsed with rindopepimut [22].
The use of DCs was abandoned in later trials due
to the expense and difficulty of culturing these
cells. Instead, in phase II trials, it was given with
GM-CSF as a peptide vaccine. Three small phase
I trials were completed in patients with newly
diagnosed GBM: the ACTIVATE, ACT II, and
ACT III trials. The last of these trials (ACT III)
showed an increase in PFS and OS in vaccinated
patients over historical controls from the
ACTIVATE trial [23]. This prompted a phase III
trial (ACT IV), which was discontinued in March
of 2016 after an interim analysis showed the
treatment and control arms performed essentially
the same (HR=0.99; median OS: treatment arm
20.4 months vs control 21.1 months) [23, 24].

Multiple peptide vaccines

Vitespen® (HSPPC-96)

Vitespen (HSPPC-96), formerly known as
Oncophage®, is a vaccine composed of heat shock
protein (HSP)-derived peptide complexes puri-
fied from autologous tumor cells. This vaccine
takes advantage of the natural immunogenicity
of HSPs, which are known to have high uptake
by DCs without need for an immunoadjuvant.
Proof of principle was completed in phase I and
IT trials of patients with both melanoma and
RCC [25]. The first phase III trial was completed
in patients with untreated stage IV melanoma. In
this trial, 322 patients were randomly assigned to
Vitespen or physician’s choice of standard mela-
noma therapy. Of note, 61 of 215 patients
randomized to the Vitespen arm did not receive
the vaccine because it could not be prepared for
them, highlighting the downside of using autolo-
gous, instead of recombinant, proteins. Survival

analysis showed no improvement in OS in vacci-

nated patients, whether intention-to-treat
population (HR=1.16, p=.32) or treated
population (HR=1.29, p=.25). Exploratory

landmark analyses showed that patients with less
disease burden (Mla and MI1b) receiving full
treatment with Vitespen (defined as 10 or more
inoculations) had a significant increase in OS
over similar patients in the physicians choice
arm (HR =0.45, p=.03) [26]. A second phase III
trial of Vitespen was completed in which 728
patients with nonmetastatic RCC  were
randomized to either vaccine therapy or obser-
vation after undergoing nephrectomy. In this
trial, only 8% of patients had vaccine production
failure. At the time of initial analysis, there was
no significant difference in recurrence-free
survival (RFS) (p=.506) or OS (p=.896). A pre-
defined exploratory analysis of patients with
lower disease burden (stage I and II disease),
however, showed a trend towards improved
recurrence rates with vaccination over observa-
tion (HR=0.576, p=.056) [27]. There are no
ongoing trials of this vaccine in patients with
RCC, but the platform is now being studied in
phase I and II trials in patients with GBM [7].

IMA901

IMA901 is made up of 10 peptides (9 HLA-A2-
restricted and 1 HLA-DR-restricted) that were
selected based on immunogenicity and overexpres-
sion in primary tumor tissues using an antigen dis-
coveryplatform,XPRESIDENT, given with GM-CSF
[28]. The vaccine was tested in a phase II trial in
which 68 HLA-A2-positive patients with meta-
static RCC were randomized to the vaccine with or
without cyclophosphamide pretreatment. This trial
showed that patients who were immune responders
to the vaccine and were pretreated with cyclophos-
phamide had prolonged survival over those
without pretreatment (HR=0.38, p=.04) [28]. A
randomized, phase III trial (the IMPRINT trial)
was completed in 2015. In this trial, 339 HLA-A2
positive patients with advanced or metastatic RCC
were randomized to sunitinib (standard first-line
treatment) with or without IMA901. Patients
receiving combination therapy actually had a trend
toward decreased OS (HR=1.34, p=.087). T cell
responses in the phase III trial were significantly
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diminished compared with those in the phase II
trial, which may have explained the lack of clinical
response [29].

Seviprotimut-L (POL-103A)

The Seviprotimut-L vaccine is composed of
multiple surface peptides from three allogenic mel-
anoma cell lines given with alum as the immuno-
adjuvant. This vaccine is generated using a variation
of a proprietary technology that involves isolating
and purifying shed proteins from three proprietary
melanoma cell lines [30]. A similar polyvalent
vaccine created using this technology was studied
in a phase II trial in which 38 patients with resected
stage III melanoma were randomized to vaccine or
placebo. Vaccinated patients had significantly
increased median time to progression (1.6 years vs
0.6 years, p=.03) and a nonsignificantly increased
median OS (3.8years vs 2.7years) [31]. A more
recent phase II trial compared a trivalent and a
quadravalent vaccine, each produced in the same
manner as Seviprotimut-L, to a null-vaccine used
as a control. In this trial, 116 patients with stage II
and III melanoma were randomized to either one
of the vaccines or placebo. RFS was better among
patients receiving the quadravalent vaccine
(HR=0.632, p=.095) and the trivalent vaccine
(HR=0.407, p=.0018) compared to null vaccine
[30]. Based on these findings, the phase IIT MAVIS
trial of Seviprotimut-L was started. This trial,
which is currently active but not recruiting patients,
enrolled patients with stage ITb-III melanoma after
complete resection. Patients are randomized to the
vaccine or placebo; the trial is estimated to reach
completion in October 2018 [7].

Full-protein vaccines

Theratope (STn-KLH)

Theratope is a vaccine composed of a fusion pro-
tein made up of sialy-Tn (STn), a TAA found on
cancer-associated mucins, and KLH [32] combined
with Enhanzyn as the immunoadjuvant. Early
trials in breast cancer showed the vaccine to be
immunogenic and efficacious. A phase III trial
randomized 1,028 women with metastatic breast
cancer who had no evidence of disease or no pro-
gressive disease following first-line chemotherapy
to either Theratope or KLH alone, with both arms

receiving Enhanzyn. The overall results of this trial
showed similar median time to progression (3.4 vs
3.0months, p=.305) and median OS (23.1 vs 22.
months, p=.916) between arms [33]. A post hoc
analysis, however, showed a survival advantage for
Theratope in the subgroup of patients receiving
concomitant endocrine therapy (median OS 36.5
vs 30.7months, p=.0287). Moreover, women in
this subgroup with a median or higher antibody
response had significantly longer median OS than
those with lower antibody response (41.3 vs
25.4months, p=.009) [32]. While the overall
results for this trial were somewhat disappointing,
this analysis offers hope for future use of Theratope
in a subset of women.

MAGE-A3

The MAGE-A3 protein is expressed in very few
normal adult tissues but is commonly expressed in
tumor cells (up to 76% of melanomas) [34], mak-
ing it an ideal target for a cancer vaccine. The
MAGE-A3 vaccine is a recombinant protein
combined with one of two immunoadjuvants.
Small pilot studies showed MAGE-A3 to be immu-
nogenic and induce antitumor activity in multiple
malignancies [35], especially melanoma and
NSCLC. A small phase II trial conducted in mela-
noma patients explored the best immunoadjuvant
to accompany MAGE-A3, randomizing 75 patients
to MAGE-A3 plus either AS15 or AS02. Patients
receiving AS15 as the immunoadjuvant showed
improved immunologic response, longer median
OS, and higher PFS at six months [34]. Based on
these results, MAGE-A3 was paired with AS15 in
future trials. The first phase III trial with the
MAGE-A3 vaccine (the MAGRIT trial)
randomized 2272 patients with MAGE-A3 positive
stage IB, II, or IIIA NSCLC tumors (after resec-
tion) to standard adjuvant therapy plus either the
MAGE-A3 vaccine or placebo. The median DFS
was similar between the two groups (60.5 months
and 57.9 months, p=.74), and an overall treatment
effect was not observed [36]. A second phase III
trial in melanoma (the DERMA trial) enrolled
1351 patients with stage IIIB-C melanoma and
randomized 2:1 to treatment with the vaccine or
placebo [37]. Initial analysis of this trial in
September of 2013 revealed a failure to meet the
coprimary endpoint of improved DEFS in the
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overall MAGE-A3 positive population. The
DERMA trial was continued as investigators
attempted to identify a subpopulation that might
benefit from the vaccine, but it was terminated in
September 2016 [7, 38].

Tumor cell vaccines

Tumor cell vaccines are conceptually the simplest
vaccines, relying on the basic premise, which
Dr. Coley exploited, that the immune system is
primed against tumors following cell lysis, presen-
tation of the encountered epitopes by APCs, and
priming of T cells that interact with those APCs. In
general, these vaccines consist of allogenic or autol-
ogous tumor cells that are irradiated and modified
to increase immunogenicity. The patient’s immune
system will select the immunogenic epitopes from
lysed cells in vivo, thus priming the immune system
against tumor cells bearing the same epitopes.
These vaccines are summarized in Table 6.3.

GVAX

The GVAX vaccine is more of a concept than a
specific vaccine. It consists of irradiated allo-
genic tumor cell lines of one of many malig-
nancies that have been genetically modified to
secrete GM-CSF. Treatment with GVAX has
reached phase III trials for use in one solid tumor
cancer, prostate cancer, but has also shown suc-
cess in pancreatic cancer and leukemia. GVAX
for prostate cancer is composed of irradiated
PC-3 and LNCaP allogenic tumor cells. Two
phase III trials have been conducted in meta-
static prostate cancer, the VITAL-1 and VITAL-2
studies. VITAL-1 enrolled men with asymptom-
atic prostate cancer and randomized them to
receive either vaccine or SOC. VITAL-2 enrolled
men with symptomatic prostate cancer and
randomized them to treatment with the vaccine
and docetaxel or to prednisone and docetaxel. In
2008, a routine safety review of VITAL-2 showed
an increase in deaths in the treatment arm (67 vs
47 in control arm); the trial was terminated. A
safety review of VITAL-1 showed no safety con-
cerns, but efficacy concerns prompted a futility
analysis. Based on this analysis, the trial was
reported to have less than a 30% chance of meet-
ing an improved survival end point, leading to

termination of this trial [39]. Despite these
results in prostate cancer, research is ongoing
with GVAX in pancreatic cancer, where early
studies showed the vaccine to effectively induce
T cells against multiple pancreatic ductal adeno-
carcinoma antigens; multiple phase II trials are
ongoing [7, 40].

Algenpantucel-L (Hyperacute)
Algenpantucel-L is a cancer vaccine that utilizes
the mechanism of action of hyperacute rejection
of xenotransplants, which is based on the
presence of a(1,3)-galactosyl epitopes (aGal) on
nonhuman mammalian cells. The vaccine is com-
posed of two pancreatic ductal adenocarcinoma
cell lines (HAPa-1 and HAPa-2) that have been
genetically engineered to express aGal [41]. A
phase II study was performed in the adjuvant
setting after RO or R1 resection of stage I or II
pancreatic cancer in which 73 patients were
enrolled and given one of two doses of the vaccine
(100 million or 300 million cells/dose) in addition
to SOC therapy. The overall median DFS
compared favorably with historical controls
(14.1 months vs 11.4months). Furthermore,
patients in the higher dose cohort had increased
12-month DFS over the lower dose cohort (81%
vs 51%, p=.02), which led to the use of the higher
dose for future trials [41]. Based on these results,
the vaccine was studied in a phase III trial (the
IMPRESS trial), which was recently completed.
This trial enrolled 722 patients with pancreatic
cancer following RO or RI resection and
randomized them to SOC adjuvant therapy with
or without algenpantucel-L. Final analysis of this
trial showed no improvement in OS (SOC:
30.4 months vs SOC and vaccine: 27.3 months)
or long-term survival (3year survival: 41.4% vs
42.1%) [42].

Belagenpumatucel-L (Lucanix®,

NovaRXx)

Belagenpumatucel-L is a vaccine produced from
irradiated allogeneic NSCLC cells transfected with a
TGF-B2 antisense gene plasmid. TGF-B2 has been
shown to have immunosuppressive effects in cancer
patients and is inversely correlated with prognosis.
Vaccinating with tumor cells and simultaneously
decreasing local levels of TGF-B2 is thought to
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enhance the immune response to antigens from
these tumor cells [43]. A phase II trial randomized
75 patients with stage II-IV NSCLC after conven-
tional therapy to one of three doses of the vaccine
(1.25, 2.5, or 5 x 107 cells/injection). Patients who
received 2.5 or 5 x 107 cells/injection had increased
survival compared to the lowest dose cohort
(p=.0069) [43]. The phase III STOP trial was con-
ducted in 532 patients with stage IIIA-IV NSCLC
with stable disease after chemotherapy, randomizing
them to vaccine or placebo. Median OS was
20.3 months for the vaccine group and 17.4 months
for the placebo group (p=.594). A subgroup of
patients with stage IIIB/IV disease randomized
within 12 weeks of completion of chemotherapy had
improved median OS over placebo (20.7 months vs
13.4 months; HR=0.75, p=.083). Stage IIIB/IV non-
adenocarcinoma patients randomized within 12
weeks had a statistically significant improvement
over placebo (19.9 months vs 12.3 months; HR=0.55,
p=.036) [44]. Although the overall results were non-
significant, the subgroups analyses support
continued trials with this vaccine.

OncoVAX® (Vaccinogen, Inc.)

OncoVAX is composed of autologous tumor cells
mixed with bacillus Calmette-Guérin. Multiple
small phase III trials have been completed with
this vaccine in patients with stage II or III colon
cancer after curative resection. Two of these
studies showed the vaccine to be beneficial, par-
ticularly in patients with stage II disease [45].
The trials were similar, though the most recent
trial (ECOG 8701) was conducted with an addi-
tional booster inoculation at six months and used
vaccine manufactured at a centralized lab (after
quality control concerns during the previous
trial, ECOG 5283, which did not utilize a central-
ized lab). A meta-analysis of these phase III trials
has also been completed and showed increased
RFS with the vaccine over placebo in patients
who met quality control specifications (p=.024).
Additionally, stage II patients receiving at least
four doses of the vaccine showed improved RFS
(p=.009) and OS (p=.018) compared with
patients receiving placebo [46]. Based on these
findings, a phase III trial has started, expecting to
enroll 550 patients with stage II colon cancer

after curative resection. The vaccine will again be
produced in a centralized lab [7].

Viral vaccines

Viral vaccines are similar to tumor cell vaccines,
but they are naturally immunogenic and are modi-
fied to contain TAAs. In general, a recombinant
plasmid that codes for a TAA is inserted into the
genome of a virus, sometimes along with a plasmid
coding for an immunoadjuvant or cytokine. The
virus is then injected into a patient, where the
inherent viral proteins will induce a strong immune
response, inducing the recruitment of APCs. The
APCs that have been recruited and activated will
then process and present the viral proteins,
including the TAAs that have been selected by
investigators and inserted into the virus. Thus, the
immune system will be primed against these TAAs
and the tumors that express them. These vaccines
are summarized in Table 6.4.

ProstVac-VF (Bavarian Nordic)

ProstVac is composed of one of two viruses, each
modified to express prostate-specific antigen (PSA)
and used to treat prostate cancer. Two forms of the
vaccine, fowlpox-PSA (rF-PSA) and vaccinia-PSA
(rV-PSA), have been studied in phase II trials. The
first trial tested the theory of prime/boost vaccina-
tion with combinations of these two vaccines and
found the best results when patients were primed
with rV-PSA and boosted with rF-PSA [47]. Based
on this result, the vaccine became known as
PROSTVAC-VE priming patients with rV-PSA and
boosting with rF-PSA. A triad of costimulatory mol-
ecules (referred to as TRICOM) was then added to
the vaccine (along with GM-CSF). A phase I trial
was conducted in which 125 patients were enrolled
and randomized to the finalized form of the vaccine
or placebo. Vaccinated patients showed improved OS
compared with those randomized to placebo
(HR=0.56, p=.006) [48]. These results inspired a
three-arm phase III trial comparing PROSTVAC-VF
plus GM-CSE, PROSTVAC-VF without GM-CSE
and placebo. The trial has completed enrollment of
1297 patients, and two interim analyses have con-
firmed that the study will continue as planned. Final
results are expected in the second half of 2017 [7, 49].
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TG4010 (Transgene)

TG4010 is created from modified vaccinia strain
Ankara (MVA), to which plasmids for MUC-1 (a
well-known TAA) and IL-2 have been added.
This vaccine is being studied in a phase IIb/III
trial (the TIME trial) in patients with NSCLC. In
the phase IIb portion of this trial, 170 patients
were randomized to standard first-line therapy
plus either the vaccine or placebo. While the
overall analysis of PFS showed a nonsignificant
difference (HR=0.76, p=NS), the subgroup
with nonsquamous cell tumors did show an
improved 6 months PFS (HR=0.67, p=.016).
Initially, a phase III continuation of this trial was
planned, but this trial has since been terminated
[7, 50]. Development of this vaccine will con-
tinue instead in the form of a phase II trial
combining TG4010 and nivolumab in patients
with metastatic NSCLC who have progressed
after one line of systemic therapy [7].

TroVax® (MVA-5T4, Oxford

Biomedica)

Trovax is also an MVA-based vaccine, modified
instead to express 5T4, which is an oncofetal
antigen expressed in >80% of carcinomas of the
kidney, breast, colon/rectum, prostate, and ovary
[51]. This vaccine underwent multiple phase /11
trials and was found not only to be well tolerated
but also able to induce 5T4-specific immune
responses, which correlated with clinical benefit
[51]. The vaccine has been most successful
in treatment of RCC, where a phase III trial
randomized 732 patients who had undergone
nephrectomy for locally advanced or metastatic
disease to vaccine or placebo in addition to SOC
therapy. Although the overall results of this trial
showed no difference in OS, exploratory analyses
of subgroups revealed that patients with high
5T4-specific antibodies had favorable survival
outcomes (HR=0.55, 95% CI 0.39-0.97) [52].
Trovax continues to be examined in multiple
ongoing phase II trials studying patients who are
predicted to have strong 5T4-specific immune
responses based on an immune response
surrogate, which has been developed by the man-
ufacturers of Trovax [53].

Anti-idiotypic antibody vaccine

There is only one example of anti-idiotypic
antibody vaccine that has reached a phase III trial.
The strategy with this vaccine is to give an immu-
nogenic antibody that mimics a TAA and induces
an antigen-specific immune response against this
TAA. This novel technique is similar to a peptide
vaccine but instead uses a murine antibody, which
should be more immunogenic. This vaccine is
summarized in Table 6.5.

Racotumomab

Racotumomab, previously known as 1E10, is a
murine anti-idiotype monoclonal antibody that
mimics NeuGecGM3 given with alum. NeuGe gly-
colipids are not found on membranes of normal
human cells but are found on multiple human
tumors, including NSCLC. NeuGcGM3, one of
these glycolipids, is known to be a potent immuno-
suppressive molecule, making it an attractive target
for a cancer vaccine. After early studies showed the
vaccine to be immunogenic and efficacious [54], a
phase II/III trial was conducted in 176 patients
with stage III or IV NSCLC who had stable disease
or regression after SOC therapy. One hundred sev-
enty-six patients were randomized to vaccine or
placebo, and both median OS (HR=0.63, p=.004)
and median PFS (HR=0.73, p=.039) were signifi-
cantly improved in vaccinated patients [55]. Based
on these results, a larger phase III trial was started
in which 1082 patients with nonresectable stage ITI
or IV NSCLC with stable disease or objective
response after standard therapy were enrolled. This
trial has reached target enrollment and is nearing
completion [7].

Summary

While there is much promise in the field of cancer
vaccines, only one vaccine, Provenge, has achieved
the ultimate goal of FDA approval and clinical use.
Each vaccine strategy has its merits and has found
some level of success, so meaningful research
should continue with each of these strategies.
Opverall, these vaccines are very well tolerated with
minimal toxicity, which is part of what makes them
attractive as definitive therapies for cancer. As
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demonstrated by the multiple trials with disap-
pointing overall results but promising results in
certain subsets of patients, identifying the correct
patient population for these vaccines is paramount
to future success. Multiple studies have shown
increased efficacy in patients with minimal disease,
which is not surprising based on the mechanism of
these vaccines. Patients who are healthy enough to
receive all doses of the vaccine will derive more
benefit, and minimal disease burden is a more rea-
sonable target for immune mechanisms, which
may not be capable of overcoming a large tumor
burden. Finally, multiple trials found vaccines to be
more efficacious in patients with improved
immune responses; thus, maximizing the immune
response to vaccines is paramount to the success of
future trials. One very promising way to improve
the response to vaccine therapy is combination
therapy with vaccines and CPIs. CPIs serve to
unleash the full power of the immune system,
while the vaccine directs the response toward the
tumor. The hope is that this will not only increase
the efficacy of vaccines but potentially decrease the
toxicity of CPIs simultaneously. This new strategy
is being investigated in multiple trials and holds
great promise for the future.
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Introduction

Immunotherapy represents a promising modality
for the treatment of patients with cancer and has
emerged as the standard of care for some cancer
types. The basis for immune-based approaches
stems from studies demonstrating a significant role
for T cells as evidenced by studies where the
transfer of T cells from tumor-immunized animals
to tumor-bearing animals resulted in the transfer
of antitumor immunity [1]. Significant advances in
understanding and manipulating the immune
response over the last decade have shown that
tumor-associated antigens can be identified that
elicit a robust T cell response in patients; thus,
strategies to isolate and expand such T cells ex vivo
would allow the adoptive transfer of an immune
response capable of rejecting host tumor cells. For
the purposes of this chapter, two sources of T cells
will be considered: those derived from the tumor
site, known as tumor-infiltrating lymphocytes
(TILs), and those derived from the peripheral
blood, known as endogenous T cells (ETCs)
(Table 7.1).

Tumor-infiltrating lymphocyte
therapy

The premise that tumor sites harbor a population of
effector cells enriched for tumor reactivity was first
demonstrated in murine studies where TILs were
found to be 50-100 times more effective than
lymphokine-activated killer cells derived from
peripheral lymphocytes [2, 3]. In an approach pio-
neered by the Surgery Branch at the NCI, lympho-
cytes culled from tumor sites collected from patients
with metastatic melanoma were expanded in vitro
with high dose IL-2 and adoptively transferred into
patients who then also received systemic high-dose
IL-2 [3]. While the original study results were com-
pelling, a significant difference over the use of
high-dose IL-2 alone could not be conclusively
demonstrated in the metastatic setting, although
evidence of benefit was seen in a randomized trial
when used as adjuvant therapy [4]. The subsequent
advance in the use of TIL therapy as a therapeutic
modality for patients with metastatic melanoma can
be attributed to two important modifications to the
original protocol: first, the use of a rapid-expansion
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Table 7.1 A comparison of tumor-infiltrating lymphocyte (TIL) vs. endogenous T cell (ETC) therapy outlines distinguishing features

in source, method, and use. Depending on the accessibility of tumor, knowledge of antigen, and tumor type, the approaches can

be complementary and both can provide novel means of immune targeting.

TIL Therapy

Tumor
Tumor-site limited

Source
T cell repertoire

In vitro High-dose IL-2 — REP
generation

Cell product CD8, CD4, NK cells

Conditioning High-dose lymphodepletion

1005 of patients, 40% +in metastatic
melanoma. Ovarian, breast,
colorectal cancers pending.

Clinical results

Advantages Prior knowledge of tumor antigen not
required.

TIL can be a source of antigen
discovery.

Robust clinical data in melanoma.

Note: REP=rapid-expansion protocol.

protocol initially developed at the Fred Hutchinson
Cancer Research Center for cultivating antigen-
specific T cells to very large numbers [5] and sec-
ond, administration of a lymphodepletion regimen
to patients prior to T cell infusion [6-8]. The first of
these, the rapid expansion protocol method,
enabled routine expansion of the IL-2 expanded
population of lymphocytes at least 3 log, -fold over
a period of 2 weeks using a T cell receptor (TCR)
trigger (anti-CD3 antibody), irradiated feeder cells
(peripheral blood mononuclear cells with or
without Epstein-Barr virus-transformed lympho-
blastoid cell lines), and relatively low-dose IL-2
(50 U/ml). Expansion to numbers (up to 150 x 10°)
not previously achievable in vitro with high-dose
IL-2 alone now permitted investigators to consider
larger scale studies with TIL therapy and lower
dropout rates due to technical hurdles associated
with cell expansion [9]. The second advance, the
use of a lymphodepleting regimen, was intended to
establish “space” for the incoming TIL cells, perhaps
augmented by the homeostatic upregulation of lym-
phokines in the circulation such as IL-7 and IL-15
and elimination of regulatory cells sensitive to high-
dose cyclophosphamide and fludarabine [10-13].
Additionally, breach of intestinal barriers secondary
to high-dose chemotherapy leading to bacterial
translocation and an increase in toll-like receptor

ETC Therapy

Peripheral blood
Endogenous
Antigen-specific APC stimulation — Selection — REP

Antigen-specific CD8 or CD4 T cells

None or low-dose lymphodepletion

10s of patients, 20%—-60% in metastatic melanoma. Breast,
ovarian, sarcoma, Merkel cell, leukemia, colorectal,
pancreatic cancer pending. Potential to target most solid
tumors.

Antigen-specific.

Flexible and agile in targeting.

Broad panel of potential tumors.

ETC can validate discovered antigens.

Outpatient therapy.

activity via endotoxin provided a favorable milieu
for T cell growth and inflammation [14]. A nonmy-
eloablative hematopoietic stem cell transplant con-
ditioning regime [15] was repurposed for use in the
TIL treatment protocol, comprising 5 days of fluda-
rabine at 25-30mg/m? and 2 days of high-dose
cyclophosphamide [16]. Single-institution, nonran-
domized studies yielded a response rate of 40% with
10%-12% durable complete responses, which was
not significantly improved when low-dose total-
body irradiation (2 Gy) was added. At the Surgery
Branch, radiation was increased to a myeloablative
12 Gy, accompanied by G-CSF mobilized autologous
stem cells to facilitate bone marrow recovery;
although enhanced response rates (up to 70%) were
initially observed, they were later found in a
randomized study to be no different than that achiev-
able using nonmyeloablative regimens, and myeloab-
lative dosing was subsequently abandoned [16, 17].
Independent trials performed at other institu-
tions including Sheba Medical Center, MD
Anderson Cancer Center, and Moffitt Cancer
Center confirmed an overall response rate of 40%
in patients with metastatic melanoma, even among
those who had failed prior immune-based ther-
apies [18-20]. The often
requiring ICU-type monitoring and management-
restricted TIL therapy to centers familiar with

serious toxicities,
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high-dose IL-2 regimens, contributed to patient
selection bias [16].

Advances in TIL therapy
In an effort to enrich for a more “effective”
population of infiltrating lymphocytes, and possibly
decrease toxicities, the screening step for selecting
reactive cultures prior to expansion was added.
Those cultures demonstrating growth were assayed
for recognition of autologous tumor cells and
further expanded. However, such an approach
required that sufficient numbers of autologous
tumor cells be available for downstream testing,
often leading to an increased time to cell product,
and such “selection” did not appreciably increase
response rates or time to progression. The finding
that T cells upregulate the expression of CD137 on
the surface following antigen engagement [21] was
exploited by the MD Anderson group to enrich for
tumor-reactive CD8+ T cells in TIL culture. By sup-
plementing anti-CD137 antibody to TIL cultures,
an effector population could be produced with
enhanced antitumor properties and could lead to
the application of TIL strategies to other nonmela-
noma tumors such as ovarian and colorectal cancer
[22]. A similar CD137-based strategy implemented
at the University of Pennsylvania, involving in vitro
selection of CD137+ T cells in TIL cultures, was
also able to identify in preclinical studies, extant
tumor-reactive T cells for adoptive therapy in
patients with ovarian cancer and melanoma [23].
When it was discovered that the programmed
death-1 receptor (PD-1) was also upregulated on
the surface of T cells following activation, the
subset of CD8+ PD-1+ populations among TIL
samples was found to accurately identify a
population of more clonally expanded T cells [24],
a factor that may also be used to select for tumor-
reactive cytotoxic T lymphocytes (CTLs) in TIL
cultures [25]. The strategy of using surrogate
markers of activation to select for antigen-specific
T cells among TIL cultures was recently used to
reveal immunogenicity of candidate-mutated neo-
antigens expressed by autologous tumor. In this
study, tumor cells underwent whole exome and
RNA sequencing to identify candidate-mutated
targets that were expressed in tandem minigene
constructs comprising up to 24 mutated gene prod-
ucts. Autologous dendritic cells engineered to

express these minigene constructs were used to
stimulate TILs and reactive T cells and were subse-
quently sorted on the basis of CD137 upregulation.
When TCRs from these tumor-reactive T cells
were sequenced, cloned, and expressed in lympho-
cytes, they were found to recognize 14 mutated
neoantigens expressed by autologous tumor cells,
demonstrating not only the feasibility of using
CD137 to identify tumor-reactive T cells, but that
such targets represented by mutated neoepitopes
can be immunogenic and targeted for adoptive cel-
lular therapy (ACT) [26]. Recent findings using
TIL populations have further identified mutated
epitopes for targeting the relatively elusive K-RAS
mutation in colorectal cancer [27] and neoantigens
in HPV+ cervical cancer (an unexpected immuno-
dominant response [28]); these findings have
extended the possibility of ACT for more common
solid tumor malignancies.

The prospect of extending TIL therapy beyond
melanoma is now tenable in light of these recent
studies. Addressing obstacles to mount a program
of TIL therapy for nonmelanoma solid tumor
malignancies, such as ovarian and colorectal can-
cer, will require access to clinical-grade reagents
(i.e., anti-CD137 and anti-PD-1) that will facilitate
selection of tumor-reactive T cells in TIL cultures,
a strategy to streamline the tumor cultivation and
TIL expansion process, preferably in a closed
system, and finally, a conditioning and postinfu-
sion IL-2 regimen that does not require intensive
medical care but is based on carefully designed
studies to determine the degree of lymphodeple-
tion (if necessary) and form of postinfusion
immunomodulation. Finally, genetic modification
of TILs to enhance efficacy (e.g., engineered
expression of IL-12), undermine immune evasive
mechanisms of resistance (i.e., dominant negative
receptor II for transforming growth factor beta)
[29-31], and enhance tumor trafficking (CXCR3)
are already incorporated in ongoing studies and
will likely contribute to the design of second- and
third-generation TIL therapy trials.

Endogenous T cell therapy

Endogenous T cell therapy or ETC therapy involves
the isolation and expansion of antigen-specific
T cells from the peripheral blood for adoptive
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transfer [32]. Since a tumor source is not
required, accessible tumor is not a prerequisite for
ETC. Furthermore, unlike TIL therapy, the
peripheral T cell repertoire is not limited to a
skewed population of cells localized to the tumor
site and is less likely to be clonally exhausted than
TIL-derived T cells [33, 34]. As T cells from ETC
are grown in an antigen-driven, cyclical manner,
unlike TIL cells that are exposed to supraphysio-
logic doses of IL-2, minimal conditioning and low-
dose IL-2 can be administered, rendering ETC
appropriate to the outpatient setting [35-37]. Since
no genetic engineering is required to redirect spec-
ificity, ETC therapy is not encumbered by
regulatory obstacles, and to date, no serious toxic-
ities from cytokine release syndrome or neurotox-
icities have been observed [38, 39], nor potentially
fatal autoimmune reaction to normal tissues due to
epitope cross-reactivity or overexuberant on-target
toxicities to normal tissues sharing a tumor-associated
target antigen. Cases of fatal cytokine release syn-
drome or neurotoxicity have been observed with
the use of CD19-specific CAR T cell therapy and
may be mitigated by titrating the cell dose accord-
ingly and designing studies with judicious dosing
and dose escalation parameters [38, 39]. Examples
of on-target toxicities resulting in fatal outcome
include unintended recognition of MAGE-A12,
expressed by neuronal tissues [40], and reactivity
to titin antigen expressed by cardiac muscle [41], in
both cases by cells engineered to express MAGE-
A3 TCR and underline the dangers of using TCR
that have either been mutated or escaped thymic
selection.

Even when a nonmutated TCR is used, in this
case recognizing MART-1, TCR overexpression or
“unnaturally” regulated TCR expression in
engineered lymphocytes leads to serious toxicity
among tissues that express very low levels of the
shared antigen, and unanticipated autoimmunity
(i.e., uveitis, inner ear toxicity) [42]. Such toxicities
were not observed when naturally occurring
MART-1-specific CTLs were used, as in the case
of ETC therapy, suggesting that manipulating
TCR affinity and regulation of TCR expression can
lead to unwanted consequences. The use of endog-
enous T cells from the extant peripheral repertoire
may obviate these concerns, while retaining
antitumor efficacy. However, because such

tumor-associated antigen-specific CTLs are gener-
ally present in the peripheral blood at very low
frequencies (1:100,000 or less), isolation of such
naturally occurring T cells will require enabling
technologies to extract and expand them to num-
bers sufficient for adoptive transfer. There have
been two major obstacles in limiting the use of
ETC therapy beyond melanoma and extending its
use to becoming a treatment modality: (1) stream-
lining the generation of T cells, and (2) identification
of immunogenic targets for nonmelanoma
cancers.

Generating T cells for ETC

(Figure 7.1)

The generation of antigen-specific T cells from
peripheral blood first requires the use of an
artificial or natural antigen-presenting cell (APC).
The use of autologous dendritic cells (an example
of a natural APC) derived from peripheral blood
monocytes offers the advantage of having the req-
uisite restricting allele available for epitope peptide
presentation. While it may be possible to introduce
more common alleles, such as HLA-A*0201 in an
artificial APC (see below), it would be desirable to
have an APC that already expresses the allele of
interest as more and more epitopes are being dis-
covered that are presented by non-A2 alleles. In
addition to being a “professional” APC that
expresses the desired costimulatory counterrec-
petors (e.g. CD80, CD86), an RNA or minigene
plasmid expressing single or multiple antigen
sequences can be introduced by direct transfection
(RNA transfection) [43] or nonviral or viral vector
approaches [44, 45], enabling the dendritic cells to
process and present all epitopes of the target
antigen. In this approach, the actual peptide epi-
tope need not be known nor individually synthe-
In addition,
presentation of class II-restricted epitopes may

sized for antigen presentation.

also be achieved so as to generate CD4 T cells as
well [46]. An artificial APC, such as an insect cell,
K562 cell line, or even bead-based scaffolding, does
not allow for robust antigen processing in this
manner but does provide the advantage of ready
availability (eliminating the 3-7 day culture period
to enrich for autologous dendritic cell generation)
and off-the-shelf capability [47-51]. The desired
restricting allele(s) are engineered to be expressed
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Figure 7.1 Generation of tumor-infiltrating lymphocyte
(TIL) and endogenous T cell (ETC) products for adoptive
cellular therapy. TIL are isolated from tumor samples,
exposed in vitro to high-dose IL-2 and then expanded. ETC
are isolated from peripheral blood lymphocytes and

by such artificial APCs (aAPCs) and then pulsed
with the known epitope peptide. Using this
approach, greater control over the costimula-
tory profile and density of peptide major
histocompatibility complexes (MHCs) is achieved,
and scalability is vastly increased, as no human-
derived source of peripheral blood mononuclear
cells is required.

Whichever APC is used, artificial or natural, the
option of using peptide to charge the APC provides
a means to rapidly translate antigen discovery to
clinical trials in a matter of a few weeks. After iden-
tifying/selecting the desired target antigen and its
corresponding peptide epitope, all that is required
is synthesis of good-manufacturing-practice- or
GMP-grade peptide; there is no protracted engi-
neering of plasmid, viral vector, or other delivery
method encumbered by regulatory hurdles and
often months of validation before use. Additionally,
a bank of such aAPCs could be established pro-
spectively and then made available for targeting
known shared antigens and alleles.

In clinical trials, the majority of ETC protocols
have used autologous dendritic cells to stimulate/

undergo selection for antigen-specific T cells after in vitro
stimulation with antigen-presenting cells expressing target
of interest. Antigen-specific T cells are selected and
expanded. Patients undergo conditioning (e.g., lymphode-
pletion) prior to receiving T cells.

expand antigen-specific CTLs from patient
peripheral blood [35, 46, 52, 53]; however, a hand-
ful of studies have exploited the use of insect cells
[49] as well as bead-based and K562-based APCs
[48]. Clinical efficacy achieved by ETC in these
trials, for the treatment of patients with metastatic
melanoma, have been relatively modest and, until
recently, have not extended to nonmelanoma solid
tumor malignancies, in part because of the time-
and labor-intensive nature of identifying and
expanding rare antigen-specific T cells from the
peripheral blood.

Extending targets, expanding
indications

The fraction of antigen-specific T cells that are
tumor reactive can range in frequency from
<1:100,000 to more than 1%, depending on the epi-
tope being evaluated and the assay used. Functional
assays that measure antigen-driven release or pro-
duction of cytokines such as IFN-a and TNF-a
often underestimate the numeric frequency of
antigen-specific T cells. This frequency may be best
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assessed using a structure-based assay, such as pep-
tide-MHC multimer (tetramers) or quantitative
assessment of CDR3-specific region of a TCR
known to recognize the epitope/MHC of interest
[54]. Tetramer-based assays reveal the presence of
circulating MART-1-specific CTLs recognizing the
HLA-A2-restricted dominant epitope (M27-35)
with frequencies upwards of 1% in the circulating
T cell population. The reason for this unusually
high frequency, even among healthy donors, is pos-
sibly attributable to thymic misadventure [55].
However, for most tumor-associated antigens,
frequencies are below the level of detection
(<1:10,000 or 0.01%) and for known CDR3
sequences, <107 to 107° based on the sensitivity of
the polymerase chain reaction (PCR) assay.

When human T cells were primed in vitro in the
presence of various gamma-chain receptor cyto-
kines (IL-2, IL-7, IL-15, IL-21), it was observed that
only IL-21 led to a greater than 10-fold enhance-
ment in the frequency of tumor-associated antigen
(TAA)-specific CD8 T cells that could be isolated
[56], and when CD25 depletion was added, at least
100-fold increase, with a commensurate increase in
absolute numbers of TAA-specific CTL to 300-fold
or greater [57]. This was observed for the prototypic
MART-1 epitope as well as other self- and cancer
testis antigens. Using this strategy, it was possible to
boost levels of TAA-specific CTL from undetectable
levels in the peripheral blood to >0.2%, sufficient for
tetramer-based cell sorting and expansion. Whereas
it had previously been difficult or impossible to iso-
late NY-ESO-1-specific CTL from seronegative
donors, it was now possible to routinely isolate such
CTL from both healthy donors and cancer patients
regardless of serologic status [58]. Furthermore,
T cell responses to tumor-associated self-antigens
such as WT1 and several cancer testis antigens could
now be routinely generated, facilitated by tetramer-
guided cell sorting [59]. One major limitation had
been translating the use of tetramer-guided cell sort-
ing into an investigational new drug-approved
protocol, and this was finally achieved with the use
of a clinical grade cell sorter, thus enabling inves-
tigators to design trials to treat patients with
nonmelanoma solid tumor malignancies such as
sarcoma, breast, and ovarian cancers for which
TAAs such as the cancer-testis antigens have been
identified in a subpopulation of tumors.

Recently it was discovered that the source of
antigen-specific T cells generated by this approach
was a very low frequency population in the
peripheral blood, with an extant frequency below
detection by PCR (<1:1,000,000) [54]. TCR clono-
type analysis revealed that the majority of
antigen-specific (in this case MART-1-specific)
CTL in the T cell product comprised in large part
T cells that were not found in the peripheral blood
of patients preinfusion but that persisted long-
term postinfusion. It was further demonstrated
that the clinical response observed in patients
who experienced a complete, partial, or stable
response after ETC therapy correlated with the
duration of in vivo persistence and more directly
with the in vivo half-life of individual transferred
T cell clones. The significance of this study sug-
gests that strategies to extend the persistence, or
to select T cells with an intrinsic capacity for
extended persistence, could lead to improved
clinical results. Additionally, the demonstration
that highly robust antigen-specific CTLs could be
isolated from very low frequency populations
(likely naive T cell pool), suggests that the ability
to generate T cells against an increasingly relevant
and expanding panel of tumor-associated, non-
mutated self-antigens is greater than one might
expect and supports the strategy of ETC in target-
ing new epitopes that are being mined using
current strategies [60].

One outcome of these studies is the possibility of
targeting multiple antigens to avoid the emergence
of antigen-loss tumor variants. Another finding is
that even though only a single antigen was targeted
(that may be heterogeneously expressed and defi-
nitely not tumorigenic), complete and durable
responses have been observed. It was discovered
that under certain conditions, a broadening of
T cell responses to nontargeted tumor-associated
antigens (antigen-spreading) emerged that in some
cases was greater in frequency even than that of the
transferred T cell response to the targeted antigen
[37, 46, 53]. Whether antigen-spreading to these
measurable targets was a direct cause-effect or epi-
phenomenon representing antigen-spreading to
tumor-rejection target antigens is unclear and
deserving of further study; nevertheless, it would
appear that strategies that enhance antigen
spreading (for example, by lowering the threshold
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of activation with CTLA4 blockade) may improve
clinical outcome.

Combination therapy

It is becoming increasingly apparent that
combination strategies will be required to mount
an effective campaign against solid tumor malig-
nancies. For ACT, that can mean the use of
immune checkpoint inhibitors, costimulatory
agonists, or any number of immune- and nonimmune-
based modalities, including vaccination, onco-
lytic virus, radiation therapy, and chemotherapy.
While there has been anecdotal evidence for the
benefit of adding an immune checkpoint inhib-
itor such as anti-CTLA4 therapy [48], one of the
first prospective studies combining ACT with
CTLA4 blockade was recently published [37].
Ten patients with refractory metastatic mela-
noma, 3 of whom had failed prior ipilimumab
monotherapy, treated with MART-1-
specific CTLs followed immediately by a stan-
dard regimen of anti-CTLA4 antibody therapy
(3 mg/kg ipilimumab, every three weeks for four
doses). Two patients achieved a continuous
complete response, 2 more experienced a durable
and ongoing partial response (-70%+; by RECIST
criteria), and 3 demonstrated evidence of stable
disease, all by immune-related response criteria.
T cell persistence was detected in all patients for
as long as samples could be collected (>500 days),
accompanied by upregulation of central memory
markers (CD28, CD127, CD62L and CCR?7)
among all 7 responders. In this study, the emer-
gence of antigen spreading, defined as the poly-
valent antigen-specific response to two or more
nontargeted (non-MART-1) antigens postinfu-
sion, was associated with a clinical response [61].
Released tumor antigens presented by local APCs
may have promoted activation of new responses
to nontargeted melanoma-associated proteins
[37, 53, 61, 62]. Whether T-cell responses
directed toward nonmutated antigens or (none-
valuable) tumor-specific mutated antigens [63]
contributed to tumor regression cannot be ascer-
tained. Yet the combination may represent a
strategy to specifically increase the number and
strength of T-cells targeting multiple antigens of
the patient’s own tumor, which may be particularly

were

relevant when targeting nononcogenic antigens
such as MART-1 [64]. Patients experienced
no additional toxicity beyond what was expected
with ipilimumab alone, and the entire
treatment regimen was outpatient based, with
very low-dose cyclophosphamide conditioning
(300 mg/m?) followed by low-dose subcuta-
neous IL-2.

Conclusions

The recent emergence of gene-engineered CAR-T
cell therapy targeting CD19 for the treatment of
refractory B cell malignancies has led the charge
in developing ACT as a treatment modality.
However, general application of ACT for the
treatment of solid tumor malignancies remains a
major challenge. Consideration should be given
to two other ACT modalities, TIL therapy and
ETC therapy, which offer logistical and biological
advantages. For TIL, knowledge of the tumor
antigen target is not required, and mining the TIL
population for relevant T cells and their TCRs
may be useful for developing gene-engineered
T cells in future studies. Serious toxicities and the
prospect of treating only patients with TIL+
tumors, however, limit this strategy. ETC repre-
sents a potentially low-toxicity, high-accessibility
approach, requiring only peripheral blood and
knowledge of immunogenic epitopes to target,
obviating the requirement for tumor access or
genetic modification to redirect specificity. The
promise of ETC lies in the ability to streamline
this therapy, now tenable by leveraging a
combination of activation marker- or TCR-based
selection and microfluidic/microprocessor tech-
nologies as a means of providing a well-defined
population of effector cells. In this fashion, ETC
represents an agile platform to evaluate various
combinations of immunomodulatory reagents
that can favorably influence the tumor microenvi-
ronment (including, but not limited to, immune
checkpoint inhibitors, costimulatory agonists,
metabolic reagents, and other immune-based
modalities such as oncolytic virotherapy and vac-
cination strategies). Investigators are now faced
with the daunting prospect of deciding among
dozens of possible combinations an optimal best
regimen. In part, these decisions may be addressed
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by considering the relatively uniform bolus of

well-characterized adoptively transferred antigen-
specific CTLs as a transferrable cellular bio-
marker, upon which one can serially collect from
the peripheral blood and tumor site postinfusion
and examine, among the transferred population

of cells, the influence of various immunomodula-

tory strategies, providing iterative insights into

the design of future studies.
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Introduction

T cells compose a critical component of our adaptive
immune system. Cytotoxic T cells mediate directed
immune responses and lasting immune memory
targeting foreign entities. T cells are educated in the
thymus to distinguish self from nonself and eradi-
cate cells expressing antigens of nonself origin.
Unlike foreign microbes, tumor cells originate from
self and are armed with a host of mechanisms to
evade the immune system. Immunotherapy with
genetically modified T cells addresses innate mech-
anisms of tumor immune evasion by manipulating
T cells to redirect specificity and harness their cyto-
toxic capacity to potentiate tumor eradication.

Methods of tumor immune
evasion: Escaping the natural
T cells

T cell activation

Antigen presentation via the major histocom-
patibility complex (MHC) permits T cell receptor
(TCR) binding and induction of a necessary but
insufficient primary activation signal mediated
via TCR signaling. A secondary costimulatory

signal, most commonly delivered via CD28 or
41BB, is required for full T cell activation. Upon
simultaneous activation of both TCR and costim-
ulatory signals, T cells undergo phenotypic and
functional developmental programming that
permits cellular proliferation and cytotoxicity.
Following an initial T cell response, a subset of
activated cells enters the long-term memory T cell
pool, characterized by the potential for self-
renewal and rapid expansion upon future target
engagement [1]. In naive cells, TCR binding to
cognate antigen/MHC complex in the absence of
costimulation induces T cell anergy, whereupon
the cell is unable to respond to further exposure to
that antigen. Tumors often downregulate MHC
and may lack costimulatory signals, thereby cir-
cumventing T cell recognition, activation and
cytotoxicity and potentially inducing anergy.
Adoptive immunotherapy using genetically
engineered T cells seeks to leverage activation and
expansion of T cells, combined with delivery of
novel genes or gene editing prior to adoptive
transfer to facilitate tumor recognition and
enhance T cell activation, tumor specific cytotox-
icity, and immune memory.
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Methods of T cell modification

The two most common genetic modifications used
in the context of adoptive immunotherapy are
expression of transgenes encoding a tumor-specific
TCR or a chimeric antigen receptor (CAR). Most
commonly, to achieve stable, reliable, prolonged
transgene expression, lentiviral or retroviral trans-
duction methodsare utilized [2, 3]. Electroporation-
mediated delivery of transposon/transposases can
also achieve stable prolonged transgene expression
at a potentially lower cost [4, 5]. Alternatively,
delivery of mRNA can be utilized if short-term
transgene expression is desirable [6]. New plat-
forms such as megaTAL [7] and CRISPR/CAS9 [8]
are available to permit gene deletion, gene editing,
or more precise gene integration. In contrast to
past experiences with genetic manipulation of
hematopoietic stem cells, retroviral-mediated
insertional oncogenesis of T cells has not occurred
[9], although it remains a theoretical risk.

Specific therapeutic strategies

TCR therapy involves engineering a T cell to
express a T cell receptor specific to a tumor antigen
to redirect T cell binding to tumor. CARs are
artificial receptors that fuse an MHC-independent
antigen binding domain (usually comprising a
scFv derived from a mAb) to activation domains
within a T cell, thereby linking tumor antigen
binding to T cell activation. Distinctions between
these approaches are depicted in Table 8.1. Both
approaches are being developed in parallel and
have undergone expansive preclinical testing and
early clinical evaluation as described in this
chapter.

Table 8.1 Distinctions between TCR and CAR therapeutics.

TCR Therapy

MHC restricted Yes
Targets intracellular antigens Yes
Inclusion of endogenous No

costimulatory signals
Methods of tumor escape

MHC downregulation, diminished
antigen processing and presentation

Genetically modified TCRs
for adoptive cellular therapy

The T cell has potent cytotoxic properties, and the
TCR directs the specificity of this potent response.
Binding of a specific TCR to its cognate antigen
initiates T cell selection, activation, and function
[10]. Every individual has a unique, diverse T cell
repertoire composed of individual TCRs generated
at random through somatic rearrangement of
the V(D)J section of the TCR gene. The TCR is a
multisubunit transmembrane complex constructed
of alpha and beta chains linked by a disulfide bond,
each composed of a constant region and a variable
region dictating specificity. TCRs recognize short
contiguous amino acid sequences presented within
the target cell MHC complex. Native, nonengineered
T cells express multiple copies of only one TCR.
Among the numerous factors limiting a T cell’s
capacity to unleash its cytotoxic potential against
cancer cells is ineffective recognition of tumor due
to insufficient binding of native TCRs to peptides
presented by the tumor MHC. In some cases,
this relates to the efficiency of tolerizing mecha-
nisms during T cell development, wherein T cells
bearing TCRs with high affinity for self-antigens,
including cancer-testis antigens or tissue differen-
tiation antigens overexpressed by many cancers,
are deleted during thymic differentiation, leaving
only TCRs with insufficient affinity for full
activation. TCRs reactive with neoantigens that
arise through nonsynonymous somatic mutations
are not tolerized during development; however,
such TCRs may be not be present in sufficient fre-
quency to mediate potent antitumor effects.
Adoptive cellular immunotherapy with trans-
genic TCRs seeks to provide the host with a larger

CAR Therapy

No
No
Yes

Surface antigen
loss
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pool of T cells capable of efficiently recognizing
tumor specific antigens, thus potentially enhancing
antitumor effects. Genetic engineering can effi-
ciently express a transgenic TCR in T cells with
high frequency. Such engineered T cells express a
native TCR as well as the engineered TCR. Pairing
of the transgenic TCR chains with endogenous
TCR chains can diminish expression of the
engineered TCR and poses a potential risk for
off-target reactivity [11, 12]. Substantial work
developed effective approaches to enhance pairing
of the transgenic alpha and beta chains, thus
diminishing the rate of pairing with endogenous
chains, although a potential risk remains for off-
target reactivity due to this phenomena. Genetic
engineering also allows for expression of high-
affinity variants of native tumor-reactive TCRs
[13-15], predicted to increase the likelihood of
tumor recognition. Finally, additional non-TCR
elements can be coexpressed within the T cell to
enhance functionality beyond that which could be
accomplished by a nonengineered T cell.

One practical challenge of TCR therapy with
clinical import is that TCRs are MHC restricted,
since TCRs bind to protein-derived antigens pre-
sented within MHC. This permits targeting of
intracellular antigens but also restricts binding of
any particular TCR to a specific HLA allele. Most
clinical trials to date have focused on antigens pre-
sented within HLA-A*02, an allele expressed in
approximately 40% of Caucasians, to demonstrate
proof of principle for the approach. From a prac-
tical standpoint, this means that many patients are
ineligible for studies involving engineered TCRs
due to the absence of the HLA-A*02 allele.
Furthermore, each TCR represents a novel receptor,
and targeting the same antigen in patients with dif-
ferent MHC alleles requires substantial additional
preclinical and clinical development.

Clinical experience

MART-1

The first clinical trial that demonstrated efficacy of
TCR therapy utilized a TCR targeting the mela-
noma-associated antigen MART-1 in patients with
malignant melanoma. In 2006, 15 HLA-A*02
patients with melanoma were treated with T cells
genetically modified to express a MART-1-specific

TCR, isolated from tumor-infiltrating lymphocytes
(TILs) of a patient with malignant melanoma [16].
Cells were administered following lymphodepletion.
Engraftment was observed in 14 of 15 patients at one
month after adoptive transfer, and 2 patients had
prolonged persistence of modified cells for >1year,
accompanied by objective regressions of metastatic
melanoma [16]. Interestingly, the response rate in 2
of 15 patients (13%) was inferior to response rates
using T1ILs (see chapter 7). Nonetheless, this experi-
ence introduced the potential of TCR therapy in
patients where TILs are not available [16].

NY-ESO-1 in hematologic and solid
tumors

NY-ESO-11isacancer-testis antigen widely expressed
on both hematologic and common solid tumors
including malignant melanoma, synovial sarcoma,
and multiple myeloma, and absent from healthy
vital tissue. A human-derived affinity-enhanced
TCR targeting the NY-ESO-derived antigen pre-
sented within HLA-A*02 was evaluated in patients
with NY-ESO expressing melanoma and synovial
sarcoma [17, 18]. Objective clinical responses were
seen in 61% of patients (11/18) with synovial sar-
coma and 55% of patients (11/20) with melanoma.
This promising work in February 2016 led to the
FDA’s granting breakthrough therapy designation
for affinity-enhanced TCR targeting NY-ESO1 in
synovial sarcoma, supporting the potential of TCR
therapy in solid tumors.

A phase I/II study evaluating the same TCR
in advanced multiple myeloma following autolo-
gous stem cell transplantation yielded an 80%
(16/20 patients) clinical response rate. Fourteen of
20 patients had near complete or complete remis-
sions, 2 of 20 patients had very good partial
remissions, and the median progression-free
survival was 19.1 months [19]. This compares to
historic responses of 40% or <40% in high-risk
patients when treated with single or tandem
autologous stem cell transplantation. T cells, lenti-
virally transduced to express TCR, expanded and
persisted in vivo, trafficked to the bone marrow
and exhibited tumor-specific cytotoxicity. Disease
progression was shown to be associated with a loss
of T cell persistence or antigen escape [19]. These
results were among the first to demonstrate potential
clinical benefit of the TCR platform.
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Lessons on toxicity learned from MAGE
Important lessons regarding the potential for TCR-
mediated toxicity came from early experience
using affinity-enhanced TCRs targeting the
melanoma-associated antigen family (MAGE).
MAGE-A is a cancer-testis antigen widely
expressed in common epithelial malignancies. A
phase I/II study conducted in patients with mela-
noma, synovial sarcoma, and esophageal cancer
using a MAGE-A3/A9-specific TCR derived from
murine immunization with a MAGE A3/A9 shared
peptide demonstrated cancer regression in 5 out of
9 patients. Unexpectedly, however, significant neu-
rotoxicity occurred in 3 of 8 patients, 2 of whom
rapidly became comatose and ultimately died.
Radiographic imaging showed periventricular leu-
komalacia in 5 of 8 patients, and autopsy examina-
tion revealed necrotizing leukoencephalopathy
and white matter defects accompanied by T cell
infiltration [20]. The transgenic TCR was later
found to broadly bind to peptides derived from
MAGE A2, A6, and A12, and MAGE-A12 was
found to be expressed on brain parenchyma [20].

Another study of MAGE-A1 targeting TCRs in
patients with myeloma and melanoma revealed
unanticipated cardiac toxicity [21, 22]. The first 2
patients treated developed fatal cardiac shock.
Autopsy revealed gross myocardial damage and
evidence of histopathologic T cell infiltration.
Although MAGE-A1 expression was not found on
cardiac myocytes, unanticipated cross-reactivity
of the engineered TCR was found to peptides
derived from titin, an unrelated protein found on
striated muscle. These adverse events led to the
implementation of sophisticated prediction
models to assess peptide homology across proteins
and to evaluate the potential for cross-reactivity of
engineered TCRs with alternative peptide motifs,
which thus far has proven sufficient to prevent
similar adverse outcomes. Nonetheless, these
experiences highlight the risks of first-in human
targeted therapies and remind us of the experi-
mental nature of the field.

TCRs under clinical development

Currently, several TCR product candidates directed
at other tumor-associated antigens are under early
stages of clinical development. TCRs targeting
HLA-A*02:01 restricted epitopes of human

papillomavirus (HPV)-16 E6 and E7 oncoproteins
are being explored for the treatment of HPV-associated
epithelial malignancies, including cervical, head
and neck, and anogenital tumors [23]. Another
promising antigen target is the preferentially
induced antigen in melanoma (PRAME). Also a
member of the cancer-testis antigen family,
PRAME is overexpressed in acute myeloid leu-
kemia (AML), a disease with poor survival out-
comes and a clear unmet clinical need. High-affinity
allogeneic T cells targeting PRAME can be isolated
post-allogeneic stem cell transplant and are highly
reactive against multiple PRAME"* tumor cell lines
and primary melanoma and AML patient samples,
implicating PRAME as a candidate for targeted
TCR therapy [24, 25]. Caution must be taken as
preclinical data demonstrated that PRAME-
specific allo-restricted T cells exerted limited
mature dendritic cell and renal epithelial toxicity
[15]. Clinical trials studying PRAME-specific
T cells equipped with a suicide vector are ongoing.

CARs

Rationale and structure

Several features of engineered TCRs limit their
applicability to mediate tumor eradication.
Individual TCRs are restricted to a specific MHC
allele, present on only a minority of the population.
Tumors not infrequently downregulate MHC as a
mechanism for immune evasion. The TCR does
not directly mediate costimulation and is there-
fore reliant on an additional costimulatory signal
that tumors often lack. Attempts to engineer
costimulatory signals into a transgenic TCR have
not yet been successful. A CAR is an artificial,
engineered T cell receptor, designed to overcome
these barriers. Importantly, however, standard
methods of CAR transduction do not supplant a
T cell's TCR, they rather induce CAR expression
in addition to the T cell’s endogenous TCR. Gene
editing techniques to eliminate TCR expression
are being developed with the goal to reduce the
possibility of graft-versus-host disease, eliminate
the potential for TCR activation to negatively
impact CAR function, and permit an off-the-
shelf CAR T cell product that can cross
histocompatibility barriers [26]. To date, a single
pediatric patient who had insufficient T cells to
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manufacture an autologous product was treated
with and achieved remission from an allogeneic
T cell product expressing a CD19 specific CART
product that was gene edited to eliminate the
endogenous TCR [27].

The CAR fuses an antigen binding domain to
T cell activation domains. Antigen binding
domains are most commonly derived from
monoclonal antibodies (mAbs), which do not
require antigen presentation from resident
MHC, thus endowing the T cell with MHC
independence. Antibody binding domains typi-
cally comprise variable heavy (Vh) and light (V1)
chains, which can be genetically expressed as a
single chain by incorporating flexible linkers to
preserve the antigenic specificity of the parental
antibody. Theoretically, single-chain variable
fragments (scFvs) can be generated from anti-
bodies specific to any target of interest, thereby
introducing the flexibility to design engineered
CARs targeting any tumor antigen for which a
specific antibody is available. In practice, the
efficacy of CARs derived from mAbs varies sig-
nificantly, and therefore substantial preclinical
optimization is typically required to generate an
effective CAR for a particular target. The
addition of costimulatory domains to the CAR
receptor eliminates the requirement for costim-
ulatory signals to be provided within the tumor
microenvironment, thus further enhancing
potency.

CARs through the generations

The inception of the CAR dates to 1989 when
experimental data demonstrated the potential for
T cell activation following expression of an MHC-
independent binding moiety and a T-cell-derived
activation domain [28]. Eshhar and colleagues
engineered T cells to express artificial receptors
constructed of antibody-derived variable domains
fused to TCR constant domains. Subsequent work
demonstrated that receptors incorporating scFv
binding domains provide superior antigen recog-
nition, leading to the evolution of first-generation
CAR constructs that fuse an scFv to a singular
T cell activation domain. First-generation CARs
remain dependent on tumor to provide costimu-
latory signals for therapeutic benefit [29].
Subsequently, a CD28 or 4-1BB costimulatory

signal was integrated into the signaling domains,
and this was termed a second-generation CAR.
Clinical data with CD19-CARs in lymphoma
provided definitive evidence that second-generation
CARs show superior expansion and persistence in
vivo, and the vast majority of clinical trials have
utilized second-generation CARs [30-34]. It is
now evident that different costimulatory signals
are not equivalent and influence the persistence
and efficacy of the CAR T cell product. Inclusion
of CD28 potentially confers greater initial cytotox-
icity; however, CARs incorporating CD28 sig-
nalingendodomainsdonotdemonstratelong-term,
high-level CAR persistence [35]. In contrast, CARs
with 41BB costimulatory signals often demon-
strate persistence, and such CARs are not infre-
quently found in patients >2years following CAR
infusion [30].

Third-generation CARs, which incorporate
multiple costimulatory signals, have yet to confer
superiority over second-generation CARs. The
inclusion of more costimulation may in fact
increase the likelihood of developing T cell
exhaustion, thereby restricting maximal long-
term immune effect. Numerous additional
genetic modifications are undergoing testing in
CAR T cells, including expression of modifiers
designed to protect the T cell from the tumor
inhibitory microenvironment, such as modifying
CARs to express endogenous checkpoint
blockade, chemokine receptors, or cytokine
transgenes [36-38]. In particular, CAR T cells
that enforce cytokine or cytokine receptors that
induce signaling through the common gamma
chain receptor (IL-2, IL-7, IL-15, IL-21) provide
autocrinous proliferative and proinflammatory
signals, enhance CAR function in vitro [39-43],
and are being explored clinically. Innovative
methods to transform cytokine-mediated inhibi-
tory signals into activating signals by fusing the
regulatory cytokine IL-4 receptor to a proinflam-
matory IL7R signaling domain have shown
preclinical promise [44]. As the field of CARs
expands and a deeper comprehension of mecha-
nistic factors that influence T cell activation,
inhibition, exhaustion, cytotoxicity, and persis-
tence are elucidated, we anticipate the CAR
construct can be tailored to further optimize
CAR-mediated antitumor outcomes.
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Clinical translation

Chronic lymphocytic leukemia (CLL),
non-Hodgkin lymphoma (NHL)

Initial Phase I CD19-targeting CAR trials in
patients with non-Hodgkin B cell lymphomas and
CLL were critical in dose finding, identifying toxic-
ities, and demonstrating the importance of a lym-
phodepleting preparative regimen. The first clinical
report demonstrating CAR efficacy described the
use of a second-generation CDI19-specific CAR
with a CD28 costimulatory domain in a patient
with follicular lymphoma. Kochenderfer et al.
described dramatic tumor regression in a patient
with heavily pretreated advanced follicular lym-
phoma who experienced CAR-mediated B cell
aplasia for a duration of 39 weeks and partial remis-
sion for 32 weeks [45]. Impressive results followed
in 3 patients with CLL [46, 47] treated with CD19-
BB.z-CARs. CAR T cells expanded over 1000-fold
and patients expressed CARs for at least 6 months,
some of which conferred a memory phenotype by
flow cytometry [47, 48]. An additional 8 patients
with CLL treated at Memorial Sloan Kettering
provided data suggesting the importance of lym-
phodepletion prior to the adoptive transfer of CAR
T cells. This study also concluded that disease
response and persistence were inversely correlated
with tumor burden [32]. The first pivotal multi-
center study of CD19-specific CAR T cells in
refractory aggressive NHL met primary endpoints
of 76% overall response rate (ORR) and 47%
complete remission (CR) (p<.0001), which is
6-fold higher than prior historical CR outcomes [49].
These results yield promise for CAR therapy for the
treatment of refractory, aggressive lymphomas.

Table 8.2 Interinstitutional variability in CD19-CAR trials.

Acute lymphoblastic leukemia (ALL)
Despite the fact that patients with refractory acute
leukemia are often pancytopenic or have high
circulating blast counts, the phase I B-ALL experi-
ence has demonstrated not only the feasibility of
CAR T cell therapy in this setting but also that
B-ALL is uniquely sensitive to CD19-CAR T cell
therapy. Several groups from different institutions
have now demonstrated that CD19-targeting CARs
can induce striking remissions in adults and
children with relapsed/refractory B-ALL despite
significant inter-institutional heterogeneity in
CAR constructs, preparative regimen, and vector
platform [30, 31, 33, 34, 50] (Table 8.2). All groups
report remarkable complete remission rates rang-
ing from 70% to 90% in B-ALL (NCI report
included an NHL, so results were 70% in B-ALL),
which are markedly superior to historic complete
remission rates of 20%-30% using standard salvage
chemotherapy in patients with relapsed/refractory
ALL [50]. These unprecedented outcomes propa-
gated early enthusiasm in the field.

Insights were gained from the parallel yet
varying strategies pursued by the different institu-
tions. The feasibility of cell production was
supported by the NCI intent to treat analysis that
showed that 100% of patients enrolled on their trial
received CAR therapy [34]. The evaluated doses in
all studies ranged from 0.03 to 21 x 10°. We addi-
tionally learned that CAR T cell expansion
correlated with response [34]. The UPenn experi-
ence introduced the first patient to relapse
post-CAR therapy with CD19 negative disease,
introducing the phenomenon of tumor antigen
remodeling under the pressure of targeted CAR
therapy [30, 31, 34, 51]. We have since seen that in

Method of Complete Cytokine Release Prolonged

Center CAR Design  scFv Gene Transfer Sample (n) Response (CR) Syndrome (CRS) B Cell Aplasia
UPENNEY  4-1BB, CD3¢ FMC63  Lentiviral 30 90% (27/30) Yes Yes

NCIE4 CD28, CD3¢ FMC63  Retroviral 21 70% (14/20) Yes No

(20 w ALL) Intent to treat
MSKCC”!  CD28, CD3¢ SJ2SC1  Retroviral 45 80% (37/45) Yes No
FHCRC4 4-1BB, CD3¢ FMC63  Lentiviral 29 93% Yes Pending
CD4:CDs8, 1:1 (24/26)

Note: UPENN=University of Pennsylvania; NCl=National Cancer Institute; MSKCC=Memorial Sloan-Kettering Cancer

Center; FHCRC=Fred Hutchinson Cancer Research Center.
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addition to surface antigen remodeling, tumors can
undergo lineage reprogramming and relapse with
myeloid disease [52].

CAR persistence was identified as a vital deter-
minant of long-term immune memory, and early
clinical trials correlated CAR T cell loss with dis-
ease relapse [1]. The CAR costimulatory domain
was shown to critically impact the T cell capacity
for long-term persistence. CAR T cells with endog-
enous 4-1BB demonstrated long-term persistence,
whereas CAR T cells with CD28 costimulation did
not persist beyond 2-3 months [30, 50]. CD28-
mediated cellular tonic signaling has since been
shown to induce an exhaustive phenotype that is
associated with reduced CAR T cell persistence in
vivo [35]. The fundamental mechanisms that drive
T cell exhaustion and persistence remain underex-
plored at this time and serve as drivers for future
CAR T cell biology studies to empower strategies
for optimized CAR design.

The United States Food and Drug Administration
granted breakthrough therapy designation to
CTLO019, CD19-targeted CAR on July 1, 2014 and
FDA approval on August 30, 2017, for the CD19-
targeted CAR, Kymriah, for children and young
adults <age 25 with relapsed/refractory B cell ALL.
This landmark designation and approval arrived
>25 years after the initial publication describing the
CAR T cell therapy foundational work in 1989.
Genetically modified T cell therapy is the first per-
sonalized cellular cancer therapy to be translated to
the clinic, and its integration into practice is chang-
ing our approach to B cell tumors. The field is
rapidly expanding, and we anticipate new biologic
and clinical insights will support further optimiza-
tion and guide successful translation to less
immunogenic solid tumors.

Solid tumors

Despite several clinical trials targeting numerous
antigens in a variety of cancers, outcomes using
CAR therapy in solid tumors have been less encour-
aging than in hematologic tumors (Table 8.3).
Some of the barriers implicated in restraining CAR
outcomes in solid tumors include a dearth of
antigens with high-level universal surface expres-
sion on tumor cells and absent expression on vital
tissues, immunosuppression and impaired T cell

trafficking within the tumor microenvironment
[53], and challenges related to CAR engineering
that impact the relative potency of some CARs
versus others [35]. One innovative approach that
permits CARs to target intracellular antigens is to
design a CAR to mimic a TCR and bind to intracellular-
derived peptides complexed with surface MHC.
TCR-mimetic CARs have been generated targeting
WT1 (Wilms Tumor 1 Antigen) and NY-ESO 1
and are being explored for other intracellular tar-
gets with the hope to expand CAR applicability to
solid tumors that harbor specific intracellular
tumor antigens.

Encouraging results were initially reported using
a first-generation GD2-CAR in neuroblastoma (2
of 8 patients in initial cohort with objective
responses, long-term complete responses in 2 of 11
patients treated) [54, 55]. Based on evidence that
costimulation enhances expansion and persistence
of CD19-CAR T cells [56], a subsequent trial used
the same GD2-CAR scFv but incorporated CD28
and OX40 costimulatory domains. However, no
objective responses were seen and the GD2-
CAR.28.0X40.z T cells showed very limited
expansion and persistence. Subsequent work dem-
onstrated that the scFv incorporated into this
GD2-CAR manifests antigen-independent clus-
tering on the cell surface, which leads to tonic
signaling and early CAR T-cell exhaustion in the
presence of costimulatory domains [35]. CD28
costimulation potently enhanced exhaustion,
whereas a 4-1BB costimulation provided anti-
exhaustion signals. In the third-generation CAR
incorporating CD28 and OX40, the exhaustion
phenotype predominates [57]. This experience
highlighted a critical role for T cell exhaustion in
limiting CAR efficacy and provided evidence that
costimulatory domains can both augment or
adversely impact CAR function.

Recent work in xenograft models using the
GD2-CAR also illustrate the impact of local myelo-
suppression on CAR T cells. In this study,
myeloid-derived suppressor cells (MDSCs) in
xenograft models were preferentially expanded in
sarcoma models compared to neuroblastoma
models, and this correlated with diminished
antitumor efficacy against GD2+ sarcomas [57].
Incorporating agents to modulate MDSCs aug-
ments CAR efficacy. It is anticipated that future



Table 8.3 Published reports of clinical trials of CAR therapeutics for solid tumors*

CAIXI72!

HER-2%4!

HER-215%

GD-2155

Mesothelin”*!

IL13Ra2
160]

CEAUS!

MUC-1771

Metastatic renal cell carcinoma

Refractory colon cancer,
metastatic to lungs and liver

Recurrent/

refractory HER2* sarcoma

High-risk neuroblastoma

Malignant pleural mesothelioma,
pancreatic
Glioblastoma

Adenocarcinoma with metastatic
liver disease

Seminal vesicle cancer

FcRy

4-1BB, CD28, CD3¢

CD28, CD3¢

1st-generation CAR expressed
on EBV-specific CTLs or
activated T cells

4-1BB, CD3¢

4-1BB, CD3¢

(intracavitary and
intraventricular delivery)

CD28, CD3¢

(percutaneous hepatic artery
delivery)

CD28, 4-1BB, CD3¢,
(intratumoral injection)

Retroviral

Retroviral

Retroviral

Retroviral

mRNA
transduction
Lentiviral

Retroviral

Lentiviral

17

19

(8=remission,
11=active
disease)

2

0/12 tumor responses; on-target off-tumor toxicity
observed

Death at 5 days postinfusion (elevated cytokines and
respiratory failure in context of dose of 10'° CARs)

4/17 SD

3/11 CR in patients with active disease

2 tumor responses

1 CR** sustained for 7.5 mo

15D, 5PD

Increased necrosis or fibrosis of liver metastases in 4/6
biospies

Local tumor necrosis

*Many additional clinical trials targeting listed and unlisted tumor antigens are recruiting and ongoing. Only results of published reports of clinical trials for solid tumors are

summarized here.

**CR in IL13Ra2 CAR trial according to Response Assessment in Neuro-Oncology criteria.
Note: CAIX = carbonic anhydrase IX; HER-2 = human epidermal growth factor receptor 2; GD-2 = disialoganglioside; EBV = Epstein-Barr virus; CTLs = cytotoxic T lymphocytes;
IL13Ra2 = interleukin-13 receptor subunit alpha-2; CEA = carcinoembryonic antigen; MUC-1 = mucin 1; FcRg = Fc receptor g; SD = stable disease; CR = complete remission;

PD = progressive disease.



CHAPTER 8 Immunotherapy with Genetically Modified T Cells

109

studies of CAR T cells in solid tumors will utilize
combinatorial regimens designed to modulate
tumor-associated immunosuppression as a step
toward augmenting the efficacy of CAR therapies
against solid tumors.

The initial experience with CARs targeting the
Her?2 antigen resulted in a severe fatal adverse event
after infusion of 1 x 10' third-generation Her2-
targeted CAR T cells (CD28.4-1BB.CD3() [64].
Based on knowledge that has emerged since this
patient’s treatment, it is now clear that the CAR T
cell dose administered in this case far exceeds the
maximally tolerated dose reported for other CARs,
and the clinical deterioration was consistent with
severe cytokine release syndrome. Furthermore,
although some initially hypothesized that CAR T
cells may have attacked the heart and lungs due to
low-level expression of Her2 on these tissues, data
now increasingly demonstrate that CARs do not
recognize low-level antigen expression when com-
pared to TCRs [65-68]. Her2-CAR T cells at
appropriate doses have been well tolerated in
subsequent studies introducing the possibility for a
therapeutic window [58]. Of 17 patients with
HER2+ sarcoma who received more than 3x106/m2
Her2.28.2-CAR T cells, 4 showed stable disease for
12 weeks to 14 months, and CAR T cells persisted
for at least 6 weeks at low levels in the peripheral
blood [58]. The basis for limited efficacy in this
study was not clarified; however, in preclinical
models using Her2-CARs to treat glioblastoma,
rapid selection of antigen loss variants due to high
levels of heterogeneity in antigen expression was
observed [59]. This could be overcome by simulta-
neously targeting Her2 and an additional target,
IL13Ra2, via a bispecific CAR. In this work, a
bispecific Her2/IL13Ra2 CAR receptor was
superior to coexpression of both CARs individually
on the same T cell. A recent case report of a patient
with metastatic glioblastoma multiforme who had a
dramatic response to regional delivery of a CAR
targeting IL13Ra2 [60] provides additional data
suggesting that IL13Ra2 may be a promising target
for CAR-based targeting of brain tumors [60].
These early successes support the potential of CARs
to change outcomes in otherwise devastating solid
tumors.

CAR toxicities

Cytokine release syndrome

The most common toxicity from CAR therapy is
cytokine release syndrome (CRS). Patients can
develop a clinical syndrome that mimics macro-
phage activation syndrome characterized by fever
and hypotension in context of high levels of proin-
flammatory cytokines. Cytokines are released from
T cells, resident immune cells such as macrophages,
and tumor [61]. Symptoms typically develop within
1-2 weeks posttreatment and can range from a
mild syndrome with constitutional symptoms to a
severe life-threatening syndrome necessitating
ICU-level circulatory and ventilator support.
Dramatic cytokine elevations including IL-6, IL-10,
IFN-y, and TNF-a correlate with CRS severity
[62]. IL-6 has been implicated in propagating the
clinical syndrome and treatment with tocilizumab,
an anti-IL6R monoclonal antibody that has been
shown to effectively, promptly reverse the syn-
drome [61]. Studies are underway to determine
whether preemptive therapy with IL-6R blockade
can improve safety and tolerance without adversely
impacting efficacy. Corticosteroids provide an
alternative treatment for CRS, although uncon-
trolled trials suggest that they may mediate more
adverse effects on the antitumor immune response
than IL6 neutralizing strategies [63]. Established
algorithms delineating the threshold for CRS
treatment should be used to guide management of
cytokine storm [61].

Neurotoxicity

Neurologic toxicities following CAR therapy most
often follow CRS, however, the mechanisms may
differ and cytokine dysregulation alone may not
fully explain CAR-mediated neurotoxicity [61].
Symptoms do not localize to a defined anatomic
area of the brain and can include headaches, con-
fusion, delirium, hallucinations, facial nerve
palsies, apraxia, ataxia, dysmetria, dysphagia, sei-
zures, and altered consciousness that can require
airway protection with ventilator support [69].
These symptoms are nearly always reversible.
Neurotoxicity has not been shown to directly corre-
late with CNS disease, but CAR T cells and elevated
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cytokine levels have been identified in the CSF of
patients experiencing neurotoxicity [69]. Recently,
this syndrome was replicated in a primate model
using a CD20-CAR, suggesting that the syndrome
does not reflect an antigen-specific effect of CD19-
CARTT cells [70].

Recently, several cases of fatal cerebral edema
following CD19-CAR T cells were reported. The
pathophysiology responsible for fatal neurotoxicity
is not well understood, and it remains unclear
whether this reflects a more severe version of the
same pathophysiology that leads to reversible neu-
rotoxicity, or reflects an alternative biology.
Endothelial dysfunction has been implicated as an
underlying trigger for CAR-mediated neurotox-
icity and further efforts to mechanistically
understand neurologic toxicities of CARs are in
order so we can learn to avert this possibly devas-
tating cause of morbidity and mortality.

On-target, off-tumor toxicities

B cell depletion is typically observed following
CD19-CAR therapy and persists for the duration
of T cell persistence. Notably, this has not been
associated with significant morbidity and appears
to be adequately managed with immunoglobulin
replacement [71]. Hepatobiliary toxicity, presum-
ably a manifestation of on-target, off-tumor tox-
icity, was observed following treatment with a
CAR targeting carbonic anhydrase IX (CAIX) in
patients with renal cell carcinoma [72].
Interestingly, the toxicity could be prevented by
pretreatment with a mAb targeting the same
antigen. On-target, off-tumor toxicity profiles will
vary depending on the specific antigenic target.
Clinical trials studying CARs targeting novel
antigens will require close monitoring for on-
target, off-tumor toxicities.

Future directions

Therapy with engineered T cells has shown clear
signs of activity, and the full potential of this
therapeutic approach remains untapped. Receptor-
specific manipulations (e.g., enhancing TCR
affinity, diminishing tonic signaling in CAR
T cells), coexpression of additional modulators to

enhance T cell function, modifying clinical aspects
of treatment (e.g., timing of infusion, cell dose,
and lymphodepletion regimen), and combining
engineered T cells with other immunomodulators
all hold promise for enhancing the activity of the
emerging class of therapeutics. The emergence of
antigen-negative relapse now well documented fol-
lowing CD19-CAR therapy illustrates the impor-
tance of crafting multispecific T cells to diminish
the risk of antigen loss escape.

Additional focus has been on studying the
reversal of T cell exhaustion and inhibition. T cells
are inhibited by intrinsic regulatory mechanisms
and their inhibitory tumor microenvironment.
Efforts to reverse T cell inhibition and exhaustion
using combinatorial approaches of engineered
T cell and checkpoint blockade are being studied.
Another approach under evaluation is to engineer
the T cells to have intrinsic mechanisms to inhibit
immune-regulatory checkpoints.

A major challenge has been the feasibility of
large-scale production of adoptive T cell products.
With improved technology methods, the produc-
tion time has decreased, with many clinical trials
reporting production times of less than 21 days.
The process of apheresis, genetic modification in a
sterile facility under good manufacturing, is a tech-
nically complex and expensive process. Many
patients have underlying T cell dysfunction from
prior therapies, and their T cells may not expand
sufficiently to meet threshold doses. Not all patients
who undergo apheresis successfully go on to
receive the intended product. Efforts to reliably
improve transduction efficiencies and enhance the
precision and reliability of gene engineering are
being explored with techniques such as CRISPR/
cas9 gene editing.

Efforts to generate off-the-shelf T cell products
are also underway. An initial patient was treated
with a CAR T cell product from an HLA-
mismatched donor that was modified to lack
surface TCR expression so as to avoid alloreactiv-
ity. We anticipate that precise gene editing
techniques, off the shelf adoptive T cell platforms,
and combinatorial therapy will all contribute to
developments that will enhance the precision,
potency, persistence, and availability of this novel
class of therapeutics.
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Introduction

Cancer immunotherapy recently gained attention
with the remarkable success of checkpoint blockade
therapy. However, only patients with specific can-
cers experience significant and durable clinical
benefits. Several molecules and cytokines have
been tested to improve the antitumor immunity
and limited clinical benefits of checkpoint blockade
therapy. Adjuvants are vaccine components that are
able to enhance antigen-specific immune responses
induced by the tumor and the tumor environment.
They augment the potency and longevity of the
antitumor immunity induced by the cancer
vaccine, since the vaccine itself is not immuno-
genic enough to overcome the immune suppres-
sion characteristics of cancer. In general, adjuvants
are divided into two categories: (1) vaccine delivery
carriers, which facilitate vaccine antigen delivery
into antigen presenting cells (APCs), and (2)
immunostimulants, which mainly activate innate
immune systems.

Ideal cancer vaccine adjuvants differ from tradi-
tional prophylactic vaccines. Cancer vaccines
typically elicit type I T helper cell (Th1) immune
responses in a tumor microenvironment composed
of immune suppressive cytokines, molecules, and

cells. Traditionally, peptide and protein vaccines
have been administered with delivery carriers such
as mineral adjuvants and oil adjuvants. With recent
advancements in identifying and understanding
the regulators and stimulators in cancer immu-
nology, various adjuvants have been used locally
and/or systemically in preclinical and clinical
studies, including cytokines, checkpoint inhibitors,
costimulatory molecules, radiation, and even
chemotherapy. In this chapter, we summarize and
discuss diverse adjuvants and cytokines to enhance
antitumor immunity in cancer immunotherapy.

Carriers

Aluminum salts have been used as adjuvants in
several prophylactic viral and bacterial vaccines
due to their capacity to enhance innate immunity
[1]. However, they are not ideal adjuvants for can-
cer vaccines since they fail to induce strong cellular
immune responses [2].

Oil adjuvants are mixtures of oil and injectable
surfactants. Oil adjuvants form a depot at the
injection sites to release antigens slowly to APCs
and protect the antigens from degradation [3].
Incomplete Freund’s adjuvant (IFA) and Montanide
ISA are the commonly used oil adjuvants. These
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adjuvants have been shown to induce cytotoxic
T cell activation in peripheral blood [4]. However,
recent preclinical and clinical studies demonstrated
that IFA induced retention and dysfunction of
antigen-specific CD8 T cells at the injection sites
with minimal interferon (IFN)-y production in
response to peptide stimulation [5, 6].

Toll-like receptors (TLRs)

The innate immune system is a first line of defense
against microbial or viral infection, especially dur-
ing the first several hours and days of the initial
exposure, before activation and expansion of
adaptive immune cells, such as B cells and T cells.
In contrast to adaptive immune cells, innate
immune cells have pattern-recognition receptors
on their membranes or in their cytoplasms to rec-
ognize pathogen-associated molecular patterns
(PAMPs) expressed by microorganisms. TLRs are
essential pattern-recognition receptors. Upon rec-
ognition of microbial PAMPs, TLR signaling results
in maturation of innate immune cells, upregulation
of major histocompatibility complex (MHC) and
costimulatory molecules (CD40, CD80, and
CD86), and enhancement of cross-presentation of
antigen, which drives the development of Thl,
Th2, or Th17 immune response [7].

BCG

Bacille Calmette-Guérin (BCQ) is a bacterial prod-
uct that activates TLR2 and TLR4 (Figure 9.1) [8].
Although both TLR2 and TLR4 stimulate dendritic
cells (DCs), they have different effects on the
immune system. TLR2 signaling is associated with
Th2 immune responses and induces tolerogenic
DCs and regulatory T cells by forming a heterodi-
mer with TLR6 [9]. Activating TLR2 through the
MyD88 pathway increases myeloid-derived
suppressor cells, enhancing the immune suppres-
sive activity and promoting growth, invasion, and
metastasis of tumors [9]. In contrast, TLR4 sig-
naling leads to interleukin (IL)-12 production,
secretion of type I interferons, and a Thl cellular
immune response [9]. BCG has been evaluated
extensively as a cancer vaccine adjuvant and has
been approved for local treatment of superficial

bladder cancer. However, several randomized

phase III studies with BCG adjuvant cancer
vaccines failed to show clinical efficacy [10, 11]. In
addition, since BCG is a live mycobacterial prod-
uct, systemic infection is a risk. This is a significant
limitation for its widespread use as an adjuvant for
cancer vaccines.

Polyinosinic-polycytidylic acid
(poly-IC)

Poly-IC, a synthetic viral dsSRNA analog, is a potent
TLR3 agonist (Figure 9.1) that induces the produc-
tion of type I interferon and IL-12 and the upregu-
lation of MHC and costimulatory molecules on
APCs, which enhances cross-presentation. Since
poly-IC is rapidly inactivated by naturally occur-
ring enzymes in the blood, it is commonly stabi-
lized with poly-lysine. The stabilized form is known
as poly-ICLC. When used as vaccine adjuvants in
preclinical studies, poly-IC and poly-ICLC were
shown to enhance DC maturation, IL-12 secretion,
and tumor-specific T cell response [12, 13]. After
intratumoral injection of poly-ICLC, tumor
inflammation followed by significant tumor regres-
sion and extended survival was reported in a
patient with advanced facial rhabdomyosarcoma
[14]. Currently, poly-ICLC is being tested in several
clinical trials for patients with melanoma, prostate
cancer, and breast cancer.

Lipopolysaccharide (LPS)

LPS, the major outer surface membrane compo-
nent of Gram-negative bacteria, is a potent stimu-
lator of TLR4 (Figure 9.1), which leads to activation
of DCs, secretion of type I interferons, and IL-12,
and induction of Thl immune response [15].
Although LPS has shown significant antitumor
effects in multiple preclinical and clinical studies
[16-18], it is considered too toxic for clinical use
because it is associated with severe toxicities,
including cytokine storm [19].

Monophosphoryl lipid A is a detoxified form of
LPS from Salmonella minnesota [20]. It is a TLR4
agonist and induces a potent Th1 cell response with
secretion of proinflammatory cytokines [21]. Due
to the strong immunostimulatory activity and the
lack of significant toxicity, monophosphoryl lipid A
is being used as an adjuvant in several ongoing
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Figure 9.1 Toll-like receptors and their ligands that have been tested preclinically and clinically.

phase III cancer vaccine trials such as MAGE-A3
vaccine and MUC-1 antigen vaccine (Stimuvax®).

Imiquimod

Imiquimod, a TLR7 agonist (Figure 9.1), is a top-
ical treatment for condylomata acuminate, actinic
keratosis, and basal cell carcinoma. TLR7 is
expressed in plasmocytoid DCs (pDCs) and to a
lesser extend in myeloid DCs (mDCs), but not in
natural killer (NK) cells or T cells [22]. Once TLR7
is activated by imiquimod, pDCs secrete IL12 and
IFN-a, which activates effector cells such as NK
cells and T cells, and enhances the expression of
costimulatory molecules and the antigen-presenting
ability by upregulating MHC class I and II on pDCs
[23]. In addition, imiquimod treatment directly
activates pDCs tumoricidal activity by upregulat-
ing TRAIL, granzyme, and perforin [23]. The
immunoadjuvant activity of imiquimod was evalu-
ated in metastatic melanoma patients treated with
an FMS-like tyrosine kinase 3 (FlIt3) ligand and
peptide vaccines [24]. In the study, topical imiqui-
mod induced more frequent cutaneous reactions to

peptide vaccination and more frequent circulating
peptide-specific CD8 T cells than controls. Several
case reports and case series reports have demon-
strated successful treatment of mucosal melanoma
and metastatic skin disease of breast cancer with
topical imiquimod [25, 26]. In a small prospective
study, topical application of imiquimod showed
two partial responses (20%) without grade 3/4 tox-
icities in patients with skin metastasis of breast
cancer [27]. Another pilot study of the NY-ESO-1
peptide vaccine combined with imiquimod as a
vaccine adjuvant has shown an excellent safety pro-
file of topical imiquimod and successful humoral-
and cellular-NY-ESO-1 specific immune responses
in patients with resected melanoma [28].

Resiquimod

Resiquimod stimulates TLR8 as well as TLR7
(Figure 9.1). TLR8 is phylogenetically similar to
TLR7 and is expressed in monocytes, neutrophils,
and myeloid DCs, but not in pDCs. In pDCs TLR8
partially complements expression of TLR7 [23, 29].
While the TLR7 pathway is associated with
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activation of pDCs and secretion of IFN-a, TLR8
stimulation activates mDCs and secretion of IL-12
[30]. Similar to imiquimod, resiquimod induces
secretion of IFN-o, tumor necrosis factor o
(TNF-a), IL-6, and IL-12; upregulation of costimu-
latory molecule expression on DCs; enhancement
of cross-presentation of DCs; and activation of
cytotoxic T cells [9]. Resiquimod has been evalu-
ated as an immunologic adjuvant for the NY-
ESO-1 protein vaccine in combination with
montanide in patients with resected, high-risk mel-
anoma [31]. Although topical resiquimod with
montanide induced both antibody-and CD4 T cell-
responses to NY-ESO-1 in the majority of patients,
NY-ESO-1-specific CD8 T cell responses were
detected in only 3 of 12 patients [31].

CpG

CpG oligodeoxynucleotides are among the most
potent cellular immune adjuvants to stimulate
TLRO (Figure 9.1). TLR9 is expressed primarily in
pDCs and B cells [32]. TLR9 can induce both
strong cellular and humoral immune responses by
activating pDCs and memory B cells [32]. A
number of preclinical studies have demonstrated
that CpG can enhance tumor-antigen-specific
immune responses against coadministered cancer
vaccines with a significant decrease in tumor
burden [32]. Given the immunostimulatory
activity of CpG in murine studies, CpG has been
studied extensively in multiple clinical studies.
Continuous intratumoral CpG infusion as a single
agent was evaluated in patients with recurrent glio-
blastoma in phase I and II studies [33, 34]. In these
studies, CpG was well tolerated with mild fever and
transient neurological worsening. Although they
were small and uncontrolled studies, one-year
survival rates of CpG-treated patients (24%) were
higher than historic controls (15%). A phase I
study of melanoma peptide vaccines in combination
with CpG and IFA showed that the frequency of
circulating-tumor-specific T cells in patients who
received the peptide vaccine with CpG was 10
times higher than in patients who were vaccinated
with IFA [35]. In addition, type I cytokine produc-
tion (IFN-y, TNF-a, and IL-2) and the expression
of CD107a (degranulation marker) were increased
up to 10-fold in CpG-vaccinated patients compared

to these in patients receiving the same vaccine lack-
ing CpG. In another clinical study, metastatic mel-
anoma patients were treated with a multiepitope
peptide vaccine including MART-1, gp100, and
tyrosinase in montanide with CpG, IFA, and GM-
CSF [36]. The treatment was well tolerated without
significant toxicities; 10% (2 patients) had objective
response rates, and 48% (10) of disease control
rates were observed with median progression-free
survival (PFS) of 1.9months. The median overall
survival (OS) was 13.4 at a median follow-up of
7.4 months.

CpG was incorporated in the immunogenic
virus-like nanoparticle and Melan-A/MART-1 pep-
tide (MelQbG10 vaccine) to enhance the antitumor
immunity in several clinical studies. In a phase II
study, 7 patients with resected undetectable mela-
noma and 15 with detectable metastatic melanoma
were treated with MelQbG10 [37]. The vaccine was
safe and generated detectable Melan-A/MART-1-
specific T cell responses such as degranulation and
production of IL-2, IFN-y, and TNF-a in
14 patients (66%). Among the 14 evaluable patients
with targetable disease, 1 had a partial response
and 1 had stable disease. MelQbG10 in combination
with IFA and/or topical imiquimod was also tested
in patients with metastatic melanoma [38]. While
MelQbG10 plus IFA induced a high frequency of T
cells with predominant effector memory cells, the
combination of MelQbG10 with imiquimod gener-
ated higher proportion of central memory cells
with increased CD127* T cells. In the study,
objective response was not observed. CpG was also
evaluated as an immunostimulant in a phase I
study of Wilms’ tumor 1 peptide vaccine emulsified
with IFA [39]. A total of 28 patients with refractory
solid malignancy were treated with vaccine alone,
vaccine plus GM-CSE, or vaccine plus CpG. The
treatment was well tolerated without significant
toxicities, and results in disease control rates of
vaccine alone (n=10), vaccine plus GM-CSF
(n=8), and vaccine plus CpG (n=10) in the initial
two months were 20%, 25%, and 60%, respectively.

Checkpoint inhibitors

Immune checkpoint inhibitors such as anti-
CTLA-4/PD-1 have demonstrated remarkable
clinical efficacy as a single agent for melanoma,
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non-small-cell lung cancer, and renal cell carci-
noma. In several preclinical and clinical studies,
these checkpoint inhibitors were used with cancer
vaccines to enhance antitumor immunity. Since
most of the studies with checkpoint inhibitors are
extensively described in the accompanying chap-
ters of this book, here we only discuss representa-
tive clinical studies briefly.

Ipilimumab (anti-CTLA-4)

In a phase III study, previously treated patients
with advanced melanoma were randomized to
receive gp100 vaccine, ipilimumab, or ipilimumab
plus gpl00 vaccine [40]. The objective response
rate and median OS were 10.9% and 10.1 months
for ipilimumab and 5.7% and 10.0 months for ipili-
mumab with gp100. Long-term survival data of
the study showed survival rates at 2 and 3 years
were 25% and 25% with ipilimumab alone and
19% and 15% with ipilimumab plus gp100 [41].
However, ipilimumab plus gpl100 demonstrated
shorter PFS (hazard ratio with ipilimumab plus
gpl00, 1.25; p=.04) and lower survival rates at 2
and 3 years than ipilimumab alone. Ipilimumab
was also combined with PROSTVAC, recombinant
poxviruses expressing PSA and TRICOM (LFA-3,
ICAM-1, and B7.1), in a phase I study [42].
Patients with castration-resistant metastatic
prostate cancer were treated with PROSTVAC plus
escalating doses of ipilimumab. The median OS
was 31.3months for all dose cohorts and
37.2months for highest dose (10 mg/kg), and 20%
of patients at 10 mg/kg of ipilimumab were alive at
80 months.

Nivolumab (anti-PD-1)

In a phase I study, patients with ipilimumab-naive
or refractory advanced melanoma were treated
with nivolumab plus multipeptide (gp100,
MART-1, NY-ESO-1) vaccine emulsified in IFA
[43]. The treatment was well tolerated and safe.
Objective response rates were 24% (8 patients) for
ipilimumab-naive patients treated with nivolumab
plus vaccine. Among ipilimumab refractory
patients, 4 patients (27%) treated with nivolumab
plus vaccine had objective response and 10 patients
(26%) with nivolumab alone had objective
response. Nivolumab with multipeptide vaccine
was also studied as an adjuvant treatment in

patients with resected stage IIIC or IV melanoma
[44]. The treatment was well tolerated. At a median
follow-up of 32.1 months, the estimated median
PFS was 47.1 months, and the median OS was not
reached.

Costimulatory molecules

Costimulatory molecules can potentiate antitumor
immunity by directly targeting T cells. Thus,
interest in the use of costimulatory molecules as
immunoadjuvants is emerging.

CD28

CD28 is constitutively expressed on resting naive T
cells, and the ligation of CD28 by CD80 or CD86
results in the induction of Th1 and Th2 type cyto-
kines, the expansion of T cells, and the increased
resistance to apoptosis of T cells by upregulating
antiapoptotic protein, Bcl-xL [45]. In a phase I
study of TGN1412 (superagonist anti-CD28 anti-
body), which activates T cells without TCR engage-
ment, all 6 healthy volunteers who received the
antibody developed nearly fatal systemic
inflammatory syndromes with multiorgan failure
[46]. Due to the serious adverse events, use of the
CD28 agonist is discouraged.

4-1BB

4-1BB (CD137) is expressed on activated T cells,
activated NK cells, DCs, B cells, and myeloid cells,
and the ligation of 4-1BB by the 4-1BB ligand on
APCsleads to T cell proliferation, IL-2 production,
granzyme B and perforin expression, and T cell
longevity [47]. 4-1BB costimulation is essential for
expansion of memory CD8 T cells, and is better
than CD28 costimulation for the generation of
cytotoxic T cells and enhancement of cytolytic
activity [48]. Agonist anti-4-1BB antibodies have
paradoxical immunosuppressive activity by
depleting immune cells, including B, NK, and CD4
T cells, and upregulating indolemamine dioxygen-
ase [49, 50]. In addition, several preclinical studies
demonstrated that stimulation of 4-1BB suppressed
the progression of autoimmune diseases [49, 51].
Interestingly, the combination of anti-CTLA-4 and
agonist anti-4-1BB antibodies enhanced antitumor
immunity while reducing anti-CTLA-4-treatment-
related autoimmune disease by increasing the
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function of Tregs in mice [52]. Despite the immu-
nosuppressive activity, 4-1BB costimulation is
emerging as an attractive target for cancer immu-
notherapy due to the critical role of 4-1BB in the
expansion and cytolytic function of memory CD8
T cells and the potent antitumor activity of agonist
anti-4-1BB antibodies in murine studies [50, 52].
In preclinical studies, an agonist anti-4-1BB anti-
body with peptide tumor vaccine or DC vaccine is
able to regress established, poorly immunogenic
tumors by polarizing the T cell response toward a
type 1, increasing survival and proliferation of
activated T cells, and activating NK cells [53, 54].
In addition, another preclinical study demon-
strated an agonist anti-4-1BB antibody with a pep-
tide vaccine and CpG-induced eradiation of
established melanoma by generating antigen-
specific cytotoxic T cells and their subsequent infil-
tration into the tumor sites [55]. There are several
ongoing clinical trials with agonist anti-4-1BB anti-
bodies, including urelumab and PF-05082566,
though one of clinical studies with urelumab was
terminated due to unusually high incidence of
grade 4 hepatic toxicities [56].

0Xx40

0OX40 is a member of tumor necrosis factor
receptor (TNFR) family expressed on activated T
cells. Engagement of OX40 by its ligand, OX40L,
expressed on activated APCs promotes survival
and expansion of T cells by enhancing expres-
sion of prosurvival molecules and production of
cytokines [57]. OX40 is also expressed constitu-
tively in mice Tregs, whereas OX40 expression is
upregulated upon activation in human Tregs
[57]. An agonistic anti-OX40 antibody alone
showed eradication of immunogenic tumors in
mice, though OX40 monotherapy failed to show
antitumor activity in poorly immunogenic
tumors such as B16 melanoma [58]. Studies of
OX40 agonists in combination with cancer
vaccines demonstrated an improvement of esta-
blished tumor control by enhancing prolifera-
tion and survival of effector T cells [59], reducing
Tregs frequency, and inhibiting immune sup-
pressive Treg function [60, 61]. In addition,
OX40 stimulation induces unique CD4 T cells,
which have tumoricidal function [62]. The first
clinical study with a mouse IgGl anti-human

0X40 antibody showed acceptable toxicity pro-
tile without any objective responses [63]. Clinical
trials with agonistic anti-OX40 antibodies are
ongoing.

Glucocorticoid-induced TNFR-
related protein (GITR)

GITR is expressed at low levels on resting T cells,
and the expression of GITR is upregulated 24-72
hours after stimulation [64]. In contrast, Tregs
constitutively express GITR. GITR ligation by
the GITR ligand (GITRL), which is expressed on
activated APCs, leads to the enhancement of T
cell proliferation and effector function by upreg-
ulating CD25, IL-2, and IFN-v, and protecting T
cells from activation-induced cell death [65].
GITR ligation also disrupts tolerance to self and
tumor antigens by abrogating Treg-mediated
suppression [66, 67]. In multiple mouse tumor
models including sarcoma, CT26, and small B16
tumors, stimulation of GITR using an agonist
antimouse GITR antibody (DTA-1) has been
shown to regress established tumors and protect
mice from tumor rechallenge with long-lasting
memory T cells [68-70]. DTA-1 treatment with
DNA vaccination enhanced tumor-antigen-
specific CD8 T cell response and survival and
increased recall CD8 T cell response to a booster
vaccination [71]. T cell vaccination combined
with DTA-1 resulted in complete and permanent
eradication of HPV oncogene-expressing tumors
(TC1) compared to other combinations such as
imiquimod, anti-CD4, and IFN-a [72]. The mel-
anoma DC vaccine in combination with DCs
transfected with mRNA encoding anti-CTLA-4
and agonistic anti-GITR antibodies improved
antitumor immunity and survival of melanoma-
bearing mice [73]. Currently, several clinical
studies with a humanized agonist anti-GITR
antibody and GITRL-expressing DCs plus a DC
tumor vaccine are ongoing.

CD27

In contrast to other costimulatory molecules,
CD27 is constitutively expressed on naive T cells
and Tregs, and its expression is upregulated upon
activation [74]. CD70, the ligand for CD27, is
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transiently expressed on activated APCs and T
cells. CD27 ligation by CD70 enhances prolifera-
tion, survival, and effector function of T cell and
generation of memory T cells [75]. Constitutive
expression of CD70 on several tumors including
renal cell carcinoma, lymphoma, and head and
neck cancer has been reported [76], and interac-
tion of CD27 on effector cells with CD70 on
tumors enhances NK-cell- and T-cell-mediated
tumor rejection by perforin- and IFN-y-dependent
mechanisms in a CD70-expressing murine lym-
phoma model [77]. CD27 stimulation by an ago-
nistic CD27 antibody is able to protect against
lymphoma even without a DC maturation signal
in a preclinical study [78]. However, CD27 stimu-
lation has been reported to induce T «cell
dysfunction in chronic viral infection with pro-
longed expression of CD70 [79] and promote
tumor progression with an increase in the fre-
quency of Tregs in the tumor environment and
tumor-draining lymph nodes [80]. Since CD27
signals can induce both antitumor immunity and
immunosuppression, likely depending on the
environment where the CD27 stimulation signals
are delivered and the duration of CD27 stimula-
tion, a precise stimulation of CD27 may be
required to enhance antitumor immunity.
Currently, varlilumab (fully humanized agonistic
CD27 antibody) is being evaluated in several phase
I studies, including a combination study with
ONT-10 (MUCI1 peptide vaccine) in patients with
advanced breast or ovarian cancer.

CD40

CD40 is expressed on APCs including DCs and
macrophages. CD40 interactions with its ligand
(CDA40L), which is mainly expressed on activated
CD4 T cells, results in the activation and matura-
tion of APCs with subsequent upregulation of
costimulatory molecules (CD70, CD80, and CD86)
as well as tumor necrosis factor superfamily mem-
bers such as 4-1BBL, OX40L, and GITRL [81].
CD40 ligation also induces secretion of proinflam-
matory cytokines including IL-1p, IL-6, and IL-12
by DCs [82]. This process enhances the T cell
activation and differentiation of naive CD4 and
CD8 T cells into helper T cells and cytotoxic T cells,
respectively [81]. In addition, the proinflammatory

cytokines secreted by activated DCs activate NK
cells indirectly [83]. CD40 expression has been
reported for several tumor cells such as B cell lym-
phoma, melanoma, and renal cell carcinoma, and
CD40 ligation on tumor cells results in the recruit-
ment of immune effector cells with tumoricidal
effects into the tumor microenvironment by upreg-
ulated expression of ICAM-1 and Fas and secretion
of IL-6, IL-8, GM-CSE, and TNF-a [84]. CD40
ligation of tumor cells also induces growth arrest
by inhibiting entry into the S-phase [84].

An agonist CD40 antibody enhances the effi-
cacy of peptide cancer vaccines, converts
peripheral cytotoxic T cell tolerance induced by
minimal epitope vaccine, and augments antitu-
mor vaccine efficacy in tumor-bearing mice [85].
Several CD40 agonists, including agonistic CD40
antibodies and recombinant CD40L, have been
tested in clinical trials. A phase I study of
recombinant human CD40L in patients with solid
tumor or high-grade non-Hodgkin lymphoma
(NHL) showed a 6% (2 patients) objective
response rate with one long-term complete remis-
sion [86]. The CP-870,893 agonistic CD40
antibody was evaluated in patients with advanced
solid tumors [87]. In the study, 29 patients
received single-dose treatment, and 4 patients
(14%) with melanoma had objective responses.
However, a subsequent study of CP-870,893
administered weekly failed to show any objective
responses [88].

Dacetuzumab is another humanized agonistic
CD40 antibody and is a weaker agonist than
CP-870,893. Dacetuzumab monotherapy showed
12% (6 patients) objective response rates with
manageable toxicity profiles in patients with
refractory or recurrent NHL [89]. Several clinical
trials of agonistic CD40 antibodies in combination
with other therapies are underway.

Cytokines

The initial clinical success with IFN-« and IL-2 in
renal cell carcinoma and melanoma attracted
interest in the application of cytokines for cancer
therapy. Although cytokines play an important role
in developing innate and adaptive immune
response, in certain environments they can
enhance tumor growth instead of suppressing
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tumors. The biological relevance and clinical
outcomes of extensively studied cytokines is
reviewed below.

Interferon-o

IFN-a enhances maturation and cross-presenta-
tion of DCs and cytotoxicity and survival of NK
cells. It also generates cytotoxic T cells and memory
T cells. In addition, IFN-a has direct antitumor
activity by upregulating MHC class I molecules on
tumor cells, promoting tumor cell apoptosis and
antiangiogenic effects on tumor neovasculature
[90]. In initial clinical studies, single agent of IFN-a
demonstrated approximately 16% of overall
response rates in advanced melanoma patients [90,
91]. However, subsequent studies of IFN-a failed to
show clinical efficacy in advanced melanoma [92].
In contrast to metastatic disease, IFN-o has proved
clinical efficacy in patients with resected high-risk
melanoma. In a randomized controlled study, 287
patients with resected stage IIb or stage III were
randomly assigned to 1 year of high-dose IFN-a or
close observation. At a median follow-up of
6.9 years, IFN-a prolonged the relapse-free survival
(RFS) (median RFS: 1.7 vs 1 year, p=.0023) and
overall survival (median OS: 3.8 vs 2.8years,
p=.0237) compared with controls [93]. Subsequent
long-term follow-up data confirmed RFS benefit
from IFN-a but did not demonstrate OS benefit
[94]. Pegylated (PEG) IFN-o, which maintains
maximum exposure to IFN-a with less frequent
administration, was evaluated in a phase III trial
[95, 96]. In the study, 1256 patients with resected
stage III melanoma were randomly assigned to
PEG IFN-a or observation. At a median follow-up

of 7.6 years, the 7-year RFS rate was 39.1% vs 34.6%
(p=.055) without any OS difference. Both IFN-a
and PEG IFN-a have been approved as adjuvant
therapy for patients with resected high-risk mela-
noma. IFN-a has been studied as a cancer vaccine
adjuvant in several clinical studies since it can act
as a bridge between the innate and acquired
immune systems. In a pilot phase I-II study of
MART-1 and gpl00 peptide vaccination in
combination with IFN-a, 5 patients (71.4%) with
metastatic melanoma induced high level of CD8 T
cells recognizing MART-1 and gpl00 peptides
with upregulation of CD40 and CD86 costimula-
tory molecules in monocytes [97]. IFN-a combined
with a modified vaccinia virus Ankara encoding
oncofetal antigen 5T4 (MVA-5T4/TroVax) vaccine
mounted effective 5T4 specific antibody and cel-
lular responses in metastatic renal cell carcinoma
patients [98]. However, it failed to demonstrate
clinical efficacy in a randomized phase III trial
(Table 9.1) [99].

Several phase I and II studies of a survivin (anti-
apoptotic protein) or TP53 peptide vaccine also
showed IFN-a enhanced the peptide specific cyto-
toxic T cell response in metastatic colorectal cancer,
pancreatic cancer, and urothelial cancer [100].
However, objective clinical responses were not
observed. Several clinical trials combining IFN-a
with checkpoint inhibitors as well as peptide vac-
cines are underway.

IL-2

IL-2 is a growth factor normally secreted by CD4
helper cells that can induce the expansion of T
cells, promote the growth and differentiation of

Table 9.1 Clinical efficacy data of phase Il and Ill studies of vaccine and cytokine therapy.

Treatment Hazard Ratio
Regimen n Cancer Type Setting Primary Endpoint  (95% Cl) p value Ref
MVA-5T4 plus inteferon a, 365  Metastatic renal First line Overall survival 1.07 .55 99
IL-2, or sunitinib cell carcinoma 20.1 months (0.86-1.32)
vs placebo plus inteferon a, 367 19.2 months
IL-2, or sunitinib
MVA-5T4 plus high dose IL-2 25 Metastatic renal First line Objective response 106
cell carcinoma 0%
High dose IL-2 plus GP100vs 91  Metastatic First line Objective response .03 107
high dose IL-2 alone 94 melanoma (HLA 16%, 6%

A0201)
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activated B cells, and enhance the cytotoxicity and
proliferation of NK cells [101]. It also works as an
immune suppressant by activating the proliferation
of Tregs [102] and elimination of overstimulated T
cells using Fas-mediated apoptosis in CD4 T cells
[103]. Once IL-2 binds to an IL-2 receptor, which
comprises three subunits—IL-2Ra (CD25), IL-2Rf}
(CD122), and IL-2Ry (CD132)—it releases proin-
flammatory cytokines such as TNF-a, IL-1p, IL-6,
and IFN-y [90]. Several clinical studies demon-
strated that high-dose IL-2 therapy achieved
clinical responses in 15% of patients with meta-
static melanoma or renal cell carcinoma, including
5% of complete responders [104]. The majority of
complete responders remained disease-free for
more than 10 years in long-term follow-up.
However, severe toxicities, including capillary leak
syndrome, which can cause hypotension,
pulmonary edema, and renal failure, limit its wide-
spread use.

IL-2 is also an essential component in adoptive T
cell transfer therapy using autologous ex vivo—
expanded tumor-infiltrating lymphocytes (TILs)
in patients with metastatic melanoma. Isolated
TILs from surgically resected tumor are expanded
with IL-2 ex vivo and then the expanded TILs are
infused after lymphodepletion. TIL infusion is fol-
lowed by high-dose IL-2 for proliferation and
survival of TILs. Overall, the clinical response rates
of adoptive T cell transfer therapy are 40%-50%
with durable response [105].

IL-2 has been evaluated to enhance efficacy
of cancer vaccines in patients with metastatic
melanoma and renal cell carcinoma. In a phase
IT clinical study of the Trovax (MVA-5T4)
vaccine plus IL-2, the combination treatment
was able to induce the 5T4-specific antibody
and T cell responses in metastatic renal cell car-
cinoma (Table 9.1) [106]. However, no objective
clinical responses were observed. A randomized
multicenter phase III trial of high-dose IL-2
with or without gp100 cancer vaccine in 185
metastatic melanoma patients demonstrated
that the addition of gpl00 significantly
improved overall response rate (16% vs 6%)
and progression-free survival (2.2 vs 1.6 months,
p=.008) (Table 9.1) [107]. Patients treated with
the combination therapy also showed a trend
of improved overall survival, but this did

not reach statistical significance (17.8 versus
11.1 months, p =.06).

A recent study has demonstrated that an
engineered IL-2 “superkine” has a higher binding
affinity for IL-2Rp and can activate naive T cells,
which are usually insensitive to IL-2 due to the
lack of IL-2Ra expression. IL-2 superkine
induces improved antitumor responses by
enhancing the expansion of cytotoxic T cells,
decreasing the expansion of Tregs, and reducing
pulmonary edema in comparison to IL-2. A
phase I/II study of CD122 (IL-2Rp) biased ago-
nist (NKTR-214) is recruiting patients with
metastatic solid tumor.

IL-10

IL-10 is a well-known anti-inflammatory cytokine
that inhibits CD4 T cell proliferation and Thl
immune response. Generally, IL-10 is thought to
support tumor progression. In multiple preclinical
studies, IL-10 signaling blockade plus other immu-
notherapeutic agents, such as CpG, and peptide
vaccines induced strong effector T cell responses
with tumor rejection and cytotoxic memory T cell
responses with rejection of tumor rechallenge [108,
109]. This suggests IL-10 signaling blockade can
enhance potent cytotoxic T cell responses at the
priming stage. However, there is a growing body of
evidence supporting that IL-10 induces potent
antitumor immunity. Genetic ablation of IL-10 in
mice promotes tumor development from chemical
carcinogen, growth of transplanted tumor, and
formation of metastasis with increased frequencies
of MDSCs and Tregs in the tumor microenviron-
ment and tumor draining lymph nodes [110].
While IL-10 injection before or soon after cancer
vaccine treatment induces immune suppression
and enhances tumor progression, IL-10 just after a
booster vaccination significantly enhances antitu-
mor immunity and vaccine efficacy by maintaining
the number and function of effector T cells [111].
PEG IL-10 treatment results in the rejection of
established tumors by activating and expanding
intratumoral CD8 T cells with an increase in the
expression of granzyme B and IFN-y in CD8 T cells
[112, 113]. Taken together, IL-10 may inhibit anti-
tumor immunity at the priming stage, but IL-10
signaling is essential for the activation of intratu-
moral CD8 T cells. Therefore, IL-10 needs to be
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administered at a precise time point and site to
enhance antitumor immunity and avoid immune
suppression. Currently, a phase I study of PEG-
IL-10 in patients with advanced solid tumors is
ongoing.

IL-12

IL-12 is a potent Thl cytokine that is mainly
secreted from activated APCs in response to
antigen stimulation. IL-12 induces activation and
proliferation of T cells and NK cells and enhances
their effector functions by producing IFN-y, gran-
zyme B, and perforin [114]. It also inhibits angio-
genesis, IL-4-mediated suppression of IFN-y
synthesis, and the development of TGEF-B-
dependent Treg and Thl7 development [114].
IL-12 has been shown to reduce tumor growth,
increase survival, and prevent metastasis by cyto-
toxic T cells and NK/NKT cells in a variety of
mouse tumors in a dose- and tumor model-
dependent manner [115]. IL-12 has been reported
to enhance antitumor efficacy when combined
with other therapeutic modalities such as cyto-
kines, cancer vaccines, monoclonal antibodies, and
chemotherapies in mouse tumor models. The
combination of IL-12 with other cytokines,
including IL-2, IL-7, IL-15, IL-18, IL-21, GM-CSE,
and IFN-q, is able to induce durable and effective
antitumor immunity in preclinical studies [116].
However, it was associated with a considerable
degree of toxicity due to the high level of systemic
IEN-y production.

IL-12 combined with allogenic tumor cell vacci-
nation reduced tumor incidence by 90%, and
increased survival in HER2/neu transgenic mice
[117]. In the HER2/neu-expressing murine colon
adenocarcinoma model, IL-12 enhanced antitu-
mor efficacy of trastuzumab via NK cell IFN-y
production [118]. Previously, it was believed that
chemotherapy was associated with significant
immune suppression since it induces lymphopenia
and apoptosis, which is less immunogenic cell
death than necrosis. However, recent data have
demonstrated that chemotherapy can enhance
antitumor immunity by suppressing Treg, inducing
immunologic cell death, and enhancing cross-
presentation and tumor cytoreduction [119].
Interestingly, IL-12 treatment before or at the time

of cyclophosphamide resulted in complete tumor
eradication, but not late after cyclophosphamide
treatment, which suggests the importance of tim-
ing for immunotherapy when combined with
chemotherapy [120].

The antitumor activity of IL-12 has been evalu-
ated in several clinical studies. Unfortunately,
systemic administration of IL-12 demonstrated
poor clinical response and severe adverse events,
including toxicity-related deaths even after
established maximum tolerated dose in patients
with solid tumor [121]. In contrast to solid tumors,
IL-12 demonstrated promising results in hemato-
logic malignancies. Subcutaneous or intratumoral
injection of IL-12 resulted in objective response
rates of up to 56% in patients with cutaneous T cell
lymphoma [122, 123]. Systemic IL-12 treatment
demonstrated objective response rates of 21% (6
patients) with relapsed and refractory NHL [124].
When IL-12 was combined with rituximab, the
response rates increased by up to 69% (29 patients)
in NHL [125]. Intratumoral delivery of IL-12 has
been tested to avoid severe systemic toxicities. A
local injection of plasmid DNA coding for IL-12
with electroporation demonstrated marked tumor
necrosis and lymphocyte infiltration with disease
control rates of 52% (10 patients) including two
complete responders in metastatic melanoma
[126]. A local delivery of viral vectors expressing
IL-12 was also evaluated in advanced digestive
tumors and melanoma [127, 128]. However, it
failed to show clinically significant clinical
responses. Currently, several clinical trials of
intratumoral delivery using IL-12 expressing
plasmid, biopolymer, and adenovirus vector are
underway in several solid and hematologic malig-
nancy [121].

IL-15

IL-15, a member of the family of IL-2 cytokines,
shares receptors (IL-2/IL-15Rf (CD122) and
yc(CD132)), signaling pathways, and biologic
activity with IL-2. IL-15 is produced by monocytes,
macrophages, and DCs upon stimulation with type
I interferon and TLR agonists [101]. IL-15 plays an
important role in the generation of CD8 memory
T cells and proliferation and differentiation of CD8
T cells and NK cells [101]. It increases survival of
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naive and memory CD8 T cells and NK cells by
upregulation of antiapoptotic protein Bcl-2 [129].
In contrast to IL-2, IL-15 inhibits IL-2-mediated
activation-induced cell death and has no effect on
the survival of Tregs [130]. Several preclinical
studies have demonstrated antitumor effects of
IL-15 that were mediated by enhancing the cyto-
Iytic activity and ADCC function of NK cells as
well as the cytotoxicity of tumor-antigen-specific
CD8 T cells [130]. Interestingly, IL-15 has been
reported to increase expression of PD-1 on CD8 T
cells and IL-10 secretion. Combining IL-15 with
anti-PD-L1 and anti-CTLA-4 antibodies resulted
in a significant decrease in PD-1 expression on
CD8 T cells and IL-10 secretion and prolongation
of the survival of colon-cancer-bearing mice [131].
In a phase I study of IL-15 in metastatic melanoma
or renal cell carcinoma, IL-15 treatment showed
several grade 3 toxicities, including hypotension,
thrombocytopenia, and transaminitis with no
objective responses [132]. A number of clinical
studies of IL-15 are underway.

IL-21

IL-21 is another member of the IL-2 family that
shares the yc receptor with IL-2 and IL-15. It is pre-
dominately produced by CD4 T cells and has the
capacity to regulate both innate and adoptive
immune responses. IL-21 stimulates B cells,
memory T cells, and bone marrow progenitor cells
and enhances the cytotoxicity of CD8 T cells and
NK cells [133]. It also promotes Th17 differentiation
and IL-17 production and induces apoptosis of B
cells and DCs [133]. Due to the IL-21 ability to
enhance the cytotoxicity of CD8 T cells and NK
cells, the antitumor activity of IL-21 has been eval-
uated in a number of preclinical studies. Systemic
administration of plasma DNA encoding IL-21
inhibited growth of B16 melanoma and MCA205
fibrosarcoma by enhancing cytolytic activity of NK
cells [134]. When the antitumor activity of IL-2,
IL-15, and IL-21 was compared, IL-21 was the only
cytokine to achieve durable cures in the thymoma
murine model due to increased survival of CD8
memory T cells, as well as activation and expansion
of effector T cells [135]. Combination of IL-21 with
IL-2 induced better tumor-free survival and pro-
tection from tumor rechallenge with a 2-3-fold

higher absolute number of circulating CD8
memory T cells than IL-2 or IL-21 alone in the B16
melanoma model [136]. Administration of IL-21
combined with IL-15 promoted the proliferation of
naive and memory CD8 T cells and led to significant
tumor regression of established B16 melanomas
[137]. Phase I and II studies of IL-21 in patients
with metastatic melanoma and/or renal cell carci-
noma demonstrated that IL-21 treatment was safe
and well tolerated with modest clinical response
rates (8%-22%) [138-140]. IL-21 has been
combined with other therapeutic agents for syner-
gistic antitumor effects. In a phase I trial of IL-21
with cituximab in metastatic colorectal cancer, the
treatment was well tolerated, with disease control
rate of 60% (9 patients) [141]. The combination of
IL-21 with rituximab demonstrated promising
results, with 42% of objective response rates in
refractory low-grade B cell proliferative disorders
[142]. Several trials of IL-21 with checkpoint inhib-
itors are ongoing.

Conclusion

Cancer immunotherapy has been extensively
studied since William Coley used streptococcal
organisms for the treatment of inoperable cancer
in 1891. A number of molecules and cytokines
have been tested as immunoadjuvants, and some
of them have demonstrated significant antitu-
mor activity in preclinical studies. However, only
a few of them have shown limited success in
clinical studies. Most of them have diverse
immune effects, including immunostimulation
and immunosuppression, depending on their
environments. Better understanding of innate
and adoptive immune responses in the tumor
microenvironment may help find the precise and
optimal time point, dose, and combination of
these immunoadjuvants and cytokines to maxi-
mize antitumor activity and avoid immune
suppression.
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Introduction

The immune contexture in cancer
The microenvironment of solid tumors comprises
a complex network of tumor cells, stromal cells,
lymphatic and vascular endothelial cells, extracel-
lular matrix proteins, soluble factors, and immune
cells. Many subpopulations of innate and adaptive
immune cells are found within human tumors,
including T and B lymphocytes, natural killer (NK)
cells, macrophages, and dendritic cells (DCs). The
nature, location, and functionality of tumor-
infiltrating leukocytes has been termed the
“immune contexture,” and there is a growing
appreciation that this has a significant impact on
the clinical outcome for cancer patients [1].

Certain populations of immune cells, such as
CD8" T lymphocytes and NK cells, have the
capacity to recognize and eliminate tumor cells. As
one would expect, the presence of these cells within
solid tumors generally correlates with a more
favorable prognosis [1-3]. In addition, mice with
immunodeficiencies that affect T and NK cells are
more susceptible to carcinogen-induced and
spontaneous tumors.

However, the presence of immune cells in the
tumor does not always correlate with better clinical

outcome. The situation is rather more complex
since several other types of immune cells can exert
protumor, immunosuppressive effects within the
microenvironment. T regulatory (T,,,) cells and M2
macrophages, for example, are typical immunosup-
pressive immune populations found within solid
tumors.

Ultimately, disease outcome is determined by the
complex interplay between tumor cells, tissue cells,
soluble factors within the microenvironment, and
the presence of pro- and anti-tumor components of
the immune system. One branch of immunotherapy
aims to target cancer by shifting this balance in favor
of the host immune system by modulating the migra-
tory behavior of pro- and anti-tumor immune cells.

Immune cell migration
Over the last 20 years, our understanding of the
migration of many types of immune cells has
expanded exponentially. While some aspects of the
process of tissue and tumor infiltration remain
unclear, many of the genes and mechanisms by
which the immune contexture is formed have been
unveiled.

Most immune cells originate from hematopoi-
etic stem cells in the bone marrow. The first phase
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of migration in the lifetime of an immune cell
occurs following their development, upon which
cells leave the bone marrow and enter the blood or
lymphatic circulation. T lymphocytes are the
exception to this rule, since they migrate initially to
the thymus for completion of the development pro-
cess before entry into the circulation.

Following development, the migratory behavior
of different immune cell populations varies
according to their function. Dendritic cells and
macrophages, for example, provide front-line
defense against infection and therefore migrate
directly into peripheral tissues where they patrol in
search of invading pathogens. Granulocytes, such
as neutrophils and eosinophils, circulate in the
blood until recruited to peripheral tissues upon
infection. Naive B and T lymphocytes, in contrast,
circulate between secondary lymphatic organs and
blood. This is because proper activation of the
adaptive immune system requires interaction with
other immune cell populations, a process that
occurs most efficiently when the relevant cell types
and cytokines are concentrated within specialized
regions of a lymph node. In the case of B cells,
antigen recognition is followed by interaction with
CD4" T cells and subsequent differentiation within
the lymph node. In the case of T cells, antigen

recognition with appropriate costimulation is
mediated by professional antigen-presenting cells,
such as DCs, upon arrival in tissue-draining lymph
nodes following activation in peripheral tissues.
Finally, activated T and B lymphocytes migrate out
of the lymphatic system and into sites of inflamma-
tion in peripheral tissues, where they are poised
to exert effector functions on the front line.
Figure 10.1 gives an overview of the migratory
behavior of different immune cell subtypes.

Organ-specific “area codes”

The complex movements and interactions of
leukocytes throughout the organs of the body
require exquisite regulation. Defects in these
processes can lead to autoimmunity or, conversely,
susceptibility to infection. Tissue compartments
are divided by epithelial and endothelial barriers
that restrict immune cell migration. Entry into
each tissue occurs by extravasation across the
vascular endothelial barrier, a process that is
dependent on the repertoire, abundance, and func-
tionality of homing receptors expressed on the
leukocyte cell surface, as well as the presence of
cognate receptor ligands on the endothelial cell
wall. These interactions can be considered as a
“lock and key” system: leukocyte homing receptors
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Figure 10.1 Overview of the migratory pathways of various immune cell types.



134

Immunotherapy in Translational Cancer Research

are the “keys” that allow entry to particular tissue
compartments by unlocking the endothelial barrier
when the corresponding “locks” are present. As an
example, entry of naive lymphocytes into lymph
nodes requires both the expression of the lympho-
cyte homing receptors CD62L and CCR7 and the
presence of their respective ligands, PNAd and
CCL21, on the specialized endothelial vessels that
feed the lymph node. Receptor-ligand engagement
leads, ultimately, to transendothelial extravasation.

Distinct patterns of homing receptor expression
are required for entry into each tissue. These
expression profiles are collectively described by the
hypothesis of organ-specific “area codes” In
support of this concept, a wealth of literature has
demonstrated that leukocyte migration to lymph
node, gut, or skin, for example, requires strikingly
different patterns of homing receptor expression.
Skin tropism is typically conferred by E- and
P-selectin ligands, CCR4, and/or CCR10, whereas
gut homing, in contrast, requires a4b7 integrin and
CCRO. Lymph tropism, as described above, is con-
ferred by L-selectin and CCR7. These organ-specific
area codes, combined with inflammation-induced
expression of corresponding endothelial ligands,
allows fine-tuning of leukocyte distribution such
that appropriate immune effectors migrate to
tissues where they are most needed for efficient
immunity.

Molecular mechanisms of leukocyte
migration

The vast majority of leukocyte homing receptors
belong to one of four classes: the selectin, selectin
ligand, integrin, and G-protein coupled receptor
(often chemokine receptor) families. Members of
each family play distinct roles in the cascade of
events that occur when leukocytes migrate from
one tissue compartment to another.

The selectin family comprises three highly con-
served C-type lectins, L-, P-, and E-selectin. The
selectins bind weakly to a variety of glycoprotein
ligands on the surface of other cells. L-selectin is
expressed on the surface of lymphocytes and binds
to PNAd on lymph node endothelial vessels. E- and
P-selectin, in contrast, are expressed by peripheral
tissue endothelium, generally in response to
inflammation. Leukocytes may express ligands for
E- and P-selectin that facilitate weak adhesion to

peripheral endothelium. The short-lived interac-
tions between selectins and their ligands lead to
“rolling” of leukocytes along endothelial cell beds,
the first step in the extravasation cascade.

Chemokine receptors are a diverse family of
G-protein coupled receptors expressed by leukocytes
as well as many other cells. Their chemoattractant
ligands (chemokines) are secreted and displayed
on the surface of tissue cells in order to guide
migration during homeostasis or in response to
inflammatory stimuli. Leukocyte rolling on the
endothelial cell surface allows for the binding of
chemokine receptors to chemokines, should they
be present. This interaction has diverse downstream
effects on leukocytes, including the activation of
integrin-mediated adhesion.

Integrins are a family of 24 heterodimers that
mediate firm adhesion of leukocytes to both endo-
thelial cells and components of the extracellular
matrix. Each family member comprises an alpha
and a beta subunit. The adhesive capacity of integ-
rins is regulated by alterations in conformation,
transcriptional control, and cell-surface organiza-
tion. Firm adhesion by integrins is induced upon
engagement of chemokine receptors. For T cells,
ligation of the T cell receptor also plays a central
role in modulating cellular adhesion by integrins.

Thus, leukocyte extravasation occurs by a
multistep cascade of events, beginning with selectin-
mediated rolling, followed by the triggering of
chemokine receptors which, subsequently, induces
integrin-mediated firm adhesion and extravasa-
tion. The schematic in Figure 10.2 summarizes
these steps. Finally, chemotaxis within the tissue
(interstitial migration) is much less well under-
stood but certainly involves both chemokine
receptors and integrins.

Targeting leukocyte migration by
immunotherapy

Immune cell migration in cancer:

Current knowledge and open questions
The primary objective of most immunotherapeutic
strategies, such as adoptive cell transfer and cancer
vaccines, is to efficiently induce and activate anti-
tumor immune cells such as DCs, NK cells, and T
lymphocytes. In many cases these approaches
successfully amplify tumor immune responses in
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Figure 10.2 Molecular mechanisms of leukocyte extravasa-
tion. The initial tethering of leukocytes to the vascular
endothelium is mediated by low-affinity selectin binding.
This facilitates the engagement of chemokine receptors by

patients, and yet long-lasting clinical benefit or
complete responses are reported in only a minority
of cases. One potential explanation for this discrep-
ancy is that, despite stimuli that boost the immune
response, immune cells (i) do not efficiently
interact with one another (for example, DCs and
CD8" T cells) or (ii) do not migrate to and accumu-
late within the tumor mass (for example, CD8* T
cells or NK cells). Indeed, several studies have
demonstrated that only a small fraction of ex vivo
expanded, adoptively transferred T cells actually
home to the site of the tumor [4, 5]. Hence, even
when large numbers of highly activated antitumor
immune cells are available in vivo, clinical benefit is
likely to be very limited if interaction and tumor
homing of the relevant effector cells is inefficient.
Novel approaches to immunotherapy that over-
come such immune migratory limitations are
urgently needed, and this has become an area of
intensive research over the past decade. Much of
our current understanding has come from preclin-
ical animal models, in which there is no shortage of
success stories. Some strategies are now translating

endothelial-displayed chemokines. Finally, firm adhesion
of leukocytes to the endothelial bed is mediated by
integrins. Firm adhesion allows for leukocyte diapedesis
into the interstitial space.

into the clinic, and there is great potential for

clinical development in the future.
Immunotherapies that target the migration of

immune cells can be broadly divided into the

following three categories:

1 Ex vivo modification of immune cells

2 Delivery of homing stimuli directly to the tumor
microenvironment

3 Systemic application of drugs and biologicals

Immunotherapy by ex vivo
modification of immune migration
Recent advances in both tissue culture and genetics
technologies have facilitated the isolation, expan-
sion, and modification of antitumor immune cells
for subsequent reinfusion to the host. Immune
migratory properties can be modified by various
means, such as cytokine treatment and viral trans-
duction. The latter involves the use of engineered
viruses that infect and integrate in the immune cell
genome, forcing the expression of selected genes,
such as chemokine receptors. These techniques
are particularly aimed at modifying the homing
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properties of T lymphocytes and NK cells, two
populations whose presence in human solid tumors
has been shown to correlate with enhanced
patient survival.

The efficacy of such approaches is dependent on
the identification of discrepancies between
immune cell homing receptor expression and the
presence of chemotactic ligands at the tumor site.
Several recent studies have addressed this question
for various tumor types, demonstrating that can-
cers of distinct origin display unique chemokine
secretion signatures for which antitumor immune
cells often lack the corresponding homing recep-
tors. First, human metastatic melanomas are
characterized by secretion of CXCL1 and CXCL8
[6, 7], yet the receptors for these chemokines,
CXCR1 and CXCR2, are rarely expressed on T
cells. Second, human lung tumors frequently
express CCL2 [8, 9], for which T cells generally lack
the receptor, CCR2. Finally, numerous studies have
demonstrated the expression of CXCR3 ligands
within colorectal tumors [10], as well as the impor-
tance of these ligands for NK cell recruitment to
tumors [11]. However, CXCR3 expression is
restricted to a minority of mature NK cells, unlike
activated T cells in which this receptor is broadly
expressed.

Several groups have recently developed strat-
egies to overcome these deficits. Moon et al [9]
employed a xenograft mouse model of lung cancer
in order to observe the impact of forced CCR2
expression in tumor-specific T cells on lung tumor
growth. Human malignant pleural mesothelioma
cells expressing the tumor-associated antigen
mesothelin were engrafted subcutaneously into
immunodeficient mice. Next, bulk CD4 and CD8 T
cells were isolated from human blood, stimulated,
and transduced with a lentivirus encoding a meso-
thelin-specific chimeric antigen receptor
(MesoCAR) with or without a second lentivirus
encoding the human chemokine receptor, CCR2.
Finally, transduced cells (MesoCAR or Meso
CAR-CCR2) were adoptively transferred into
tumor-bearing mice and tumor growth was moni-
tored over several weeks. T cells transduced with
both MesoCAR and CCR2 were superior to those
transduced with MesoCAR alone, both in terms of
tumor infiltration and control of tumor growth.
The schematic in Figure 10.3 illustrates the two

main branches of adoptive cell transfer: expansion
of tumor-derived lymphocytes, and genetic modi-
fication of blood-derived lymphocytes.

Studies of colorectal cancer patients have dem-
onstrated that the chemokines CXCL9 and CXCL10
are frequently present within tumors. These che-
mokines are recognized by the receptor, CXCR3,
the expression of which can be induced on subsets
of both NK and T cells. Genetic manipulation of
NK cells has proven more challenging than when
working with T lymphocytes [12]; therefore,
research has focused on alternative means of NK
cell modification. Wennerberg et al [13] have
developed a novel in vitro protocol for the expan-
sion of NK cells that induces expression levels of
CXCR3 greater than 10-fold relative to normal
activated NK cells. This specialized expansion pro-
tocol involves coculture of purified NK cells with
Epstein-Barr-transformed lymphoblastoid cells,
together with the growth cytokine interleukin-2.
Expanded NK cells were adoptively transferred
into mice bearing subcutaneous melanoma tumors
that were either CXCL10 positive or negative. NK
cells with the modified homing profile (CXCR3
positive) migrated significantly more efficiently to
CXCL10-positive tumors, resulting in a reduction
of the tumor burden and prolonged survival.

An alternative means of modifying the migra-
tory properties of NK cells is trogocytosis, a
contact-dependent process in which patches of
membrane (and the receptors contained therein)
are transferred between cells such as antigen-
presenting cells and lymphocytes [14]. Many
cancer cells metastasize initially to local lymph
nodes by gaining expression of the chemokine
receptor CCR7 [15-18]. This receptor binds the
ligands CCL19 and CCL21 that are highly expressed
in lymph nodes, but cytotoxic NK cells do not
express CCR7 and thus do not home to lymph
node metastases [19]. Thus, Somanchi et al [20]
engineered the transient expression of CCR7 on in
vitro expanded human NK cells via trogocytosis-
inducing coculture with a CCR7-expressing
leukemia cell line. Acquired CCR7 expression on
NK cells conferred enhanced migration to CCL19
and CCL21 in vitro as well as to lymph nodes in
immunodeficient mice. This methodology pres-
ents a novel means for the modification of immune
cell migration.
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transfer immunotherapy: ex vivo genetic modification of
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These studies, among others, demonstrate that
enhanced migration and tumor homing of human
immune cells can be engineered in vitro. Similar
strategies are likely applicable for the modification
of tumor-derived lymphocytes, in addition to
blood-derived cells. Such approaches hold
significant promise for the future of cancer
immunotherapy.

Immunotherapy at the tumor site

to enhance immune cell migration
Besides the direct modification of immune cells,
recent research has also focused on the delivery of
immune migratory stimuli to the tumor site—an
alternative means to a similar end. There are mul-
tiple means to deliver chemoattractants to the
tumor site, including intratumoral injection, in
vivo transfection and transduction of tumor cells,
and locally applied oncolytic viruses. Several exam-
ples of such approaches will be described in this
section.

As discussed in the previous chapter, the
CXCR3-CXCL10 axis is important for the infiltra-
tion of NK cells into subcutaneous tumors, such
that adoptive transfer of CXCR3-enriched NK cells
into tumor-bearing mice leads to longer survival.

—_—
Lymphocytes
selection and

expansion

Enhanced anti-tumor
response

Gene-modified
tumor-specific
lymphocytes

of tumor-derived lymphocytes. In both cases, reinfusion of
ex vivo modified cells may lead to enhanced antitumor
immunity.

A simple approach to this problem from a different
point of view is the injection of CXCL10 directly at
the tumor site. Wendel et al. [11] engrafted mice
subcutaneously with the lymphoma cell line RMA
mixed with recombinant CXCL10 protein. Five
days after engraftment tumors were analyzed for
NK cell infiltration and it was observed that
CXCL10 delivery to the tumor site led to a
significant increase in the number of NK cells.
Since engraftment of tumor cells mixed with
recombinant chemokine is not a realistic
therapeutic model, the authors then tested whether
they could achieve similar results by injecting
recombinant CXCL10 into established lymphoma
tumors. Indeed, intratumoral injection of this che-
mokine at regular intervals led to significantly
longer survival of tumor-bearing mice.

Numerous other groups have reported similar
findings in other models. However, it is likely that
exogenously applied chemoattractant proteins, like
CXCLI10, are rapidly degraded and diffuse widely
within the interstitial space, leading to unstable
chemotactic gradients. One study recently
addressed this question by comparing the recruit-
ment of T cells to subcutaneous tumors when
chemokines were applied by intratumoral injection,
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or by transient transfection of tumor cells with a
DNA expression vector. Briefly, the chemokine
CCL21 is known to attract both T cells and antigen-
presenting cells to subcutaneous B16 melanoma
tumors in mice [21]. Igoucheva et al. [22] con-
structed viral vectors encoding the CCL21 gene
and developed a method to introduce this plasmid
DNA directly into tumor cells in vivo by intratu-
moral injection followed by electroporation. The
phospholipid bilayer is disrupted when subjected
to an electrical pulse, leading to pore formation.
Charged molecules like DNA are then driven
within the cell due to the membrane potential and
are transiently expressed by the endogenous tran-
scription and translation machinery. Using this
approach, the authors demonstrate that in vivo
electroporation leads to CCL21 expression by
tumor cells for at least 72 hours, and to signifi-
cantly superior recruitment of both CD4 and
CD8 T cells when compared with intratumoral
injection of protein. Hence, techniques that involve
continued production of chemoattractants by
tumor cells are likely more efficient for the recruit-
ment of antitumor immune cells than direct
injection (and rapid dispersion) of chemoattrac-
tant proteins.

An alternative means of gene therapy that targets
the tumor is the use of engineered viral vectors. As
briefly discussed in the previous section, certain
viruses are highly specialized in the delivery of
genetic material to mammalian cells. Modern tech-
niques in molecular biology allow the insertion of a
gene of interest into the viral genome while main-
taining the ability of the virus to infect. Importantly,
viral components required for replication can be
removed, thus rendering viral particles that are
infective but nonreplicative, a safe system for use in
mammalian model systems and humans. Kanagawa
et al. [23] have developed an adenovirus vector
system for the delivery of chemokine genes to
tumor cells. They generated viral particles encod-
ing the chemokines CCL17, CCL19, CCL20,
CCL21, CCL22, CCL27, XCLI1, and CX3CLlI,
which are capable of infecting the murine colon
carcinoma cell line, CT26. Mice bearing subcuta-
neous tumors were treated with an adenovirus
encoding one chemokine by intratumoral injection
and tumor growth was monitored. While the
growth of tumors was comparable with controls in

mice injected with CCL19, CCL20, CCL22, or
XCL1-encoding viruses, those mice that received
CCL17, CCL21, CCL27, or CX3CLl-encoding
viruses showed significantly slower tumor growth,
and even some complete tumor regressions.
CCL17, theligand for the T cell chemokine receptor
CCR4, was the most effective chemokine for boost-
ing the antitumor immune response. Importantly,
mice that completely regressed from the initial
tumor burden were subjected to a second tumor
challenge three months later, and all mice that had
received CCL17-encoding adenovirus (AdRGD-
CCL17) were protected against rechallenge without
the need for further treatment. Histological anal-
ysis of CT26 tumors revealed that AARGD-CCL17
induced significantly greater infiltration of CD8 T
cells (but not CD4 T cells) to subcutaneous tumors.
Together these data demonstrate the efficacy of
chemoattractant gene delivery by intratumoral
injection of chemokine-encoding, replication-
incompetent viruses. In contrast with the
electroporation technique described above, viral
transduction in this model led to gene expression
by tumor cells for at least nine days and is thus
likely superior in terms of continued immune cells
recruitment.

A potential limitation of the two approaches
already described in this chapter is that immune
effector cells are only recruited to lesions that are
directly targeted by injection, leaving metastases in
other organs or less-accessible locations untreated.

Finally, gene delivery specifically to tumor cells
can be achieved with the use of oncolytic viruses
(OVs). Various OVs have been developed,
including herpes, adenoviruses, and vaccinia.
These were originally conceived as a method of
specifically inducing the lysis of tumor cells, since
viruses preferentially infect dividing cells, such as
cancer cells. Typically, this is done by systemic
infection, after which tumor cells are “specifically”
infected. There are obvious safety concerns associ-
ated with any therapy involving an infective virus,
but recent efforts have overcome many of these
issues to yield highly tumor-specific viruses with
minimal off-target infection. For example, the
deletion of essential DNA replication components
(the thymidine kinase gene, TK) from vaccinia
leads to greater dependence on host cell replica-
tion, thus reducing successful propagation within
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resting cells. Alternatively, deletion of growth
factors (such as vaccinia growth factor, VGF)
prevents the division and subsequent infection of
nearby resting cells, thus restricting infection to
actively dividing cells. Indeed, these two modi-
fications act synergistically, such that the
TK'VGF strain of vaccinia (ddVV) displays
enhanced tumor selectivity. Nonetheless, some
degree of off-target infection and replication is to
be expected with such approaches.

Li et al. [24] have recently extended the concept of
OVs, to incorporate gene delivery to tumor cells. The
authors engineered ddVV to incorporate the gene
encoding the inflammatory chemokine, CCL5
(ddCCLS5). This chemokine is recognized by several
receptors on effector T cells, including CCR1, CCR3,
and CCR5. Mice bearing subcutaneous colon adeno-
carcinomas (MC38) were systemically infected with
ddCCL5 and the tumor growth monitored. Infection
with ddCCL5 led to significantly better tumor con-
trol than ddV'V; and this correlated with much higher
recruitment of both CD4 T cells and DCs (but not
CDS8 T cells). Moreover, the effects of vvCCL5 were
synergistic when combined with another immuno-
therapeutic modality, DC vaccination. DCs were
loaded with MC38 cell lysate prior to subcutaneous
injection. This was followed by systemic infection
with ddVV or vvCCL5. The combination of DC vac-
cination and vwCCL5 induced the best tumor control,
with superior infiltration of both CD4 and CD8 T
cells as well as NK cells.

In summary, there are numerous options to
deliver immunotherapies that boost the tumor infil-
tration of immune cells by directly targeting the
tumor. Each of these has associated potential bene-
fits and safety concerns. Intratumoral injection of
either chemoattractant proteins or chemokine-
encoding vectors represent low risk strategies, but
they likely induce weaker, short-term effects.
Targeting of tumor-specific viruses by intratumoral
injection or by systemic infection are more robust
strategies that impact the immune response over a
longer period but have significant safety concerns.

Systemic application of drugs

and biologicals

The two preceding sections discussed techniques
for boosting the migration of anticancer immune
cells either by ex vivo modification or by directly

targeting the tumor microenvironment. In addition
to those strategies already discussed, there are
numerous means by which immune cell migration
can be altered using drugs and biologicals that are
applied systemically. Numerous studies have
reported effects on T cell migratory behavior
induced by therapeutics that were not originally
designed for this objective. This includes
both immunotherapeutic agents and standard
chemotherapies.

CTLA-4 is a T cell inhibitory receptor. Its
structure is similar to that of the costimulatory
molecule CD28, and both receptors share the same
ligands, CD80 and CD86, on antigen-presenting
cells. However, while CD28 engagement activates
stimulatory T cell signaling pathways, CTLA-4
engagement potently suppresses T cell immu-
nity. Thus, monoclonal antibodies against
CTLA-4, such as ipilimumab, prevent inhibitory
receptor engagement and promote T cell activation
(known as “checkpoint blockade”).

The exact mechanism by which anti-CTLA-4
antibodies boost T cell function remains a subject
of some controversy. Pentcheva-Hoang et al. [25]
recently investigated whether CTLA-4 blockade
may have any impact on T cell motility. The authors
observed that in a mouse model of melanoma,
chronic systemic treatment with anti-CTLA-4 anti-
bodies led to increased mobility of intratumoral T
cells, specific for a defined tumor antigen. This was
not the case for T cells within tumor-draining
lymph nodes. However, the mobility of T cells
within these lymph nodes was increased upon
acute treatment with anti-CTLA-4 antibodies.
Hence, despite different effects, depending on the
tissue context (lymph node or tumor), anti-
CTLA-4 treatment increased the mobility of
tumor-specific T cells in this model. Given the
established success of anti-CTLA-4 treatment of
melanoma patients, this effect likely promotes
more efficient movement of antitumor T cells bet-
ween antigen-presenting target cells. Thus, T cells
within tumors of anti-CTLA-4-treated subjects are
likely to successfully engage and lyse greater num-
bers of tumor cells.

Several chemotherapy drugs have also been
reported to affect the infiltration of T lymphocytes
into various solid tumors, including melanoma and
breast cancer [26, 27]. Two recent studies have
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investigated the basis for this phenomenon. First,
Nardin et al. [26] characterized molecular changes
within the microenvironment of human melanoma
lesions that were either refractory or responsive to
therapy with the chemotherapeutic agent dacarba-
zine. Important changes associated with clinical
response were increased infiltration of CD8 T cells
and associated genes (such as TNF), as well as
increased expression of genes associated with
extracellular matrix remodeling, such as secreted
protein acidic and rich in cysteine (SPARC). A
subsequent study by Hong et al. [28] established
that dacarbazine, as well as other chemotherapy
agents including temozolomide and cisplatin,
directly induce the expression of chemokines by
human melanoma cells. Induced chemokines
included CCL5, CXCL9, and CXCLI10. Second,
chemotherapy-induced expression of these chemo-
kines was associated with better T cell infiltration
and longer survival in melanoma patients. Thus,
chemotherapy drugs appear to contribute to tumor
control not only by blocking cell division but also
by inducing local chemokine secretion and extra-
cellular matrix remodeling that promotes immune
cell infiltration.

Migration of immune effector cells, like T and
NK cells, is an essential component of the antitu-
mor immune response. However, not all immune
cells exert antitumor effects. Indeed, many tumors
evolve to specifically recruit immune cell subsets,
such as T cells and myeloid-derived suppressor
cells (MDSCs), both of which create an immuno-
suppressive microenvironment, dampening the
effector functions of antitumor immune cells, as
well as enhancing tumor angiogenesis. The
therapeutic models discussed so far in this chapter
each aim to enhance the migration of antitumor
immune cells. In contrast, blocking the migration
of immunosuppressive cells presents an alternative
approach to boosting the anticancer response.

Two recent studies have demonstrated this con-
cept in different murine tumor models. First, Tan
et al. [29] observed that in mice with pancreatic
adenocarcinoma, the proportion of intratumoral
T, cells expressing the chemokine receptor CCR5
was significantly higher than for effector CD4 T
cells. This suggests that CCR5 may be involved in
preferential recruitment of T _ cells to this tumor
type. A small molecule 1nh1b1t0r TAK-779, which

specifically antagonizes CCR5, was given
systemically to tumor-bearing mice during the
early phase of tumor growth. This treatment
resulted in a significant decrease in the rate of
tumor growth, accompanied by a striking reduction
in the proportion of T cells infiltrating the tumor.
Second, Priceman et al. [30] performed similar
analyses in the context of MDSC infiltration of
lung and prostate tumors. In this case, a small mol-
ecule inhibitor (GW2580) of colony-stimulating
factor 1 receptor (CSF1R), a myeloid cell cytokine
receptor with an established role in the recruitment
of MDSCs to solid tumors, was given to tumor-
bearing mice by oral gavage. CSF1R inhibition
blocked the recruitment of MDSCs to tumors,
resulting in a reduction in the intratumoral blood
vessel density and expression of immunosuppres-
sive molecules. When mice bearing lung carcinoma
tumors were treated with GW2580 in combination
with an antiangiogenic therapy (anti-VEGFR-2
mADb), a synergistic inhibition of tumor growth was
observed. Hence, blockade of immunosuppressive
and proangiogenic cell recruitment to the tumor in
combination with existing therapies may hold
significant potential for cancer treatment.

Conclusions and perspectives

This chapter illustrates the broad range of immu-

notherapy strategies that impact the migratory

properties of immune cells. These approaches can
be broadly divided into three categories:

1 Ex vivo modification and reinfusion of immune
cells,

2 Delivery of chemoattractants directly to the
tumor microenvironment,

3 Treatment with systemic agents that either
enhance the recruitment of antitumor immune
cells or inhibit the recruitment of protumor
immune cells to the tumor microenvironment.
The examples cited throughout this chapter

illustrate the variety of possible approaches within

each of these three categories.

In the majority of cases, these studies were
carried out in preclinical mouse models and have
yet to be tested in the context of human clinical
trials. However, intensive efforts to bring immuno-
therapies to the clinic in recent years will certainly
facilitate the essential next steps. For example, as the
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availability of adoptive cell transfer immunotherapy

becomes increasingly widespread, so too will

opportunities to test variations of basic protocols
that incorporate genetic modification of lympho-
cytes or that induce particular cellular phenotypes.

The importance of immune cell migration, both

anti- and pro-tumorigenic, is now well established.
Immunotherapies that influence these processes
hold great promise for continued progress toward
cures for metastatic disease.
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Background

The introduction of immunotherapy revolutionized
the cancer treatment field with its potential for
intelligent fighting against a multitude of different
types of cancer. It takes advantage of immune cells
to target the tumor both by suppressing tumor
growth potential as well as by enhancing the host
immune response to combat tumor initiation and
growth. The normal function of the immune system
is to identify abnormal cells that may cause cancer
and destroy them. However, tumor cells evolve to
hide their identity and remain unnoticed by
immune cells, and this sustains their growth.
Misregulation of the immune system can also con-
tribute to tumor growth by production of ineffec-
tive T cells or by generation of suppressive regulatory
T cells (Tregs) generated by the tumors to neutralize
the host T cell defense mechanisms (M2 vs M1 etc.).

Traditional immunotherapy has yielded various
drugs that contribute to boosting the cell’s immu-
nity against tumors or to suppress the tumor’s
ability to mask the antigens and go incognito.
Several clinical trials currently underway have
employed drugs that target the immune system
with positive outcomes, but improvement is needed
to make this approach more successful [1-3].

Adoptive cell therapy (ACT), in which the
patient’s own lymphocytes are collected from var-
ious tissues, expanded ex vivo and delivered back to
the same patient, has seen dramatic induction of
responses [4, 5]. T cells engineered to include anti-
body function and T cell-like recognition (CAR T
cells), have been investigated in clinical trials and
appear to have promise in melanoma, sarcoma,
B-cell malignancies, and neuroblastoma [6-11].

Another aspect of immunotherapy with clinical
promise is checkpoint blockade. This refers to the
brake normally employed to prevent runaway
immune responses but is hijacked by cancer cells
in order to block their immune-mediated cytolysis
[12]. Natural killer (NK) cells have also been
investigated, with modest clinical success, follow-
ing exciting results in preclinical studies [13].

Thus, despite their potential, each of these
approaches has limitations, but combination
therapy may circumvent these issues [14].
Repurposing or repositioning of orphan drugs, or
clinically applicable agents, with immunotherapy
could be a powerful tool to address this problem.
This would reduce the cost of and the need for
expensive testing that goes along with a new drug
identification.
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This review will focus on known epigenetic
drugs, such as DNA methylation inhibitors,
histone deacetylase inhibitors, nonsteroidal anti-
inflammatory drugs, and chemotherapy/DNA
intercalating drugs that have found new immune
modulating functions and their repurposing
towards more efficient cancer therapy.

DNMT inhibitors (Figure 11.1)

Historically, accumulation of mutations in tumor
suppressors and oncogenes was thought of as a
major cause of cancer initiation and progression
[15]. Work from numerous groups has clearly
shown that changes in chromatin architecture
contribute to pathogenic states including cancer
[16]. DNA methylation is one of the most studied
modifications in mammalian cells. In normal
cells DNA methylation, in coordination with
other events such as histone modifications, is
necessary for proper regulation of gene expres-
sion [17]. Carcinogenesis is associated with global

DNA hypomethylation, leading to genomic insta-
bility, reactivation of transposons, and improper
imprinting [18, 19]. On the other hand, hyper-
methylation of DNA is seen in a more targeted
fashion at promoter regions of tumor suppressor
genes, leading to their aberrant silencing and
to the promotion of cancer growth [18].
Methylation on DNA is brought about by three
different DNA methyl transferases (DNMTs):
DNMT1, DNMT3A, and DNMT3B, which bind
to and methylate cytosine at CpG islands. The
DNMT inhibitors (DNMTTIs), azacytidine (AZA)
and decitabine (DAC), are prodrugs, a ribonucle-
oside and a deoxyribonucleoside, respectively,
that incorporate as azacytosine-guanine pairs
into DNA and trap DNMTs to form covalently
linked adducts that cause cytotoxicity. They also
elicit a DNA damage response to promote degra-
dation of DNMTs and reactivate gene expression
[20]. AZA and DAC have been successfully used
in clinical trials for myelodysplastic syndrome,
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Figure 11.1 Pictorial representation of DNMTIs’ and
HDACIs' influence on immune cells and the tumor cell.
DNMTIs and HDACIs increase MHC and antigen presenta-
tion in the tumor, making it more visible to T cells, and

) MIC A/B (stress ligands)

enhance cytotoxic effects of T cells and NK cells towards
the tumor. HDACIs also efficiently downregulate cytokine
release and decrease FOXP3 levels in Tregs.
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acute myeloid leukemia, and chronic myelo-
monocytic leukemia [21].

AZA and DAC have been largely evaluated in
the context of reactivating tumor suppressor genes
in cancer cells. However, recent reports have sug-
gested that these drugs may have potential for
combination with immunotherapy because of their
ability to modulate antigen expression on tumors
and their presentation by major histocompatibility
complex class I (MHC-I), which can impact their
recognition by immune cells [22-24]. Of particular
interest to this review is a class of molecules called
cancer testis antigens, which are uniquely expressed
in neoplastic cells and increase the visibility of
tumor cells to cytotoxic T lymphocytes (CTLs)
[25]. Examples of cancer testis antigens include
NY-ESO1, nuclear RNA export factor (NXF2),
synovial sarcoma X chromosome (SSX-2), prefer-
entially expressed antigen in melanoma (PRAME),
and melanoma-associated antigens (MAGE 1, 2, 3,
and 4) that are downregulated in cancer cells. AZA
has shown ability to upregulate expression of
PRAME and SSX-2 and improve the lytic activity
of CTLs against melanoma and myeloma cells in
vitro. This was also observed in melanoma and
myeloma patients treated with AZA [26]. In mela-
noma cells AZA not only increased MHC-I
expression but also facilitated antigen presentation
by MHCs to T cells by activating intercellular adhe-
sion molecule 1 (ICAM-1) expression. ICAM-1 is
important for cell-cell interaction and transmigra-
tion of monocytes for tumor infiltration. The
increased expression of ICAM-1 was also seen in
renal cell carcinoma lines. [27, 28]. Subsequently,
other studies in chronic lymphocytic leukemia and
acute myeloid leukemia showed similar effects of
AZA on MHC-I expression and cancer testis
antigen expression. Specifically, AZA treatment of
chronic lymphocytic leukemia cell lines and
patient-derived cells caused de novo expression of
NY-ESO1, NXF2, and SSX-2, while elevated con-
stitutive expression of MAGE-1, -2, and -4 were
observed. In acute myeloid leukemia cell lines,
expression of SSX-2 and PRAME were elevated.
[26, 29]. DNMTIs are also able to influence tumor
recognition by immune cells. MICA and MICB are
stress response ligands expressed on tumor cells,
which are recognized and bound by NK group
cells member D (NKGD2) receptor present on NK

cells and activated CD8 cells [19, 30]. DAC alone
increased the expression of MICB in embryonic
kidney cells (HEK293T cells), whereas in comb-
ination with the histone deacetylase inhibitor
valproic acid, it upregulated MICA levels in
myeloma cells [19, 30, 31].

Other studies have identified AZA- and DAC-
dependent effects on immune cell activity, ranging
from increased cytokine production by effector
immune cells to enhanced immune infiltration of
tumors and regulatory immune cells such as Tregs
and myeloid-derived suppressive cells (MDSCs)
[22-24]. Cytokines such as interferon gamma
(IFNY), tumor necrosis factor alpha (TNFa), and
interleukin-2 (IL-2) regulate cytotoxic CD8 T cell
activity. The levels of these cytokines were elevated
following AZA or DAC treatment and were associ-
ated with superior cytolysis of ovarian and
melanoma cells [23, 24, 32, 33]. Interestingly, this
effect was specific to naive CD8 T cells [34].
Production of IFNy by T cells is tightly controlled
by DNA methylation of CpG islands at its pro-
moter, and DNA demethylation of the gene and its
re-expression were shown to precede the activation
of CD8 T cells. In mouse models of ovarian cancer,
DAC treatment was associated with increased
IFNy and TNFa production by NK cells and either
IFNy or TNFo by CD8 T cells resulting in extended
survival in mice bearing ovarian cancer [24].
Expression of the proinflammatory cytokine inter-
leukin-17 (IL-17) is also regulated by DNA
methylation, and consistent with this, an increase
in its expression was seen in T-helper (Th) cells
following treatment of peripheral blood mononu-
clear cells with AZA [35]. In patients with
myelodysplastic syndrome (MDS), upregulated
expression of IL-17 was noted upon treatment of
CD4 T cells with AZA in vitro [36]. DAC also
caused an increase in polarization towards a more
Th1 phenotype and increased lytic activity, which
correlated with increased demethylation of IL-17
and enhanced IL-17 production [37]. In a separate
study, AZA treatment of CD4 T cells isolated from
patients with MDS revealed similar increase in
polarization towards the Thl phenotype, which
correlated with improved therapeutic response.
[38]. DAC and AZA-mediated increase in IFNy
production resulted in increased NK cytolytic
activity in vitro [39]. In an ovarian cancer mouse
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model, Wang et al. demonstrated that DAC induced
higher numbers of infiltrating NK cells and CD8
T cells [24]. The expression of killer immuno-
globulin-like receptors (KIRs) is regulated by DNA
methylation, and its expression on NK cells
is necessary for tumor recognition. KIR expression
is downregulated in cancers and DAC has
shown ability to increase KIR expression, thereby
improving recognition of tumor cells by NK
cells. [40].

Dampening of immune responses requires the
activity of Tregs and MDSCs, which suppress
antigen presentation and inhibit cytokine produc-
tion. Blocking the unregulated activity of these
cells is being explored as an alternate approach to
improve immunotherapy. In a preclinical study of
ovarian cancer and myeloma, AZA and DAC
decreased proliferation of MDSCs, induced their
differentiation, and finally inhibited their ability to
infiltrate tumors [24, 41, 42]. These studies provide
preclinical evidence in support of DNMTIs for
combination with immunotherapy.

DAC and AZA, marketed under the trade names
Vidaza (Celgene, 2004-FDA approved) and
Dacogen (Eisai), respectively, are currently
approved for the treatment of patients with all sub-
types of MDS. In one of the first clinical studies to
explore the use of these agents in an immuno-
modulatory capacity, patients with MDS were
administered Vidaza subcutaneously at a dose of
75mg/m?*/day for 7 days every 28 days. Peripheral
blood from patients was collected and percentages
and absolute numbers of Tregs were calculated.
Vidaza administration correlated with a decline in
proliferation of Tregs associated with downregula-
tion of FOXP3 expression and an increase in IL-17
expression. The latter also indicated a shift away
from the classic Treg phenotype and therefore a
possible relief from immunosuppression [38]. In
a separate phase I/II trial, the use of low-dose
Dacogen, either alone or mixed with a dose of
approved chemotherapy drugs (R-COP, CHOP,
COP or R-GEMOX) or low dose Dacogen followed
by infusion of cytokine-induced killer cells was
tested in patients with 14 different malignancies.
[43]. A significant improvement in progression-
free survival was noted in patients receiving cellular
therapy in combination with low-dose Dacogen
compared to the cohort receiving low-dose

Dacogen alone with or without chemotherapy [43].
These findings suggest that low-dose DAC might
have an effect on cytokine-induced killer cells. In a
phase I trial of pediatric patients with relapsed neu-
roblastoma and sarcoma, the combination of
Dacogen with DC peptide vaccine against the can-
cer testis antigens MAGE-Al, MAGE-A3, and
NY-ESO1 was evaluated [44]. Peripheral blood was
collected pre- and posttreatment and the number
of activated T cells to peptide ratio was measured
by flow cytometry. Two of the 10 patients showed
an increase in CD4 and CD8 recruitment/response.
Interestingly, 1 of these patients remained disease
free for two years post therapy, although the other
relapsed within 10 months [44]. A growing body of
data emerging from laboratory studies suggests a
tremendous potential for the combined use of epi-
genetic modulators with immunotherapy, and
several clinical trials are underway in the United
States, Canada, and Europe to examine if epige-
netic drugs can enhance the efficacy of checkpoint
inhibitors in solid tumors [45]. However, the
downside to combining two drugs is that they each
come with their own side effects and in combination
may result in serious side effects in patients. [46].
Epigenetic drugs like DNMTIs generally show an
increase in white blood cells, but immunotherapy
drugs blocking checkpoint inhibitors, like ipilim-
umab, overstimulate the immune system and
trigger an auto immune response that targets
cancer and normal cells [45].

HDAC inhibitors (Figure 11.1

and Table 11.1)

The most intensely studied epigenetic modification
is DNA methylation. However, the diversity of
modifications that occur on histones is signifi-
cantly larger and can increase or decrease the
accessibility of DNA to various transcription
complexes by changing chromatin architecture.
Histone acetylation is an important modification
catalyzed by a class of enzymes called histone acetyl
transferases, leading to chromatin decompaction
and upregulation of transcription [47]. The activity
of histone acetyl transferases is countered by his-
tone deacetylases (HDACs), which remove acetyl
groups from histones and cause chromatin com-
paction and repression of gene expression [48].
HDACs are a family of zinc-containing enzymes



Table 11.1 Recent clinical trials with histone deacetylase (HDAC) inhibitors.

Panobinostat (LBH-589)

Belinostat (PXD101)

Entinostat (MS275)
Mocetinostat (MGCD01030)
Givinostat (ITF2357)
Pracinostat (SB939)
Quisinostat (JNJ-26481585)
Abexinostat (PCI-24781)

Pan HDACs

HDACT, HDAC2, HDAC6

HDACT, HDAC2, HDAC3

HDACT, HDAC2, HDAC3

HDAC1, HDAC2, HDAC3, HDAC4, HDACS5, HDAC7, HDAC9
HDAC1, HDAC2, HDAC3, HDAC4, HDACS, HDAC7, HDACY, HDAc6
HDAC1, HDAC2, HDAC3, HDAC4, HDACS5, HDAC7, HDAC9
HDAC1, HDAC2, HDAC3, HDAC6, HDAC10

Phase Il

Phase Il

Phase Il
Phase Il
Phase Il
Phase Il
Phase Il
Phase Il

Cutaneous T cell lymphoma

Thymoma

Melanoma

B-cell malignancies
Myeloproliferative neoplasms
Prostate cancer

Cutaneous T cell lymphoma
B cell ymphoma

Duvic et al. (2013)
NCT00425555
Giaccone G et al.
(2011)

NCT00589290
NCT02437136
NCT02282358
NCT00928707
NCT01075308
NCT01486277
NCT00724984
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that can be classified into class I (HDACs 1, 2, 3,
and 8), class IIA (HDACs 4, 5, 7, and 9), class IIB
(HDACs 6 and 10), class III (Sirtuins), and class IV
(HDACI11) [49, 50]. HDAC:s are part of various cel-
lular repressor complexes and a large portfolio
of their activity influences histone acetylation.
However, their ability to regulate acetylation of var-
ious nonhistone proteins in the nuclear and cellular
compartment cannot be ignored.

Drugs that block the activity of HDACs first
gained prominence in cancer therapeutics because
of their ability to induce differentiation of cancer
cells. Subsequent preclinical studies revealed their
enormous potential for modulation of cellular pro-
cess such as transcription, DNA replication, cellular
differentiation, apoptosis, and DNA repair, which
are frequently deregulated in various pathological
conditions including cancers, inflammation,
immunity, and neurological disorders [51]. As
shown in Table 11.1, HDAC inhibitors (HDACISs)
vary in their specificity and range from pan-
inhibitors (panobinostat (LBH-589), vorinostat/
suberanilohydroxamic acid (SAHA), sodium buty-
rate, valproic acid (VPA), and trichostatin-A) to
others that are more specific to class I (depsipep-
tide, entinostat), class II (tubacin), or class IV
(mocetinostat and quisinostat) HDACs [52].
Sirtuins are an exception because they have a
catalytic mechanism that is distinct from other
HDAC classes and hence are not targeted by drugs
that block the activity of the remaining family
members. To date, three HDAC inhibitors, vorino-
stat (Zolinza: Merck), romidepsin (Istodax:
Celgene) and belinostat (Beleodaq: Spectrum
Pharmaceuticals), have been approved for clinical
application, all for the treatment of refractory cuta-
neous and peripheral T cell lymphomas [53-56]. In
addition, VPA (FDA approved for neurological
applications), butyrate, panobinostat, givinostat
(ITF2357), mocetinostat (MGCD01030), belino-
stat (PXD101), pracinostat (SB939), and entinostat
(MS275) have been evaluated in patients, with var-
iable success [57-59].

Despite a series of studies that have underscored
the importance of HDACs in the development of
the immune system, the possibility of targeting
HDACs for immune modulation or enhancing
immunotherapy has only recently been explored
[49, 51]. Several preclinical studies, described

below, have provided interesting insights into
HDACI-mediated effects on antigen presentation
by tumor cells and their recognition by immune
cells, differentiation of immune cells, and regula-
tion of their activity (Table 11.1). These reports
have set the stage for testing HDACIs in
combination with immunotherapy in controlled
clinical trial settings.

Gp100, a glycoprotein, is a tumor-associated
antigen whose expression is elevated in melanomas
[60]. It promotes improved tumor cell recognition
by CTLs in the context of MHC-I [61] and has been
tested as a peptide vaccine formulation in patients
[62]. Unfortunately, clinical response was not
robust for several reasons, including human leuko-
cyte antigen restriction and gp100 peptide stability
[63]. However, gp100 levels could be upregulated
in human and murine melanoma cells by subcyto-
toxic doses of depsipeptide [64] in vivo, using
depsipeptide-enhanced cytolysis by melanoma-
antigen-specific CTLs, suggesting that this HDACI
may have potential for synergy with T cell therapy
of melanoma [64]. Tumor cells are able to escape
immune responses mediated by CTLs by down-
regulating MHC class-I molecules [65]. Treatment
of MHC-class-I deficient murine lung epithelial
cancers with tumor-specific antigen (TSA), reacti-
vated its expression and cytolysis by CTLs [66].
Mechanistic studies linked MHC class-I re-expression
and upregulated expression of a component of the
antigen-processing machinery called transporter
associated with antigen processing (TAP) to
improved antigen presentation [66]. The effect was
seen in both TAP-positive and -negative tumors,
suggesting that epigenetic inactivation of TAP con-
tributed to inefficient antigen presentation by
MHCI [66, 67]. These effects were recapitulated in
vivo in immunocompetent mice but not in animals
lacking B and T cells, implicating one or both of
these cells in preventing tumor growth [67]. A
study assessing the use of panobinostat in mouse
models of melanoma similarly concluded that
HDACI-dependent upregulated expression of
melanoma-specific antigens, MHC class-I mole-
cules, as well as costimulatory molecules (CD40
and CD86) and proinflammatory cytokines (IL-2
and IFNYy) contributed to improved tumor recog-
nition and antitumor activity of CTLs in mice
[68]. A separate body of work demonstrated that
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hyperacetylation of histones occurred at the IFNy
and IL-2 loci in memory CD8 T cells and required
CD4 T cell help for the enhanced responsiveness
[69, 70]. Use of panobinostat following bone
marrow transfer in a mouse model of graft-versus-
host disease also uncovered HDACI-mediated
improvement in cross talk between CD4 and CD8
T cells [71]. Superior T cell infiltration into tumors
is known to strongly correlate with improved
patient survival [72-74]. Indeed, the HDACI
romidepsin enhanced the efficacy of checkpoint
blockade inhibitors in mouse models of lung can-
cers by upregulating the expression of chemokines
(CXCL5, CXCL9, CXCL10) in tumor cells and
tumor macrophages. This was associated with
significantly elevated T cell recruitment and infil-
tration into tumors [75].

While the above studies strongly support the use
of HDACISs to augment immunotherapy, a growing
body of evidence also suggests that these agents
dampen immune response and therefore may be
better suited for treating inflammatory diseases
such as rheumatoid arthritis and colitis [76, 77]. An
investigation comparing the pro- and anti-
inflammatory properties of vorinostat and BML281
in a rat model of collagen-induced arthritis
revealed that these drugs variably modulated lipo-
polysaccharide-induced cytokine release (IL12p40,
IL6, TNE IL1P) from macrophages, with lower
doses causing an anti-inflammatory response and
higher doses generating a proinflammatory reac-
tion and exacerbating disease pathology [78].
These observations indicate that long-term safety
of vorinostat and BML281 use for cancer treatment
in patients may require a careful dose-response
examination. Expression of the proinflammatory
cyclooxygenase-2 (COX-2) could be suppressed by
TSA treatment in an interleukin beta (ILP1)-
dependent manner in endometrial stromal cells
[79]. Peroxisome proliferator-activated receptor-y
(PPAR-y) also promotes the release of proinflam-
matory cytokines (RANTES-regulated upon
activation normal T cell expressed and secreted);
however, its upregulation by TSA treatment would
argue for its application in modulating cancer
immunotherapy [80]. TSA has also been shown to
increase the thymic production of Foxp3+ CD4
Treg cells in mice [81]. TSA promoted Foxp3 pro-
tein acetylation leading to repression of IL-2

expression. In addition, TSA also increased the
levels of immunosuppressive cytotoxic T lympho-
cyte antigen 4 (CTLA4) and glucocorticoid induced
tumor necrosis factor family receptor (GITR), mol-
ecules with known immunosuppressive functions
[82]. Consistent with this, both TSA- and VPA-
enhanced Treg-dependent immunosuppression in
a mouse model of dextran-sodium sulfate induced
colitis [81]. These results were recapitulated with
entinostat in a rat model of autoimmune prostatitis
[83, 84]. Engagement of the programmed cell death
protein 1 (PD-1) ligand and PD-1 axis promotes
tolerance, and therapies targeting this interaction
have been successfully used for the treatment of
metastatic melanoma and non-small-cell lung can-
cer [85, 86]. Combining panobinostat with PD-1
blockade was more successful than either agent
alone in slowing down melanoma progression and
increasing survival in mice. Mechanistically,
HDACI treatment promoted acetylation of his-
tones at the PD-L1 gene and upregulated its
expression [68]. In summary, there is conflicting
information in the literature regarding the utility of
HDACTSs in enhancing immunotherapy. HDACS is
a class IIB histone deacetylase and in complex with
STAT3 and HDACI11 acts as a regulator of anti-
inflammatory cytokine IL-10 [13]. Interestingly,
HDACI1 acts as an inhibitor of this pathway and
keeps HDACE6 activity in check [87]. In the absence
of HDAC11, HDAC6 induces the tolerogenic
STAT-3/IL-10 pathway activity in antigen-present-
ing cells. Genetic or pharmacological ablation of
HDAC6 in a macrophage cell line activated
antigen-presenting cells and naive CD4 T cells con-
currently [13]. In a follow-up study using a
melanoma model, HDAC6 inhibitors, tubastatin-
A, and nexturastat-A directly decreased cell
proliferation and also enhanced MHC class I pre-
sentation of melanoma-specific antigens like,
gpl00, MART-1, tyrosinase related proteins,
TYRP-1, and TYRP-2. In other studies, HDAC6
inhibition downregulated the expression of PD-L1,
as well as other checkpoint molecules such as PD-
L2, B7-H4 and TRAIL-RI1 [88].

Clarification of the roles of HDACs in tumors
will allow a more accurate determination of
HDACIs as anticancer drugs. HDACs may have
opposing roles at different stages of tumor progres-
sion and also in the subpopulations of cancer stem
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cells. While HDACIs alone have shown anticancer
activity, when HDACIs are given in combination
with other drugs there may be enhanced tumori-
cidal effects. However, the benefits of HDACIs will
need to be weighed against their potential lack of
specificity, which may sometimes contribute to
their cytotoxicity. In summary, while HDACIs may
augment or dampen the immune response, there is
a need to develop more potent, narrow-spectrum
HDACIS that result in superior cancer cell death in
tandem with fewer negative cytotoxic side effects.

Nonsteroidal anti-inflammatory drugs
(NSAIDs) (Figure 11.2, Table 11.2)
Chronic inflammation is a hallmark of gastric,
esophageal, pancreatic, liver, and colorectal cancers
and is characterized by elevation of proinflamma-
tory cytokines, chemokines, and prostaglandins
(PGs), accompanied by deregulated immune cell
infiltration. Support for a role for inflammation in
cancers has mostly come from studies that demon-

NSAIDs

Reverse tumor mediated immune suppression
-Indomethacin and Celecoxib

PGE2/IDO induce

strated a reduction in tumor incidence in response
to use of NSAIDs, although the underlying mecha-
nisms are not well understood. [89-91]. NSAIDs
are pharmacologically similar to antipyretics and
analgesics, and their application in suppressing
inflammation stems mainly from their ability to
decrease production of PGs by inhibiting the
activity of cyclooxygenases COX-1 and COX-2 [92,
93]. COX-1 is constitutively expressed in most tis-
sues, whereas COX-2 expression is rapidly upregu-
lated during inflammation and cancer [91, 94].
Cyclooxygenase-mediated increase in PGs, specifi-
cally PGE2, is believed to act directly on tumor and
stromal cells to promote tumor progression. A
recent seminal study provided the first evidence
that COX enzymes and PGE2 promote tumor
growth by facilitating immune evasion [95]. This
process is frequently characterized by a shift from
Thl to Th2 immune response, aberrant antigen-
presenting cell migration and activity, impaired
cytotoxic CD8 T cells and NK cell activity, and

NSAIDs Indomethacin and
Celecoxib and refecoxib diclofenac

CD8 T cell

FOXP3+ Tregs
TReg cell

—
FOXP3+ Tregs
Induce tumor cell gro

Tumor cells

| CDA4 T cell /
N

T effector cells control
tumor growth

NK cells control tumor
growth through cytotoxicity

NKcell o  NSAIDs

&

Figure 11.2 Schematic of NSAIDs' effects on variety of
immune modulatory processes to aid in cancer
therapy. NSAIDS act by reversing tumor-mediated
immune suppression and by repressing FOXP3+ Tregs.

Inhibit pro-tumor effects -

Indomethacin and Celecoxib
Enhance anti-tumor effects -
Refecoxib and Indomethacin

Enhance NK cell mediated cytotoxicity
Indomethacin and Celecoxib

They inhibit protumor effects mediated by tumor-asso-
ciated macrophages. NSAIDs increase T cell prolifera-
tion and enhance NK cells’ mediated cytotoxicity to
the tumor.



Table 11.2 Clinical trials evaluating epigenetic drugs, NSAIDs, and chemotherapy with immunotherapy [141].

NCT02453620

NCT02032810
NCT01928576
NCT02437136
NCT02538510
NCT02638090
NCT02619253
NCT02395627
NCT02530463

NCT02399917
NCT02599649
NCT02397720
NCT02260440
NCT02546986
NCT02512172
NCT02508870
NCT02151448

Breast cancer

Melanoma

NSCLC

NSCLC and melanoma

HNSCC and SGC

Stage IV NSCLC

Advanced renal or urothelial carcinoma
Hormone therapy resistant breast cancer
MDS

AML

MDS

AML

Metastatic CRC
Advanced/metastatic NSCLC
MSS advanced CRC

MDS

Pancreatic cancer, peritoneal mesothelioma,

peritoneal carcinomatosis

Entinostat

Panobinostat

Entinostat and azacytidine
Entinostat

Vorinostat

Vorinostat

Vorinostat

Vorinostat

Azacytidine

Azacytidine

Azacytidine

Azacytidine

Azacytidine

Oral azacytidine

Romidepsin and/or azacytidine
Azacytidine

Celecoxib

Nivolumab

Ipilimumab

Ipilimumab

Nivolumab
Pembrolizumab
Pembrolizumab
Pembrolizumab
Pembrolizumab
Pembrolizumab
Nivolumab and/or
ipilimumab

Lirilumab

Lirilumab or nivolumab
Nivolumab
Pembrolizumab
Pembrolizumab
Pembrolizumab
Atezolizumab

DC vaccine, interferon alpha-2b,rintatolimod

Note: NSCLC=non-small cell lung cancer; HNSCC=head and neck squamous cell carcinoma; SGC=salivary gland cancer; AML=acute myeloid leukemia; CRC=colorectal cancer;
MSS =microsatellite stable; MDS =myelodysplastic syndrome; DC=dendritic cell.
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augmented activity of immunosuppressive cells
such as MDSCs and Tregs. In a study by Zelenay
et al., it was observed that PGE2 secretion from
mouse melanoma tumor cells promoted secretion
of chemokines CXCLI1 and IL6, and granulocyte-
colony-stimulating factor by myeloid cells [96].
Polarization of macrophages from antitumor M1
(IL-12, TNFa, and MHCII positive) to the protu-
mor M2 phenotype (IL-10, IL-4, and IL-13
positive) was also noted [95]. Genetic data from
mouse models of breast cancer, colorectal cancer,
and melanoma have also implicated PGE2 in pro-
moting tumor growth by interfering with the
differentiation and maturation of myeloid progeni-
tors/monocytes into dendritic cells, and instead
promoting their differentiation into MDSCs, which
are immunosuppressive [24, 97, 98]. Finally,
MDCSs can suppress effector T cell activation, pro-
liferation, migration, and persistence; block NK
cell activity; and support Treg activation and
expansion. Despite the promise held by checkpoint
inhibitors, the fact remains that very few patients
with colorectal, breast, pancreatic, and gastric can-
cer, and less than 30% of patients with melanoma,
renal cell carcinoma, or non-small-cell lung cancer
have shown response to these agents [99, 100]. It
has been suggested that tumor-infiltrating MDSCs
and their effect on effector T cells, NK cells, and
Tregs may contribute to this poor responsiveness,
which has been supported by the enhanced efficacy
of anti-PD1 therapies against mouse models of
rhabdomyosarcoma when combined with blockade
of MDSC activity [89].

Since PGs ultimately influence inflammation-
mediated immune processes, it is not unreasonable
to expect that NSAID-mediated inhibition of
PG production will have immunomodulatory
properties. NSAIDs, including nonselective
(indomethacin) and selective COX-2 inhibitors
(celecoxib, aspirin, rofecoxib and diclofenac),
inhibit PGE2 secretion [101]. In probably one of
the earliest studies to test this hypothesis, the
combination of indomethacin with the immuno-
suppressive drug OK-432 reduced PGE2 synthesis
and increased antitumor activity of monocytes and
macrophages against uterine and cervical cancer
cells [102]. Subsequently, indomethacin was shown
to improve the lytic activity of macrophages iso-
lated from patients with breast cancer against

allogeneic/autologous tumors but had an inhibi-
tory effect on the lytic activity of macrophages
obtained from patients with head and neck cancers
[103, 104]. A number of more recent studies with
celecoxib and/or indomethacin identified enhance-
ment of NK cell activity against breast cancer,
hepatoma, and gastric cancers. [105-109].

Information regarding underlying mechanisms
was obtained from two separate clinical studies of
patients with head and neck cancer, where it was
determined that rofecoxib increased the expression
of ICAMI1 on monocytes, which resulted in their
improved migration and infiltration [110, 111].
Similarly, celecoxib also promoted an elevation in
ICAM1 expression on lung cancer cells, which led
to their augmented lysis by lymphokine-activated
killer cells [112]. TNFa secretion by monocytes
and lytic activity against tumors was significantly
improved following irradiation or lipopolysaccha-
ride stimulation of pelvic cancer patients, indicating
that the inclusion of COX inhibitors during radia-
tion therapy may enhance antitumor response
[113, 114].

In other reports, effects on immune cell growth
were observed following treatment with NSAIDs.
For example, sulindac treatment offered a
significant survival advantage in mouse models of
breast cancer [115]. The effect was mediated by
CD8 T cells and also correlated with a reduction in
the number of M2 macrophages and proinflamma-
tory cytokines like TNFa, IL1B, and IL6, as well as
a reduction in tumor vasculature [115].

In clinical studies, indomethacin was shown to
promote a substantial increase in T cell prolifera-
tion in lung cancer patients [116]. Celecoxib,
rofecoxib, diclofenac, nimesulide, and indometh-
acin either alone or in combination with other
vaccines improved survival in patients with
cervical, colorectal, breast, and gastrointestinal
cancers, which was associated with a significant
increase in tumor infiltrating T cells [117-120].

Other nonselective COX inhibitors such as
aspirin and the selective COX-2 inhibitor celecoxib
have also shown ability to synergize with anti-PD1
therapy in mouse models of melanoma and colo-
rectal cancer [95].

In conclusion, NSAIDs are the most frequently
used medicines in the world and have been shown
to have anticancer activities specifically regarding
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melanoma, renal cell carcinoma, non-small-cell
lung cancer, colorectal, colon, breast, and pancreatic
cancers; however, historically their efficacy is
decreased when compared to current chemo-
therapy agents. The anticancer activity of NSAIDS
may be improved by derivatization, but the
subsequent different formulations will need to be
studied in both preclinical and clinical trials before
they can become part of standard immunotherapy.

Repurposing chemotherapy agents
towards immunomodulatory

functions

Chemotherapeutic drugs, while cytotoxic to tumor
cells, also suffer from the disadvantage that they
cause damage to normal cells and tissues. Recent
interest in repurposing drugs for combination
therapy has generated renewed interest in testing
these agents at lower doses. Here, we review the
application of some chemotherapeutic agents as
immune modulators when used at metronomic
doses.

Cyclophosphamide (CTX) (Figure 11.3)

CTX is an alkylating agent that is converted into its
active metabolite, phosphoramide mustard, in the
liver. This derivative inhibits DNA replication by
forming interstrand and intrastrand DNA cross-
links. Currently it is the best-known drug to be

Dendritic cell

Low dose CTX and PTX

TReg cell

Myeloid derived
Suppressive cell

Figure 11.3 Effects of low-dose chemotherapy in cancer
treatment.Low doses of CTX and PTX repress the
inhibitory molecules such as Tregs and MDSC of the tumor

L

studied for its effects at metronomic doses in anti-
angiogenesis and immune modulatory functions.
[121]. Although the effect of chemotherapy on
tumor vasculature has been described, cytotoxicity
to normal tissue has impeded its use as an antian-
giogenic agent. However, several studies described
below have attributed immune modulatory
capacity at low doses, which is more practical for
clinical application.

In a study by Lutsiak et al., low-dose CTX
administration reduced Tregs and MDSCs found
in abundance in the tumor microenvironment and
to a smaller extent in peripheral blood. [119, 122].
In multiple myeloma, low-dose CTX administration
at 45-day intervals prolonged survival and reduced
recurrence, which was associated with diminished
Treg cell renewal [123].

Using CTX in combination with doxorubicin
decreased tumor growth in colon cancer cells and
correlated with an elevation of IFN-y-producing
cells and suppression of FOXP3 and TGFp expres-
sion in tumor cells [124]. A separate study showed
that single administration of low-dose CTX in
tumor-bearing mice significantly increased DC-
mediated T cell proliferation, which alludes to
increased antigen-presenting function of the DCs
[125]. Low-dose CTX has also been tested in
combination with DC-based immune therapy,
which led to a synergistic increase in survival of

CDA4 T cell

Tumor cells

microenvironment. Metronomic doses of CTX and PTX also
enhance cytotoxicity to the tumor by upregulating
DC- and T-cell-mediated killing of the tumor cells.
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tumor-bearing mice compared to either treatment
alone [126]. In addition, restoration of myelopoie-
sis and mobilization of early DC progenitors to the
tumor site, their differentiation into functional
DCs, increased presence of antigen-presenting
cells, and recruitment of T cells were also observed.
[127, 128].

Paclitaxel (PTX)

PTX is a mitotic inhibitor that causes cell cycle
arrest by stabilizing tubulin in microtubules.
Similar to CTX, combining low-dose PTX with
DC vaccine was effective in inhibiting tumor
growth and increasing tumor-infiltrating CD4+
and CD8+ T cell responses [129]. At these low
doses, toxicity to bone marrow cells was avoided;
in addition, a decrease in DC apoptosis as well as
a direct effect on DC maturation and function
were noted [127]. In murine and breast lung can-
cer models, the combination promoted improved
survival, which correlated with increased IFN-y
secretion. [130, 131].

Other drugs such as 5-FU, gemcitabine, and
oxaliplatin are also being evaluated and have been
found to selectively reduce MDSCs and enhance
antitumor resistance by stimulating CD8+ and NK
cells, [132, 133]. Thus, the choice of drugs, the
sequence of drugs being administered, and the type
of cancer being treated should all be taken into
account while deciding on combinations with
immunotherapy [134].

Adoptive T cell therapy

Adoptive T cell therapy typically involves ex vivo
expansion of autologous T cells that have been
genetically modified to identify and attack
tumors more effectively. The two most widely
used techniques used in clinical testing involve
activating the blood-derived T cells with tumor
antigen, either transducing with high-affinity
T cell receptor or transducing with chimeric
antigen receptor (CAR) that has been artificially
constructed to express the tumor antigen binding
domain of an antibody fused to the T cell sig-
naling domain. These engineered T cells possess
superior recognition of cancer antigen with high
avidity [135]. Initial testing with adoptive T cells
has yielded very promising results in leukemia

and some solid tumors. However, emerging data
suggest that combinatorial treatment might have
to be employed for it to be more effective on a
number of other cancers.

The use of HDACIs as a potential adjuvant to
T cell therapies has been described in a few pre-
clinical studies. Romidepsin treatment and
subsequent adoptive transfer of gpl00 tumor-
associated-antigen-specific T cells enhanced
T-cell-mediated killing of B16/F10 murine mela-
noma cells and decreased tumor growth
compared to either T cell transfer or Romidepsin
alone. [64]. Similarly, panobinostat, when used
with gp100-specific T cell immunotherapy,
decreased tumor burden and created a proin-
flammatory environment in vivo in a B16 murine
melanoma model [136].

HDACIs have also been used to improve CAR
response of genetically modified T cells.
Pretreatment with VPA enhanced the adoptive
transfer of T cells in ovarian cancer cells and selec-
tively sensitized cancer cells to T cells by inducing
expression of the recognition ligand, NKG2D, on
their surface [137]. Although combination therapy
with HDACI seems promising, concerns regarding
autoimmune toxicity and long-term effects exist
and need to be better understood prior to clinical
introduction.

Preconditioning host cells with chemotherapy-
or radiation-induced lymphodepletion may
improve survival and functionality of trans-
ferred T cells in adoptive T cell transfer [138].
Mechanisms include depletion of suppressive
T cells (Tregs) or increased production prolifera-
tive cytokine production [139]. The alkylating
agent cyclophosphamide has been used to pre-
condition patients for adoptive T cell therapy.
However, Ding et al. showed that in mice with
lymphoma, while preconditioning with CTX
caused a robust increase in antitumor response, it
also increased immune suppressive myeloid
monocytic cells [140]. These results indicate that
a careful longitudinal evaluation of changes in
immune cell population following chemotherapy
administration and prior to immunotherapy
needs to be performed. The outcomes may also
vary depending on the cancer type and the che-
motherapy agent under investigation.



CHAPTER 11 Repurposing of Drugs for Immunotherapy

155

References

1.

10.

11.

12.

13.

14.

15.

Mellman I, Coukos G, Dranoff G. Cancer immunother-
apy comes of age. Nature. 2011;480(7378):480-9.

. Sharma P, Allison JP. Immune checkpoint targeting in

cancer therapy: toward combination strategies with
curative potential. Cell. 2015;161(2):205-14.

. Topalian SL, Weiner GJ, Pardoll DM. Cancer immu-

notherapy comes of age. ] Clin Oncol. 2011;29(36):
4828-36.

. Gilham DE, Anderson J, Bridgeman JS, Hawkins RE,

Exley MA, Stauss H, et al. Adoptive T cell therapy for
cancer in the United kingdom: a review of activity for the
British Society of Gene and Cell Therapy annual meeting
2015. Human Gene Therapy. 2015;26(5):276-85.

. Hinrichs CS, Rosenberg SA. Exploiting the curative

potential of adoptive T cell therapy for cancer. Immunol
Rev. 2014;257(1):56-71.

. Johnson LA, Morgan RA, Dudley ME, Cassard L, Yang

JC, Hughes MS, et al. Gene therapy with human and
mouse T cell receptors mediates cancer regression and
targets normal tissues expressing cognate antigen. Blood.
2009;114(3):535-46.

. Louis CU, Savoldo B, Dotti G, Pule M, Yvon E, Myers

GD, et al. Antitumor activity and long-term fate of chi-
meric antigen receptor-positive T cells in patients with
neuroblastoma. Blood. 2011;118(23):6050-6.

. Maher J. Immunotherapy of malignant disease using

chimeric antigen receptor engrafted T cells. ISRN
Oncology. 2012;2012:278093.

. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM,

Bunin NJ, et al. Chimeric antigen receptor T cells for
sustained remissions in leukemia. New England Journal
of Medicine. 2014;371(16):1507-17.

Maus MV, Grupp SA, Porter DL, June CH. Antibody-
modified T cells: CARs take the front seat for hemato-
logic malignancies. Blood. 2014;123(17):2625-35.
Robbins PF, Morgan RA, Feldman SA, Yang JC,
Sherry RM, Dudley ME, et al. Tumor regression in
patients with metastatic synovial cell sarcoma and
melanoma using genetically engineered lymphocytes
reactive with NY-ESO-1. J Clin Oncol. 2011;29(7):
917-24.

Pardoll DM, Topalian SL. The role of CD4+ T cell
responses in antitumor immunity. Current Opinion in
Immunology. 1998;10(5):588-94.

Cheng M, Chen Y, Xiao W, Sun R, Tian Z. NK cell-based
immunotherapy for malignant diseases. Cellular &
Molecular Immunology. 2013;10(3):230-52.

Webster RM. Combination therapies in oncology.
Nature Reviews Drug Discovery. 2016;15(2):81-2.
Hanahan D, Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011;144(5):646-74.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Baylin SB, Jones PA. A decade of exploring the cancer
epigenome: biological and translational implications.
Nature Reviews Cancer. 2011;11(10):726-34.

Kulis M, Esteller M. DNA methylation and cancer.
Advances in Genetics. 2010;70:27-56.

Esteller M. Epigenetics in cancer. New England Journal
of Medicine. 2008;358(11):1148-59.

Rodriguez-Paredes M, Esteller M. Cancer epigenetics
reaches mainstream oncology. Nature Medicine.
2011;17(3):330-9.

Stresemann C, Lyko E Modes of action of the DNA
methyltransferase inhibitors azacytidine and decitabine.
International Journal of Cancer. 2008;123(1):8-13.
Derissen EJ, Beijnen JH, Schellens JH. Concise drug
review: azacitidine and decitabine. The Oncologist.
2013;18(5):619-24.

Bubenik J. MHC class I down-regulation: tumour escape
from immune surveillance? (review). International
Journal of Oncology. 2004;25(2):487-91.

Fratta E, Coral S, Covre A, Parisi G, Colizzi F, Danielli R,
et al. The biology of cancer testis antigens: putative
function, regulation and therapeutic
Molecular Oncology. 2011;5(2):164-82.
Wang L, Amoozgar Z, Huang ], Saleh MH, Xing D,
Orsulic S, et al. Decitabine enhances lymphocyte migra-
tion and function and synergizes with CTLA-4 blockade

potential.

in a murine ovarian cancer model. Cancer Immunology
Research. 2015;3(9):1030-41.

Salmaninejad A, Zamani MR, Pourvahedi M, Golchehre
Z, Hosseini Bereshneh A, Rezaei N. Cancer/testis
antigens: expression, regulation, tumor invasion, and
use in immunotherapy of cancers. Immunological
Investigations. 2016;45(7):619-40.

Atanackovic D, Luetkens T, Kloth B, Fuchs G, Cao Y,
Hildebrandt Y, et al. Cancer-testis antigen expression
and its epigenetic modulation in acute myeloid leu-
kemia. American Journal of Hematology. 2011;
86(11):918-22.

Maio M, Coral S, Fratta E, Altomonte M, Sigalotti L.
Epigenetic targets for immune intervention in human
malignancies. Oncogene. 2003;22(42):6484-8.

Tomasi TB, Magner WJ, Khan AN. Epigenetic regulation
of immune escape genes in cancer. Cancer Immunology,
Immunotherapy: CII 2006;55(10): 1159-84.

Dubovsky JA, McNeel DG, Powers JJ, Gordon ],
Sotomayor EM, Pinilla-Ibarz JA. Treatment of chronic
lymphocytic leukemia with a hypomethylating agent
induces expression of NXF2, an immunogenic cancer
testis antigen. Clinical Cancer Research. 2009;15(10):
3406-15.

Wu X, Tao Y, Hou ], Meng X, Shi J. Valproic acid
upregulates NKG2D ligand expression through an
ERK-dependent mechanism and potentially enhances



156

Immunotherapy in Translational Cancer Research

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

NK cell-mediated
2012;14(12):1178-89.
Tang KE, He CX, Zeng GL, Wu ], Song GB, Shi YS, et al.
Induction of MHC class I-related chain B (MICB) by
5-aza-2’-deoxycytidine. Biochemical and Biophysical
Research Communications. 2008;370(4):578-83.
Fonsatti E, Nicolay HJ, Sigalotti L, Calabro L, Pezzani L,
Colizzi E, et al. Functional up-regulation of human leukocyte

lysis of myeloma. Neoplasia.

antigen class I antigens expression by 5-aza-2’-deoxycytidine
in cutaneous melanoma: immunotherapeutic implications.
Clinical Cancer Research. 2007;13(11): 3333-8.

Adair SJ, Hogan KT. Treatment of ovarian cancer cell
lines with 5-aza-2’-deoxycytidine upregulates the
expression of cancer-testis antigens and class I major
histocompatibility complex-encoded molecules. Cancer
Immunology, Immunotherapy. 2009;58(4):589-601.
Kersh EN, Fitzpatrick DR, Murali-Krishna K, Shires J,
Speck SH, Boss JM, et al. Rapid demethylation of the
IFN-gamma gene occurs in memory but not naive CD8
T cells. Journal of Immunology. 2006;176(7):4083-93.
Frikeche J, Clavert A, Delaunay J, Brissot E, Gregoire M,
Gaugler B, et al. Impact of the hypomethylating agent
5-azacytidine on dendritic cells function. Experimental
Hematology. 2011;39(11):1056-63.

Janson PC, Linton LB, Bergman EA, Marits P,
Eberhardson M, Piehl E, et al. Profiling of CD4+ T cells
with epigenetic immune lineage analysis. Journal of
Immunology. 2011;186(1):92-102.

Dubovsky JA, Powers JJ, Gao Y, Mariusso LE, Sotomayor
EM, Pinilla-Ibarz JA. Epigenetic repolarization of T lym-
phocytes from chronic lymphocytic leukemia patients
using 5-aza-2’-deoxycytidine.
2011;35(9):1193-9.

Costantini B, Kordasti SY, Kulasekararaj AG, Jiang J,
Seidl T, Abellan PP, et al. The effects of 5-azacytidine on
the function and number of regulatory T cells and
T-effectors in myelodysplastic syndrome. Haematologica.
2013;98(8):1196-205.

Schmiedel BJ, Arelin V, Gruenebach F, Krusch M,
Schmidt SM, Salih HR. Azacytidine impairs NK cell
reactivity while decitabine augments NK cell responsive-

Leukemia Research.

ness toward stimulation. International Journal of
Cancer. 2011;128(12):2911-22.

Chan HW, Kurago ZB, Stewart CA, Wilson MJ, Martin
MP, Mace BE, et al. DNA methylation maintains allele-
specific KIR gene expression in human natural killer
cells. The Journal Medicine.
2003;197(2):245-55.

Daurkin I, Eruslanov E, Vieweg ], Kusmartsev S.
Generation of antigen-presenting cells from tumor-
infiltrated CD11b myeloid cells with DNA demethylat-
ing agent 5-aza-2’-deoxycytidine. Cancer Immunology,
Immunotherapy. 2010;59(5):697-706.

of Experimental

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

53.

54.

Triozzi PL, Aldrich W, Achberger S, Ponnazhagan S,
Alcazar O, Saunthararajah Y. Differential effects of low-
dose decitabine on immune effector and suppressor
responses in melanoma-bearing mice. Cancer
Immunology, Immunotherapy. 2012;61(9):1441-50.
Fan H, Lu X, Wang X, Liu Y, Guo B, Zhang Y, et al. Low-
dose decitabine-based chemoimmunotherapy for
patients with refractory advanced solid tumors: a phase
I/II report. Journal of Immunology Research. 2014;
2014:371087.

Krishnadas DK, Shusterman S, Bai F, Diller L, Sullivan
JE, Cheerva AC, et al. A phase I trial combining
decitabine/dendritic cell vaccine targeting MAGE-A1,
MAGE-A3 and NY-ESO-1 for children with relapsed or
therapy-refractory neuroblastoma and sarcoma. Cancer
Immunology, Immunotherapy. 2015;64(10):1251-60.
Weintraub K. Take two: combining immunotherapy
with epigenetic drugs to tackle cancer. Nature Medicine.
2016;22(1):8-10.

Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey
CL, Lao CD, et al. Combined nivolumab and ipilim-
umab or monotherapy in untreated melanoma. New
England Journal of Medicine. 2015;373(1):23-34.
Bannister AJ, Kouzarides T. Regulation of chromatin by
histone modifications. Cell Res. 2011;21(3):381-95.
Marks PA, Richon VM, Rifkind RA. Histone deacetylase
inhibitors: inducers of differentiation or apoptosis of
transformed cells. J Natl Cancer Inst. 2000;92(15):
1210-6.

Kroesen M, Gielen P, Brok IC, Armandari I,
Hoogerbrugge PM, Adema GJ. HDAC inhibitors and
immunotherapy: a double edged sword? Oncotarget.
2014;5(16):6558-72.

Mottamal M, Zheng S, Huang TL, Wang G. Histone
deacetylase inhibitors in clinical studies as templates
for new anticancer agents. Molecules. 2015;20(3):
3898-941.

Falkenberg K], Johnstone RW. Histone deacetylases and
their inhibitors in cancer, neurological diseases and
immune disorders. Nature Reviews Drug Discovery.
2014;13(9):673-91.

. West AC, Johnstone RW. New and emerging HDAC

inhibitors for cancer treatment. J Clin Invest. 2014;
124(1):30-9.

Akhtar MW, Raingo J, Nelson ED, Montgomery RL,
Olson EN, Kavalali ET, et al. Histone deacetylases 1 and
2 form a developmental switch that controls excitatory
synapse maturation and function. ] Neurosci. 2009;29(25):
8288-97.

Graff ], Rei D, Guan JS, Wang WY, Seo J, Hennig KM,
et al. An epigenetic blockade of cognitive functions in
the neurodegenerating brain. Nature. 2012;483(7388):
222-6.



CHAPTER 11 Repurposing of Drugs for Immunotherapy

157

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Majdzadeh N, Morrison BE, D’Mello SR. Class IIA
HDAC: in the regulation of neurodegeneration. Front
Biosci. 2008;13:1072-82.

Montgomery RL, Hsieh J, Barbosa AC, Richardson JA,
Olson EN. Histone deacetylases 1 and 2 control the pro-
gression of neural precursors to neurons during brain
development. Proc Natl Acad Sci U S A. 2009;106(19):
7876-81.

Nebbioso A, Carafa V, Benedetti R, Altucci L. Trials with
epigenetic’ drugs: an update. Molecular Oncology.
2012;6(6):657-82.

New M, Olzscha H, La Thangue NB. HDAC inhibitor-
based therapies: can we interpret the code? Molecular
Oncology. 2012;6(6):637-56.

Qiu T, Zhou L, Zhu W, Wang T, Wang J, Shu Y, et al.
Effects of treatment with histone deacetylase inhibitors
in solid tumors: a review based on 30 clinical trials.
Future Oncol. 2013;9(2):255-69.

Yang S, Kittlesen D, Slingluff CL, Jr., Vervaert CE, Seigler
HE, Darrow TL. Dendritic cells infected with a vaccinia
vector carrying the human gp100 gene simultaneously
present multiple specificities and elicit high-affinity T
cells reactive to multiple epitopes and restricted by
HLA-A2 and -A3. Journal of Immunology. 2000;164(8):
4204-11.

Lapointe R, Royal RE, Reeves ME, Altomare I, Robbins
PE, Hwu P. Retrovirally transduced human dendritic
cells can generate T cells recognizing multiple MHC
class I and class II epitopes from the melanoma antigen
glycoprotein 100. Journal of Immunology (Baltimore,
Md: 1950). 2001;167(8):4758-64.

Schwartzentruber DJ, Lawson DH, Richards JM, Conry
RM, Miller DM, Treisman J, et al. gp100 peptide vaccine
and interleukin-2 in patients with advanced melanoma.
New England Journal of Medicine. 2011;364(22):2119-27.

Li W, Joshi MD, Singhania S, Ramsey KH, Murthy AK.
Peptide vaccine: progress and challenges. Vaccines
(Basel). 2014;2(3):515-36.

Murakami T, Sato A, Chun NA, Hara M, Naito Y,
Kobayashi Y, et al. Transcriptional modulation using
HDACIi depsipeptide promotes immune cell-mediated
tumor destruction of murine B16 melanoma. J Invest
Dermatol. 2008;128(6):1506-16.

Garrido E Ruiz-Cabello F Cabrera T, Perez-Villar JJ,
Lopez-Botet M, Duggan-Keen M, et al. Implications for
immunosurveillance of altered HLA class I phenotypes
in human tumours. Immunol Today. 1997;18(2):89-95.

Manning J, Indrova M, Lubyova B, Pribylova H, Bieblova
J, Hejnar J, et al. Induction of MHC class I molecule cell
surface expression and epigenetic activation of antigen-
processing machinery components in a murine model
for human papilloma virus 16-associated tumours.
Immunology. 2008;123(2):218-27.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Setiadi AF, David MD, Seipp RP, Hartikainen JA, Gopaul
R, Jefferies WA. Epigenetic control of the immune
escape mechanisms in malignant carcinomas. Mol Cell
Biol. 2007;27(22):7886-94.

Woods DM, Woan K, Cheng F, Wang H, Perez-Villarroel
P, Lee C, et al. The antimelanoma activity of the histone
deacetylase inhibitor panobinostat (LBH589) is medi-
ated by direct tumor cytotoxicity and increased tumor
immunogenicity. Melanoma Res. 2013;23(5):341-8.
Northrop JK, Thomas RM, Wells AD, Shen H. Epigenetic
remodeling of the IL-2 and IFN-gamma loci in memory
CD8 T cells is influenced by CD4 T cells. Journal of
Immunology. 2006;177(2):1062-9.

Zhang E, Zhou X, DiSpirito JR, Wang C, Wang Y, Shen
H. Epigenetic manipulation restores functions of defec-
tive CD8(+) T cells from chronic viral infection. Mol
Ther. 2014;22(9):1698-706.

Wang D, Iclozan C, Liu C, Xia C, Anasetti C, Yu XZ.
LBH589 enhances T cell activation in vivo and acceler-
ates graft-versus-host disease in mice. Biol Blood
Marrow Transplant. 2012;18(8):1182-90 el.

Hopewell EL, Zhao W, Fulp WJ, Bronk CC, Lopez AS,
Massengill M, et al. Lung tumor NF-kappaB signaling
promotes T cell-mediated immune surveillance. ] Clin
Invest. 2013;123(6):2509-22.

Pages E Berger A, Camus M, Sanchez-Cabo F, Costes A,
Molidor R, et al. Effector memory T cells, early metas-
tasis, and survival in colorectal cancer. New England
Journal of Medicine. 2005;353(25):2654-66.

Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA,
Massobrio M, Regnani G, et al. Intratumoral T cells,
recurrence, and survival in epithelial ovarian cancer.
New England Journal of Medicine. 2003;348(3):
203-13.

Zheng H, Zhao W, Yan C, Watson CC, Massengill M, Xie
M, et al. HDAC inhibitors enhance T-cell chemokine
expression and augment response to PD-1 immunother-
apy in lung adenocarcinoma. Clinical Cancer Research.
2016;22(16):4119-32.

Gupta P, Reid RC, Iyer A, Sweet M], Fairlie DP. Towards
isozyme-selective HDAC inhibitors for interrogating
disease. Curr Top Med Chem. 2012;12(14):1479-99.
Halili MA, Andrews MR, Sweet M], Fairlie DP. Histone
deacetylase inhibitors in inflammatory disease. Curr
Top Med Chem. 2009;9(3):309-19.

Lohman RJ, Iyer A, Fairlie TJ, Cotterell A, Gupta P, Reid
RC, et al. Differential anti-inflammatory activity of
HDAC inhibitors in human macrophages and rat
arthritis. ] Pharmacol Exp Ther. 2016;356(2):387-96.
Wu'Y, Guo SW. Suppression of IL-1beta-induced COX-2
expression by trichostatin A (TSA) in human endome-
trial stromal cells. Eur J Obstet Gynecol Reprod Biol.
2007;135(1):88-93.



158

Immunotherapy in Translational Cancer Research

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

Wu'Y, Guo SW. Peroxisome proliferator-activated receptor-
gamma and retinoid X receptor agonists synergistically
suppress proliferation of immortalized endometrial stromal
cells. Fertil Steril. 2009;91(5 Suppl): 2142-7.

Tao R, de Zoeten EF, Ozkaynak E, Chen C, Wang L,
Porrett PM, et al. Deacetylase inhibition promotes the
generation and function of regulatory T cells. Nature
Medicine. 2007;13(11):1299-307.

Avogadri E Yuan ], Yang A, Schaer D, Wolchok JD.
Modulation of CTLA-4 and GITR for cancer immunother-
apy. Curr Top Microbiol Immunol. 2011;344: 211-44.
Lucas JL, Mirshahpanah P, Haas-Stapleton E, Asadullah
K, Zollner TM, Numerof RP. Induction of Foxp3+
regulatory T cells with histone deacetylase inhibitors.
Cell Immunol. 2009;257(1-2):97-104.

Zhang ZY, Schluesener HJ. Oral administration of his-
tone deacetylase inhibitor MS-275 ameliorates neuroin-
flammation and cerebral amyloidosis and improves
behavior in a mouse model. ] Neuropathol Exp Neurol.
2013;72(3):178-85.

Hodi FS, O’'Day §J, McDermott DE, Weber RW, Sosman
JA, Haanen JB, et al. Improved survival with ipilimumab
in patients with metastatic melanoma. New England
Journal of Medicine. 2010;363(8):711-23.

Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T, Minato
N. Involvement of PD-L1 on tumor cells in the escape
from host immune system and tumor immunotherapy
by PD-L1 blockade. Proc Natl Acad Sci U S A.
2002;99(19):12293-7.

Cheng F, Lienlaf M, Perez-Villarroel P, Wang HW, Lee C,
Woan K, et al. Divergent roles of histone deacetylase 6
(HDACES) and histone deacetylase 11 (HDAC11) on the
transcriptional regulation of IL10 in antigen presenting
cells. Molecular Immunology. 2014;60(1):44-53.
Lienlaf M, Perez-Villarroel P, Knox T, Pabon M,
Sahakian E, Powers J, et al. Essential role of HDAC6 in
the regulation of PD-L1 in melanoma. Molecular
Oncology. 2016;10(5):735-50.

Wang D, DuBois RN. The role of prostaglandin E, in
tumor-associated immunosuppression.
Molecular Medicine. 2016;22(1):1-3.
Harris RE. Cyclooxygenase-2 (COX-2) blockade in the
chemoprevention of cancers of the colon, breast, prostate,
and lung. Inflammopharmacology. 2009;17: 55-67.
Crusz SM, Balkwill FR. Inflammation and cancer:

Trends in

advances and new agents. Nat Rev Clin Oncol. 2015;
12(10):584-96.

Vane JR. Inhibition of prostaglandin synthesis as a
mechanism of action for aspirin-like drugs. Nat New
Biol. 1971;231(25):232-5.

Zha S, Yegnasubramanian V, Nelson WG, Isaacs WB, De
Marzo AM. Cyclooxygenases in cancer: progress and
perspective. Cancer Lett. 2004;215(1):1-20.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Wang D, Dubois RN. Eicosanoids and cancer. Nature
Reviews Cancer. 2010;10(3):181-93.

Zelenay S, van der Veen AG, Bottcher JP, Snelgrove K],
Rogers N, Acton SE, et al. Cyclooxygenase-dependent
tumor growth through evasion of immunity. Cell.
2015;162(6):1257-70.

Becker MR, Siegelin MD, Rompel R, Enk AH, Gaiser T.
COX-2 expression in malignant melanoma: a novel
prognostic marker? Melanoma Res. 2009;19(1):8-16.
Broz ML, Binnewies M, Boldajipour B, Nelson AE,
Pollack JL, Erle DJ, et al. Dissecting the tumor myeloid
compartment reveals rare activating antigen-presenting
cells critical for T cell immunity. Cancer Cell
2014;26(5): 638-52.

Chen JH, Perry CJ, Tsui YC, Staron MM, Parish IA,
Dominguez CX, et al. Prostaglandin E2 and
programmed cell death 1 signaling coordinately impair
CTL function and survival during chronic viral infec-
tion. Nature Medicine. 2015;21(4):327-34.

Wang D, DuBois RN. Immunosuppression associated
with chronic inflammation in the tumor microenvi-
ronment. Carcinogenesis. 2015;36(10):1085-93.

Kyi C, Postow MA. Checkpoint blocking antibodies in
cancer immunotherapy. FEBS Letters. 2014;588(2): 368-76.
Balch CM, Dougherty PA, Cloud GA, Tilden AB.
Prostaglandin E2-mediated suppression of cellular immu-
nity in colon cancer patients. Surgery. 1984;95(1):71-7.
Ohshika Y, Umesaki N, Sugawa T. Inmunomodulating
capacity of the monocyte-macrophage system in
patients with uterine cervical cancer. Nihon Sanka
Fujinka Gakkai Zasshi. 1988;40(5):601-8.

Cameron DJ, O’Brien P. Relationship of the suppres-
sion of macrophage mediated tumor cytotoxicity in
conjunction with secretion of prostaglandin from the
macrophages of breast cancer patients. Int ] Immuno-
pharmacol. 1982;4(5):445-50.

Cameron DJ, Stromberg BV. The ability of macro-
phages from head and neck cancer patients to kill
tumor cells. Effect of prostaglandin inhibitors on cyto-
toxicity. Cancer. 1984;54(11):2403-8.

Baxevanis CN, Reclos GJ, Gritzapis AD, Dedousis GV,
Missitzis I, Papamichail M. Elevated prostaglandin E2
production by monocytes is responsible for the
depressed levels of natural killer and lymphokine-
activated Kkiller cell function in patients with breast
cancer. Cancer. 1993;72(2):491-501.

Kundu N, Walser TC, Ma X, Fulton AM.
Cyclooxygenase inhibitors modulate NK activities that
control metastatic disease. Cancer Immunology,
Immunotherapy. 2005;54(10):981-7.

Shparyk Ia V. [The dynamic indices of the natural killer
cells in the chemotherapy of patients with digestive
organ cancer]. Vrach Delo. 1990(7):14-6.



CHAPTER 11 Repurposing of Drugs for Immunotherapy

159

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Tanaka N, Okamoto Y, Gotoh K, Hizuta A, Yunoki S,
Orita K. Combined therapy with interleukin 2 and
indomethacin in mice inoculated with MH134 hepa-
toma. Acta Med Okayama. 1995;49(5):241-5.

Zamai L, Ponti C, Mirandola P, Gobbi G, Papa S,
Galeotti L, et al. NK cells and cancer. Journal of
Immunology. 2007;178(7):4011-6.

Lang S, Lauffer L, Clausen C, Lohr I, Schmitt B, Holzel
D, et al. Impaired monocyte function in cancer
patients: restoration with a cyclooxygenase-2 inhibitor.
FASEB J. 2003;17(2):286-8.

Lang S, Tiwari S, Andratschke M, Loehr I, Lauffer L,
Bergmann C, et al. Immune restoration in head and neck
cancer patients after in vivo COX-2 inhibition. Cancer
Immunology, Immunotherapy. 2007;56(10):1645-52.
Schellhorn M, Haustein M, Frank M, Linnebacher M,
Hinz B. Celecoxib increases lung cancer cell lysis by
lymphokine-activated killer cells via upregulation of
ICAM-1. Oncotarget. 2015;6(36):39342-56.

Ikemoto S, Kishimoto T, Iimori H, Morikawa Y,
Hayahara N, Maekawa M. Defective interleukin-1 pro-
duction of monocytes in patients with bladder cancer.
Br ] Urol. 1990;65(2):181-5.

Petrini B, Wolk G, Wasserman J, Vedin I, Strannegard
O, Blomgren H, et al. Indomethacin modulation of
monocyte cytokine release following pelvic irradiation
for cancer. Eur ] Cancer. 1991;27(5):591-4.

Yin T, Wang G, Ye T, Wang Y. Sulindac, a non-steroidal
anti-inflammatory drug, mediates breast cancer inhibi-
tion as an immune modulator. Sci Rep. 2016;6:19534.
Han T, Takita H. Indomethacin-mediated enhance-
ment of lymphocyte response to mitogens in healthy
subjects and lung cancer patients. Cancer. 1980;46(11):
2416-20.

Blomgren H, Rotstein S, Wasserman J, Petrini B,
Hammarstrom S. In vitro capacity of various cyclooxy-
genase inhibitors to revert immune suppression caused
by radiation therapy for breast cancer. Radiother
Oncol. 1990;19(4):329-35.

Ferrandina G, Ranelletti FO, Legge F Salutari V,
Martinelli E, Fattorossi A, et al. Celecoxib up-regulates
the expression of the zeta chain of T cell receptor com-
plex in tumor-infiltrating lymphocytes in human
cervical cancer. Clinical Cancer Research. 2006;12(7 Pt
1):2055-60.

Liu JY, Wu Y, Zhang XS, Yang JL, Li HL, Mao YQ, et al.
Single administration of low dose cyclophosphamide aug-
ments the antitumor effect of dendritic cell vaccine. Cancer
Immunology, Immunotherapy. 2007;56(10): 1597-604.
Walmesley AJ, Zweiri ], Christmas SE, Watson AJ.
Rofecoxib has different effects on chemokine production
in colorectal cancer cells and tumor immune splenocytes.
] Immunother. 2007;30(6):614-23.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Kerbel RS, Kamen BA. The anti-angiogenic basis of
metronomic chemotherapy. Nature Reviews Cancer.
2004;4(6):423-36.

Lutsiak ME, Semnani RT, De Pascalis R, Kashmiri SV,
Schlom J, Sabzevari H. Inhibition of CD4(+)25+ T
regulatory cell function implicated in enhanced
immune response by low-dose cyclophosphamide.
Blood. 2005;105(7):2862-8.

Ghiringhelli F, Larmonier N, Schmitt E, Parcellier A,
Cathelin D, Garrido C, et al. CD4+ CD25+ regulatory
T cells suppress tumor immunity but are sensitive to
cyclophosphamide which allows immunotherapy of
established tumors to be curative. Eur ] Immunol.
2004;34(2):336-44.

Tongu M, Harashima N, Yamada T, Harada T, Harada
M. Immunogenic chemotherapy with cyclophospha-
mide and doxorubicin against established murine
carcinoma. Cancer Immunology, Immunotherapy.
2010;59(5):769-77.

Kaneno R, Shurin GV, Tourkova IL, Shurin MR.
Chemomodulation of human dendritic cell function by
antineoplastic agents in low noncytotoxic concentra-
tions. ] Transl Med. 2009;7:58.

Veltman JD, Lambers ME, van Nimwegen M, de Jong
S, Hendriks RW, Hoogsteden HC, et al. Low-dose
cyclophosphamide synergizes with dendritic cell-
based immunotherapy in antitumor activity. ] Biomed
Biotechnol. 2010;2010:798467.

Moschella F, Proietti E, Capone I, Belardelli F
Combination strategies for enhancing the efficacy of
immunotherapy in cancer patients. Ann N'Y Acad Sci.
2010;1194:169-78.

Radojcic V, Bezak KB, Skarica M, Pletneva MA,
Yoshimura K, Schulick RD, et al. Cyclophosphamide
resets dendritic cell homeostasis and enhances antitu-
mor immunity through effects that extend beyond
regulatory T cell elimination. Cancer Immunology,
Immunotherapy. 2010;59(1):137-48.

Nars MS, Kaneno R. Inmunomodulatory effects of low
dose chemotherapy and perspectives of its combination
with immunotherapy. International Journal of Cancer.
2013;132(11):2471-8.

Ramakrishnan R, Assudani D, Nagaraj S, Hunter T,
Cho HI, Antonia S, et al. Chemotherapy enhances
tumor cell susceptibility to CTL-mediated killing dur-
ing cancer immunotherapy in mice. J Clin Invest.
2010;120(4):1111-24.

Zhong H, Han B, Tourkova IL, Lokshin A,
Rosenbloom A, Shurin MR, et al. Low-dose pacli-
taxel prior to intratumoral dendritic cell vaccine
modulates intratumoral cytokine network and lung
cancer growth. Clinical Cancer Research. 2007;13(18
Pt 1):5455-62.



160

Immunotherapy in Translational Cancer Research

132.

133.

134.

135.

136.

137.

Ko HJ, Kim Y], Kim YS, Chang WS, Ko SY, Chang SY,
et al. A combination of chemoimmunotherapies can
efficiently break self-tolerance and induce antitumor
immunity in a tolerogenic murine tumor model.
Cancer Res. 2007;67(15):7477-86.

Suzuki E, Kapoor V, Jassar AS, Kaiser LR, Albelda SM.
Gemcitabine selectively eliminates splenic Gr-1+/
CD11b + myeloid suppressor cells in tumor-bearing
animals and enhances antitumor immune activity.
Clinical Cancer Research. 2005;11(18):6713-21.

He Q, Li ], Yin W, Song Z, Zhang Z, Yi T, et al. Low-
dose paclitaxel enhances the anti-tumor efficacy of
GM-CSF surface-modified whole-tumor-cell vaccine
in mouse model Cancer
Immunology, Immunotherapy. 2011;60(5):715-30.
Fesnak AD, June CH, Levine BL. Engineered T cells:
the promise and challenges of cancer immunotherapy.
Nature Reviews Cancer. 2016;16(9):566-81.

Lisiero DN, Soto H, Everson RG, Liau LM, Prins RM.
The histone deacetylase inhibitor, LBH589, promotes
the systemic cytokine and effector responses of adop-
tively transferred CD8+ T cells. ] Immunother Cancer.
2014;2:8.

Song DG, Ye Q, Santoro S, Fang C, Best A, Powell DJ, Jr.
Chimeric NKG2D CAR-expressing T cell-mediated

of prostate cancer.

138.

139.

140.

141.

attack of human ovarian cancer is enhanced by histone

deacetylase inhibition. Human Gene
2013;24(3):295-305.

Salem ML, Kadima AN, El-Naggar SA, Rubinstein MP,
Chen Y, Gillanders WE, et al. Defining the ability of

cyclophosphamide preconditioning to enhance the

Therapy.

antigen-specific CD8+ T-cell response to peptide
vaccination: creation of a beneficial host microenvi-
ronment involving type I IFNs and myeloid cells.
] Immunother. 2007;30(1):40-53.

Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA,
Palmer DC, Spiess PJ, et al. Removal of homeostatic
cytokine sinks by lymphodepletion enhances the effi-
cacy of adoptively transferred tumor-specific CD8+ T
cells. Journal of Experimental Medicine. 2005;202(7):
907-12.

Ding ZC, Lu X, Yu M, Lemos H, Huang L, Chandler P,
et al. Immunosuppressive myeloid cells induced by
chemotherapy attenuate antitumor CD4+ T-cell
responses through the PD-1-PD-L1 axis. Cancer Res.
2014;74(13):3441-53.

Terranova-Barberio M, Thomas S, Munster PN.
Epigenetic modifiers in immunotherapy: a focus on
checkpoint inhibitors. Immunotherapy. 2016;8(6):
705-19.



CHAPTER 12

Immunomodulation
with Radiation

Jonathan E. Schoenhals', Taylor R. Cushman', Alexandra P.

Cadena’, Sandra Demaria?, and James W. Welsh!

! Radiation Oncology, University of Texas MD Anderson Cancer Center, Houston, TX, USA
* Radiation Oncology and Pathology and Laboratory Medicine, Weill Cornell Medical College, New York,

NY, USA

Radiation therapy has long been a pillar of cancer
treatment. Traditionally, the model describing the
interaction of radiation with the tumor and its
microenvironment has been based on four mecha-
nisms, the “four Rs of radiation”—repair, redistri-
bution, repopulation, and reoxygenation. This
concept has driven the use of fractionated radia-
tion in cancer therapy. However, numerous pre-
clinical studies have shown that radiation also
interacts with the immune system and in fact relies
strongly on immune responses to drive tumor
destruction [1, 2]. This evidence, together with the
tremendous advances in the use of immunotherapy
to treat cancer, has opened a new era in which
radiation is being tested as an adjuvant to
immunotherapy.

This chapter focuses on the effects of radiation
on the antitumor immunity cycle, which describes
the multistep process that drives T-cell-mediated
immune responses [3]. Evidence is emerging that
radiation can modulate all of the steps in this pro-
cess and can help to shift the balance in immune
system function toward tumor rejection. We dis-
cuss current preclinical findings that demonstrate
immune activation after irradiation as well as
ongoing clinical trials to explore the clinical trans-
lation of these concepts.

Radiation and the antitumor
immunity cycle

Conceptually, the development of antitumor
immunity can be divided into two phases, each of
which comprises defined steps. During the priming
phase, dying cancer cells release antigens that are
taken up, processed, and presented by dendritic
cells (DCs) to T cells. This usually takes place in
tumor-draining lymph nodes, where the T cells are
primed, proliferate, and develop into T effector
cells. During the effector phase, the primed T cells
travel to the tumor, infiltrate it, and recognize and
kill the constituent tumor cells. This cyclic process
becomes self-sustaining once immune activation
overcomes the typically immune-suppressive state
of the tumor microenvironment [3]. Thus, gener-
ating an effective antitumor immune response
requires counteracting the immune-suppressive
mechanisms present at each step in the process.
The interactions of radiation with the immune
system are complex but generally result in immune
activation. Radiation contributes to the antitumor
immunity cycle by killing cancer cells and prompt-
ing the release of antigens from those cells (step 1;
Figure 12.1), eliciting “danger signals” that pro-
mote the uptake and presentation of tumor antigen
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Release of Antigen

Upregulation of MHC1

Figure 12.1 The effects of radiation on the tumor
microenvironment. Radiation therapy results in (1) the
release of tumor-specific antigens, (2) presentation of
antigens to dendritic cells, (3) priming of T cells through

by DCs (step 2) [4, 5], amplifying the activation of
DCs, mediated by autocrine production of type I
interferon (IFN) that promotes priming of T cells
(step 3) [6], inducing chemokines and vascular
adhesion molecules that facilitate trafficking to
tumors (step 4) and infiltration of T cells into
tumors (step 5) [7-9], and upregulating major
histocompatibility complex (MHC) proteins and
death receptors on the cancer cells, which enhances
recognition and killing of cancer cells by T cells
(steps 6 and 7) [10-13]. Thus, radiation can work
in concert with a variety of immunotherapy agents
that target different processes and steps in the can-
cer immunity cycle [3] (Table 12.1).

The number of investigations underway to
determine if radiation enhances the effectiveness of
various immunotherapies is increasing, which

Presentation by DCs

Trafficking &
T-cell infiltration

increased IFN-B production and the STING pathway, (4)
increasing T cell infiltration, and (5) upregulation of MHC1
in the tumor microenvironment.

attests to the growing interest in the use of radia-
tion as an immune adjuvant [14]. Below, we review
combinations of radiation with immunotherapies
that target different steps in the antitumor immune
response.

Preclinical studies of radiation
and immunotherapy

Combining radiation with
immunotherapy agents that target
tumor antigen presentation

The availability of sufficient numbers of DCs to
cross-present antigens that are released by dying
cancer cells is critical for the development of both
natural and radiation-induced T-cell responses
[15-17]. Growth factors that increase the generation



Table 12.1 Combinations of radiotherapy and immune response modifiers tested in preclinical tumor models.

Tumor antigen presentation

T cell priming and activation

Killing of cancer cells

Flt3-ligand

Exogenous DC
S.C., iV,
Exogenous DC
s.C., it
CpG s.c. peritumorally and i.t.
Imiquimod, topical
R848, i.v.
ECI301 (CCL3 variant) i.v.
2'3'-cGAMP, i.t.
Vaccinia and avipox recombinants expressing CEA
and T-cell costimulatory molecules
Autologous tumor cell vaccine expressing GM-CSF
Anti-CTLA-4 antibody, i.p.

Anti-CD137 antibody, i.v or i.p.

Anti-OX40 antibody, i.p.

IL-2, i.t.

NHS-IL-2 (fusion of antibody to necrotic DNA with
modified IL-2), i.v.

TGFp neutralizing antibody, i.p

Anti-PD-1 antibody, i.p.

Anti-PDL-1 antibody, i.p.

Growth factor for DCs, increased systemic
availability of DCs
Increase local and systemic availability of DCs

Increase availability of DCs in irradiated tumor

TLR9 agonist, DCs activation

TLR7 agonist, local DCs activation

TLR7 agonist, systemic DCs activation
Recruitment of DCs, T cells, NK cells

STING agonist, IFN-I production

Generation of tumor antigen-specific T cells

Immune checkpoint inhibitor

Costimulatory receptor agonist

Costimulatory receptor agonist

T cell growth factor

Modified T cell growth factor, targeted to
tumor

Blocks immunosuppressive effects of TGFp on
DC and T cells

Immune checkpoint inhibitor

Blocks PD-1 ligand on tumor cells/infiltrating
myeloid cells

60Gy x 1
2Gyx 1,6Gy x 1
10Gy x 3-5

85Gy x5
15Gy x 1
10-55Gy x 1
8Gyx3
10Gy x 1
6Gy x 1
20Gy x 1
8Gy x 1

4Gyx2
12Gy x 1-2

6Gy x 5, 8Gy x 3,
20Gy x 1
5Gyx1,10Gy x 1,
15Gy x 1

4Gy x2

20Gy x 3
2Gy x 10

36Gy x5

6Gy x 5

12Gy x 1
10Gy x 1
12Gy x 1, 20Gy x 1
2Gy x5
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Table 12.1 (Continued)

Adoptively transferred T cells Activated tumor antigen—specific CD8 T cells 8Gy x 1 (1]

10Gy x 1 [10]

2Gy x 1 [56]

CSF1R inhibitor Reduced post-RT recruitment of MDSC and 3Gy x5 [55]
TAM

Note: CEA=carcinoembryonic antigen; CpG=C-G enriched, synthetic oligodeoxynucleotide; CTLA-4=cytotoxic T lymphocyte-associated antigen 4; DC=dendritic cells; GM-
CSF=granulocyte-macrophage colony-stimulating factor; i.p. = intraperitoneally; i.t. = intratumorally; i.v. = intravenously; MDSC=myeloid-derived suppressor cells; MHC=major
histocompatibility complex; NK =natural killer cells; PD-1=programmed death-1; s.c. = subcutaneously; TAM =tumor-associated macrophages; TLR=Toll-like receptor.

2See reference [3].



CHAPTER 12 Immunomodulation with Radiation 165

of DCs such as the Flt-3 ligand have been used in
combination with local radiotherapy in mouse
models of lung and breast cancer [1, 18]. In the
relatively immunogenic 67NR breast cancer model,
a small radiation dose of 2 Gy directed to a subcu-
taneous tumor was sufficient to induce antitumor
T cells capable of mediating an abscopal effect (i.e.,
regression of a tumor outside of the field of radia-
tion) against a synchronous, nonirradiated tumor
when used in combination with Flt3-Ligand [1]. In
the more aggressive and less immunogenic Lewis
lung carcinoma, considerably larger radiation
doses were used (60Gy given in a single dose).
Although a single dose of this size is not clinically
relevant, this study provided the first proof of prin-
ciple that adding a DC growth factor to local irra-
diation can induce T cells capable of inhibiting
systemic metastases [18]. Other investigators have
tested the inoculation of autologous DCs near or
within irradiated tumors in mouse models of fibro-
sarcoma, melanoma, lymphoma, and colorectal
cancer. In these studies, radiation was given either
as a single dose or in 3-5 fractions, and in every
case more powerful antitumor immune responses
were generated from the combination of DC inoc-
ulation and irradiation [19-21]. Another strategy
used to enhance the homing of DCs to the tumor is
to administer a variant of the chemokine macro-
phage inflammatory protein-1 alpha, also known
as CCL3 [22].

Other studies have tested the combination of
radiation with immune response modifiers that
increase the activation of DCs by stimulating toll-
like receptors (TLRs), which are upstream of the
NF-kf and IFN type I pathways. Local injection of
the TLR9 agonist C-G enriched synthetic oligode-
oxynucleotide (CpG) improved the radiocurability
of the tumor in mouse fibrosarcoma models treated
with single-dose or fractionated radiation [23, 24].
The TLR7 agonist imiquimod, given topically in a
mouse model of cutaneous breast cancer metas-
tases, had modest effects on tumor growth when
given alone, but when combined with fractionated
radiation (in three 8-Gy fractions [8 Gy x 3]), it
achieved complete rejection of the irradiated tumor
and partial responses at nonirradiated abscopal
tumor sites [25]. In mouse models of lymphoma, a
single 10-Gy dose of radiation combined with the
TLR7 agonist R848 administered intravenously

extended the long-term survival of the mice relative
to either treatment alone [26]. In addition to TLR
agonists, STING agonists such as 2'3’-cGAMP
(which also activates the NF-kf and IEN type I
pathways) have successfully enhanced the antitu-
mor immune responses elicited by radiation [6].

Finally, radiation used with various tumor vac-
cines can markedly improve tumor rejection. In
one study, the effects of radiation were mediated
largely by upregulation of Fas/CD95 death receptor
on the tumor cells, leading to improved killing by
the vaccine-generated T cells. Interestingly, T-cell
responses were also seen to tumor antigens that
were not present in the vaccine, indicating that this
combination primed a broader T-cell response
[27]. In another study, complete cure of established
GL261 glioma cells growing in the brain of mice
was achieved only by the combination of whole-
brain irradiation and peripheral vaccination with
autologous tumor cells modified to produce granu-
locyte-macrophage  colony-stimulating  factor
(GM-CSF). Radiation improved T cell infiltration
into the tumor and upregulated MHC class I
antigens on the invading glioma cells, rendering
them better targets for CD8 T cells [28].

Combining radiation

with immunotherapy agents that
target T-cell priming and activation

The immune checkpoint receptors CTLA4 and
PD1 regulate T cell responses via several mecha-
nisms. However, CTLA4 is thought to have a
central role during priming, whereas PD1 acts pre-
dominantly during the effector phase [29, 30].
Typically a response to anti-CTLA4 antibodies
requires some degree of preexisting antitumor
immunity, which means that many patients with
cancer will not respond to this strategy without
additional interventions that synergize with anti-
CTLA4 in inducing antitumor T cells [31].
Radiation has been shown to be one such interven-
tion, able to synergize with anti-CTLA4 to induce
antitumor T cells that improve control of both irra-
diated tumors and distant metastases [32]. The
synergy initially observed in a mouse model of
poorly immunogenic triple-negative breast cancer
refractory to immunotherapy alone has been
confirmed in additional models of breast and colo-
rectal cancer, and, more recently, melanoma [32-
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34]. Notably, a side-by-side comparison of different
radiation regimens demonstrated that not all regi-
mens were equally effective: abscopal responses
were achieved when radiation was given in 6-Gy
fractions over five consecutive days or in 8-Gy frac-
tions over three consecutive days, but a single
20-Gy dose was not effective [33]. The potential
clinical relevance of this observation is supported
by the achievement of abscopal effects in patients
with melanoma or lung cancer who received radio-
therapy and anti-CTLA4 antibody ipilimumab
with similar hypofractionated radiation regimens
[35-37].

In addition to inhibitory receptors, multiple
costimulatory receptors regulate T cell activation,
and therapeutic antibodies have been developed
for some of those targets [38]. One such target is
CD137 (4-1BB), a member of the tumor necrosis
factor receptor family expressed on T cells after
their activation that mediates signals that increase
T cell proliferation, survival, and effector functions
when bound to agonistic antibodies [39]. Anti-
CD137 antibodies have enhanced the response of
tumors to single-dose irradiation in mouse models
of breast and lung carcinoma [40]. They were also
effective in an orthotopic mouse model of glioma
treated with whole-brain irradiation given as two
4-Gy fractions, leading to complete tumor eradica-
tion and long-term survival in most mice so treated
[41]. Agonistic antibodies to OX40 (CD134),
another costimulatory receptor, were shown to
improve survival when used with radiation in a
mouse model of lung cancer [42].

Use of the T cell growth factor interleukin-2
(IL-2) to achieve T-cell-mediated tumor rejection
was the first immunotherapy to be used clinically
[43]. In a mouse model of colorectal cancer, intra-
tumoral IL-2 improved the regression of both a
subcutaneous irradiated tumor and nonirradiated
liver metastases [44]. In a recent study, a novel
form of IL-2 (NHS-IL2+) was engineered in which
a tumor-homing signal provided by an antibody
specific for necrotic DNA was fused to genetically
modified human IL-2 so as to selectively activate
the high-affinity IL-2 receptor. Used in combination
with radiation, this modified IL-2 was shown to
induce antitumor immune responses and complete
tumor regressions in 80%-100% of mice so treated,
and this treatment showed promising clinical

activity in a phase Ib trial of patients with meta-
static lung cancer [45].

Finally, inhibition of the immunosuppressive
cytokine transforming growth factor-beta (TGF f)
was shown to have synergistic effects with frac-
tionated radiotherapy in two mouse models of
breast cancer, inducing abscopal effects and
improving survival mediated by the activation of T
cells that recognized several endogenous tumor
antigens [46].

Combining radiation

with immunotherapy agents that
improve T-cell-mediated killing

of cancer cells

Upregulation of PDL1 in the tumor microenviron-
ment is a major mechanism by which tumors
escape from immune-mediated control [47].
Several preclinical studies have investigated combi-
nations of antibodies targeting PDL1 or its receptor
PD1 with radiotherapy. In one such study, PD1
blockade improved the response to radiotherapy
and anti-CD137 in mouse models of breast cancer
[48]. In another study, PD1 blockade improved the
survival of mice with intracranial glioma treated
with stereotactic radiation [49]. Anti-PDLI1 anti-
bodies were shown to improve local control and
induce abscopal effects in mouse models of breast
and colorectal cancer by reducing PDL1* myeloid-
derived suppressor cells (MDSCs) in the tumor
microenvironment [50]. Moreover, the optimal
scheduling of giving anti-PDL1 monoclonal anti-
bodies with radiation was addressed in a study
which showed that concomitant administration
with fractionated radiotherapy was required to
achieve therapeutic benefit [51]. Anti-PD1 anti-
bodies have also been shown to improve survival
achieved with radiation and TGF g blockade in a
mouse model of metastatic breast cancer by over-
coming induced resistance [46].

The combination of two immune checkpoint
inhibitors targeting CTLA4 and PD1 has been
shown to improve the responses achieved with
either antibody alone in preclinical models of mel-
anoma as well as in patients [52, 53]. In one
preclinical study, local radiation of B16 mouse mel-
anoma induced T cell responses and tumor
rejection when given in combination with anti-
CTLAA4, effects that were significantly improved by
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the further addition of anti-PD1 [54]. Thus, in situ
vaccination by in vivo tumor irradiation produced
effects similar to vaccination with autologous
tumor cells modified to express GM-CSF [53].
Importantly, abscopal effects were also improved
with the combination approach, which was effec-
tive against B16 melanoma cells that stably
expressed high levels of PDLI, because the anti-
PD1 “reinvigorated” exhausted T cells [34].

Another strategy to improve tumor rejection is
through reducing MDSC recruitment to the tumor
after irradiation. One such study using agents that
block CSFRI signaling improved tumor responses
[55]. Finally, radiation improved tumor rejection
mediated by adoptively transferred tumor-specific
T cells by enhancing the expression of Fas and/or
MHC-I on cancer cells, resulting in enhanced
killing of cancer cells by T cells [10, 11]. Another
mechanism by which radiation improves tumor
rejection is through normalization of the vascula-
ture, which allows adoptively transferred T cells to
infiltrate the tumor [56].

The next step: Clinical applications

The preclinical studies described above have
helped pave the way for numerous trials testing
immunotherapy in combination with radiation for
nearly all types of cancer. Historically, most such
trials have focused on melanoma; much pioneering
work has been done with immunomodulatory
agents such as IL-2, which expands active T cells
and has led to tumor responses in patients with
metastatic melanoma [57]. The recent approval by
the U.S. Food and Drug Administration (FDA) of
checkpoint inhibitors such as anti-CTLA4 and
anti-PD1 has led to the rapid expansion of new trial
concepts in which these agents are used with radia-
tion. Such studies will be crucial not only for eval-
uating the safety of this strategy but also for
identifying the optimal dose, timing, and
sequencing of the radiation within it. The next
steps will involve expanding the number of
combination trials in which “cocktails” of immuno-
therapy agents are used to overcome several poten-
tial mechanisms of immune evasion. Although
several new agents are now available to choose
from, perhaps the most beneficial combinations
will target the inhibitory immune effects associated

with radiation, such as increases in TGFf, MDSCs,
or regulatory T cells (T,.).

Enhancing tumor antigen presentation
As highlighted above, presentation of tumor-
derived antigens by DCs is critical for generation of
T-cell responses against tumors. Thus, strategies
aimed at enhancing tumor antigen presentation
have been tested for the ability to improve responses
to radiation therapy. Fortunately, several therapeu-
tics that have shown positive effects with radiation
in mouse models are being developed for clinical
use, including FLT3 ligand and TLR7 and TLR9
agonists. Some of the clinical trials now in progress
to evaluate this approach in combination with radi-
ation are described below.

Exogenous DC therapy

A completed phase I trial (NCT00365872) tested
intratumoral injection of DCs with radiation before
surgery for sarcoma. The 17 patients in this trial had
large (>5cm), high-grade soft tissue sarcoma treated
with 50.4Gy in 28 fractions in addition to intratu-
moral DC injections. The treatment was well toler-
ated, and 9 patients developed a tumor-specific
immune response that lasted from 11 to 42 weeks.
The authors reported a “dramatic accumulation of T
cells in the tumor” and a progression-free survival
rate of 70.6% at 1 year [58].

Another phase I/II trial (NCT00547144) tested
the use of intratumoral DC with gemcitabine and
radiation for unresectable pancreatic cancer.
Initiated in October 2007, this trial was particularly
interesting because pancreatic cancer has tra-
ditionally shown little or no response to
immunotherapy. Although the desmoplastic
stroma associated with pancreatic tumors has been
thought to exclude lymphocytes from pancreatic
tumors, the hypothesis was that injecting DCs
directly into the tumors could help to overcome
this barrier. Unfortunately, the financial cost of DC
expansion and delivery proved to be too high, and
this trial was terminated.

Another trial of DC therapy for resectable
esophageal cancer (NCT01691664) is underway in
China. Initiated in September 2012, this trial
involves collecting DCs from patients after surgical
resection but before radiation therapy; the DCs are
then infused back into the patient at three different
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time points during the course of the radiation. The
primary endpoint is disease-free survival. This trial
is designed to accrue 40 patients.

TLR9/TLR7 agonists

Agonists to TLR9 and TLR7 are powerful immune
activators that are too toxic to be administered sys-
temically but have shown some efficacy when given
locally to the tumor [59-62]. This approach is par-
ticularly attractive for combining such agents with
local radiation.

In a study by Brody and colleagues, patients with
lymphoma received local injections of CpG TLR9
agonists in combination with low-dose radiation
[63]. This approach led to abscopal responses in
nonirradiated lesions in almost one third of
patients. TLR9 agonists activate plasmacytoid DCs,
which then produce high local concentrations of
type I IFN and activate antitumor CD8+ T cells to
express PD1.

Another phase I/II trial evaluating a triple
combination of a TLR9 agonist with the anti-
CTLA4 antibody ipilimumab and X-ray therapy,
NCT02254772, was opened in September 2014 for
patients with recurrent low-grade B cell lymphoma.
Both the TLRY agonist and the ipilimumab are to
be injected locally, with a short two-day course of
radiation. This study is expected to accrue a total of
27 patients.

The first study of a TLR7 agonist with radiation
is NCT01421017, a phase I/II trial for patients with
metastatic or recurrent breast cancer involving the
skin. Based on prior preclinical data supporting the
efficacy of the combination [25] and on a clinical
study supporting activity of topical TLR7 agonist
imiquimod in breast cancer cutaneous metastases
[59], this trial was designed to evaluate responses
in irradiated and nonirradiated skin lesions treated
with imiquimod as well as in untreated skin or
visceral metastases. The study was modified to
include the addition of low-dose cyclophospha-
mide as a strategy to reduce T, and accrual is
close to completion.

Granulocyte-macrophage colony-
stimulating factor

Three trials have been undertaken to date to test
GM-CSF in combination with radiation for patients
with cancer. Results have been reported for

NCT02474186, which began in 2003 and showed
evidence of abscopal responses in 11 of 41 enrolled
patients [64]. Radiation therapy was given as 35 Gy
in 10 fractions, concurrent with systemic therapy
and subcutaneous GM-CSE The most common
grade 3-4 toxicities were fatigue and hematolog-
ical, and one patient experienced grade 4
pulmonary embolism. Importantly, patients with
abscopal responses had significantly better overall
survival with a median of 20.98 months versus
8.33 months in nonresponders [64].

A phase II trial, NCT00652860, at the Mayo
Clinic evaluated a recombinant form of GM-CSE
sargramostim, with radiation before surgery for
soft tissue sarcoma. Patients were given either sub-
cutaneous GM-CSF or aerosolized GM-CSF before
surgery, and aerosolized GM-CSF was begun again
at four weeks after surgery. A total of 39 patients
were enrolled between November 2001 and April
2006. When this study was completed in 2011,
most patients (76%) had experienced grade 3-4
hematologic toxicity; however, 24 of the first 35
evaluable patients were free of pulmonary metas-
tasis at two years, and 58% of patients were free of
disease progression at three years. However, this
trial failed to meet its primary endpoint of reducing
the rate of pulmonary metastases at two years [65].

Another phase II trial of GM-CSF for stage IV
non-small-cell lung cancer (NSCLC), NCT 02623595,
is one of the first to combine hypofractionated
high-dose radiation with GM-CSF for patients for
whom second-line chemotherapy had failed. The
plan is to treat 40 patients with stage IV NSCLC
with radiation to a total dose of 50 Gy in 5 frac-
tions, given with concurrent GM-CSE Abscopal
responses will be evaluated at 1, 2, 3, 6, and 12
months. The study was opened in November 2015
and is currently accruing patients.

T-cell priming and activation

T cells are key players in antitumor immune
response, and several therapeutics targeting T cells
have been developed or are under development for
use in the clinic. Activation of tumor-specific
T cells requires that antigens be presented together
with appropriate costimulatory signals and survival
factors. Signaling pathways involved include major
histocompatibility complex-T cell receptor inter-
actions and CD28 costimulation on the T cells,
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with B7.1 and B7.2 expressed on the antigen-
presenting cells. These signals activate T cells, which
can then produce IL-2 and proliferate. Other sig-
naling pathways involved in T cell proliferation and
activation include costimulatory receptors OX40
(CD134) and 4-1BB (CD137). Inhibitory signals
regulate T cell activation to prevent autoimmunity
but are often overly active in the setting of cancer.
One such signal is mediated by the inhibitory
receptor CTLA4 (CD152), which binds with high-
affinity to B7.1 and B7.2 and precludes the CD28
signal and T cell activation. Another immunosup-
pressive factor is TGFP, which acts in multiple
ways to blunt T cell responses [66]. Clinical trials of
drugs that modulate these pathways in combination
with radiation are discussed briefly below.

CTLA4

Numerous trials are now underway to test anti-
CLTA4 antibodies in combination with radiation.
Ipilimumab was the first immune checkpoint drug
to be approved by the FDA, and it was the first
such drug to be readily available for testing in
combination with radiation. Early trials of this
combination involved patients with melanoma and
were then expanded to include patients with other
types of tumors. Despite its potential for durable
long-term control in some patients, most do not
respond to ipilimumab, and even some who do
respond later develop refractory disease. Thus,
much interest has been expressed in evaluating
whether radiation can increase response rates
achieved with anti-CTLA4 alone.

Several clinical case reports support the
effectiveness of radiation combined with immuno-
therapy. A patient with melanoma who was not
responding to ipilimumab was given palliative
radiotherapy to a paraspinal mass (three 9.5-Gy
fractions, total dose 28.5Gy), followed by addi-
tional ipilimumab [67]; this patient had a dramatic
response with regression of nonirradiated metas-
tases. A similar case was reported by Hiniker et al.,
who treated a patient with melanoma with ipilim-
umab and concurrent radiation to 54 Gy (in 18-Gy
fractions) and observed complete regression in all
metastatic lesions [68]. In a retrospective analysis
of melanoma patients receiving radiotherapy dur-
ing ipilimumab, Grimaldi et al. found abscopal
responses in 9 of 21 patients (43%), and 2 patients

(10%) had stable disease (SD) [69]. Immune check-
point blockade has also been combined with
radiation for metastatic prostate cancer; Slovin
et al. reported responses and declines in prostate-
specific antigen in a phase I/II trial when treating
50 men with 3.5 or 10-mg/kg doses of ipilimumab
with or without 8-Gy radiation fractions per meta-
static lesion [70]. However, when comparing
ipilimumab versus placebo with radiation, the
resulting phase III trial failed to reach its endpoint
of increased median overall survival with a p value
of 0.053 between the two groups [71].

Recent results of a phase I study testing radiation
and ipilimumab for 22 patients with metastatic
melanoma showed that 18% of patients had a
partial response as the best response, and another
18% had SD in nonirradiated lesions [54]. In that
study, radiation was given in a dose-escalation
protocol starting with two doses of 6 or 8 Gy and
increasing to three Encouragingly,
combining radiation with ipilimumab did not

doses.

increase toxicity. However, the response rate in this
small group of patients was quite similar to
response rates for ipilimumab alone [72]. On the
basis of preclinical data indicating that anti-CTLA4
inhibits T but promotes expansion of effector T
cells (thereby increasing the CD8/T  ratio) and
that radiation enhances the diversity of the TCR
repertoire, these investigators proposed that an
optimal response in melanoma and other types of
cancer would require a triple combination of radia-
tion, anti-CTLA4, and anti-PDL1/PD1.

A large, 100-patient phase I/II trial now
underway at The University of Texas MD Anderson
Cancer Center (NCT02239900) is open to patients
with any type of solid tumor as long as metastatic
lesions are present in the lung or liver to which ste-
reotactic ablative radiotherapy (SABR) can be
safely delivered. This trial is testing various
sequences of anti-CLTA4 with radiation, different
radiation doses (50 Gy in four fractions vs. 60 Gy in
10 fractions), and differences in T cell priming
according to the location of the irradiated tumor
(liver vs. lung). Initial findings have shown that this
combination is safe and may show signs of immune
activation [73].

As of February 2017, 45 trials were listed as test-
ing anti-CTLA4 with radiation. Although most of
those trials focus on melanoma, others are testing
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this combination for cancer of the head and neck,
lung, prostate, colon, rectum, liver, and cervix, as
well as non-Hodgkin lymphoma. The next several
years should bring a much better understanding of
not only the safety of combining anti-CTLA4 with
radiation but also the most effective radiation dose
and sequencing for clinical use.

0X40

The combination of the OX40 agonist MEDI6469
with radiation is currently being tested in two trials
at the Providence Portland Medical Center in
Oregon. The first (NCT01303705) is a phase I/II
trial that is currently recruiting men with meta-
static prostate cancer. The goal of that study is to
find the maximum tolerated dose of cyclophospha-
mide in conjunction with one 8-Gy fraction of
radiation and three 0.4-mg/kg doses of MEDI6469.
Cyclophosphamide will be given first, followed by
both radiation and OX40 on day 4, and OX40 will
be given on days 4, 6, and 8. The sequencing in the
study design was based on preclinical findings, and
the radiation will be given as palliation to bone
metastases. The rationale for this approach is the
expectation that the combination of radiation and
cyclophosphamide will act as an “in situ” vaccine,
prompting the release of antigens that will be rec-
ognized by T cells; the OX40 serves as the catalyst
to tip the scale in favor of tumor rejection.

The second study (NCT01862900), also a phase
I/11 trial, involves giving OX40 with SABR to lung
or liver metastases from breast cancer. That study
does not involve chemotherapy and will test single-
fraction doses of 15 Gy, 20 Gy, or 25Gy. The OX40
is to be given at 0.4 mg/kg on days 3 and 5 after the
SABR. The objective of this trial of single-dose
radiation (as opposed to standard fractionated
radiation) is to establish the maximum tolerated
dose of radiation with OX40; the secondary
outcome is abscopal responses.

Interleukin-2

The combination of high dose IL-2 with SABR was
tested in patients with metastatic melanoma and
renal cell carcinoma in a phase I trial. Patients
received 20Gy X-ray therapy in one, two, or three
fractions. Eight of 12 patients had a clinical
response according to RECIST in total tumor
burden, and 1 had a complete response (CR) [74].

The same study reported a retrospective evaluation
of patients who received SABR prior to high-dose
IL-2 treated at their institution. Ten patients were
identified for this analysis, 8 with melanoma and 2
with renal cell carcinoma. Five of 8 patients with
melanoma had clinical responses outside of the
irradiated field (3 CR) and both patients with renal
cell carcinoma had partial responses (PR).

Preliminary findings from a separate trial [75] of
IL-2 with three 6-12Gy doses of radiation to a
tumor site for melanoma and renal cell carcinoma
(NCT01884961) demonstrated tumor control in 3
of 9 evaluable patients (1 CR, 1 PR, and 1 SD) [76].
Moreover, 4 of 7 evaluable patients had immune
cells that recognized surviving and other tumor
antigens, suggesting that radiation can activate
tumor-specific T cells and that IL-2 can stimulate
their survival and proliferation. This trial is
ongoing and will aim to enroll 19 total patients;
however, more patients will be needed to evaluate
whether this combination is beneficial.

Transforming growth factor-beta (TGF f5)
Four clinical trials are currently testing TGF § inhi-
bition with radiation: two phase II trials for breast
cancer (NCT01401062 and NCT02538471), one
phase I/II trial for glioma (NCT01220271), and
one phase I/II trial for NSCLC (NCT02581787).
Currently, two TGF $ inhibitors are being tested,
either as a small molecule (LY2157299) or an anti-
body (fresolimumab). In the trial testing fresolim-
umab with radiation for metastatic breast cancer
(NCT01401062), patients are randomly assigned to
receive either 1 or 10mg/kg fresolimumab and
radiation to two separate lesions, given in three
fractions of 7.5 Gy each. The study has completed
accrual and results are expected soon. The other
breast cancer trial is testing a small molecule inhib-
itor of TGF 3, LY2157299, given at 300 mg/kg daily
for two weeks on and two weeks off, with radiation
to one disease site. The primary endpoint in both
trials is the presence of an abscopal effect.

In the glioma trial, chemoradiation is being
tested with LY2157299 given at 80mg/kg or
150 mg/kg twice daily for two weeks on and two
weeks off, a schedule similar to that in the breast
cancer trials. Both radiation and chemotherapy
will be given concurrently during the first portion
of the study, with a radiation dose of 1.8-2 Gy per
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day for five days a week to a total dose of 60 Gy and
the alkylator temozolomide given during and after
the radiation. The primary objectives in this trial
are to identify appropriate doses and evaluate
changes in response biomarkers with evidence of
clinical benefit. An interim analysis showed that
the toxicity of this combination therapy was man-
ageable [77].

The NSCLC trial, to be led by investigators at
Stanford University, will test fresolimumab in
combination with SABR to identify safe doses and
document the incidence and severity of radiation
pneumonitis (NCT02581787). The drug and radia-
tion doses have yet to be specified, but the radiation
will be given in four fractions.

It will be interesting to see which radiation dose
and fractionation scheme will produce the best
response in combination with anti-TGFp therapy,
and whether the antibody or small molecule
approach will be more effective. Results from these
trials will certainly shed light on the role of TGFf
release during radiation therapy and its effects on
immune responses.

Killing cancer cells

Anti-PD1/Anti-PDL1
Combining radiation with agents that target the
PD1/PDL1 pathway is currently of great interest, in
part because anti-PD1/PDL1 agents have shown
activity in multiple malignancies and are less toxic
than anti-CLTA4. Numerous trials are now
underway with these agents in combination with
radiation for many types of cancer. Early trials were
for patients with stage IV disease and evaluated the
safety of this approach and its potential for pro-
ducing abscopal responses; more recent trials are
evaluating this approach for disease at earlier
stages, with the hope that combining anti-PD1/
PDL1 with radiation can address micrometastases.
The rationale for giving radiation and immuno-
therapy before surgery is that this therapy may turn
the tumor itself into an “in-situ vaccine” before
resection, potentially improving both local and dis-
tant control. The following is a brief review of
ongoing trials based on disease site.

Initial trials investigating immunotherapy plus
radiation are largely performed in patients with
solid tumors that have recurred or progressed after

at least one type of systemic therapy or, for
melanoma and NSCLC, after anti-PD1 therapy.
Some ongoing phase I trials of the anti-PD1 anti-
body pembrolizumab include NCT02608385,
which is examining pembrolizumab and SABR for
advanced solid tumors at the University of Chicago;
or NCT02303990 (“RADVAX”), a stratified trial of
pembrolizumab with hypofractionated radiation
for advanced and metastatic cancers at the
University of Pennsylvania; or NCT02318771,
which is examining pembrolizumab and hypofrac-
tionated radiation for recurrent or metastatic
cancer of head and neck, renal cell carcinoma, lung
cancer, or melanoma.

Lung cancer is one of the most thoroughly
studied diseases at this time, and several new
combination trial concepts have been proposed for
virtually every stage of the disease. For stage I
tumors, the Immunotherapy-STARS trial is being
developed as a successor to the previous successful
STARS trial, in which patients with surgically
resectable lung cancer were randomly assigned to
undergo SABR versus lobectomy [78]. Other trials
are underway to evaluate induction immunother-
apy before surgery for stage II lung cancer;
although none of these trials currently include
concurrent radiation, that would be a logical next
step in their evolution. For patients with unresect-
able stage III lung cancer, several trials are
underway in which immunotherapy is combined
with radiation. One such trial, a phase I/II study
at MD Anderson Cancer Center, evaluates
concurrent immunotherapy with the anti-PDL1
drug atezolizumab (Genentech, Inc.) plus
concurrent chemoradiation. Both the Southwest
Oncology Group and the Radiation Therapy
Oncology Group are also planning to test immu-
notherapy given after radiation has been delivered.
Other trials for stage IV NSCLC include another
study at MD Anderson in which patients with
stage IV NSCLC will be randomly assigned to
receive anti-PD1 with or without radiation
(NCT02444741). Patients in the anti-PDI1-only
group who experience disease progression will be
given radiation to see if the radiation can induce
immune responses to refractory disease. The
rationale for this design comes from recent work
showing that response to anti-PD1 may depend on
MHCI expression [79] and that radiation-induced
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MHC I may resensitize tumors to anti-PD1-medi-
ated T cell killing. The PEAR trial in the United
Kingdom (NCT02587455) is also evaluating
immunotherapy given with palliative radiation for
NSCLC.

Immunotherapy is also being tested for the
long-term local control of high-grade glial
tumors. Ongoing trials for this purpose include a
multicenter, open-label, nonrandomized phase II
study of the anti-PDL1 checkpoint inhibitor dur-
valumab (MEDI4736) for patients with newly
diagnosed, unmethylated MGMT glioblastoma;
durvalumab is given every 2 weeks in combination
with standard radiation (NCT02336165). A phase
I trial of PD1 blockade with pembrolizumab plus
bevacizumab with hypofractionated SABR in five
days for recurrent high-grade glial tumors has
been initiated by H. Lee Moffitt Cancer Center
and Research Institute (NCT02313272).

The PD1 inhibitor pembrolizumab is being
tested in phase II trials for patients with surgi-
cally resectable head and neck squamous cell
carcinoma; it is given intravenously approxi-
mately two or three weeks before surgery, to be
followed by intensity-modulated radiation
therapy to 60 Gy (in daily 2-Gy fractions) to
patients at high risk of recurrence
(NCT02296684) or those with recurrent disease
(NCT02318771) or as reirradiation for patients
with inoperable locoregionally recurrent or sec-
ond primary squamous cell carcinomas
(NCT02289209). Pembrolizumab is also being
tested in a phase I single-arm, open-label trial in
combination with standard cisplatin-based
definitive chemoradiation (70 Gy delivered in
once-daily 2-Gy fractions) for patients with
stage III-IVB squamous cell carcinoma of the
head and neck; the accrual goal for this study is
39 patients (NCT02586207).

Colorectal cancer (CRC) is known to respond
well to radiation, especially cancer of the rectum
and anal canal. The question now is whether
immunotherapy could enhance the antitumor
effects of radiation and help to prevent recur-
rence and/or metastatic disease. Immune
checkpoint drugs are largely ineffective in colo-
rectal cancer (except for patients with high
microsatellite instability) [80]. To determine if
radiation may sensitize CRC to anti-PDI, a

phase II trial evaluating pembrolizumab with
radiation is currently ongoing, either in conven-
tional fractions or as SABR, for patients with
metastatic colorectal cancer (NCT02437071).
Another trial, NCT02298946, is a phase I trial
evaluating anti-PD1 with SABR to liver lesions
for patients with metastatic CRC, regardless of
microsatellite instability status. The starting
dose is a single fraction of 8 Gy, which is then
escalated to three fractions of 8 Gy each. The
trial design also includes low-dose cyclophos-
phamide, which has been shown to reduce T e
[81, 82], with the thought that this would further
improve T-cell responses. Another phase II trial
(NCT02586610) evaluates pathologic complete
response rates among patients with rectal
cancer after neoadjuvant pembrolizumab in
combination with chemoradiation. The advantage
of this trial design is the ability to analyze tumor
tissue before and after treatment, which will pro-
vide insights into the modes of action of the
combination treatment.

Because the induction of PDL1 expression in the
tumor microenvironment is often associated with
the presence of infiltrating T cells [83], in the future
anti-PD1 therapy may become a component of
many combinations that include radiation and
other immune modulators.

Summary

Combinations of radiation with various types of
immunotherapy are being vigorously tested in
clinical trials. Preclinical data suggest that such
combinations should be successful; however,
several critical questions need to be addressed
before the use of radiation to increase responses
to immunotherapy can be incorporated into
clinical care [84]. Future preclinical studies will
test novel immunotherapies with radiation and
will define the mechanisms to achieve optimal
in situ vaccination by radiation, as well as define
the timing of each given drug versus radiation
delivery. Results of these preclinical studies and
the many ongoing and future clinical trials are
eagerly awaited and are expected to change the
use of radiation in advanced disease from a
largely local treatment to one that can improve
systemic tumor control.
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Introduction to current Good
Manufacturing Practices

Current Good Manufacturing Practices (cGMP)
are the minimum processes necessary to manufac-
ture drug products administered to humans. GMPs
were first developed in 1963 to help regulate the
pharmaceutical industry shortly after thalidomide
was found to cause phocomelia in approximately
10,000 children who were exposed to the drug in
utero [1]. During the next several decades, updated
cGMPs were established to help regulate increasing
aspects of drug development and processing.
Adherence to cGMPs is the first step in ensuring
the production of safe products that contain the
stated ingredients at the stated strength. Under
c¢GMP, producers must adhere to the regulatory
requirements described in Title 21 of the Code of
Federal Regulations [2]. Operation within this
regulatory framework carries the power of federal
law, and compliance is assessed by the United States
Food and Drug Administration (FDA). When
required, nonadherence to cGMP standards could
result in responses ranging from FDA warning
letters to criminal prosecution. Therefore, under-
standing of and adherence to cGMP are of the
utmost importance for facilities manufacturing

clinical grade immunotherapies that fall under
these regulations.

Cellular therapies may hold advantages over
small molecule therapies for indications such as
cancer and inflammation due to the selectivity,
potency, migratory activity, and persistence of cells
[3]. For cellular therapy products that are “more
than minimally manipulated” in FDA terms, the
regulatory burden is greater than for minimally
manipulated cell products such as hematopoietic
stem cell transplant. The “more than minimal
manipulation” categorization applies to cell prod-
ucts including those that are used for a function
that is not homologous to their tissue or cell type of
origin, undergo a period of cell culture ex vivo, or
are gene modified. Most hematopoietic stem cell
laboratories operate under Good Laboratory
Practices (GLP) but do not meet cGMP standards
for more than minimal manipulation. While some
laboratories process both hematopoietic stem cell
products and more advanced, highly manipulated
immunotherapies, it is crucial to ensure that
appropriate standard operating procedures (SOPs)
and workflows are in place to meet regulatory
requirements.

SOPs apply to many aspects of operating a
c¢GMP facility, including the validation, calibration,
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operation, maintenance, and cleaning of the equip-
ment, as well as the receipt, quarantine, labeling,
and storage of materials. SOPs also cover the
training and qualification of personnel, environ-
mental monitoring, and cleaning of the facility.
Complex processes, such as production of immu-
notherapies, leave opportunities for deviations and
errors due to the requirement for human interven-
tion and decision making. A robust quality system
specifically identifies gaps and provides guidance
to avoid error through SOPs. Nonetheless, cata-
strophic failures due to preventable errors may
occur when quality standards are violated.
Therefore, a quality management system and the
team to implement it are essential components of
c¢GMP immunotherapy laboratory operations.
Extensive training of all personnel is required to
reduce failure and bring quality products to
patients. As compared with GLP, cGMP requires
more rigorous documentation and verification,
as well as a more robust quality system.
Importantly, staff must know exactly what the
standards are and be appropriately trained to meet
those requirements.

Manufacture of cellular
immunotherapies in the cGMP
setting

While many promising discoveries may be made in
the research laboratory, successful translation of
these immunotherapeutics into the cGMP setting
is not guaranteed. cGMP production presents sev-
eral challenges not encountered in the research lab-
oratory and may require modification of the
protocol established at the research bench. These
challenges touch on all aspects of immunothera-
peutic development, from receipt of starting bio-
material, reagents, and supplies to the final
disposition of the product.

c¢GMP manufacturing of cellular immunother-
apies begins with obtaining biomaterial from the
patient or donor. This can be achieved via leuka-
pheresis, bone marrow aspiration, whole blood
collection, cord blood collection, or excision of
tissue. While procedures to obtain starting bioma-
terial must adhere to clinical standards, subsequent
processing steps prior to seeding cultures are not
standardized. Protocols will vary depending on

both starting material and desired end product.
Therefore, a cGMP laboratory must validate and
document each specific intervention (e.g., cell
washing, selection, culture, harvest, and formula-
tion/storage) for a given protocol. Such validation
should match the final process; however, this may
not always be possible. For instance, patient cel-
lular material may be unavailable and healthy
donor tissue may have to substitute, although this
carries risks in imperfect modeling of the behavior
of cells derived from patient material.

Cell washing presents particular challenges in
the cGMP setting. Many cell washing methods
have been adapted from other clinical applications
such as intraoperative blood recovery systems,
including the CellSaver5 (Haemonetics, Braintree,
MA, USA). These types of instruments were not
originally designed for immunotherapy products,
and so they often have limited capabilities.
Recognizing the demand, new cell-therapy-specific
cell washing instrumentation has been developed.
Newer instruments offer immunotherapy-specitfic
improvements such as closed systems, real-
time monitoring of data, and greater degrees of
automation.

Two centrifugal-based cell washers, the
CytoMate (Baxter International, Deerfield, IL,
USA) and the Lovo (Fenwal, Lake Zurich, IL, USA)
have in the past or can now be used to demonstrate
the importance of evolution and flexibility of
cellular therapy-specific instruments for immuno-
therapy product manufacturing. The CytoMate,
which has been discontinued, was a fully automated
device designed for washing and concentrating
leukocytes. While the CytoMate efficiently depleted
platelets and some red blood cells through a
spinning membrane filter, it had a limited flow rate.
At volumes above 5 liters, long runs times meant
that cell yield and viability may have been compro-
mised during the several hours required for
harvest. The CytoMate had been discontinued for
several years when the technology was resurrected
in the form of the Lovo, which was designed with
modular cartridges for harvesting different vol-
umes [4].

Cell separation and culture also provide cGMP-
specific challenges. Ficoll gradient separation after
apheresis can effectively enrich lymphocytes and
monocytes and deplete red cells, platelets, and
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granulocytes. However, in our experience the high-
est yields are obtained with experienced technicians
in open systems of centrifuge tubes, rather than
closed automated systems, which require equip-
ment and capital investment.

Elutriation separates cell populations based on
centrifugal force and increasing buffer counter
flow, and in our facility it is performed in a closed
system using the Elutra (Terumo BCT, Lakewood,
CO, USA) [5]. The advantage of this technology is
that it can separate lymphocytes from monocytes
and also can deplete red blood cells and platelets.
Further cell separation of cells of similar size and
density requires the use of antibody/ligand-based
separation methods. Some, such as flow cytometry
sorting, are open systems. Others, such as the
Miltenyi CliniMACS and associated tubing kits, are
closed systems. The availability of cGMP-grade
reagents is the limiting factor in the use of any of
these systems.

Culture of cells in the cGMP laboratory differs
significantly from cell culture in the research envi-
ronment. While ubiquitous in the research world,
fetal bovine serum or fetal calf serum should be
avoided in cGMP cell culture, because exposure to
xeno-antigens can cause serious adverse reactions
in patients [6, 7]. The amount of bovine serum cur-
rently available is predicted to support the
development of 400,000 therapeutic doses of cel-
lular therapy per year, according to one estimate
[8]. Therefore, if cellular therapies become widely
used across many indications in the near future,
alternatives to bovine serum as well as human
serum will be imperative. When adapting research
protocols to the cGMP laboratory, human serum
or serum mimics may replace xenogeneic serum;
however, this may require alteration of the current
protocols for cell culture. Certain preclinical
studies should be carried out in a cGMP facility or
with cGMP reagents to determine whether it is fea-
sible to adapt the preclinical protocol to produce
clinical-grade cellular therapies.

An additional concern when transitioning from
preclinical experiments to clinical studies is the
scale at which the cells need to be manufactured.
Growing cells at a larger scale requires careful
consideration of cell density, media exchange, and
gas exchange requirements. Bioreactors have been
developed to help streamline the process of scaling

up cell manufacture and are currently used in many
cGMP facilities to move beyond the problems
inherent in generating very large numbers of cells
in static cell culture [9].

Modification of cells for
immunotherapy

Cell modifications, such as selective expansion or
transduction, require particular cGMP consider-
ations. Antibody-based reagents can be used to
selectively expand or differentiate target cell popu-
lations. In the cGMP setting, each of these reagents
must be individually controlled and certified as
c¢GMP grade prior to addition to the culture.
c¢GMP-grade antibody reagents may not be com-
mercially available for every protocol, however.

Several gene delivery techniques for cellular
therapies have been developed, including viral
vectors [10-14], transposons [14-17], and RNA
transfection [17-19]. Viral vectors, including
gamma-retroviruses and -lentiviruses, are cur-
rently the most commonly used methods of
modifying cells for clinical trials of cellular ther-
apies. Gamma-retroviruses and -lentiviruses
deliver RNA, which is reverse transcribed into
DNA and permanently integrated into the genomic
DNA of the host cell, resulting in a stable transduc-
tion and long-term expression of the gene of
interest [20]. However, viral vectors must meet
c¢GMP quality control standards, and one must
assay for potential residual replication-competent
retroviruses (RCR) in the vector lot and after cell
transduction. Production and use of viral vectors
for gene transfer is typically performed under bio-
safety level 2 conditions due to regulations
regarding the use of viral vectors and recombinant
products.

Transfection of RNA into cells via electropora-
tion is a newer method of gene transfer that has
also been used in the clinic [21]. In contrast to
transduction with a viral vector, electroporation of
RNA results in a transient expression of the gene
product [22]. The model we have employed in
clinical trial design using RNA-modified chimeric
antigen receptor (CAR) T cells involves multiple
cell infusions spread over two weeks. If toxicity to
healthy tissues is observed in trials using CAR T
cells transfected with RNA, the next scheduled
infusion of CAR T cells can be cancelled, and the
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toxicity becomes self-limiting. This alleviates the
potential concerns of toxicity arising from long-
lived cellular therapies and the theoretic risk of
genotoxicity. However, the shorter timeframe of
transgene expression also limits the duration of
therapeutic efficacy. Another advantage of the
RNA transfection strategy is that RCR testing does
not need to be performed on the final product, as
with viral vector-transduced cellular therapies.
Finally, RNA production and testing can be per-
formed at a fraction of the cost and time needed for
viral vector production [23, 24].

Criteria for use of cellular therapies
generated in a cGMP facility

Products made in cGMP facilities must meet spec-
ified acceptance/rejection criteria necessary for
determining whether a batch of product will meet
regulatory specifications for the safety, purity,
potency, and identity of the drug product. Specific
assays for cellular therapy product release have
been developed [25-27]. Potency tests for cellular
therapies generally involve cytotoxicity or cytokine
release assays in vitro to determine that the cells
have the capacity to exert the desired effector
functions. Sterility testing is another important
release assay for cellular therapies. A Gram stain of
the cells can rapidly identify bacteria in the prod-
uct; however, this test is considered unreliable, of
low sensitivity, and often results in false positive
outcomes. Cellular therapy products are also tested
for endotoxin and mycoplasma, and the purity and
identity of the cells can be examined by flow cy-
tometry or other phenotypic assays.

If the cells are cryopreserved prior to infusion
into the patient, it is important to freeze the cells in
several aliquots so that a small sample may be
tested without thawing the entire product. Cells
are typically cryopreserved in a cryoprotectant-
supplemented media and stored in the vapor phase
of liquid nitrogen. An important part of any cell
processing facility involves the integrity of the liquid
nitrogen tanks and freezers. Alarm systems can
automatically alert facility personnel by phone or
email of changes in temperature, ideally with
enough time for transfer of the samples to a new
storage location before the samples thaw. Therefore,
backup freezers and liquid nitrogen tanks must
be available and dutifully maintained at cGMP
facilities.

Another aspect of cGMP cellular therapy to con-
sider is the personal nature of the product. In most
cases, cell therapies are manufactured using the
patient’s own cells, which have been obtained
through an apheresis procedure. The patients who
are treated with cellular therapies typically have
very poor prognoses with available therapies and
are receiving a cellular therapy product in a clinical
trial as a last resort. Thus, in the cases where cell
and gene therapy products fail to meet a release cri-
terion apart from a sterility assay or RCR assay,
additional consideration may be needed on a per
patient basis before disposing of the product
entirely. Current research is underway to develop
“off-the-shelf” cellular therapies, which can be
manufactured using cells from healthy donors and
may result in cellular therapies becoming more
readily available to patients [28]. This approach has
had some activity in preclinical experiments, but
results from clinical trials have not yet been
reported.

Infrastructure considerations
in cGMP manufacture

Organizational infrastructure
and quality standards
Technical aspects of production are just one com-
ponent of cGMP immunotherapy laboratory oper-
ation. The infrastructure of the laboratory, whether
it is physical or organizational, is also crucial to
maintaining a  high-quality <GMP facility
(Figure 13.1). cGMP laboratories for processing
cellular immunotherapies typically have several
different rooms, including separate rooms for
sample staging, cell expansion, incoming material
quarantine and release, waste removal, and per-
sonnel changing areas. If space is limited, then
materials must be clearly labeled on separate cabi-
nets or shelves, or in separate refrigerators and
freezers. These distinct areas are very important for
separating quarantined materials from quality
assurance release materials. The personnel in the
facility should ideally be able to move from room
to room in one direction, so as to further avoid any
cross-contamination between rooms of the facility.
Airlock systems with differential air pressure can
further aid in preventing cross-contamination.
The organizational infrastructure of a cGMP
laboratory involves several levels of management
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Figure 13.1 Clinical cell processing operational systems.
Raw material for cellular immunotherapy products can be
obtained from the patient from a number of sources
depending on the application. Methods of cell washing,
manufacturing, and gene delivery generate a cell product
endowed with enhanced or novel functions that must

and personnel. The head of the laboratory is
responsible for determining that all of the key staff
of the cGMP facility have been adequately trained
and are appropriately supervised. The technical
management personnel oversee the calibration of
instruments, environmental monitoring, materials
storage, and staff training programs. The technical
staff must be qualified in the background and pro-
cedures relevant to the work required.

A cGMP laboratory must also include a quality
team. This groups primary responsibility is to
develop, enact, and monitor a comprehensive quality
management system to ensure production and test-
ing of reliably safe and defined products. This team
is expected to be independent from the personnel
involved in production within the facility. The
quality team is responsible for any investigations and
corrective actions that are taken in the event that a
finished product is rejected. Products may be
rejected for a variety of reasons, including failure
of sterility tests, unexpected testing results, prod-
uct degradation, unacceptable environmental or

then be tested according to FDA acceptance criteria for
safety, purity, potency, identity, and stability. All
manufacturing for clinical use and testing must occur
within a system of quality and regulatory compliance that
covers facilities, equipment, documentation, and quality
operations.

personnel monitoring results, and equipment
malfunctions. The quality team ensures that each
product has been tested properly and was produced
under appropriate cGMP facility conditions.

A key quality standard that must be monitored
by the quality team involves the documentation of
all manufacturing and testing that occurs in cGMP
facilities. This includes documents detailing the
policies, SOPs, batch records, quality control test
methods, and product specifications. Product
specifications include tests on identity, content,
purity, potency, and quality of the product, as well
as any intermediates, water, solvents, or other
reagents used in the manufacturing process.
Documents describing the procedures used in the
facility should be clearly written and thoroughly
reviewed to prevent errors in communication. Any
corrections made to a document should be signed
and dated, and corrections must not obscure the
original information present on the document.

In addition, the quality team must oversee the
labeling of all equipment, packaging, directions,
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and manuals within the facility. The FDA considers
any devices within a cGMP facility that are unla-
beled or labeled improperly inappropriate for
c¢GMP manufacturing. The product labels should
include the name, concentration, date of manufac-
ture, expiration date, storage condition, and control
number of the product. Documents describing the
procedures used in the facility should be clearly
written and thoroughly reviewed to prevent errors
in communication. Any corrections made to a doc-
ument should be signed and dated, and corrections
must not obscure the original information present
on the document.

Physical infrastructure

Some infrastructure standards are encoded in reg-
ulations or guidelines for the production of cGMP-
grade cell products for clinical use. These include
unidirectional workflow, water, heating, ventila-
tion, air conditioning, and electricity. The air input
for the facility should pass through high-efficiency
particulate air (HEPA) filters to reduce contami-
nating particles. Additionally, any processes that
may generate aerosols or present a risk to the prod-
uct during processing should be performed in bio-
safety cabinets.

Importantly, however, there are numerous unique
and specific considerations for each individual
program. For instance, the design, construction, and
implementation of a brand new facility present dif-
ferent costs and benefits than retrofitting an existing
laboratory. When adapting a cGMP facility for a new
product, the unidirectional workflow of the existing
facility must be considered and ideally will be used
by the new facility. Additionally, in multiproduct
facilities in academia, designing and building (let
alone funding) a facility to industry standards can be
problematic. Ultimately, effective use of physical
infrastructure in the cGMP environment will evolve
from the interaction of regulatory requirements and
fulfillment of a programmatic need.

The equipment involved in processing the data
generated by cGMP facilities should also be care-
fully monitored and controlled. This includes all
automated equipment in the laboratory as well as
computers and critical software used to document
processing or release testing. The data generated by
the equipment or calculated by software must be
protected and retrievably backed up at regular

intervals. Storage and integrity of the data are
crucial in the event of an audit of the facility.

Environmental monitoring and cleaning
Monitoring of both viable and nonviable particles
at various locations throughout the facility is
important to ensure that the facility is operating
within specifications [29]. The environment of a
cGMP facility should be sampled during the
normal operation of processes and with facility
personnel present, in order to guarantee the collec-
tion of accurate data. Particle counts reflect both
the design of the air handling system and personnel
practices. Air cleanliness can be especially impor-
tant during open processing steps, and the loca-
tions where these processes take place should be
heavily monitored.

Environmental monitoring, gowning and per-
sonnel practices, cleaning within and just outside
the cGMP facility, and pest control must all be
covered in SOPs. The environmental monitoring
SOPs should describe the required frequency of air
sampling, the duration of sampling, the surface
area or volume of air that must be sampled, the
equipment and techniques utilized, and how to
respond to readings that are outside of acceptable
limits [30]. Contaminating air particles are typi-
cally quantified as the number of colony-forming
units detectable on a culture plate. The gowns and
gloves worn by the personnel in the facility should
also be monitored for cleanliness. The cleaning
SOPs should describe the methods and frequency
of cleaning, including rotation of cleaning agents.

Global systems and organizations

for cellular therapy cGMP facilities

A coding and labeling system for cellular therapy
products, known as the International Society of
Blood Transfusion (ISBT) 128, provides globally
unique identification numbers for blood products
[31, 32]. Using internationally applied definitions
and codes to maintain the data for cellular ther-
apies streamlines international transport of blood
and cell products and reduces language barriers in
the labeling of the products. Additionally, trace-
ability is improved with the ISBT 128 system
because each product has a unique number and the
software used to track the products can be used
worldwide [31].
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Interlaboratory interaction can provide an
important infrastructure for growth of the field as a
whole. Standards organizations such as the
Foundation for the Accreditation of Cellular
Therapy (FACT) and the Joint Accreditation
Committee of the International Society for Cellular
Therapy (ISCT) and the European Society for
Blood and Marrow Transplantation (EBMT)—
(JACIE)—develop global standards and an
internationally recognized system of accreditation.
In addition, professional organizations such as the
American Association of Blood Banks (AABB), the
ISCT, the American Society of Gene & Cell Therapy
(ASGCT), and the European Society of Gene &
Cell Therapy (ESGCT) aim for collaboration
between academia, regulatory bodies, industry
partners, and patient advocates to promote
research, clinical practice, and standards relating to
cellular therapies. Professional advocacy organiza-
tions, including the Alliance for Regenerative
Medicine (ARM), promote legislative, regulatory,
investment, and technical initiatives to help the
development and public understanding of novel
medical technologies worldwide. At a national
level, regional consortia such as the Cell
Therapy Catapult in the UK, the Centre for
Commercialization of Regenerative Medicine
(CCRM) in Canada, and the National Heart,
Lung, and Blood Institute (NHLBI) Production
Assistance for Cellular Therapies (PACT) in the
United States promote collaboration and efficiency
within specific countries in bringing cellular ther-
apies to the clinic. The successes of many of these
organizations argue in favor of greater development
of regional and national infrastructure to support
c¢GMP laboratories.

Evolution of cGMP
immunotherapies

Recent clinical success has invigorated the field of
immunotherapy. One great need for the field is
consideration of logistics and automation. Current
costs for cGMP immunotherapy development and
production are prohibitive for small- and medium-
sized academic medical centers and even small bio-
technology companies. Even for well-funded
industry laboratories, failure to commit an ade-
quate upfront investment could doom a clinically

successful product to commercial failure. One
example of this is Provenge, a cellular therapy man-
ufactured by Dendreon that was approved by the
FDA to treat patients with prostate cancer in 2010.
The product that was approved by the FDA
required a freshly collected apheresis product that
was not cryopreserved and was formulated as three
vaccines, each delivered as fresh product. This
required highly orchestrated logistics to source and
collect the apheresis product, schedule the manu-
facture and testing, and deliver the final products.
Furthermore, the manufacturing process was
almost entirely manual and dependent on highly
trained personnel. In 2014, Dendreon filed for
bankruptcy, followed a few months later by the
purchase of the company by Valeant
Pharmaceuticals International. However, in 2017
both Novartis and Kite filed Biologics License
Applications with the FDA for chimeric antigen
receptor T cells for leukemia and lymphoma.
Human trials with more than minimally manip-
ulated cell therapy products will require
c¢GMP-grade production. At this time, demand for
these products is leading the supply of systems
including facilities, materials, reagents, equipment,
and trained personnel necessary for production. As
the tools and devices for this industry improve,
c¢GMP immunotherapy laboratories will enjoy even
greater production capabilities. Much of this will
derive from the development of immunotherapy-
specific reagents and automated instruments. An
example of a cell-therapy-specific automated prod-
uct is the CliniMACS Prodigy (Miltenyi Biotec,
Bergisch Gladbach, Germany). This instrument is
designed to maintain cells in a closed system, auto-
mate the majority of processes, and automatically
obtain and store quality metrics. While the
CliniMACS Prodigy has limitations, it is an
example of how cGMP elements can be incorpo-
rated into instrument design. As the field continues
to progress, other well-designed instruments can
be expected to make cGMP production a reality for
laboratories that otherwise could not manufacture
c¢GMP-grade products. Other considerations for
c¢GMP cellular processing laboratories include how
much demand is anticipated for new products.
Because cell and gene therapies are relatively new
types of therapies with rapidly increasing demand,
the need for greater cell processing capability may
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increase dramatically within the next five years as
therapies currently under investigation are used in
larger clinical trials and for greater numbers of
indications.

Concluding remarks

The use of cGMP facilities for cellular therapies is
essential for bringing the highest quality cell prod-
ucts to patients. In this chapter, we have discussed
some of the infrastructure, documentation, envi-
ronmental monitoring, personnel, and other con-
cerns that must be addressed when designing or
using a cGMP facility. Because there are many cel-
lular therapies currently in preclinical development,
early-phase clinical trials, and multicenter clinical
trials, many new cGMP facilities will be built in the
near future or adapted from existing facilities. It is
important for physicians and academic scientists as
well as members of this growing industry to know
the basics of cGMP manufacture when testing or
administering these therapies. This will allow for
an easier transition from therapies in preclinical
development to clinical-grade drugs, and therefore
greater efficiency in getting novel therapeutics to
the patients who need treatment.
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T Cell Receptor Mimic Antibodies
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The T cell receptor (TCR) is a complex structure
that governs the recognition of the target cell or
antigen-presenting cell (APC) by the T cell
Although the specificity of the TCR for its target is
primarily determined by the affinity of the TCR for
the peptide/major histocompatibility (MHC)
antigen complex (pMHC), a number of additional
molecules also play a critical role in the interaction
between the target cell and the T cell, which could
result in subsequent T cell activation. The contact
between the T cell and the target cell or APC,
known as the immune synapse, is composed of a
multitude of receptor/ligand complexes in addition
to the TCR/pMHC. There are three broad cate-
gories of molecules at the cell surface that are
involved in the recognition and activation of the T
cell by the target. These include the TCR corecep-
tors (i.e,, CD3, CD4, and CDS8), costimulatory/
coinhibitory molecules (e.g., CD28, CTLA4, and
PD1), and adhesion molecules (e.g., LFA-1).

TCR interactions with pMHC,
coreceptors, and costimulatory
molecules

The interaction of the TCR with the pMHC is char-
acterized as being a low-affinity interaction, with a

K, of 1-90uM, in contrast to antibody affinity,
which can have a K in the low nM range, repre-
senting a high-affinity interaction. The low affinity
of the TCR is a result of both its slow association
rate (k ) and fast dissociation rate (k ;) with the
pMHC [1, 2]. This low-affinity, rapid interaction of
the TCR/pMHC allows a T cell to efficiently screen
a large number of peptides that are presented by
the MHC on normal and diseased cells so that it
can establish an activation-inducing immune syn-
apse with the appropriate cells.

In addition to the contributions of the TCR/
pMHC interaction to the activation of the T cell,
the TCR is a multisubunit extracellular receptor
that forms a complex with a number of corecep-
tors, including CD3 (composed of CD3y, CD35,
and CD3¢ chains) and the {-chain [3]. These core-
ceptors compose what is commonly known as the
TCR complex and are highly critical to the function
of the TCR; indeed, in many publications this com-
plex is termed the T cell “receptor” CD3 and the
C-chain are critical for permitting the TCR to
trigger T cell activation because the TCR lacks
intrinsic signaling capacity. CD3 and the {-chain
contain phosphorylation sites, known as immune
receptor tyrosine-based activation motifs (ITAMs),
which are phosphorylated by the Src family
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tyrosine kinases LCK and FYN during T cell
activation [3]. Following phosphorylation, sig-
naling proteins with SH2 domains (e.g,
C-chain-associated protein (ZAP-70)) are recruited
to the TCR complex, and signaling cascades are
propagated to activate the T cell [3, 4].

In addition to CD3 and {-chain, CD4 and CD8
are important TCR coreceptors that are expressed
by helper T cells and cytotoxic T cells, respectively.
Although structurally different, CD4 and CD8
have very similar functions in the context of T cell
activation. CD4 and CD8 have two primary
functions: (1) they bind appropriate MHC on the
surface of the antigen-presenting cell or target cell,
thereby stabilizing the TCR-pMHC and increasing
the avidity of the TCR [5, 6]; and (2) they enhance
phosphorylation of the ITAMs within the TCR
complex [7-11].

In addition to the TCR and its coreceptors, a
number of molecules that are expressed on the T
cell surface play a major role in regulating T cell
activation following TCR-pMHC binding. These
immune checkpoint molecules regulate the
activation state of the T cell by either amplifying or
attenuating TCR signaling. Immune checkpoint
receptors can be divided into two categories: coin-
hibitory molecules and costimulatory molecules.
Examples of these molecules include cytotoxic T
lymphocyte antigen 4 (CTLA4) and programmed
cell death protein 1 (PD1), which are the two most
well-characterized coinhibitory checkpoint mole-
cules [12-15], and CD28, which is a costimulatory
molecule that is primarily involved in T cell
priming [16-18]. There is a growing list of immune
checkpoint molecules, and some have been tar-
geted clinically with promising efficacy results
[19-26].

Although the complexities of the checks and bal-
ances system that are imparted on the T cell are
essential for normal immune homeostasis, these
factors often cause major obstacles in developing
cancer immunotherapies. The complex interac-
tions between the TCR, coreceptors, costimulatory/
inhibitory molecules, and the pMHC determine
whether a T cell can ultimately recognize and kill
its target. This highlights the need to develop
simple immunotherapies that can specifically bind
the pMHC and initiate cytotoxic processes that
emulate the T cell activity while circumventing the

intricacies of coreceptor interactions with inhibi-
tory components of the tumor microenvironment.
TCR mimic (TCRm) antibodies, also known as
TCR-like antibodies, provide a direct approach to
target pMHC on the tumor cell surface with a
higher affinity than T-cell-based immunotherapy
that utilizes conventional TCRs. TCRm antibodies
may prove to be a great tool in the armamentarium
of cancer immunotherapies.

TCRm development

TCRm antibodies are antibodies that bind to the
pMHC complex, similar to the TCR. The epitope
of a TCRm is a conformational epitope com-
posed of the peptide and the MHC complex.
TCRm antibodies are structurally identical to
conventional antibodies, containing two light
chains and two heavy chains. The light and heavy
chains are composed of a variable region that
determines the binding of the antibody to the
pMHC, while the constant region determines the
binding of the antibody to the Fc receptor on
immune cells as well as the ability of the anti-
body to fix complement. However, unlike con-
ventional antibodies, which target cell surface
molecules, TCRm antibodies target peptides
derived from intracellular proteins and therefore
provide an approach to target an entire class of
tumor-associated or tumor-specific intracellular
antigens.

Because the antigenic peptide (typically nine
amino acids) is a very small component of the
pMHC structure, which is dominated by the
MHC molecule, generating TCRm antibodies
can be a challenging task. The difficulties are
due to the high likelihood that an antibody that
binds the pMHC will have a high affinity for the
MHC component of the pMHC, irrespective of
the peptide that is found within the antigen-
binding groove of the pMHC. In the following
sections, we will discuss two main approaches to
developing TCRm antibodies: antibody library
and immunization/hybridoma  approaches
(Figure 14.1a and 14.1b), and we will highlight
the most well-developed antitumor TCRm anti-
bodies, which combine the complexity of tumor
specificity with the efficiency of an antibody
approach to cancer immunotherapy.
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Figure 14.1 Approaches to generating TCRm
antibodies.There are two main approaches to generating
TCRm antibodies. (a) An antibody library is generated from
a synthetic DNA library or from B cells. The antibody-coding
nucleic acid sequence is packaged into a particle linked to
the antibody for which the DNA codes. The particles are
screened for reactivity with pMHC complexes. After
identifying the antibodies that have high binding affinity
for the pMHC, the genetic code for that antibody can then
be used to generate the antibody for further validation. In

Antibody library approach

to generating TCRm

An antibody library is a tool that allows for the
selection of antibodies based on their affinity for an
antigen using an antibody that is linked to its
nucleic acid coding sequence [27]. Antibody

(b)

B cells

o

Myeloma cells

o e

J Hybridoma

LI L L L L 1

Screening
process

the second approach (b), mice are immunized with peptide/
MHC class | complexes. Mouse spleen cells (i.e., antibody-
producing cells) are immortalized by fusion with myeloma
cell lines. The hybridomas are selected for reactivity with
pMHC complexes, and the reactive hybridomas are then
used as the source of antibody for further validation.

TCRm =T cell receptor-mimic; MHC=major
histocompatibility; pMHC=peptide MHC. Source: Courtesy
of David M. Aten (Sr. Medical Illustrator, Media Services,
University of Texas MD Anderson Cancer Center).

libraries are composed of a phenotype molecule
(i.e., antibody) that is linked to its genotype (i.e.,
nucleic acid sequence that encodes that particular
antibody) in a display particle. A variety of particles
have been used to contain the antibody and its
linked nucleic acid, including phage, yeast, mammalian
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cells, bacteria, and viruses. In addition, there are
displays that use microbeads and direct protein
linked to mRNA or DNA. The antibody genetic
code in these systems is either cloned from B cell
light-chain (V|) and heavy-chain (V) variable
domains or generated from synthetic DNA,
providing a large pool of potential antibodies for
screening [28, 29]. Once the antibodies are linked
to their genotype and are packaged within the
display system, they can be used to screen antigens.
In the case of TCRm antibodies, the antigens are
presented in the form of pMHC monomers or cells
displaying the particular pMHC. After identifying
the antibodies that have high binding affinity for
the pMHC, the genetic code that is linked to that
antibody can then be used to generate the antibody
for further validation.

Immunization approach to

generating TCRm

The immunization approach is a standard method
for generating an antibody-mediated immune
response against a target antigen. Using this
approach, mice are vaccinated with either pMHC
monomers or APCs that have high expression of
the antigen of interest [30-32]. After generating a
hybridoma using conventional methods, clones are
screened for their ability to produce TCRm anti-
bodies that target the pMHC using cells that are
known to express the pMHC or pMHC monomers.
Once clones are identified, they can be expanded
and utilized to produce large amounts of the TCRm
antibody. A modified approach that combines
immunization with an antibody library also has
been applied to generating TCRm antibodies with
some success [33, 34]. Using this methodology,
mice are immunized with pMHC complexes and
phage display libraries are generated from the
spleens of the mice and then screened for the anti-
body of interest by conventional methods.

Advantages and disadvantages

to antibody display libraries

and hybridomas

Several methods exist to optimize antibodies for
clinical use to accelerate development in the clinical
setting. Developing an antibody with a very high
affinity for the antigen is critical for the therapeutic
application of the antibody, since natural TCRs

have a low affinity for their cognate pMHC.
However, unlike the T cell—in which interactions
of the TCR with its cognate pMHC on the target
cell by themselves do not determine T cell
activation and target killing, processes that are
dependent on a number of factors in addition to
the TCR affinity for the pPMHC—the activity of the
antibody against its target cell is driven primarily
by its affinity for the antigen, with higher affinity
correlating with improved activity.

In the physiologic setting, after an antigen binds
to the B cell surface immunoglobulin, it stimulates
B cells to undergo fine-tuning of the antigen-
binding fragment (Fab) of the antibody through a
process known as affinity maturation. Somatic
hypermutation is the major mechanism of the
affinity maturation process, whereby activation-
induced cytidine deaminase introduces random
mutations into the V, and V, regions of the
antibody, thereby leading to the generation of anti-
bodies with a range of affinities for the antigen. B
cells containing mutations that enhance the affinity
of the antibody for its antigen are positively selected
and proliferate, whereas B cells with mutations that
decrease the affinity of the antibody for the antigen
undergo apoptosis. This process yields antibodies
with a very high affinity for their antigens.

One advantage of using a vaccine methodology
is that it allows normal immune processes to gen-
erate the antibody, and therefore many of the
antibodies that are developed using antigen
immunization and hybridoma generation naturally
possess a higher affinity for the pMHC in
comparison with antibody display libraries [32,
35]. However, technologies are available to increase
the affinity of antibodies that are developed using
antibody libraries that introduce mutations into
the Fab of the antibody. These methodologies have
proven to be effective in enhancing the binding
affinity of the antibody for its antigen, including
TCRm [36-39].

In addition to affinity maturation, humanizing
antibodies is a major step that facilitates the
development of an antibody clinically. Although
chimeric monoclonal antibodies (e.g., rituximab,
cetuximab, and trastuzumab) have been used in the
clinic successfully and are the standard of care for a
number of malignancies, antibodies that are not
fully humanized run the risk of causing major
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immune complications in patients receiving them.
Antibody humanization refers to the humanization
not only of the constant region of the antibody that
mediates the activity of the antibody in humans
(i.e., antibody-dependent cell-mediated cytotoxic-
ity (ADCC) or complement-dependent cytotoxicity
(CDCQ)) but also of the Fab region. This is a major
effort, especially in antibodies that were generated
using murine hybridomas. Nevertheless, available
technologies allow for the humanization of the
antigen-binding portion of the antibody by grafting
human complementary determining regions and
framework residues into the Fab of the antibody
[40-42]. These methodologies have proven effec-
tive in humanizing murine antibodies while
retaining the affinity and function of the antibody.
One of the major advantages to antibody
display libraries is that they provide an efficient
and relatively rapid procedure to generate anti-
bodies that target pMHC. This is not the case
when vaccine approaches are used for antibody
development, as they require a longer duration
for effective mouse immunization and subsequent
hybridoma generation. In addition, the immune
response elicited following the immunization
process requires that the immunogen (i.e., pMHC
complex) be stable for a sufficient duration to
interact with murine immune cells. However,
unlike antibodies that are generated through
immunization, which contain the full antibody
structure, albeit of mouse background, antibody
display libraries generate monovalent antibodies
composed of the single chain variable fragments
(scFv) or the Fab portion of the antibody. These
monovalent forms can be conjugated to toxins or
fluorophores and used as therapeutics or tools to
detect cell surface pMHC, respectively. Further,
this sequence can ultimately be cloned into
immunoglobulin vectors to produce the bivalent
secreted conventional antibodies that have var-
ious mechanisms of action (Figure 14.2). In the
following sections, the designation TCRm anti-
bodies will refer not only to bivalent conventional
antibodies that target pMHC but also to scFv and
Fab that target pMHC. Although a number of
TCRm antibodies have been developed and hold
promise as anticancer therapeutics, the following
sections will focus on the TCRm antibodies that
are closest to clinical development (Table 14.1).

Toxin T

Figure 14.2 Mechanisms of action for TCRm
antibodies.TCRm antibodies kill tumor cells by a number of
mechanisms. These include direct killing by inducing tumor
cell apoptosis after binding the pMHC, activating immune
cells (e.g., NK cells) that mediate antibody-dependent
cellular cytotoxicity (ADCC), or by fixing complement and
activating complement-dependent cytotoxicity (CDC). The
Fc region of the antibody is critical for determining

ADCC- and CDC-mediated processes. In addition, TCRm
antibodies can be directly linked to a toxin that mediates
cell lysis. TCRm=T cell receptor-mimic; pMHC=peptide
MHC; NK=natural killer; Fc=fragment crystallizable. Source:
Courtesy of David M. Aten (Sr. Medical Illustrator, Media
Services, University of Texas MD Anderson Cancer Center).

Leukemia

TCRm antibodies have been studied in the setting
of leukemia, specifically acute myeloid leukemia
(AML) and acute lymphoblastic leukemia (ALL).
The targets in the setting of leukemia have focused
on HLA class I peptides derived from leukemia-
associated antigens: Wilms tumor antigen (WT1),
neutrophil elastase, and proteinase-3. WT-1 is a
tumor-associated antigen that plays an impor-
tant role in cell survival and normal cellular
development. WT-1 is a zinc finger transcription
factor required for normal embryonic kidney
development. In addition to its expression in
kidney, low-level expression of WT-1 has been
demonstrated in normal tissues, including ovary,
testis, and hematopoietic tissue as well as peritoneal
and pleural mesothelium [43, 44]. In malignant



Table 14.1 Cancer-targeting TCRm antibodies.

RL1B

RL6A
RL4B
8F4

G2D12
1A7 and G1
2F1
CAG10
CLA12

G8

KIFGSLAFL

YLLPAIVHI
GVLPALPQV
VLQELNVTV

KTWGQYWQV
ITDQVPFSV
YLEPGPVTA
EAAGIGILTV
ELAGIGILTV
EADPTGHSY

A*0201

A*0201
A*0201
A*0201

A*0201
A*0201
A*0201
A*0201

Al

Note: hCG-p=human chorionic gonadotropin.

Breast cancer and other HER2-expressing
solid tumor malignancies

Breast cancer

Breast cancer

Leukemia, breast cancer, melanoma

Melanoma

Melanoma

Melanoma and other solid tumors

HER2

RNA helicase protein

hCGp

Proteinase 3 and neutrophil
elastase

gp100

MART1

MAG1-A1

Immunization
Immunization
Immunization

Immunization

Phage display

Phage display

Phage display

[80]
[82, 89]
[35, 85]
32]

[33, 95, 96]

[96]

[36, 106, 107]
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disease, WT-1 has been detected in solid tumors,
including cancers of the lung, colon, breast, ovary,
and kidney [45-49]. In addition, WT-1 is also
expressed in hematologic malignancies, including
acute and chronic myeloid and lymphoid malig-
nancies, as well as myelodysplastic syndrome [50,
51]. WT-1 has been targeted in solid tumors and
hematologic malignancies with vaccines and adop-
tive cellular therapy [52-57]. However, targeting
WT-1 using a TCRm to date has been limited to
AML and ALL [58, 59].

The anti-WT-1 TCRm antibody, ESK1, was
developed using phage display technology to target
the HLA-A2-restricted WTI1-derived, 9-mer
peptide RMF (amino acid (aa) sequence,
RMFPNAPYL) [58]. Using this approach, single
phage clones that were specific for HLA-A2/RMF
monomers and that did not bind HLA-A2/irrele-
vant peptide complexes were first selected and then
validated using binding assays with T2 cells that
were pulsed with RMF or irrelevant peptide; the T2
cell line is an HLA-A2* B/T cell hybridoma that is
deficient in the transporter associated with antigen
processing (TAP) [60, 61]. HLA-A2/RMF-specitic
clones were then engineered into full-length
human monoclonal IgGl. ESK1 showed high
avidity (K;=0.1 nM) and mediated ADCC in a
number of solid tumors, including ovarian cancer,
mesothelioma, and colon cancer, as well as in leu-
kemia in vitro. [62]. Further studies showed that
ESK1 eliminated Philadelphia-positive ALL cell
lines and synergized with tyrosine kinase inhibitors
in vivo in a NOD/SCID gamma (NSG) mouse
model [59, 62]. Moreover, a second-generation
ESKI1 was engineered by altering ESK1 Fc glycosyl-
ation [63]. This second-generation ESK1, ESKM,
was up to 10-fold more potent in vitro in ADCC
assays. In vivo data showed activity of ESKM against
mesothelioma and AML cell lines, as well as pri-
mary ALL.

In addition to WT1, PRI also has been targeted
in leukemia using a TCRm. PR1 (VLQELNVTYV) is
an HLA-A2-specific peptide derived from the
myeloid-restricted serine proteases neutrophil
elastase and proteinase-3 [64-66].

After its discovery, a PR1 peptide vaccine was
developed and was shown to induce PR1-specific
cytotoxic T lymphocytes in a phase I/II study [67].
In that study, immune and clinical responses,

including molecular remissions, were seen follow-
ing PR1 vaccine administration in patients with
AML, chronic myeloid leukemia (CML), and
myelodysplastic syndrome. However, because most
patients with AML present with a large leukemia
burden and many are immunocompromised
because of the direct effects of leukemia on the
bone marrow, which limit the efficacy of vaccines,
the anti-PR1/HLA-A2 TCRm antibody 8F4 was
developed. 8F4 is a mouse monoclonal antibody
that was engineered using immunization tech-
nology [32]. It showed potent specific cytolysis of
leukemia, including leukemic stem cells but not
normal hematopoietic cells, in vitro and in vivo [32,
68]. 8F4 was shown to mediate direct apoptosis as
well as complement-dependent cytotoxicity. Since
its initial development, a humanized IgGl anti-
PR1/HLA-A2 antibody has been engineered and
will soon be tested in a phase I clinical study in
patients with AML. In addition to its activity
against myeloid leukemia, one study showed that
through neutrophil elastase and proteinase-3
cross-presentation, PR1 is presented on the surface
of breast cancer and melanoma, and as a result
these tumor types become susceptible to 8F4.
Although these data are promising, they have yet to
be tested in vivo.

Breast cancer

Some of the most compelling data showing the
activity of therapeutic monoclonal antibodies were
revealed in the setting of breast cancer with the
advent of trastuzumab, a humanized monoclonal
antibody that targets the oncoprotein HER2 [69,
70]. HER2 is part of the epidermal growth factor
(EGF) family of receptors. It is expressed on normal
breast cells but is highly expressed (up to 100-fold)
in approximately 30% of breast tumors [71, 72]. To
date, there are no known ligands that bind the
extracellular domain of HER2. However, HER2 has
known signaling functions as a membrane-bound
receptor tyrosine kinase that promotes cell prolif-
eration, differentiation, and migration [73].
HER?2 signaling ensues following HER2 homodi-
merization or heterodimerization with other
members of the EGF family receptors [74, 75].
Trastuzumab has proven to be a cornerstone in
the treatment of HER2* breast cancer because it



CHAPTER 14 T Cell Receptor Mimic Antibodies 193

targets the extracellular domain of the HER2 pro-
tein [69, 70]. Although antibodies in addition to
trastuzumab have been developed to target HER2
[76], it is important to note that the following
discussion will focus on TCRm antibodies that
target breast cancer antigens presented on breast
cancer cell surface HLA class I molecules.

A number of clinical trials have tested the effi-
cacy of targeting HLA class I, HER2-derived
peptides. E75 (KIFGSLAFL) is the best character-
ized of the HER2 peptides. Several clinical trials
have evaluated E75 vaccine in breast cancer and
have shown the efficacy of the vaccine approach
[77-79]. Because the E75 peptide is known to be an
effective immune target in breast cancer, RL1B, a
TCRm antibody that targets this peptide, was
developed and has shown antitumor activity in
preclinical models [80]. RL1B was developed using
immunization methodology, demonstrated stain-
ing of HLA-A2* primary human breast carcinomas,
and suppressed breast cancer growth in mouse
models. Furthermore, RL1B induced apoptosis in
all HER2+ tumors, in contrast with trastuzumab,
which induced apoptosis only in the high HER2-
expressing tumor cell lines. E75 has also been
targeted using the TCRm Fab, fE75 [81]. Unlike
RL1B, fE75 lacks the Fc portion of the antibody.
fE75 demonstrated specific binding to HER2-
expressing tumor cells and accumulation in tumor
tissues in vivo. Also, fE75 can be conjugated to
molecules that enable it to be used as a diagnostic
and therapeutic tool for HER2-expressing tumors.

In addition to HER2, a number of antigens have
been targeted in breast cancer using TCRm anti-
bodies. RL6A is a TCRm monoclonal antibody that
targets the p68 RNA helicase protein, which is
highly expressed in breast cancer and plays an
important role in tumor cell growth and
development [82-84]. RL6A eliminated breast can-
cer cell lines in in vivo experiments and was shown
to stain breast tumor tissue that highly expressed
P68 but not normal breast tissue [82].

RL4B is another TCRm monoclonal antibody.
RL4B targets the peptide GVLPALPQYV, derived
from human chorionic gonadotropin (hCG)-f,
which has been correlated with poor outcomes in a
number of cancers, including breast cancer [35,
85-87]. RL4B was engineered using a mouse
immunization approach with the hCG-p peptide

[85, 88]. In in vivo studies, RL4B eliminated human
breast cancer cell lines and, similar to RL6A,
stained primary breast tumor tissues [35]. In
addition, both RL6A and RL4B were shown to
mediate direct tumor apoptosis, independently
of immune-mediated mechanisms (e.g., CDC or
ADCC) [89].

Melanoma

A number of TCRm Fabs have been developed in
the setting of melanoma. The target for these anti-
bodies is the melanoma antigen gp100, a mem-
brane glycoprotein that is melanocyte lineage
specific and is expressed on most melanoma cells
[90]. Numerous studies have targeted gpl00-
derived HLA-A2 epitopes using peptide vaccines,
with promising results [91, 92]. Furthermore, CD8
T cells that target gp100 HLA-A2 epitopes have
been identified, correlated with tumor regression,
and used clinically to treat patients with melanoma
as part of an adoptive cellular immunotherapy
approach [90, 93, 94]. Because of the clinical effi-
cacy seen with immunotherapies that target gp100,
a number of TCRm Fabs have been developed that
target three gpl00-derived HLA-A2-restricted
peptides: one TCRm Fab (G2D12) that targets
gp100-154 (aa: KTWGQYWQV), two TCRm Fabs
(1A7 and G1) that target gpl00-209 (aa:
ITDQVPFSV), and one TCRm Fab (2F1) that tar-
gets gpl00-280 (aa: YLEPGPVTA) [33, 95, 96].
These antibodies were generated using a phage
display approach. In addition to being used as tools
in antigen presentation studies, the G1 scFv and
2F1 Fab were conjugated to Pseudomonas exotoxin
A and used as immunotherapies. G1 scFv-immu-
notoxin fusion protein demonstrated activity
against peptide-loaded APCs in vitro [33], while
the 2 F1 Fab-immunotoxin fusion protein inhibited
melanoma growth in mice [96].

In addition to gp100, TCRm antibodies have
also been developed against MARTI1, a signal
anchor protein that is found in the endoplasmic
reticulum and Golgi, is expressed in melanoma,
and has been shown to elicit cytotoxic T lympho-
cyte immune responses [97]. A number of
immunogenic peptides have been identified from
the MART1 protein and targeted with immuno-
therapy [98-100]. In addition to vaccines, two
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TCRm Fabs that target MART1 have been isolated
using phage display libraries and conjugated to
Pseudomonas exotoxin A. One of the Fab-
immunotoxin conjugates, CAG10, targets the native
HLA-A2-restricted MART1 peptide EAAGIGILTYV,
and the other Fab immunotoxin conjugate CLA12
targets the anchor modified MART1 peptide
ELAGIGILTV. MART1-TCRm Fab-immunotoxin
fusion proteins demonstrated activity against cell
lines in vitro and in melanoma mouse models [96].

TCRm antibodies in the design
of chimeric antigen receptor (CAR)
T cells

CAR T cells are engineered T cells that express a
CAR, which provides the T cell with specificity for
its target. The CAR construct is engineered from
the antigen-binding portion of the monoclonal
antibody that is specific for an individual antigen,
with scFv being the most commonly used mole-
cules in CAR T cells [101]. The CAR is usually
linked to secondary signaling molecules such as
CD3( and costimulatory molecules that play a crit-
ical role in the activation of the T cell after the
engagement of the CAR with its target antigen. The
most commonly used CAR T cells have targeted
the lymphoid leukemia-associated antigen CD19
[102-104].

As a natural extension of TCRm technology, a
few studies have explored using TCRm to con-
struct a CAR. In one study, a TCRm that targets
the melanoma-associated antigen (MAGE), a can-
cer testis antigen that is expressed in a number of
solid tumor malignancies, was used in a CAR con-
struct in the setting of melanoma [36, 105-107].
A TCRm Fab (G8) that targets the HLA-AI-
restricted MAGE antigen (MAGEAIL; aa:
EADPTGHSY) was identified using a phage
display library. The G8 Fab was inserted into a ret-
roviral expression cassette that also included the
CD4 transmembrane domain and the intracellular
domain of the Fc(¢)RIy chain to increase mem-
brane expression of the CAR [108]. This expression
cassette was then introduced into CD4-depleted,
OKT3 monoclonal antibody-activated human
lymphocytes [106]. These Fab-G8 CAR T cells
were then shown to recognize and lyse MAGE-
expressing HLA-A1* melanoma cells in vitro.

Although native TCR has low avidity for
antigens, which allows the T cell to establish rapid
sequential contact with a number of pMHCs on the
target cell surface, engineered CAR T cells with
high pMHC affinities are favored for use in immu-
notherapy because they possess a higher affinity for
the target and therefore have less nonspecific
binding to normal cells. Modifications of the
TCRm hence enable the engineering of TCRm-
based CARs with high affinity for a target pMHC.
Such alterations are more easily performed on
TCRm-based CARs in contrast to native TCRs. As
a proof of concept, using light chain shuffling and
heavy chain site-directed mutagenesis, Chames
et al. modified the G8 Fab and generated a TCRm
Fab, Fab-Hyb3, that had 18-fold higher affinity for
the MAGEAL antigen than does G8 [36]. CAR T
cells expressing the Fab-Hyb3 CAR demonstrated
higher killing of the MAGE-A1-expressing mela-
noma cell line compared with the Fab-G8 CAR T
cells. In addition to MAGE, TCRm-based CARs
have been reported for the NY-ESO-1 antigen [37,
109], and ongoing work is currently investigating
the feasibility of generating TCRm-based CAR T
cells that target WT1 and PRI.

TCRm antibodies as tools
for antigen presentation

Although TCRm antibodies are promising immu-
notherapies, they are also valuable tools to study
antigen presentation. Peptide presentation by
MHC on the cell surface does not always correlate
with endogenous antigen expression. In fact, pro-
tein half-life and the subcellular localization of the
antigen within the cell play very important roles in
determining whether or not the intracellular pro-
teins are presented [110-113]. TCRm antibodies
are therefore useful in demonstrating whether
tumor-associated antigens are presented on the cell
surface and consequently if they are immunogenic
targets for T cell-based therapies and TCRm anti-
bodies. Additionally, TCRm antibodies could also
be used to study immune evasion by tumors, as one
mechanism of immune evasion involves the down-
regulation of peptide/MHC from the tumor cell
surface [114-117]. When all these findings are
considered, TCRm antibodies can provide impor-
tant information regarding the basic biology of
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antigen processing and presentation, which also
could be extrapolated to tailoring personalized
immunotherapies that target distinct peptide/
MHC complexes on the tumor cell surface.

Future directions

Although no TCRm antibodies to date have entered
clinical trials, a number of the antibodies discussed in
the previous sections are currently being developed
for clinical use. Their applications will include the
direct administration of the TCRm antibodies as part
of a conventional antibody therapy, toxin conjugation,
and in conjunction with other cancer therapies,
including chemotherapy. The timing of the
administration of these antibodies also will be critical,
since antigen presentation may be enhanced by the
administration of chemotherapy or other immuno-
therapy [118, 119]. It is therefore conceivable that
TCRm antibodies could be more effective following
chemotherapy when tumor cell damage leads to the
release of intracellular antigens into the tumor micro-
environment, where they can be cross-presented by
APC and other tumor cells [110, 120]. Finally, because
bispecific T cell engaging antibodies (BiTE) have
demonstrated promising antitumor activity in pre-
clinical studies and clinical trials [121-123], it could
be feasible to link the Fab of the TCRm to the CD3
portion of the BiTE and hence allow for the targeting
of intracellular antigens that are presented by HLA.
In conclusion, TCRm antibodies may in the near
future provide a novel and effective tool in the
armamentarium of cancer immunotherapies.
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Introduction

Hematopoietic stem-cell transplantation (HSCT)
is a process wherein transfused donor pluripo-
tent hematopoietic stem cells engraft and recon-
stitute hematopoiesis and immunity. Autologous
or allogeneic (related or unrelated) cells can be
used. Autologous HSCT (auto-HSCT) uses bone
marrow or peripheral blood progenitor cells
that have been collected from the patient and
cryopreserved. The cells are reinfused after
administration of a high-dose, myeloablative
chemotherapy and/or radiation preparative reg-
imen, given with the goal of eradicating the
malignancy. The auto-HSCT is given to restore
normal hematopoiesis.

Allogeneic transplantation involves infusion of
hematopoietic cells from a normal donor.
Allogeneic HSCT (allo-HSCT) can confer an
additional immunologic graft-versus-malignancy
(GVM) effect, where donor immunocompetent
cells can eradicate neoplastic cells that survive the
chemo-radiotherapy preparative regimen.

Process of allogeneic
hematopoietic stem cell transplant

A typical scheme for hematopoietic transplantation
is shown in Figure 15.1. A pretransplant chemo-
therapy and/or radiation preparative regimen (also
termed “conditioning”) is administered with a goal to
eradicate the patient’s malignancy as well as to sup-
press the recipients T lymphocyte (T cells) and
natural killer (NK) cell function to prevent rejection.
This is followed by intravenous infusion of a source
of hematopoietic stem cells; these cells briefly circu-
late and sufficient numbers home to the recipients
bone marrow where they grow and ultimately restore
hematopoiesis and immunity. Donor-derived
hematopoietic stem cells generate the myeloid and
lymphoid lineages posttransplant, including granu-
locytes, erythrocytes, megakaryocytes, and macro-
phages, as well as T cells, B cells, and NK cells. Some
T cells are also derived from mature T cells present in
the graft. Osteoclasts are also of donor origin. The
parenchymal cells of visceral organs and most mes-
enchymal cells remain host in origin.
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Allogeneic Hematopoietic Transplantation

£

Preparative
Regimen

it

Recipient

Figure 15.1 Hematopoietic stem-cell transplantation
(HSCT) involves administration of a chemotherapy and/or
radiotherapy preparative regimen to suppress the
recipient’s (R) immunity and cytoreduce recipient
leukemia (R)) cells. Hematopoietic stem cells are infused
to restore hematopoiesis and immunity. Donor

Peripheral blood counts are profoundly sup-
pressed due to the effects of the conditioning
treatment. Myeloid cells generally recover within 3
to 4 weeks, while T cells, B cells, and the function of
the immune system slowly recover over the first
year posttransplant.

Hematopoietic stem cells can be collected for
transplantation from bone marrow, peripheral
blood, or umbilical cord blood. Post-HSCT,
engraftment of donor cells can be documented
by acquisition of donor type cell surface
antigens, isoenzymes, chromosome markers,
and DNA restriction endonuclease polymor-
phisms [1]. Following successful transplantation
and engraftment, cells of the hematologic and
immunologic systems are derived from the
transplant donor; if all are donor derived, this is
termed complete chimerism. In some patients
mixed hematopoietic chimerism occurs, where

Donor Mixed Chimera

Complete Chimera

(D) immune cells act to eliminate residual malignant cells
that may have survived the preparative regimen. Donor
lymphocyte infusion (DLI) may be administered to
augment the graft-versus-malignancy effects. The relative
proportion of donor and recipient cells is assessed by
chimerism assays.

some myeloid or lymphoid cells continue to be
derived from the recipient.

Histocompatibility requirements

Major histocompatibility (MHC) antigens are the
antigen-presenting molecules for the immune
system. In humans, the human leucocyte antigen
(HLA) complex is the MHC loci. Mismatched HLA
antigens are the strongest stimuli for alloreactive
immune reactions producing graft rejection and
graft-versus-host disease (GVHD). The HLA antigen
system is broadly divided into class I and class IT mol-
ecules. HLA class I includes HLA-A, HLA-B, and
HLA-C antigens and is present on all nucleated cells.
HLA class II, which includes HLA-DP, HLA-DQ,
and HLA-DR, is expressed on a more limited range
of cells and increased with activation (B cells, T cells,
monocytes, dendritic cells, and macrophages).
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The best results of allo-HSCT for treatment of
malignancy have occurred with an HLA-identical
sibling donor (also called a matched sibling donor,
MSD). Unfortunately, only about 20% of candidate
recipients have an MSD available. Due to the tre-
mendous polymorphism of the HLA gene complex,
finding an HLA matched unrelated donor (MUD)
can be challenging. Searching through a network of
unrelated donor registries (over 20 million individ-
uals registered) can identify a MUD for about half
of the patients. Patients are most likely to match an
individual from the same ethnic background, and
those with rare alleles or linkages or from minority
or mixed ethnicities are unlikely to have a MUD
identified [2]. The best results with MUD trans-
plants have been achieved with HLA A, B, C, and
DR matched donors using high-resolution (allele
level) typing, with recent reported outcomes sim-
ilar to those achieved with MSD [3-6].

For patients with nonavailable MSD or MUD,
umbilical cord blood (CB) is a potential alternative
source of hematopoietic stem cells [7]. Immunolo-
gically naive CB lymphocytes are less prone to
produce GVHD than are cells from adult donors.
Based on this concept, CB transplants can be suc-
cessfully performed with a less stringent HLA
match (HLA A, B, and DR antigens). However, a
cord blood unit has a relatively low stem cell dose,
which results in slower hematopoietic and immune
recovery after HSCT [8]. Recent studies involving
transplantation of two or more CB units to increase
the stem cell dose have allowed use of CB trans-
plants for adult recipients [9]. Centers focusing on
CB transplantation have reported results similar to
those obtained with adult MUD transplants.

Another option is the use of haploidentical
related donors. Parents, children, and half siblings
are haploidentical, so most patients will have a
haploidentical donor available. Historically, haploi-
dentical transplants were associated with a
prohibitively high rate of rejection and GVHD. T-
cell-depleted  peripheral blood  progenitor
transplants have a low rate of GVHD, but these
transplants are associated with a higher rate of
rejection, slow immune recovery, and a substantial
risk of treatment-related mortality [10]. This
approach has been successful in children, but few
centers actively pursue this strategy in adults.
A major recent advance involves the use of

unmodified haploidentical HSCT with posttransplant
treatment with cyclophosphamide, tacrolimus, and
mycophenolate. The cyclophosphamide is given on
days 3 and 4 post-transplant to target and eliminate
proliferating alloreactive T cells. This regimen pro-
duces a low rate of severe acute and chronic GVHD
and treatment-related morbidity/mortality. Recent
results are comparable to matched unrelated donor
transplants [11, 12]. At this point, an acceptable
related or unrelated donor can be identified for
almost all patients in need of an allo-HSCT. Each
donor source has a unique set of advantages and
disadvantages (Table 15.1).

Historical perspective

By the mid-20th century, clinicians treating hema-
tologic neoplasms understood that hematologic
malignancies exhibit a dose response relationship
to radiation and alkylating agent-based chemo-
therapy, with higher doses producing greater
responses. However, irreversible marrow suppres-
sion was the dose-limiting toxicity; this could be
overcome by autologous or allogeneic HSCT.
Allogeneic HSCT can also mediate an immune
GVM effect, where donor-derived immune cells
react against recipient malignant cells [13].
Groundbreaking work by Medawar et al., Thomas
et al., and others in demonstrating immune toler-
ance and mechanism of graft rejection by effector
immune cells paved the way for clinical trials with
hematopoietic stem cells in humans.

Early clinical trials explored the utility of
myeloablative preparative regimens using a
combination of drugs and/or total body radia-
tion designed to eradicate the malignancy,
knowing that it would also ablate the recipient’s
normal hematopoietic cells. The transplant was
given to provide hematopoietic stem cells needed
to restore hematopoiesis. High doses of alkylating
agents (cyclophosphamide, busulfan, and mel-
phalan) and/or total-body irradiation in different
permutations were generally used as the prepar-
ative regimen [14, 15].

Hematologic malignancies are most common in
older patients who cannot tolerate the toxicity of
myeloablative preparative regimens. With the
appreciation that much of the benefit of HSCT is
derived from the immune donor-derived GVM



Table 15.1 Comparison of advantages and disadvantages with different donors.

MRD Caucasian - 75%
African American - 19%
Hispanic American - 34%
South Asian - 33%
Pacific Islander - 27%
(8/8 match)

MUD Caucasian - 97%
African American - 76%
Hispanic American - 80%
South Asian - 84%
Pacific Islander - 72%
(7/8 match)

Cord blood For adult patients (6/6 match):
Caucasian - 17%
African American- 2%
Hispanic American - 5%
South Asian - 3%
Pacific Islander - 3%
For adult patients (5/6 match):
Caucasian - 66%
African American - 24%
Hispanic American - 43%
South Asian - 37%
Pacific Islander - 32%

Haplo-identical  Universal (>90%)

Fast and easy Low

Slow High

Fast and easy Very high

Fast and easy Low to moderate

Quick

Quick (slightly slower

than MRD)

Slow

Quick

Small

Moderate

Small

Small
(posttransplant
cytoxan era)

Note: MRD =matched related donor; MUD =matched unrelated donor; HLA=human leucocyte antigen; GVHD =graft-versus-host disease.

Quick

Quick (slightly slower than MRD)

Slower than MRD and MUD

Slower than MRD, MUD, and
cord blood
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effect, lower dose nonmyeloablative or reduced-
intensity conditioning regimens have been
developed. This has allowed HSCT to be performed
in older patients, up to age 75, and those with
comorbidities that would preclude them receiving
myeloablative conditioning. Although the relapse
rate is higher with reduced intensity conditioning,
the risk of transplant-related mortality is lower, and
overall survival is generally comparable with the
two approaches.

Improvements in supportive care involving
treatments for infections and immunosuppressive
therapies have decreased the risk for treatment-
related mortality and have progressively improved
survival over the last several decades [16].
Unfortunately, there has not been substantial
improvement in the risk of relapse of malignancy
posttransplant, and there is major interest to
improve efficacy of the preparative regimen and
augment GVM effects.

Mechanism of GVM effect

Alloreactive T cells can recognize disparate
major and minor histocompatibility antigens on
the malignant cells of recipient origin. NK cells
also participate. A large International Bone
Marrow Transplant Registry study (n=2,254)
comprising patients with acute myeloid leu-
kemia (AML) and acute lymphoid leukemia in
first complete remission (CR), and chronic
myeloid leukemia (CML) in first chronic phase
offered pivotal insights regarding the mecha-
nism of GVM [17]. Allo-HSCT in this study was
associated with a lower rate of relapse than were
syngeneic transplants, indicating that alloanti-
gens are likely the targets of GVM. T cell
depleted transplants have a higher relapse rate
in CML, lymphoma, and many other malig-
nancies, showing that T cells are important
effector cells in this process. Several studies
show no increase in relapse with T cell depleted
transplants for AML, and NK cells are believed
to be the major mediators of GVM in this
setting. Alloreactive cells may also react
with recipient normal tissues and produce
GVHD. Clinically, GVM is primarily associated
with chronic GVHD. A major goal is to separate

the benefits of GVM from the morbidity
associated with GVHD.

The concept of GVM with allo-SCT has best
been demonstrated for hematologic malignancies
but has also been reported for renal cell carci-
noma and selected other solid tumors. The risks
of allogeneic transplantation currently outweigh
the benefit for solid tumors, but this approach
may be reconsidered as treatment-related com-
plications become better controlled or prevented.
The GVM effect and GVHD are intertwined, but
the antineoplastic effects of HSCT are potentially
independent of GVHD. Ongoing research is
designed to induce GVM while simultaneously
controlling GVHD.

Clinical evidence of increased relapse risk in
recipients of HSCT from a twin donor and with
T-cell-depleted transplants compared to T-cell-
replete allogeneic grafts, suggests donor T cells
play a critical role in mediating both the GVHD
and GVT effects [17-19]. Donor T cell
activation following HSCT requires recognition
of major or minor histocompatibility antigens
as a critical first step. This process is mediated
by the highly polymorphic HLA antigens
located on chromosome 6. In HLA-identical
transplants, T cell response is mainly targeted
against the minor histocompatibility antigens
originating from polymorphism in the MHC
region and is thought to be directed against
peptide presented on the surface of HLA
antigens (Figure 15.2). In contrast, with HLA
mismatched stem cell transplantation (SCT),
donor T cells can react against major and minor
histocompatibility disparities [20, 21]. Once
activated, T cells (CD 4+ and CD 8+) attack
recipient neoplastic cells by either a direct cyto-
lytic action or by a cytokine-derived cellular
destruction. Cytolytic actions in CD8-positive
T cells target leukemic cell destruction by per-
forin/granzyme-assisted degranulation, Fas-fas
ligand interactions that ultimately culminate in
apoptotic cell death and inflammatory cytokine
release [22]. Other important mediators include
NK cells, which have complementary effects to
T cells, eliminating malignant cells that downreg-
ulate HLA molecules. Dendritic cells, macrophages,
and antibodies may also play a role as discussed
in other chapters in this book.
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(A)  Allo specific- Broadly
expressed mha
Implication-GVHD

Lineage restricted mha
(G-vs-hematopoiesis)

(B)

Donor T
Cell

Figure 15.2 A. Targets for graft versus malignancy
(GVM) could be broadly expressed allo-minor
histocompatibility antigens (mha), lineage-restricted
major histocompatibility complex (MHC) antigens,
malignancy-specific peptides, or aberrantly expressed
normal cellular constituents by antigen presenting cells.
B. Donor T cell response to antigens (AG) presented by
MHC on recipient’s antigen-presenting cells (APC) is

Indications for HSCT

Nonmalignant diseases

Allogeneic hematopoietic transplantation can be
used to treat congenital and acquired diseases of
the hematopoietic and immune systems. It is the
standard of care for bone marrow failure states,
such as aplastic anemia [23] and severe combined
immune deficiency [24]. It is effective for sickle
cell anemia and hemoglobinopathies, although
the benefits of replacing the defective erythro-
cytes must be weighed against the risks of the

Transcription

Malignancy Specific:
Idiotype, Fusion peptide of
translocation (bcr-abl)

Aberrantly expressed
normal cellular constituent
(Proteinase 3, WT1, telomerase)

regulated either by the stimulatory interaction between
the cluster of differentiation (CD)-28 and B7 molecules
or an inhibitory response with the interaction of
cytotoxic T lymphocyte associated (CTLA)-4 protein with
the B7 molecule. Interaction between costimulatory
CD40 molecule with its ligand CD40L (CD154) is also
critical in initiating T cell downstream signaling
pathways.

transplant [25]. High-dose chemotherapy and
autologous hematopoietic transplantation tem-
porarily ablates and resets the immune system,
and can provide remissions in a range of auto-
immune diseases, including multiple sclerosis
[26] and scleroderma [27].

Malignant diseases

Hematopoietic transplants are primarily used for
treatment of cancer. Details about differences in
clinical outcomes with reduced-intensity conditioning
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and myeloablative conditioning is beyond the pur-
view of this chapter, as this has been extensively
reviewed [28]. The main emphasis would remain
on offering insights about the clinical benefits of
allo-HSCT as an immunotherapeutic modality.

Acute myeloid leukemia
(AML) [29]

AML is the commonest indication for allo-HSCT.
Chemotherapy alone for AML can cure a minority
of patients, and leukemia relapse occurs in most
patients. By integrating cytogenetics and molecular
data, AML patients are now broadly stratified into
three risk groups with distinct survival patterns: (1)
favorable, (2) intermediate, and (3) adverse [29,
30]. The favorable group has the best reported
survival, ranging from 55% to 65%, and the adverse
group has the least survival with reported out-
comes in the range of 5%-15% [31, 32]. Allo-HSCT
has been documented to reduce relapse rates and is
considered a standard of care for patients with
intermediate and high-risk cytogenetic and several
molecular abnormalities [22, 32]. Allo-HSCT is
not recommended in the favorable risk group
unless the patient fails to achieve complete remis-
sion or has residual disease. In contrast, HSCT is
considered the best consolidative strategy for
patients in the adverse risk group [33]. There is
controversy regarding management of patients
with intermediate-risk AML. Some studies indicate
that individuals with normal karyotype and
nucleophosmin 1 (NPM1) mutation or CEBPA
mutation without the presence of FLT-3 mutation
may fare as well with chemotherapy. However, the
presence of a mutant FLT3-ITD mutation confers a
poor prognosis, and allo-HSCT has produced
improved progression-free survival [34].

The intensity of the preparative regimen is
important in preventing relapse. For most of the
patients, if they are medically fit and or young,
high-dose myeloablative conditioning that utilizes
busulfan in combination with cyclophosphamide
or fludarabine, or high-dose total-body radiation is
recommended [35, 36].

A recent Blood and Marrow Transplant
Clinical Trials Network study (BMT CTN #0901)
(https://clinicaltrials.gov/ct2/show/NCT01339910)
showed that myeloablative conditioning produced

improved progression-free survival in patients up
to age 60. Considering that the median age for
AML diagnosis is over 67 years, myeloablative con-
ditioning is feasible only for a minority of patients.
Reduced-intensity conditioning (RIC) regimens
have made SCT a feasible option for many elderly
and medically infirm patients. In a large Center for
International Blood and Marrow Transplant
Research (CIBMTR) study (age 60-70 years), RIC
was shown to have a lower risk of relapse (32% vs
81%, p<.01) and a longer leukemia-free survival
(32% vs 15%, p=.001) compared with individuals
receiving chemotherapy in first complete remission
[37]. There is a higher rate of leukemia relapse with
RIC regimens compared to myeloablative condi-
tioning, but the rate of treatment related mortality is
improved [37].

Myelodysplastic syndrome (MDS)

MDS is predominantly a disease of the elderly, with
a median age of diagnosis of approximately 75 years.
An international prognostic system built on
percentage of bone marrow blasts, cytopenias,
and karyotype stratifies patients into low,
intermediate-1, intermediate-2, and high risk
groups [38]. Based on this stratification, for low
and intermediate-1 groups, long-term disease con-
trol can be achieved with upfront nontransplant
options (hypomethylating agents, lenalidomide
(Revlimid), etc.) with HSCT delayed until leu-
kemic transformation or worsening disease fea-
tures, such as transfusion dependence or failure of
nontransplant options. In contrast, early HSCT is
usually recommended for intermediate-2 and high
risk groups [39, 40]. Since approximately 80% of
patients diagnosed with MDS are >60years of age,
the impact of age on HSCT outcomes has been
examined. CIBMTR performed a large registry-
based study and noted two-year overall survival
(OS) of 42%, 35%, 45%, and 38% for age groups
40-54, 55-59, 60-64, and =65 years of age, respec-
tively [41]. In this analysis, age had no significant
impact on survival. Based on this report, within its
limitations, recipient age alone is not considered
prohibitive for MDS patients seeking HSCT. For
patients who cannot receive myeloablative condi-
tioning, reduced intensity regimens can be offered
with similar expected outcomes [42].
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Myelofibrosis

Myelofibrosis is the advanced stage of myeloprolif-
erative neoplasms and can occur as a primary
clonal disorder or evolve from a pre-existing
polycythemia vera or essential thrombocythemia.
Although targeted agents like Jak2 inhibitors and
cytokine therapy can control symptoms and reduce
organomegaly, these treatments do not eradicate
the disease. Allo-HSCT is considered a cornerstone
option as a potentially curative treatment for mye-
lofibrosis. Results are related to the stage of the dis-
ease at the time of transplant. Reported five-year
survival is 37%, 30%, and 40%, and progression-
free survival is 33%, 27%, and 22%, respectively,
with MSD, MUD, and alternative donors in the
CIBMTR analysis. Even with the application of
RIC, similar progression-free survival (39% at five
years) can be achieved [43].

Acute lymphoblastic
leukemia (ALL)

GVM effects with allo-HSCT are less potent in
ALL compared to other malignancies, but allo-
HSCT is an effective strategy in patients with ALL
at high risk of relapse or who recur [44, 45]. In one
large multicenter prospective study, MSD allo-
HSCT for ALL patients in first remission was asso-
ciated with a survival benefit (53% vs 45%, p=.01)
in comparison with patients who had no available
MSD and received either consolidation chemo-
therapy or auto-transplantation. In contrast, allo-
HSCT has shown improved outcomes for high-risk
groups in most other studies and in a meta-analysis
[46]. For patients who cannot tolerate full
myeloablative conditioning, reduced intensity
regimens offer an alternative with similar
outcomes [47, 48].

In recent years, several practice-changing develop-
ments have significantly improved the management
of patients with ALL without hematopoietic trans-
plantation. Improved chemotherapy regimens have
been developed using pediatric-inspired protocols
with higher CR rates and improved survival com-
pared to traditional chemotherapy [49]. Promising
new agents are being evaluated, such as tyrosine
kinase inhibitors, monoclonal antibodies, and bi-
specific agents including blinatumomab [50, 51].

There is also improvement in prognostic risk
assessment, including recognition of high-risk
forms of ALL and determination of the dominant
prognostic impact of minimal residual disease
detection [52]. An analysis of the Group for
Research on Adult Acute Lymphoblastic Leukemia
(GRAALL) multicenter studies found the presence
of minimal residual disease as the major adverse
risk factor justifying use of allo-HSCT for patients
in first remission [53]. Allo-HSCT is also indi-
cated  for  treatment of  Philadelphia
chromosome-positive ALL, early thymic pre-
cursor T ALL, and Philadelphia-like ALL, which
have poor prognosis with chemotherapy alone
[54].

Collectively, all these new developments empha-
size the need for additional randomized studies
that can address the optimal timing of allo-HSCT
for ALL patients in the modern era.

Chronic myeloid leukemia (CML)

Allo-HSCT is a potentially curative treatment for
CML and was considered the standard of care for
this malignancy during the late 20th century [55].
CML is very sensitive to the immunologic GVM
effects [56, 57]. This was demonstrated by the eftfi-
cacy of donor lymphocyte infusions to reinduce
durable molecular complete remissions in patients
who relapse after an allo-SCT [58]. The introduc-
tion of imatinib to molecularly target the BCR-
ABL tyrosine kinase has revolutionized the
treatment of this disease and provided a safer and
effective treatment for CML, providing durable
disease control for most patients. After imatinib,
multiple other oral tyrosine kinase inhibitors
(TKIs) (dasatinib, ponatinib, nilotinib, and bosuti-
nib) have also been effective in treatment of CML,
and second-line TKI treatment can provide durable
disease control in some patients resistant to ima-
tinib. Allogeneic HSCT is now reserved for patients
who are intolerant to TKIs, have failed to respond
optimally to TKIs, or who have transformed to
accelerated or blastic phase [59, 60]. A large
CIBMTR analysis (approximately 50% received
prior imatinib) showed prolonged disease-free
survival (DFS) with allo-HSCT in patients with
advanced CML in second chronic phase (35%-40%),
accelerated phase (26%-27%), and blastic phase
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(8%-11%) [61]. Improved DFS and OS was
reported for allo-HSCT compared to TKI in acce-
lerated phase CML [62]. There is also emerging
evidence that suggest post-SCT TKI treatment
may reduce the risk of relapse of CML, particu-
larly for those with advanced disease [63, 64].

Lymphomas

Allo-HSCT is an effective treatment for selected
patients with advanced lymphomas and Hodgkin
disease. Allo-HSCT has been highly effective in
advanced follicular lymphomas, with >80% DEFS in
several studies utilizing RIC. Indolent B-cell lym-
phomas are also susceptible to the GVM effect.
Some patients with relapse post allo-HSCT have
responded to withdrawal of immunosuppression
or use of donor lymphocyte infusions [65, 66]. This
observation has been further validated in large retro-
spective studies that compared outcomes of allo-
versus auto-HSCT for non-Hodgkin lymphomas,
impact of T-cell-depleted grafts on the potency of
GVM and frequent association of GVHD, and
protection from relapse [67, 68]. In general, the
greatest GVM effects are seen in patients with
chemotherapy-responsive, low-tumor-burden, indo-
lent non-Hodgkin lymphoma [68, 69]. Allo-HSCT
is also effective in patients with chemotherapy
responsive Hodgkin’s lymphoma that has recurred
after autologous SCT (3yr OS and DEFS of 43% and
25%, respectively) [70].

Unfortunately, the GVM effect in lymphomas is
offset by the risks of treatment-related morbidity
and mortality [71, 72]. Since RIC has been highly
effective and associated with less toxicity than mye-
loablative regimens, RIC regimens are generally
recommended for indolent lymphomas [73, 74].

Diffuse large B-cell lymphomas are less suscep-
tible to GVM than the indolent lymphomas.
Allo-HSCT does not appear to have an advantage
to auto-HSCT for these patients [75].

Multiple myeloma

There have been substantial improvements in the
treatment of multiple myeloma, but it is still consid-
ered an incurable disease. Chemotherapy can
achieve an initial response in most patients [76, 77].
Consolidation therapy using high-dose melphalan

and auto-HSCT can increase the fraction achiev-
ing complete remission, prolong the time to
progression, and increase [78].
Maintenance therapy, generally with lenalidomide,
further prolongs remission duration [79].
Unfortunately, the majority of multiple myeloma
patients relapse despite this treatment. Allo-HSCT
has been evaluated in patients with myeloma.
There is evidence of a GVM effect, as demonstrated
by responses to donor lymphocyte infusion [80].
Multiple myeloma is generally a disease of older
people. Myeloablative allo-HSCT can produce
durable CR in some patients, but is associated with
a high rate of treatment-related morbidity and
mortality (34%-53%) [81-83]. Reduced intensity
conditioning is better tolerated but has a higher
rate of relapse than with myeloablative condi-
tioning. A strategy of tandem transplants, using an
auto-HSCT for initial cytoreduction, followed by a
reduced-intensity allo-HSCT to induce the GVM
effect has been extensively studied [84]. This
approach results in complete remission in approxi-
mately 60%, with an 18% rate of treatment-related
mortality [85]. There have been several randomized
studies comparing tandem auto-allo transplants
with chemotherapy; results are mixed. The largest
study, conducted by the BMT CTN, did not show
an advantage with the tandem auto-allogeneic
transplant compared to tandem autologous trans-
plants. At present, this approach is not recom-
mended for initial treatment of multiple myeloma
outside of a clinical trial. Despite these limitations,
allo-HSCT retains a curative potential in a subset
of patients with advanced multiple myeloma. Allo-
HSCT is an appropriate option for patients with
chemosensitive relapse of multiple myeloma, and
about 20% of patients achieve a durable complete
remission.

survival

Solid organ tumors

Allo-HSCT may also produce a GVM effect
against solid tumors, although this has generally
not been as potent as with hematologic malig-
nancies (Table 15.2) [86]. Several small case series
of patients with concomitant breast cancer show-
ing excellent tumor response post-HSCT were
reported [87, 88]. Despite initial enthusiasm, con-
cerns about immediate toxicity and limited
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Table 15.2 Graft-versus-Malignancy Effects.

Level of Activity Diseases

High CML, CLL, low-grade lymphomas,
mantle cell lymphoma

Intermediate AML, intermediate grade lymphoma,
Hodgkin lymphoma, plasma cell
disorders

Low ALL, high-grade lymphomas, and

solid organ neoplasms

Source: Gragert et al., 2014 [2].
Note: CML = chronic myeloid leukemia; CLL = chronic
lymphocytic leukemia; AML = acute lymphoblastic leukemia.

efficacy of tumor regression with myeloablative
conditioning allo-SCT for solid organ tumors
hampered its widespread application [89]. Studies
at the National Institutes of Health in Bethesda
using RIC regimens examined allo-HSCT for a
subset of tumors that are highly likely to respond
to immunologic modifications. Based on this
rationale, metastatic renal cell cancer, which had a
track record of being sensitive to immunotherapy,
was the first tumor studied; a high response rate
(40%) was reported, with several patients attain-
ing CR [90]. These findings were confirmed in
data of another large registry, which demon-
strated 28% tumor response and 30% OS at 2
years [91]. However, given the risks of GVHD and
a 10%-20% risk of nonrelapse mortality, the
overall survival of patients has not been improved,
and this approach is not currently considered a
standard of care for renal cell cancer.

Allo-HSCT has also been explored in other solid
tumors with only modest response rates [92]. Allo-
HSCT is not recommended for treatment of solid
tumors, outside of the context of a clinical trial.

Conclusions

Allo-HSCT is an advanced form of adoptive
immunotherapy. The donor-derived GVM effect
can eradicate drug-resistant cells and produce
durable complete remissions in a range of hemato-
logic malignancies. Allo-HSCT is used for high-
risk hematologic malignancies where it improves
DFS and OS in selected categories of patients. The
GVM effect occurs against solid tumors as well but
appears much less potent.

Separation of the beneficial GVM effects from
the toxicity of GVHD is the highest priority in
hematopoietic transplantation. New approaches
for conditioning regimens, GVHD prophylaxis,
immunomodulatory treatments, and cellular
immunotherapy are undergoing evaluation.
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NK cell background and biology

Natural killer (NK) cells were originally described
in the 1970s as null lymphocytes with natural cyto-
toxicity against mouse tumor cell lines distinct
from T cell killing, which is antigen specific and
class I major histocompatibility complex (class I
MHC) dependent [1-5]. Decades later, we now
understand that NK cells differ from T cells by
their expression of a repertoire of germline-
encoded activating and inhibitory receptors that
bind to conserved cell-surface protein ligands
(Table 16.1), in contrast with the recombined
receptors of T cells that bind to peptide antigens.
The activating receptors identify elements of stress
or danger and are balanced by inhibitory receptors
that recognize self. Through the balance of these
activating and inhibitory receptors, NK cells
determine which cells to kill, such that the engage-
ment of more activating than inhibitory receptors
results in signal activation and subsequent effector
responses—cytotoxicity and cytokine release.
Unlike T cells in which recognition of peptide and
class I MHC leads to activation, NK cells are gener-
ally inhibited by recognition of class I MHC. Thus,
activation is more likely to occur against cells that
lack MHC expression, termed “missing self” [5, 6].

NK cells are highly important in the surveillance
and destruction of virus- and parasite-infected
cells and tumor cells [7] because they overexpress
activating ligands and downregulate MHC.

Phenotypically, NK cells in humans are defined
by their lack of CD3 (e.g., lacking a T cell receptor)
and expression of CD56, CD16, or NKp46. NKp46
is part of a distinct family of activating receptors
expressed by NK cells—the natural cytotoxicity
receptors (NCRs)—which are implicated in NK-
cell-mediated killing of tumors and also include
NKp30 and NKp44. Higher expression levels of the
NCRs are correlated with increased tumor killing
[8, 9] and are often reduced in cancer patients
compared to healthy individuals [10-13], thus pre-
dicting survival from some cancers [14]. NKp46 is
unique among the NK cell receptors because it is
nearly exclusively expressed on NK cells [15-17].
Contrariwise, NKp44 expression is limited to inter-
leukin-2 (IL-2)-activated NK cells and NKp30 is
expressed only on a subset of NK cells. Despite the
importance of the NCRs in NK cell killing of
tumors, the majority of their ligands on tumors
remain unknown [6, 9].

The primary activating receptors on NK cells
that mediate recognition of cancer cells include
NKG2D, DNAM-1, 2B4, NKp80, and CD16 [6].
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Table 16.1 Major NK cell receptors for which corresponding
ligands are known.

Receptor Ligand

Activating Receptors

FcyRII (CD16) 1gG1/IgG3 antibody

NKp30 (CD337) BAGS6, B7-H6

NKp44 (CD336) PCNA

NKp46 (CD335) Viral hemagglutinin
NKp80 AICL

NKG2D (CD314) MICA, MICB, ULBP1-6
NKG2C/E (CD159c¢, e) HLA-E

DNAM-1 (CD226) PVR, Nectin-1

2B4 (CD244) SLAMF2 (CD48)

Inhibitory Receptors

KIR2DL1 (CD158a) HLA-C group 2

KIR2DL2/DL3 (CD158b, b2) HLA-C group 1
KIR3DL1/DL2 (CD158e, k) HLA-Bw4 and some HLA-A
NKG2A (CD159a) HLA-E

These activating receptors can act in synergy when
the ligands for more than one activating receptor
are present on the target cells [18].

NKG2D is a homodimeric lectin receptor that
recognizes a variety of stress-induced ligands pre-
sent on cancer cells. The ligands for NKG2D
include MHC class I chain-related protein A and B
and UL16 binding protein 1-6 [19], which are
expressed on virtually all tumor types, including
brain tumors, carcinomas, sarcomas, neuroecto-
dermal cancers, lymphomas, and leukemias
[20-26]. 2B4 recognizes stress ligands of the SLAM
family, and DNAM-1 recognizes the viral receptors
PVR and Nectin [6].

CD16 is the low-affinity immunoglobulin
receptor (FcyRIII) responsible for mediating anti-
body-dependent cellular cytotoxicity (ADCC) in
NK cells. ADCC augments NXK cell killing through
the binding of IgG antibodies to CD16 and a tumor
cell ligand [6, 27]. Two examples of exploiting
ADCC for increasing NK cell killing are rituximab
(anti-CD20) and dinutuximab (anti-GD2) anti-
bodies. NK-cell-dependent ADCC is a key
mechanism of action for both rituximab and dinu-
tuximab, and preclinical data support their
combination with NK cell infusions. Rituximab is a
chimeric monoclonal antibody (mAb) against
CD20 expressed on B-cells. NK-cell-mediated
ADCC is a major mechanism of action for

rituximab therapeutic efficacy [28-30], and loss of
ADCC through decreased CD16 affinity for IgG is
a recognized mechanism of loss of clinical benefit
[31]. GD2 is a disialoganglioside that is expressed
on many solid tumor types. In vitro and in vivo
mouse studies with both primary NK cells and
activated, expanded NK cells demonstrate that the
addition of anti-GD2 mAb improves NK cell
cytotoxicity against neuroblastoma and survival of
mice with neuroblastoma xenografts [23, 32].
Efficacy of anti-GD2 mADb in clinical trials is asso-
ciated with NK cell function [33, 34].

NK cells possess several inhibitory receptors,
which are used to distinguish between healthy cells
and malignant or infected cells. The inhibitory
receptors are largely made up of a family of recep-
tors called killer immunoglobulin receptors (KIR)
and NKG2A/CD94 receptor. However, some KIRs
and the related NKG2C receptor are activating.
The ligands for inhibitory KIR are classical class I
MHC (mostly human leukocyte antigen (HLA)-B,
C) and are grouped into specific receptor-ligand
interaction groups (KIR2DL1 for HLA- CI,
KIR2DL2/3 for HLA-C2, and KIR3DL1 for Bw4).
While KIR2DS1 binds HLA-C2, resolving the
ligands for other activating KIR ligands continues
to evolve. The ligand for NKG2A and NKG2C is
the non-classical HLA-E. Inhibitory receptor
engagement results in an inhibitory signal indi-
cating that the target cell is healthy self. Many
cancers downregulate HLA expression, making
them more susceptible to NK-mediated killing
[35]. Through HLA typing, adoptive cellular
immunotherapy, and hematopoietic stem cell
transplantation (HSCT), can exploit the presence
or absence of specific KIR-ligand groups—
mimicking missing-self—to evade inhibition and
improve outcome. Termed KIR mismatch, this
requires identification of a donor who has an inhib-
itory KIR ligand (HLA group) that is not expressed
in the recipient. This results in the donor’s NK cells
having less potential for inhibition in the recipient,
and therefore increased killing of the recipient’s
cancer cells [36, 37].

The 15 KIR genes and 2 KIR pseudogenes can be
inherited in many possible variations of gene
content, and these are broadly grouped into KIR
genotypes A and B, where type B individuals pos-
sess a greater number of activating KIRs. KIR type
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B is significantly associated with better clinical out-
comes that will be discussed in more detail later in
this chapter [6, 18, 27].

NK cells have several mechanisms by which they
can kill tumor cells. These include granzyme B and
perforin, Fas, and tumor necrosis factor-related
apoptosis inducing ligand- mediated killing
(TRAIL). In addition, NK cells have indirect anti-
tumor effects by stimulating other cells of the
immune system through the release of proinflam-
matory cytokines, most notably interferon gamma
(IFN-y) and tumor necrosis factor alpha (TNF-a)
[7]. These methods of killing have varying impor-
tance dependent on the tumor cell, with some
tumors being resistant to one or more methods of
killing [7, 38-42]. Immune-modulating drugs such
as bortezomib and lenalidomide can overcome this
resistance and sensitize cancer cells to NK cell
killing in preclinical models, and they are currently
being tested in clinical trials.

Clinical evidence for NK cell impact
on cancer outcomes

Low NK cell numbers and deficient NK function
are correlated with cancer risk [43, 44] and can be
highly predictive of treatment outcome [44-47]. In
patients with acute myeloid leukemia (AML), NK
cells have reduced NKp30 and NKp46 expression
compared to healthy individuals, and this reduced
expression correlates with decreased cytotoxicity
against leukemia cells. Expression of NKp46 and
NKp30 is significantly increased in patients with
AML upon achieving complete remission (CR) as
compared to expression at the time of diagnosis,
and increased expression correlated with overall
survival [10, 11, 14]. In addition to phenotypic dif-
ferences, NK cells from leukemia patients are defi-
cient in their cytokine production, and cytokine
production and cytolytic activity against autolo-
gous leukemic blasts are positively associated with
relapse-free survival and CR, respectively. NK cell
cytotoxicity against autologous leukemia cells
above 12% significantly correlated with a 100%
disease-free survival of greater than 8 years. Thus,
NK cells play a significant role in the host antileu-
kemic response [48, 49].

Similarly, in solid tumors, NK cell function and
phenotype are implicated in disease prognosis and

progression. In osteosarcoma, increased lymphocyte
recovery following chemotherapy is significantly
associated with improved 5-year overall survival
(24). In both breast and prostate cancer, the number
of activated NK cells in peripheral blood correlated
with improved survival [47, 50]. In patients with
melanoma, NK cells have lower expression of NK
activating receptors and reduced NK functionality
(cytotoxicity, cytokine secretion, and proliferation)
compared to healthy controls. This dysfunction
may be an immune-escape mechanism induced by
cell-to-cell contact, as coculture of NK cells with
melanoma results in decreased activating receptor
expression and decreased cytotoxicity [12, 13, 51].
These dysfunctional changes are also seen in lung
cancer and can be reversed in vitro with TIM-3
blockade 52, 53].

Manipulating the anti-tumor
effect of NK cells

Hematopoietic stem cell
transplantation

The influence of KIR and HLA genotypes on NK
cell function can significantly impact survival fol-
lowing HSCT, particularly in HLA-mismatched
transplants that aggressively deplete T cells and
therefore remove the confounding impact of T-
cell-mediated graft-versus-host disease (GVHD).
In a landmark study, patients with leukemia who
received an HLA haploidentical transplant had a
significantly increased 5-year event-free survival
(60% vs. 5% without mismatch) if there was a
missing ligand in the recipient for at least one
donor KIR (referred to as KIR-ligand mismatch).
Importantly, KIR-ligand mismatched patients had
no evidence of graft rejection or GVHD, while
patients who received KIR-ligand matched trans-
plants had a 15.5% and 13.7% risk of graft rejection
and GVHD, respectively [54]. In addition, higher
NK cell counts are positively correlated with
increased event-free survival and decreased trans-
plant-related mortality and relapse following allo-
geneic hematopoietic stem cell transplant in
pediatric patients with leukemia or lymphoma and
adult patients with AML [55, 56]. In a large retro-
spective study of more than 1500 HLA-mismatched
unrelated transplants receiving mostly unmanipu-
lated grafts (i.e., no T cell depletion), KIR mismatch
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was associated with increased mortality in myeloid
leukemias [57].

In matched allogeneic transplants, missing
ligand with respect to donor-recipient differences
in HLA is not present. However, missing ligand
may still be considered with respect to presence or
absence of each KIR ligand group. In a retro-
spective study of T-depleted matched-sibling
transplants [58], recipients missing at least one KIR
ligand (C1, C2, or Bw4) had increased disease-free
survival, overall survival, and relapse-free survival
in AML, acute lymphoblastic leukemia (ALL), and
myelodysplastic syndrome. Missing two KIR-
ligands (C1 and Bw4, or C2 and Bw4) conferred the
greatest survival. In a separate study of T-depleted
matched-sibling transplants assessing KIR content
rather than KIR ligand, presence of the KIR B hap-
lotype genes KIR2DL5, KIR2DS1, and KIR3DS1 in
the donor correlated with decreased relapse [59].

In contrast, when only antithymocyte globulin
was used to deplete T cells for GVHD prophylaxis
in patients who received haploidentical HSCT, KIR
B haplotype donors had decreased overall and dis-
ease-free survival compared to patients who
received NK cells from a KIR A haplotype donor
[60]. Thus, the presence of more activating recep-
tors when T cells are not depleted may be correlated
with a worse outcome because of enhancing GVHD.

Similarly, when T cells are not depleted in
matched-related-donor HSCT, the best survival
occurs with donor KIR A haplotype in recipients of
KIR B haplotype, and the reverse phenotypes are
associated with the worst survival. The decreased
survival with donor KIR B and recipient KIR A
haplotypes was also correlated with increased
relapse and acute GVHD but was only present
when the donor and recipient were both homozy-
gous for HLA-C1 [61]. In unrelated HSCT with T
cells, donor KIR B was associated with increased
overall survival and relapse-free survival regardless
of KIR mismatch or HLA matching. Further, the
greatest improvement in survival and decrease in
relapse rate was seen in donor-recipient pairs that
were HLA-C mismatched [62, 63]. It is clear that
the extent of T cell depletion largely influences the
outcome, such that when T cells are included the
increase in activating KIRs has deleterious effects
on outcome, presumably due to GVHD instead of
graft versus leukemia.

With fewer patients receiving HSCT in the solid
tumor setting, there are correspondingly fewer
studies investigating the impact of KIR mismatch.
Nonetheless, the results have been similar to trans-
plants in patients with leukemia. In autologous
transplants for neuroblastoma, patients who were
missing at least one HLA ligand for one of their
inhibitory KIRs had improved survival (9.5years
vs. 3.8years) and decreased disease progression
than patients who were not mismatched. Patients
lacking HLA-C1 had the greatest survival (81% vs.
65%) [64]. For pediatric solid tumors, including
Ewing’s sarcoma, neuroblastoma, and rhabdomyo-
sarcoma, patients receiving allogeneic HSCT from
KIR mismatched donors had a trend to an improved
response, but sample size was very small and recip-
ients were highly diverse [65, 66].

Adoptive transfer of NK cells
The combination of in vitro findings of cancer sen-
sitivity to NK cell lysis, in vivo evidence of reduced
NK cell number and function in patients with can-
cer, and high sensitivity of NK cells to chemo-
therapy and radiation that further decreases NK
cell numbers in these patients results in NK cell
adoptive transfer having the potential to restore
NK cell function and improve cancer treatment. To
this end, several methods have been developed for
producing an NK cell product for infusion. A lym-
phodepleting preconditioning regimen is typically
included with the goal of making physiological
“space” in the recipient, which in turn promotes
NK cell expansion in vivo through increased avail-
ability of the homeostatic cytokine, IL-15 [67].
After the preconditioning regimen and NK cell
infusion, IL-2 (aldesleukin) (or more recently,
IL-15) administration can be given to further pro-
mote NK cell persistence and expansion in vivo.
The majority of completed studies have used pri-
mary NK cells derived from peripheral blood
apheresis of a normal donor followed by depletion
of T cells (CD3 depletion) to prevent GVHD, and
in some cases B cells (CD19 depletion) to prevent
passenger lymphocyte syndrome or reactivation of
Epstein Barr virus [67, 68]. Other studies seeking
to infuse an NK cell product of increased purity
have utilized CD3 depletion followed by CD56-
positive selection to isolate NK cells. However, this
method reported reduced NK cell yield, which may
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be an issue especially in adult patients. After selec-
tion or depletion, the NK cell product can be
administered immediately, activated with cyto-
kines, or expanded ex vivo for generating greater
NK cell doses.

Leukemias
Clinical studies of NK cell adoptive transfer have
most commonly been done for patients with AML,
based in part upon the results in transplant studies
showing sensitivity of AML to NK cells [54].
Adoptive transfer of T-cell-depleted NK cells
(approximately 20 x 10° total cells/kg; mean 8.5 x
10° NK cells/kg) from haploidentical, related
donors in patients with poor-prognosis AML, non-
Hogkin lymphoma, or metastatic solid tumors
(melanoma and renal cell carcinoma) had variable
results. In AML, 5 of 19 patients achieved CR and
in vivo NK cell expansion. No improvement in
survival, remission, or NK cell proliferation in vivo
was seen in patients with melanoma or renal cell
carcinoma; however, these patients received a
lower dose conditioning regimen. This may
account for the discrepancies between the results in
patients with AML or solid tumors. Patients who
achieved CR had significantly more circulating NK
cells than patients who did not achieve CR [67].
Rubnitz et al. investigated the safety of infusing
NK cells (median: 29 x 10°/kg) from HLA-haploi-
dentical donors in low- to intermediate-risk
pediatric patients with AML in CR. The NK cells
persisted in the recipient for a median of 10 days
and expanded in vivo. Although designed as a phase
I safety study, all 10 patients remained in CR with a
median follow-up of over two years, suggesting
potential benefit [69]. In a follow-up to that study,
haploidentical NK cell infusions (median: 18.6 x
109/kg) were delivered to 29 pediatric patients with
ALL or AML who had relapsed or refractory with
relapsed disease. Ninety percent of donors were
KIR-ligand or receptor mismatched with the
recipient, and the study included 15 patients who
had relapsed after HSCT. In contrast with the
previous trial, all of the patients in this trial had
detectable disease at the time of NK cell infusion.
Twenty patients obtained either CR or partial
remission (PR) after NK infusions, and 9 patients
were alive and leukemia free at final follow-up [70].
In a similar study, KIR-ligand-mismatched NK cells

(median 2.74 x 10%kg) were administered to 13
elderly adult patients with high-risk AML. Fifty
percent were still in remission at 18-34 months
post-NK infusion [71].

It is possible that IL-2 infusions administered to
promote NK cell persistence and expansion may
inadvertently promote the expansion of regulatory
T cells (Tregs) resulting in suppressed NK cell
function and proliferation. Denileukin diftitox
(Ontak, Eisai Medical Research Inc.) is an IL-2-
diptheria-toxin (IL2DT) conjugate that targets cells
expressing the high-affinity IL-2 receptor, inducing
cell death upon receptor binding. In a study assess-
ing the potential benefit of Treg depletion with NK
cell adoptive therapy, patients with AML who
received haploidentical NK cells along with IL-2DT
had significantly increased CR, disease-free remis-
sion, and NK cell proliferation compared to
patients that received only NK cells. Further, NK
cell proliferation was positively correlated with
regulatory T cell depletion, providing indirect evi-
dence for Treg inhibition of NK cell function [72].

To further augment NK cell function and in vivo
survival, Romee et al. used cytokines (IL-12, IL-15,
and IL-18) to precondition NK cells to acquire a
memory-like state prior to infusion into 13 elderly
patients with relapsed/refractory AML. Of the 9
evaluable patients, there were 4 CRs and 1 PR [73].

The above treatment regimens all included
cyclophosphamide/fludarabine lymphodepletion
prior to the NK cell infusion, and systemic IL-2
after the infusion (except the IL2DT study). Fewer
studies have evaluated the infusion of NK cells as
part of HSCT. In relapsed multiple myeloma, hap-
loidentical KIR-mismatched IL-2 activated NK
cells (range: 2.7-92 x 10/kg total NK infused) were
given 14 days prior to autologous peripheral blood
HSCT with high-dose melphalan. Donor NK cells
were infused twice and persisted in 90% of recipi-
ents for at least 7 days. Of 10 patients treated, 2
achieved CR and 3 achieved near-CR [74].

In the matched allotransplant setting, third-
party IL-2 activated haploidentical NK cells were
infused into 21 patients with high-risk AML or
chronic myeloid leukemia at day -8, in a 5-day
window between the myeloablative busulfan/fluda-
rabine conditioning and antithymocyte globulin
(Figure 16.1). There was a significant correlation
between relapse-free survival and the number of
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Figure 16.1 Schema for clinical trial delivering third-party
IL-2-activated NK cells after chemotherapy and prior to

CD56" cells administered. There was also a nonsig-
nificant trend towards increased survival with KIR
ligand mismatched donors or KIR B haplotype
donors [75]. NK cells have been delivered to
patients in remission after engraftment following
HSCT in an effort to further consolidate remission
and prevent relapse, but so far they have been
limited to demonstrating safety and feasibility in
this setting [76-79]. Importantly, none of the
studies described in this section reported any
significant toxicities associated with the NK cells
adoptive transfer.

Solid tumors

In patients with refractory metastatic breast or
ovarian cancer, haploidentical T-cell-depleted
activated NK cells (median: 2.15 x 107/kg) were
infused and persisted in 69% of recipients for
seven days [80]. Similar to the results reported in
patients with AML, Treg expansion was signifi-
cantly increased following NK and IL-2 infu-
sions, and may be a contributing factor for the
lack of NK cell expansion or persistence. These
findings were also observed in patients with
advanced non-Hodgkin’s lymphoma, where 4
out of 6 patients who received T-cell-depleted
haploidentical activated NK cells (median: 21 x
10°/kg) were in objective remission at the two-
month follow-up [81].

Tacrolimus and mini-Methotrexate

infusion of matched allogeneic stem cells for myeloid
leukemias (adapted from [75]).

Expanded NK cells

Since collection of primary NK cells by steady-state
apheresis is not able to achieve large NK cell doses,
ex vivo expansion of NK cells has been explored to
enable higher NK cell numbers per infusion and
repeated infusions. Expanded NK cells are also
more activated than primary NK cells against
tumor targets [82, 83]. In addition, NK cells in
patients with cancer are often functionally
impaired, and infusion of autologous NK cells in
early trials were safe but showed no clear benefit.
Ex vivo activated and expanded NK cells may
correct that dysfunction.

Autologous T-cell-depleted NK cells from
patients with metastatic melanoma or renal cell
carcinoma with progressive disease were expanded
with irradiated peripheral blood mononuclear cells
and OKT3. These expanded NK cells persisted in
the patient for at least one week; however, no
clinical response was observed [84]. Autologous
NK cells were also delivered after expansion with
retronectin-activated T cells and lyophilized
group A streptococcus (Picibanil, Chugai Pharm-
aceuticals), achieving a median 4702-fold NK cell
expansion. Patients with advanced/metastatic
digestive cancer received up to 2 x 10° NK cells/kg/
infusion for three infusions in a dose-escalation
study. NK cell infusions were well tolerated with
50% of patients achieving stable disease [85].
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Using allogeneic NK cells derived from two rela-
tives for advanced non-small-cell lung cancer, NK
cells were expanded in vitro with IL-15 and hydro-
cortisone for three weeks. Median NK expansion
was 23-fold, which allowed for 2-4 NK cell infu-
sions (median 4.2 x 10°/kg). At a median follow-up
of 22 months, 27% of patients were still alive. A
trend towards an increase in survival with increased
number of NK cell infusions was observed [86].

Allogeneic NK cells expanded for two weeks
with irradiated peripheral blood mononuclear
cells, OKT3, and IL-2 were infused into patients
with lymphoma or solid tumors at doses up to 3 x
107/kg/infusion for 3 infusions. In this study,
postinfusion IL-2 was not given, and a decrease in
TGEF- and Tregs was observed [87].

Expanded NK cells have been delivered after
HSCT for leukemia/lymphoma or sarcoma. In the
leukemia/lymphoma study, 41 patients received
two infusions of cytokine-expanded NK cells
starting two weeks after HSCT. Compared to a his-
torical cohort receiving only HSCT, NK cell
infusions after HSCT significantly reduced leu-
kemia progression without increasing GvHD [78].
In the sarcoma study, donor NK cells were
expanded for 9-11 days on feeder cells prior to
infusion. Cell infusions were given on between day
+8 and +36 (Figure 16.2). Surprisingly, 5 of 9
patients developed rapid onset of acute GVHD fol-
lowing the NK cell infusion [88]. The etiology of
GVHD, distinct in this study from the lack of
GVHD seen in all other studies, remains unclear.

NK cell lines

NK-92 is a cell line derived from a patient with NK
lymphoma. NK-92 expresses the prototypic NK cell
marker CD56 and is highly cytotoxic against NK
cell-sensitive cell lines such as K562 [89]. NK-92 as a
cellular therapeutic has the advantage of providing a
uniform and reproducible population of NK-like
cells for allogeneic infusion into patients, and elimi-
nates the complex processes needed for generating
NK cell products from peripheral blood or apheresis
products, rendering it amenable to an “off-the-shelf”
universal cell product. NK-92 is not inhibited by
class I MHC due to its lack of expression of all KIRs
(except KIR2DL4) [90]. Because the NK-92 cell line
originates from a patient with lymphoma, the cells
are irradiated prior to infusion. In a phase 1 dose-
escalation clinical trial in patients with advanced
renal cell carcinoma or melanoma, irradiated NK-92
cells were infused three times. Infusions up to 3 x
10° cells/m? were well tolerated with minimal severe
toxicities observed; however, 11/12 patients died
before the four-year follow-up [91]. Similarly, irradi-
ated NK-92 infusions up to 1 x 10°/m? were well
tolerated in patients with chemotherapy-resistant
solid tumors [92]. This off-the-shelf therapy is
promising and warrants further study.

Agents to augment NK cell efficacy

Bortezomib is a proteasome inhibitor whose mech-
anism of action involves downregulation of HLA,
thereby decreasing KIR-mediated inhibition.
Bortezomib also augments TRAIL-, FasL-, and
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Figure 16.2 Schema for clinical trial delivering
IL-15-activated donor NK cells after matched
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allogeneic stem cell transplant for solid tumors (adapted
from [88]).
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perforin/granzyme-mediated NK killing [93-95].
Bortezomib was found safe when administered
along with autologous expanded NK cells at doses
up to 1 x 10® NK cells/kg. This study also delivered
pentostatin to deplete Tregs. [96].

Lenalidomide increases NK cell proliferation,
IFN-y secretion, inhibits NK cell suppression by
IL-6 and TGF-B, and increases production of IL-2
CD4 T cells, thereby increasing NK cell activation
[97-102]. Lenalidomide also synergizes with ritux-
imab in vitro to increase NK cell killing of chronic
lymphocytic leukemia and non-Hodgkin lym-
phoma by increasing expression of CD20,
rituximab’s target antigen [101, 102]. In multiple
myeloma, lenalidomide administration increases
NK cell activity, and NK cell activity was positively
correlated with clinical outcome [103].

The anti-inhibitory pan-KIR mAb, lirilumab
(IPH2101, Bristol-Myers Squibb), was developed to
provide global blockade of inhibitory KIR on NK
cells, thereby improving activation. Lirilumab has
been administered both with and without lenalido-
mide in myeloma and is well tolerated [104, 105].
Unfortunately, recent reports from clinical trials
report unexpected reduction in NK cell responsive-
ness after treatment with lirilumab [106].

IL-15 has been identified as a major cytokine for
NK cell maturation, activation, and homeostatic
expansion. Despite IL-15% effectiveness in
increasing NK and CD8 T cell numbers in patients,
as with IL-2 infusions, higher dosage levels may be
limited by side effects [107]. Modifications of IL-15
that extend its half-life and permit proper transpre-
sentation allow for less frequent dosing, which may
improve tolerance while preserving the immune
properties and benefits of IL-15 [108].

Conclusions

NK cells play an important role in anticancer
immunity. NK cell function and number are often
reduced in patients with cancer, and many anti-
cancer agents synergize with NK cells to mediate
their effect. Results from early-phase clinical trials
of NK cell adoptive immunotherapy are encour-
aging. NK infusions in these studies have been well
tolerated, and the development of expansion plat-
forms that enable repeated infusions of highly
pure, activated NK cells make it possible to further

exploit their innate cancer-killing capacity.
Preclinical work that will further improve the
potency and specificity of NK cells includes stable
genetic modification of NK cells (chimeric antigen
receptors for tumor targeting [109]), cytokines for
proliferation and persistence [110], studies using
NK cells with properties of immune memory [111,
112], chemokine receptors for homing [113],
transient genetic or nongenetic modification
(mRNA electroporation [114, 115], trogocytosis
[116], and bi- and trispecific antibodies [117] to
redirect NK cells to specific tumor antigens. NK
cell therapy promises to have great potential for
improving outcomes in a wide variety of cancers.
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Introduction

Biomarkers in immuno-oncology

The evaluation and development of immune-
oncology biomarkers and the application of bio-
markers for immune monitoring are rapidly
evolving fields driven by the clinical success of
recently approved immune checkpoint inhibitor
therapies. Identifying biomarkers that can predict
the response to immune therapies will enable the
selection of patients who are likely to benefit from
immunotherapy treatment, while identification of
immune pharmacodynamic and pharmacokinetic
biomarkers will provide immune monitoring capa-
bilities for clinical trials. Immune biomarkers can
be divided into several categories: prognostic, pre-
dictive, pharmacodynamic, pharmacokinetic, and
correlative or surrogate endpoints (Table 17.1).
Prognostic biomarkers provide information about
the likely course of the disease (cancer) in an
untreated individual. An example is the evaluation
of tumor-infiltrating T cell subtypes, as determined
by the immunoscore. Predictive biomarkers can be
used to identify subpopulations of patients most
likely to respond to a given therapy. An example of
a predictive biomarker is tumor expression of
programmed death-ligand (PD-L1). The expression

of PD-L1 predicts which patients are likely to
respond to anti-PD-L1 or anti-PD-1 therapy.
Pharmacodynamic biomarkers are molecular indi-
cators of the effect of therapy on disease related tar-
gets. An example is increased T cell receptor
clonality after anti-PD-1 or PD-L1 therapy.
Pharmacokinetic biomarkers are biomarkers of a
therapy’s distribution, metabolism, and excretion.
In chimeric antigen receptor (CAR) T cell therapy,
the persistence of CAR T cells can be measured by
flow cytometry. A correlative or surrogate end-
point is a marker that may correlate with a real
clinical endpoint. Defining a surrogate endpoint is
an area of active investigation, and none have been
validated to date.

The evolution of immune monitoring
from an antigen specific to a tumor
microenvironment focus

The role of immune monitoring in immuno-
oncology has evolved over time. Early in the
development of the field, the focus of immune
monitoring was on detecting tumor antigen-
specific immune responses through interferon-
gamma (IFN-y) ELISPOT and flow-based assays,
demonstrating the induction of antigen-specific
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Table 17.1 Classes of immunologic biomarkers.

Category of Biomarker Definition Example

Prognostic Evaluates overall outcome regardless of Immunoscore
intervention

Predictive Evaluates the likelihood of response to PD-L1 expression

treatment
Pharmacodynamic
Pharmacokinetic

excretion
Correlative or surrogate endpoint

endpoint

Note: CAR=chimeric antigen receptor.

T cells [1]. This approach, however, did not account
for the intricacies of the tumor microenvironment,
and the role that additional immune cells and mol-
ecules play inhibiting and augmenting tumor-
specific immune responses [2].

In this chapter, we review currently utilized
prognostic, predictive, and pharmacokinetic/phar-
macodynamic immune biomarker assays, focusing
on their backgrounds, biologic tissues required,
general assay methods, key examples of their use,
and the future of each technology (Tables 17.2 and
17.3). We discuss current candidates for correlative
and surrogate endpoints and the evidence support-
ing their use. Figure 17.1 illustrates a broad view of
the immune cells, cytokines, immune modulatory
molecules, and tumor cell properties that specific
immune monitoring modalities interrogate. It is
important to recognize that the majority of these
immune monitoring modalities only capture data
on a small number of components of the overall
tumor immune microenvironment and/or systemic
immune environment (Figure 17.1).

Immune prognostic biomarkers

Immunoscore

The “immunoscore” is an example of a prognostic
immune biomarker that quantitates the immune
cell composition, specifically CD8+ and CD45RO+
T cells in the tumor microenvironment, and asso-
ciates the resulting immune score with clinical
survival endpoints. Immunoscore was demon-
strated to be more reliable in predicting disease-
free survival (DFS) than TNM staging, which
depends on three key factors (Tumor, lymph Node,

Measures drug effect on the target
Measures drug distribution, metabolism, and

Acts as a substitute for clinically meaningful

TCR sequencing
Persistence of CART cells

Area of active investigation; none have
been validated to date

and Metastasis) to determine the stage of cancer
[3]. The development of the immunoscore for
colorectal cancer was based on the observation that
type, density, and location of immune cells within a
tumor are a superior predictor of patient survival
than the histopathological methods currently used
to stage colorectal cancer [3, 4].

The immunoscore is obtained from pathologic
interpretation of hematoxylin and eosin (H&E)-
stained slides derived from paraffin-embedded
tissue sections. Two tissue sections are analyzed
from each region (center of tumor, CT, and inva-
sive margin, IM). These tissue microarray sections
are incubated (60 minutes at room temperature)
with monoclonal antibodies to CD3, CD45RO,
CD8, and cytokeratin-8. DAB-chromogen is
applied and slides are counterstained with
methylene blue to complete the immunohisto-
chemistry. Slides are then analyzed using an image
analysis workstation and results are recorded as
the number of positive cells per tissue surface unit
[5]. The immunoscore is calculated using densities
and location (CT and IM) of memory T cells
(CD3+/CD45RO+) and cytotoxic (CD3+/CD8+)
T cells. Tissues are assigned points based on the
high (Hi) (1pt) or low (0pt) density of either the
CD8+ or CD45RO+ T cells in each region, and
points are added to yield the final score: (0)-Hi
(low immune score), (1-2)-Hi, (3)-Hi, and (4)-Hi
(high immune score), resulting in four distinct
prognostic groups [5].

One limitation of the immunoscore is that it
cannot be performed on core needle or fine-needle
aspiration biopsies due to the inability to precisely
define the tumor center and invasive margin.



Table 17.2 Immune monitoring prognostic and predictive methods: tissue/blood required, limitations, and example of clinical trial use.

Immunoscore

Neutrophil-to-lymphocyte
ratio (NLR)

PD-1/PD-L1 expression
(IHC)

Single-nucleotide
polymorphism (SNP)
analysis

Neoantigens
(HiSeq)

Tumor tissue: FFPE
Blood: N/A

Tumor tissue: N/A
Blood: fresh blood

Tumor tissue: fresh,
frozen, and FFPE
Blood: N/A

Tumor tissue: fresh and
frozen tissue
Blood: PBMCs

Tumor tissue: fresh and
fresh frozen tissue
Blood: N/A

CD45RO+ and CD8+ T cell
density at tumor center and inv.
margin

Points assigned per cell type and
location, then added for sum
Absolute neutrophil count and
absolute lymphocyte count used
to calculate NLR

Percentage of tumor cells
staining for PD-L1 is scored
Positivity generally defined as
>5% staining

Genomic DNA isolated and
sequenced

Sequencing reactions performed
Bidirectional resequencing of
regions of interest (CTLA4, etc.)
Software identifies genotype
callings

Genomic DNA obtained and
Exon regions captured
Paired-end sequencing by Hi-Seq
Sequence data are then mapped
to the reference human genome
sequence and mutations
identified

Cannot perform with core
biopsy

Cannot

perform
post-chemo-radiation

Different cutoffs for (+) NLR

Coexisting conditions can
affect NLR

Expression variable within
tumors
No standard for positivity

Few patients in trials to date

Contradictory results from
reported studies

Neoantigens do not

necessarily overlap between

patients
Not all neoantigens elicit
T cell responses

Galon et al. [8]

Ferrucci et al. [10]

Herbst et al. [25]

Breunis et al. [35]

McGranahan et al.

[48]

- Application to multiple
tumor types

- Multicountry validation
study

- NLR as a immunotherapy-

predictive marker

- In-vivo imaging of
PD-L1 expression

~ New SNP analysis

methods such as network

phenotyping strategy

- Identify neoantigen-
specific T cells by
immortal B cell
presentation of
neoantigens



Myeloid-derived supp.
cells (flow cytometry)

Immunosuppressive T cell
populations (flow
cytometry):

—Treg CD4+ cells

—Th2 CD4+ cells

Note: FFPE =formalin-fixed, paraffin-embedded; PBMCs=peripheral blood mononuclear cells; IHC=immunohistochemistry; M-MDSCs=monocytic myeloid-derived suppressor cells;
Gr-MDSC=granulocytic myeloid-derived suppressor cells.

Tumor tissue: fresh and
frozen tissue

Blood: fresh, frozen and
cryopreserved PBMC

Tumor tissue: fresh and
frozen tissue

Blood: fresh, frozen, and
cryopreserved PBMC

Tumor tissue digested

Flow cytometry performed
M-MDSCs: CD11b*CD14*
CD157IL-4Ra*"MHC o
Gr-MDSCs:
CD11b*CD14-CD15*MHC o

Tumor tissue digested

Flow cytometry performed
Tregs: CD4+CD39+CD25+
adenosine producing

Th2 CD4+ T cells: flow for
cytokines IL-4, IL-6, and IL-10

Heterogeneous immune
population

No consensus on how to
define MDSCs

Limitations in gating
standards

Contradicting studies
correlating MDSC levels and
survival

Tregs - small proportion of
CD4+ T cells (5%)

No consensus on how to
define Tregs, FOXP3 not
reliable

Challenge of differentiating
naive Tregs, inducible Tregs,
and peripheral Tregs

Martens et al. [54]

Disis et al. [67]
Kristensen et al.
[128]

- Consensus on MDSC
flow cytometry
identification



Table 17.3 Immune monitoring pharmacokinetic/pharmacodynamic methods: tissue/blood required, limitations, and example of clinical trial use.

TCR sequencing

Genomic immune
analysis

ELISPOT

ELISA

Tumor tissue: fresh, frozen,
and FFPE tissue

Blood: fresh and
cryopreserved PBMCs

Tumor tissue: fresh, frozen,
and FFPE tissue
Blood: PBMCs (RNA tubes)

Tumor tissue: N/A
Blood: fresh and frozen
PBMCs

Tumor tissue: N/A
Blood: fresh and frozen
PBMCs

DNA or RNA isolation

V and J gene primers amplify
rearranged V(D)) segments
Sequence of unique amplified
CDR3 segments determined,
identifying V, D, and J genes
DNA or RNA isolation, genomic
analysis performed

DNA or RNA quality assessed
Gene expression values
analyzed

ELISPOT plates coated with an
anticytokine capture Ab
PBMCs incubated w/ target
antigen, detection Ab added
serially to reveal spot formation
Target antigen applied to ELISA
plates

Serum added in serial dilutions
Anti-human 2° antibody is
added

Absorbance is read and control
signal is subtracted from
protein signal

Limited by sequencing depth Tumeh et al. [85]
and accuracy

Depending on the stage of T cell
activation, activated T cells
might or might not synthesize
TCRs.

Fluctuations in immune cell
subtype frequency (macro-
phages, Th2 cells, and Tregs)

Bedognetti et al. [93]

Does not directly evaluate Datta et al. [129]
cell-mediated cytotoxicity

No consensus on how to
analyze ELISPOT positive vs
negative data

Evaluation of immune response
to only a single antigen at a
time

Montgomery et al. [118]

- Linking specific TCR clones
and their target epitope

- Standardized gene expression
panels

- High-density programmable
protein microarrays (NAPPA)
allow >5000 tumor antigens



Tumor tissue: fresh tissue
Blood: fresh, frozen, and
cryopreserved PBMCs

Cytokine flow
cytometry

Tumor tissue: fresh tissue
Blood: fresh, frozen, and
cryopreserved PBMCs

MHC tetramers

Mononuclear cells are isolated
T cells are fixed, permeabilized,
and stained for cytokines of
interest using the appropriate
antibodies

Flow cytometry performed
Biotinylated HLA monomers
loaded with the antigen of
interest are tetramerized

T cells are incubated in
dasatinib

T cells are stained with MHC
tetramer

Flow cytometry performed

- Gating remains highly

subjective, resulting in interassay
variability in flow cytometry.

TCR affinity required for T cell
binding to the pMHC tetramers
exceeds that required for T cell
activation

Michelin et al. [103]

Cohen et al. [109]

- MHC dextramers allowing for
staining of low-affinity T cells
and MHC class Il specific
T cells

Note: TCR=T cell receptor; FFPE=formalin-fixed, paraffin-embedded; PBMCs=peripheral blood mononuclear cells; MHC=major histocompatibility complex; HLA=human

leukocyte antigen.
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Figure 17.1 Immune monitoring assays and targets:

(1) Tumor tissue-based assays and targets (blue bar only):
immunoscore (tumor-based T memory cells and CD8+

T cells), immunohistochemistry (IHC) of PD-L1/PD-1
(tumor cells, T cell subtypes, and other immune cell
subtypes), neoantigens (tumor cells), genetic analysis
(tumor cells, immune cell subtypes, immune cell
receptors, and cytokines). (2) Blood and tumor tissue—
based assays and targets (blue and red bars): single
nucleotide polymorphisms (SNPs) (CTLA-4 polymorphisms

Another limitation of the immunoscore is that it
cannot be utilized on tumors treated with neoadju-
vant chemo-radiation, as such therapies cause
significant changes to the tumor histology [6]. An
advantage of the immunoscore is its detection of
tumor-infiltrating T cell subtypes, as the presence
of certain T cell subtypes may predict which tumors
are amenable to enhancement by immunothera-
peutic approaches [7].

Galon et al. recently reported a study evaluating
the immunoscore as a prognostic indicator for time
to relapse in 1300 colon cancer patients. In this
study, stage I/II/III colon cancer patients were split
into a training set and an internal validation set. In
the internal validation set (630 patients), time to

. CD4+ Th1 T Cell . Myeloid Der Sup Cell

@ L2 © s 9 S
Th2 | CD4+ Th2T Cell | Treg | T regulatory Cell
@~ 1 o

Cancer Cell A

“pc~ Mature DC
K
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and other immune cell receptor polymorphisms), flow
cytometry (immune cell subtypes, cytokines, and immune
cell surface receptors), T cell receptor sequencing
(tumor- and blood-based T cell subtypes). (3) Blood-
based assays and targets (red bar only): neutrophil-to-
lymphocyte ratio (NLR) (circulating neutrophils and
lymphocytes). (4) Lymph node tissue-based assays and
targets (green bar): tumor-draining lymph node
assessment (tumor cells and lymph node-based immune
cell subtypes).

relapse was shorter among 303 patients with low-
immunoscore colon cancer versus 327 patients
with high-immunoscore colon cancer (HR (95%
CI), 0.54 (0.34-0.84); p=.006). In both groups,
results were independent of patient age, sex, tumor
stage, and location of the cancer in the left or right
side of the colon [8].

Neutrophil-to-lymphocyte ratio

The neutrophil-to-lymphocyte ratio (NLR) is a
generalized measure of systemic inflammation and
has been utilized as a prognostic measure in many
noncancer disease states. It has also been used
extensively in various subtypes of cancer as a prog-
nostic indicator of overall survival. A recent
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meta-analysis of 100 studies utilizing NLR demon-
strated that an NLR greater than the cutoff (defined
for each study) was associated with a hazard ratio
for overall survival (OS) of 1.81 (95% CI=1.67 to
1.97; p<.001), an effect observed in all cancer sub-
groups, disease sites, and stages. In this meta-anal-
ysis, hazard ratios for NLR greater than the cutoff
for progression-free survival (PFS) and DFS were
1.63 and 2.27, respectively (all p <.001) [9].

In general, only peripheral blood has been used
to calculate NLR. The ratio between absolute neu-
trophil counts and absolute lymphocyte counts are
used to calculate NLR [10]. As the recognition of
the predictive role of the tumor microenvironment
has become increasingly accepted, the use of tumor
tissue has also increased for NLR calculations.

One limitation in using the NLR is the inconsis-
tency of the cutoffs for positive NLRs in different
disease states. Another limitation of using NLR is
that neutrophil and lymphocyte counts can be
influenced by multiple coexisting conditions such
as infections, inflammation, and medications. A
benefit of using NLR is the ease of calculation
from commonly available labs in the clinical
setting.

As an indicator of an inflammatory state, sev-
eral clinical trials have investigated whether NLR
could be predictive of the response to immune
checkpoint inhibitor therapy. In a retrospective
analysis of three separate studies, Ferruci et al.
evaluated the association of NLR with clinical
outcome in metastatic melanoma patients treated
with ipilimumab. This analysis demonstrated
that in these studies, patients treated with ipilim-
umab with baseline NLR<5 had a significantly
improved PFS (HR=0.38; 95% CI: 0.22-0.66;
p=.0006) and OS (HR=0.24; 95% CI: 0.13-0.46;
p=.0001) compared with those with a baseline
NLR =5 [10].

Additional studies have investigated the rela-
tionship between tumor expression of T cell
checkpoint receptors, checkpoint ligands, and
NLR. A recent analysis evaluated the relationship
of NLR and the expression of PD-L1 and infiltra-
tion of PD-1* cells in primary tumors from 180
patients who had undergone surgery for gastric
cancer. NLR was significantly increased above
cutoff in the group of patients with PD-L1+ tumors
compared with the PD-L1 negative group. However,

the number of tumor-infiltrating PD-1+ cells was
not correlated with NLR [11].

Immune predictive biomarkers

PD-L1 and PD-1 expression

One of the central drivers in the resurgence of
interest in immuno-oncology has been the clinical
benefit demonstrated by the immune checkpoint
inhibitors. These therapies targeting cytotoxic T
lymphocyte associated protein 4 (CTLA-4) and
more recently, programmed cell death protein 1
(PD-1/PD-L1) signaling have received United
States Food and Drug Administration (FDA)
approval for several indications [12-14]. One
ongoing challenge with this category of therapy has
been the validation of reliable predictive bio-
markers of response. PD-1 is a cell surface receptor
expressed on T cells and pro-B cells, initially found
to be upregulated on activated mouse T cells after T
cell receptor engagement [15], and is a member of
the extended CD28/CTLA-4 family of T cell regu-
lators [16]. PD-L1 (B7-H1, CD274) and PD-L2
(B7-DC, CD273) are the ligands for PD-1 [17]. It is
now recognized that PD-1 and PD-L1 are expressed
by various cell populations [15], including antigen-
presenting cells (APCs) [18-20] and tumor cells
[21-23]. This signaling axis inhibits antitumor T
cell immunity [24] through several potential mech-
anisms, including T cell apoptosis, anergy,
exhaustion, and IL-10 expression [24]. A correla-
tion has been made between increased expression
of PD-L1 by tumor cells and an increased response
rate to anti-PD-L1/PD-1 therapy in several tumor
types, with the largest body of evidence found in
melanoma trials [13].

Immunohistochemical analysis for PD-L1 and
PD-1 is typically performed on archival or newly
obtained  formalin-fixed, paraffin-embedded
(FFPE) tumor specimens with the use of the anti-
human PD-L1 or PD-1 monoclonal antibodies. The
percentage of tumor cells exhibiting cell-surface
staining for PD-L1, for example, is subsequently
scored, with positivity defined a variety of ways but
most commonly as 5% expression per specimen.
Patients with multiple specimens are considered
PD-L1 positive if any specimen meets this criterion
[16]. Increased expression of PD-L1 in tumor-infil-
trating immune cells, such as APCs, has also been
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correlated with increased response to anti-PD-L1
therapy as demonstrated in non-small-cell lung can-
cer (NSCLC) [25]. It has also been demonstrated in
metastatic bladder cancer that PD-L1 expression on
tumor-infiltrating immune cells increases the
likelihood of response to anti-PD-L1 therapy with
an overall response rate of 43% (95% CI: 26%-63%)
achieved in patients with PD-L1 IHC 2/3 tumors
[26]. Additionally, in an analysis of colon cancers
with microsatellite instability, the majority of PD-L1
expression was by myeloid cells while there was no
discernable PD-L1 expression on tumor cells [27].

Limitations inherent in utilizing PD-L1 as a pre-
dictive marker include the fact that PD-L1
expression is inducible and that PD-L1 is not dif-
fusely expressed throughout a tumor. Specifically,
PD-L1 expression can be induced by cytokines,
with effector T-cell-derived IFN-y being the most
potentinducer of PD-L1 expression [15]. Increased
PD-L1 expression has also been linked to
activation of oncogenic pathways including
through the loss of PTEN [28] and by the onco-
genic fusion protein NPM/ALK [29]. It has been
demonstrated that PD-L1 expression is clustered
where IFN-y + T cells infiltrate [28, 30]. Due to the
localized nature of PD-L1 expression, core needle
tumor biopsies may miss areas of PD-L1 expres-
sion. Another limitation of using PD-L1 expression
analysis by immunohistochemistry (IHC) is that
many different anti-PD-L1 and anti-PD-1 anti-
bodies have been used in studies, with various
levels of validation of these antibodies. Further,
though 5% PD-L1 staining of the membrane has
been used for the cutoff of positivity due to the
association with clinical response [14], the
threshold for PD-L1 positivity has not been clearly
defined [31].

A key study in the evaluation of PD-L1 expres-
sion in predicting response to anti-PD-1 therapy
was reported by Herbst et al. In this study, 277
patients who received the anti-PD-L1 therapy
MPDL3280A had pretreatment tumor tissue speci-
mens stained for PD-L1 expression. The results
demonstrated that across multiple tumor types,
positive clinical responses were observed in
patients whose tumor-infiltrating immune cell
PD-L1 expression reached statistical significance
(NSCLC, p=.015; all tumors, p=.007), while the
association with tumor cell PD-L1 expression did

not reach statistical significance (NSCLC, p=.920;
all tumors, p=.079) [25].

Finally, a new technology in PD-L1 detection is
the in vivo imaging of radiolabeled high-affinity
PD-1 variants to evaluate for PD-L1 expression in the
entire tumor, thus addressing the challenge of PD-L1
expression heterogeneity found in tumors [32].

Analysis of single nucleotide
polymorphisms

In immuno-oncology the analysis of single-nucle-
otide polymorphisms (SNPs) has focused on poly-
morphisms found in immune-related molecules.
In particular, SNPs in the CTLA-4 immune check-
point molecule have been linked to an increased
risk of multiple cancer types [33] and as a predic-
tive measure for the clinical benefit of immuno-
therapies. SNPs from immune-related genes have
been used to predict recurrence in patients
receiving therapy with bacille Calmette-Guérin
immunotherapy for non-muscle-invasive bladder
cancer [34]. In predicting response to immuno-
therapy, studies have evaluated the association
between clinical outcomes and the SNPs of
CTLA-4 [35, 36], IRF5 [37], CCR5 [38], and
CXCR3 [39)].

SNP analysis is performed on isolated genomic
DNA from collected peripheral blood samples.
Using software-designed primer pairs, genotyping
of selected SNPs is performed through bidirec-
tional resequencing of regions of interest in the
selected genes. A sequencer performs the
sequencing reactions using variations under stan-
dard sequencing conditions [35]. Sequencing
analysis software is then utilized to determine
genotype alignment and consistency through both
forward and reverse sequencing. Finally, statistical
analysis is carried out to correlate SNP(s) with
treatment response or outcome of interest [35].

Studies evaluating individual SNPs and their
relationships to clinical responses after adminis-
tration of immunotherapies is limited by the small
sample sizes in previously designed trials. Large
numbers of patients are needed (due to the number
of SNPs analyzed) to fully appreciate the value of
SNPs. Another limitation is that the relationships
between individual SNPs and clinical responses to
immunotherapies (IL-2, anti-CTLA-4 Abs) have
been inconsistent among studies, even when
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evaluating the same SNP and therapy pairing [35,
40, 41]. Last, in the context of Calmette-Guérin
immunotherapy, SNP evaluations have been retro-
spective, not prospective [34, 42].

In melanoma, three studies were conducted
attempting to correlate similar CTLA-4 SNPs with
clinical responses to anti-CTLA-4 mAb therapy
(ipilimumab). These studies did not demonstrate a
consistent association between selected SNPs and
clinical responses to ipilimumab [35, 36]. Among
these three studies was a study by Breunis et al.
[35]. In this study, seven common SNPs were
selected from the CTLA-4 gene in 152 Caucasian
patients who underwent CTLA-4 blockade and
were evaluated to determine correlations to
treatment responses [35]. The results of this anal-
ysis demonstrated that three of the seven selected
SNPs were associated with response to ipilimumab
therapy. These SNPs included the proximal pro-
moter SNP rs4553808 (p=.002), the proximal
promoter SNP rs11571327 (p=.02), and the non-
synonymous SNP rs231775 (p=.009) [35].

New technology has been implemented in a
recent reanalysis of data from a 2010 study evalu-
ating the relationship between CTLA-4 SNPs and
clinical benefit from high-dose interferon therapy
in high-risk melanoma cases. In the original study,
no statistically significant difference in relapse-free
survival or OS was demonstrated among the mela-
noma patients with 6 CTLA-4 SNPs [40]. In the
reanalysis, a new method called network pheno-
typing strategy was used for the SNP analysis.
Network phenotyping strategy is a graph-theory-
based method that captures allele relationship
patterns for each patient into a six-partite
mathematical graph. Using this method, the inves-
tigators were able to relate polymorphic SNP
patterns (distances between PRP and RRP pairs)
differentiating two survival groups (longer and
shorter than five years), with statistical signifi-
cance for these pairs ranging from p=.002 to
p=.043 [41].

Estimation of neoantigenic load

As recent interest has focused on the role of neoan-
tigens in provoking T-cell-mediated antitumor
immune responses, studies have investigated
methods for detecting neoantigens as well as neo-
antigen load. It has been noted that a mutational

load of 10 somatic mutations per megabase of
coding DNA results in the formation of a sufficient
number of neoantigens to be recognized by autolo-
gous T cells. Tumors with a mutational load of 1 to
10 mutations per megabase regularly contain
sufficient neoantigens as well. But it is felt that can-
cers with mutational loads of <1 mutation per
megabase are less likely to carry sufficient neoanti-
gens to elicit recognition by T cells [43].

The general protocol used to identify the
presence of neoantigens is as follows. Fresh
tumor is digested and tumor cell lines are gener-
ated by culture from the resulting cell
suspension. Genomic DNA from tumor and
normal samples is fragmented and used for
genomic library construction. Exonic regions
are then captured in solution using appropriate
methods. Paired-end sequencing, sequencing in
100 bases from each end of each fragment, is
performed using a HiSeq genome analyzer.
Sequence data are then mapped to the reference
human genome sequence and sequence alter-
ations are determined by comparison of over
50 million bases of tumor and normal DNA.
The tags are aligned to the reference human
genome sequence using the appropriate soft-
ware. A software filter allows for the selection of
sequence subsequent analyses.
Appropriate software is then applied to identify
point mutations and small insertions and dele-
tions. Known polymorphisms are removed from
analysis. Potential somatic mutations are fil-
tered and visually inspected for the identification
of nonsynonymous single-nucleotide and
dinucleotide substitutions (neoantigens).
Oligonucleotide primers are then designed to
amplify fragments of gene products ranging
between ~100 and ~600 nucleotides encompass-
ing the identified mutated epitopes. These
primer sets are used to carry out RT-PCR.
Amplified cDNA transcripts are either directly
sequenced after purification of the RT-PCR
products by a DNA purification kit or cloned
into an appropriate plasmid vector and then
sequenced [44].

A limitation to the generalized applicability of
neoantigen load evaluation is that a significant
number of the mutations found in human tumors
are not maintained between patients; thus, the

reads for
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identification and targeting of neoantigens would
have to be patient specific. Further, when present,
neoantigens may not induce an autologous T cell
response and thus would be immunologically irrel-
evant [45]. Another limitation is that genomic
analysis from core tumor biopsies may not fully
represent the mutational and neoantigen load of an
entire tumor [46].

A recent study by Giannakis et al. evaluated the
relationship between the mutational composition
of 619 colorectal cancers and tumor immunity,
pathology, and survival data through whole-exome
sequencing. This study demonstrated a significant
association between higher neoantigen load and
the increased presence of tumor-infiltrating
lymphocytes (Spearman’s rank correlation coeffi-
cient=0.36, p=2.0 x 107*). The investigators also
demonstrated that the neoantigen load signifi-
cantly correlated with the density of CD45RO+ T
cells, but not significantly with the density of
CD8+, CD3+, or FOXP3+ T cells. Last, the investi-
gators demonstrated that an elevated neoantigen
load was associated with improved colorectal-
cancer-specific survival (log rank test, p=.004;
multivariate hazard ratio=0.57 (95% confidence
interval, 0.35-0.93)) [47].

A recent study by McGranahan et al. investi-
gated the impact of tumor neoantigen heterogeneity
(ITH) and neoantigen burden on overall survival
in patients with lung carcinoma as well as on
clinical response to checkpoint inhibitor blockade
in both lung carcinoma and melanoma patients. In
patients with lung adenocarcinoma, a high neoan-
tigen burden, defined as the upper quartile of
neoantigen load, was associated with significantly
longer overall survival (p=.025). In patients with
neoantigen homogeneous tumors (neoantigen ITH
< 1%) there was a trend toward longer overall
survival times compared with heterogeneous
tumors (p=.061). In melanoma patients who had
received anti-CTLA-4 therapy, the investigators
demonstrated a significantly improved OS in
patients whose tumors exhibited a low neoantigen
heterogeneity (ITH threshold=0.01) along with a
high clonal neoantigen burden (p=.008). But the
relationship between neoantigen burden alone and
survival outcome with anti-CTLA-4 therapy was
not statistically significant in this patient population
(p=.083) [48].

Myeloid-derived suppressor cells
Myeloid-derived suppressor cells (MDSCs) in the
tumor microenvironment suppress T cell activity
through the inhibition of T cell proliferation and
activation. There is evidence that malignant cells
elicit the intratumoral presence of MDSCs
through secretion of cytokines that induce the
localization of MDCSs into the tumor microenvi-
ronment [49]. It is recognized that there are two
subclasses of MDSC of interest in cancer, mono-
cytic MDSCs (M-MDSC) and granulocytic MDSCs
(Gr-MDSCs).

MDSCs are typically tested for by flow cytom-
etry from fresh peripheral blood samples or from
fresh digested tissue samples [50]. As MDSCs are
a heterogeneous group of cells, there is no flow
cytometry standard for testing for their presence.
There is evidence that cryopreservation of blood
results in significantly reduced numbers of
MDSCs as well as the loss of their immune-
suppressive activities [51], thus limiting their ex
vivo functional analysis. With regard to the gen-
erally accepted phenotypes of the two subclasses
of MDSCs listed above, human M-MDSCs
are phenotypically CD11b*CD14*CD15IL-4Ra*
MHC"" and Gr-MDSCs are CD11b*CD14-CD15*
MHC " [52].

One of the limitations of utilizing MDSCs in
clinical trial research is that classification and char-
acterization of this group of heterogeneous
immune cells remain unresolved, as there is no
international consensus on how to define MDSCs
[53]. Another limitation of utilizing MDSCs in
clinical trial analysis is that studies to date are con-
tradicting in regard to the clinical correlation
between circulating/infiltrating MDSC levels and
survival [49].

Immune monitoring of MDSC has several
potential applications. A recent key study evaluated
baseline circulating MDSCs as well as four other
circulating immune cell populations (MDSCs,
absolute monocytes, absolute eosinophils, lympho-
cytes, and Tregs) from patients with metastatic
melanoma who had undergone therapy with
ipilimumab. The study evaluated a combination
model of these baseline biomarkers and whether
this model could predict outcome in patients
receiving ipilimumab for metastatic melanoma.
The study demonstrated a 34.5% two-year survival
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probability after ipilimumab initiation among
patients with Lin"CD14*HLA-DR™ MDSC
frequencies <5.1%, while there were no survivors
among patients with higher baseline MDSC levels
(p=6.73 x 10"). In this study MDSCs were also the
strongest stand-alone factor of the entire study to
indicate long-term survival [54].

A study conducted by Gephardt et al. illustrating
the potential role of MDSC in immune monitoring
during immunotherapy was performed with mela-
noma patients receiving ipilimumab [55]. This
study evaluated for changes in select myeloid cells
(MDSCs and eosinophils) as well as related
inflammatory factors could serve as predictive bio-
markers for response to ipilimumab. In this study
myeloid cells and selected immune biomarkers
were checked at baseline and then at different time
points during ipilimumab therapy. This study dem-
onstrated that before treatment, nonresponders
displayed a tendency for an increase in the fre-
quency of monocytic MDSCs (moMDSCs) as
compared with responders (p>.05). MoMDSCs in
responders were also strongly reduced after the
first ipilimumab infusion as compared with base-
line levels, whereas in nonresponders, these values
showed a pronounced elevation upon the second
ipilimumab infusion (p<.05 and p<.01). Finally,
ipilimumab nonresponders displayed elevated
serum inflammatory factors S100A8/A9 and
HMGBI, factors known to attract and activate
MDSCs [55].

T regulatory and Th2 cells

CD4+ T cells differentiate into numerous lineages
that perform distinct biological functions,
including the ability to induce cytotoxic T lympho-
cyte (CTL) response (Thl), humoral immunity
(Th2), immunosuppression (Treg), and proinflam-
matory signaling (Th17) [56]. T regulatory (Treg)
cells and Th2 cells are CD4+ T cell subpopulations
recognized to abrogate antitumor immune
responses [57]. The accumulation of Tregs in
human tumors and in the peripheral circulation
has been extensively reported in cancer patients
[58, 59]. In general, CD4*FOXP3*CD25" Tregs are
thought to correlate with a poor prognosis in
oncology [58]. Th2 CD4+ T cells limit the acute
inflammatory response and prevent the elabora-
tion of CTL response through the secretion of

immunosuppressive cytokines such as IL-4, IL-6,
and IL-10 [60]. Several studies have investigated
the ratio of Th1/Th2 T cells in cancer. One such
study in colorectal patients demonstrated an
increased CD4+ Th2 T cell population in colo-
rectal cancer patients when compared to healthy
adults [61].

Identification and quantification of Treg and
Th2 CD4+ T cells is typically obtained through
flow cytometry. No universally agreed-upon panel
exists for Tregs, but it has been recommended that
a flow cytometric panel include at minimum
markers for CD3, CD4, CD25, CD127, and FOXP3
markers with Ki67 and CD45RA to identify Treg
activation status [2]. However, recent data show
that FOXP3 is actually not a reliable marker of
human Tregs [62, 63]. A panel that is favored by
some investigators includes CD4 + CD39 + CD25+
adenosine-producing Tregs [64]. In regard to Th2
CD4+ T cells, identification is typically obtained
through flow cytometry of the cytokines secreted
by Th2 CD4+ T cells: IL-4, IL-6, and IL-10 [65].

The limitation of using Tregs as a biomarker
is that Tregs make up only a small proportion of
CD4+ T cells (5%). As noted above, there is no
universally agreed-upon flow panel for Treg
identification. This limitation is in part due to
the plasticity of Tregs and the challenge of dif-
ferentiating naive Tregs from inducible Tregs
from peripheral Tregs. In cancer patients, it is
felt that inducible Tregs are the predominant
Treg subset in tumors as well as in peripheral
circulation [2].

One study evaluated changes in Treg levels
among other immune biomarkers in patients with
advanced and metastatic melanoma treated with
ipilimumab. Levels of Tregs as well as the other
immune biomarkers were enumerated between
baseline and post-12 weeks of therapy with ipilim-
umab in 92 patients. This study demonstrated that
a decrease or no change in FoxP3/Treg cells bet-
ween baseline and week 12 was significantly
associated with survival, compared with an increase
in FoxP3/Treg cells (p=.03). Additionally, patients
with a decrease or no change in FoxP3/Treg cells
between baseline and week 12 had a median OS of
15.8 months (95% CI: 12.5-19.1), while those
patients with an increase in Tregs had a median OS
of 5.3 months (95% CI: 4.7-5.8) [66].
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We have previously evaluated the relationship
between baseline Treg levels (as measured by flow
cytometry) and clinical response to HER2 vaccine
primed autologous T cell infusions in patients with
advanced HER2+ cancers. In this study, higher
baseline Treg levels were found in those patients
who progressed after autologous T cell infusion
(p<.001, R2=-0.989). This study also demon-
strated no association between clinical response to
autologous T-cell infusion and Treg levels in the
infused product or in the peripheral blood after
therapy [67].

Development of specific T cell
phenotypes; ICOS+ and polyfunctional

T cells

T cell phenotypes associated with antitumor
immune effects include ICOS+ and polyfunctional
T cells. The ICOS (inducible T cell costimulator)
molecule is expressed on activated T cells and has
functional roles in cell signaling, immune response,
and regulation of cell proliferation [68]. The role of
ICOS+ T cells in immuno-oncology has been
demonstrated with the increased incidence of
CD4+ICOS+ T cells after anti-CTLA-4 therapy in
multiple tumor types [69-73]. Polyfunctional
effector CD4+ T cells are defined by CD40L and by
their ability to produce multiple proinflammatory
cytokines [74]. Importantly, polyfunctional T cells
are recognized to mediate more effective antitumor
immunity than single cytokine-secreting T cell
populations [75].

For the evaluation of ICOS+ T cells, flow cytom-
etry of peripheral blood is typically performed on
peripheral blood. Cells are stained with an ICOS
antibody. This is followed by staining with anti-
bodies to CD3, CD4, and CD25. For the analysis of
polyfunctional T cells, peripheral blood mononu-
clear cells (PBMCs) from patients are collected and
stimulated with the antigen of interest. The
expanded T cells are then plated in cytokine (i.e.,
IL17 or IFN-y) precoated ELISPOT plates. The
cells are restimulated with antigen-loaded APCs.
After 48 hours, for example, IFN-y spots are devel-
oped and counted as previously described [76], and
IL17 spots are developed and counted using a bio-
tinylated IL17 antibody. One benefit of utilizing
ICOS+ T cells is that there are not significant dif-
ferences in ICOS expression on T cells from frozen

samples versus fresh samples, allowing for flexi-
bility in storage and batching of samples for flow
analysis [77].

A preoperative clinical trial with ipilimumab in
patients with localized urothelial carcinoma of the
bladder evaluated the changes in ICOS+ T cell fre-
quency in response to ipilimumab therapy. In this
study, all patients who received ipilimumab had
increased frequency of CD4 +ICOShi T cells in tumor
tissue and systemic circulation post-ipilimumab
therapy. These same investigators performed a
subsequent retrospective analysis of metastatic mela-
noma patients who had received ipilimumab and
demonstrated that the proportion of patients with a
persistent increase in CD4 +ICOShi cell number who
had clinical benefit after ipilimumab was signifi-
cantly was higher than those without persistent
CD4+ICOShi increase (p=.03) [77].

Wimmers et al. analyzed monofunctional and
multifunctional (polyfunctional) tumor-specific
CD8* T cells in melanoma patients after dendritic
cell vaccination. This study demonstrated a
significant increase in the fraction of multifunc-
tional T cells among tumor-specific CD8" T cell
responses after one to three cycles of dendritic cell
vaccination, while the relative contribution of
monofunctional CD8" T cells to the overall tumor-
specific T cell response declined. The investigators
also demonstrated that they could repeatedly
detect the multifunctional T cell responses in these
patients up to 128 months after vaccination [78].

Immune pharmacodynamic
and pharmacokinetic biomarkers

Evaluation of the evolution of the T cell
receptor (TCR) repertoire
The adaptive immune system is able to produce
10" unique T cells per individual, each with a
unique TCR. Next-generation sequencing is uti-
lized to assess the diversity of an individual’s TCR
repertoire, as well as provide greater depth of anal-
ysis for TCR clonality than previous technology
[79]. This method allows for the identification of
important aspects of T «cell responsiveness,
including clonality, diversity, and somatic allelic
mutation.

TCR immunosequencing provides TCR seque-
nces and their frequencies in a particular sample.
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This assay can be performed on fresh, frozen, and
FFPE tissue samples, as well as on peripheral blood
samples. Selected tumor tissues are minced and
DNA is extracted using standard DNA extraction
methods. V and ] gene primers are used to amplify
rearranged V(D)] segments for high throughput
sequencing at predetermined coverage. Next,
sequencing errors in the raw sequence data are
corrected via a clustering algorithm, and the pri-
mary nucleotide sequence of the amplified regions
from the TCRs unique CDR3 segment is deter-
mined, quantified, and annotated according to the
International ImMunoGeneTics collaboration
[80], identifying which V, D, and ] genes contrib-
uted to each rearrangement [81]. Once TCR
sequencing is completed, the data are then evalu-
ated by a number of analytic parameters of the T
cell population, including diversity, clonality, rich-
ness, evenness, and entropy.

The sensitivity of sequence-based TCR reper-
toire profiling remains limited by sequencing depth
and accuracy [82]. It is also reported that activated
T cells might not synthesize TCRs, depending on
what stage of cell activation the T cell is in [83].
Benefits of this technology allow identification of
the presence and tracking of the frequency of a
particular clone or group of clones over time in
response to therapy, as well as the identification of
clonal responses to immunotherapies such as can-
cer vaccines [81]. Another potential benefit of TCR
sequencing is that studies have illustrated that TCR
sequencing from several biopsies of the same
tumor demonstrated a highly significant correla-
tion and overlap [84].

Tumeh et al. provided a key example of the use of
TCR sequencing in immunotherapy monitoring
[85]. In this study of tissue samples pre- and post-
anti-PD-1  therapy  (pembrolizumab), the
investigators demonstrated that patients with a
more restricted TCR beta chain usage, reflecting a
T-cell population that was less diverse in repertoire
and more clonal in nature, significantly correlated
with clinical response to pembrolizumab treatment
(p=.004). In this study, patients who had progres-
sive disease were demonstrated to have total T cell
number and clonality below the median for the
trial [85].

In our previously described study of patients
with advanced HER2+ cancers infused with HER2

vaccine-primed autologous T cell infusions, we
also evaluated for the development of TCR clones
after T cell infusion. The median (range) number
of clonal TCRs identified in preinfusion peripheral
blood was 4 (1-14), while postinfusion, the median
number was 10 (3-17). The development of new
TCRVp species demonstrating clonality post—
autologous T cell infusion was associated with
those patients who demonstrated tumor regression
with therapy (p <.001, R2=0.967) [67].

Gene analysis of the tumor

and peripheral blood in response

to treatment

Gene expression analysis and high dimensional
data analysis provide tools for comprehensive
tumor and systemic immune analysis. This tech-
nology allows evaluation of all key immune com-
ponents simultaneously from a given biologic
sample [2]. Additionally, this technology provides
a reasonable surrogate for the identification of the
immune status of the tumor [86-88].

For genomic expression analyses of an immune
profile, both blood and tumor tissue can be used.
Fresh blood is the optimal choice for analysis due
to RNA degradation, which is found with common
blood storage methods; alternatively, collection of
blood in RNA preservation tubes such as PAXgene
RNA tubes is preferred. Genomic analyses can be
performed on fresh, frozen, or FFPE tumor tissue.
Types of tissue samples that can be used range from
whole tumors to fine-needle aspirations of tumor
tissues. The challenge with utilizing FFPE tissue for
genomic analysis is the issue of RNA degradation.
However, several technologies are capable of
addressing this issue. The most frequently used
technologies that compensate for RNA degrada-
tion in preserved tissues include digital PCR,
single-cell real-time PCR, and whole-transcrip-
tome RNA sequencing [89-91]. As the immune
infiltrate can frequently compose only a small
fraction of the overall tumor, the technique of laser
microdissection allows for the isolation of cells of
interest [2].

One benefit of gene analysis is in the detection of
multiple immune cell types and immune molecules
within a single experiment. Additionally, compre-
hensive immune gene expression analysis allows
for the evaluation of the complex interplay of both
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the immune stimulatory and immunosuppressive
components of the tumor microenvironment. One
limitation of gene expression analysis is in the anal-
ysis of fluctuating levels of immune cells and
related immune molecules, such as frequent
changes in the tumor content of macrophages, Th2
cells, and Tregs in response to alterations in the
tumor microenvironment.

A recent study investigated the relationship bet-
ween the expressions, at the time of diagnosis, of a
subnetwork of type I interferon-stimulated genes
(ISGs) as well as subnetworks of T helper/T
regulatory and NK/T cytotoxic cell genes in mela-
nomas, and correlated expression of these genes
with patient survival. The investigators observed a
graded increase in survival according to ISG
expression, with a median survival of 5106, 2184,
and 813 days for ISG hi, ISG med, and ISG lo,
respectively. The overall difference between the
survival curves was significant for each ISG expres-
sion group (p=5.7 x 107?) [92].

Begdonetti et al. utilized gene expression to
investigate the role of polymorphisms and overex-
pression of CXCR3/CCR5 chemokine ligands in
immune-mediated tumor rejection in melanoma
and clinical response to adoptive cell therapy. In
this study, 142 metastatic melanoma patients
enrolled in adoptive therapy trials with tumor-
infiltrating lymphocytes were genotyped for
CXCR3 152280964 and CCR5-A32 deletion. This
study demonstrated that underexpression of both
CXCR3 and CCR5 according to gene expression
and polymorphism data (protein prediction
model) was associated with response to adoptive
therapy (odds ratio=6.16 and 2.32, for CR and OR,
respectively) [93].

ELISPOT

Enzyme-linked immunospot assay (ELISPOT) is
typically used for its ability to detect cytokines
secreted by T cells specifically in response to the in
vitro recognition of a particular antigen. ELISPOT
assays can be used for quantification of either anti-
body-secreting B cells or cells secreting protein
antigens (e.g., T cells secreting cytokines or macro-
phages secreting growth factors) [94]. Currently in
immune-oncology, ELISPOT is used to evaluate
the frequency and function of CD4+ and CTL T
cells through the secretion of IFN-y in response to

cognate antigen [1]. Additional cytokines com-
monly evaluated by ELISPOT include IL-10 and
TNFa [95, 96].

ELISPOT assays are performed using PBMCs
isolated from whole blood. To reduce interassay
variability, patient PBMC samples are cryopre-
served and batched for ELISPOT analysis.
ELISPOT plates are coated overnight with an anti-
IFN-y capture antibody (if detecting IFN-y). The
plates are then blocked, PBMCs are plated, and
then PBMCs are stimulated with peptide pools of
the antigen or antigens of interest as well as positive
and negative controls. After antigen(s) stimulation
overnight, the plates are washed and the PBMCs
are incubated with a secondary biotin-conjugated
anti-IFN-y antibody. The plates are then developed
to allow identification of spot-forming cells. Spots
are quantified using automated readers, and the
frequency of spot-forming cells is calculated based
on the input cell numbers.

One limitation of the IFN-y ELISPOT assay is
that alone it is insufficient for the detection of
antigen-specific CTLsvs CD4+ T cells. Additionally,
CTLs with proven lytic activity do not always
secrete IFN-y [97]. Another limitation of IFN-y
ELISPOT is that it does not directly evaluate cell-
mediated cytotoxicity. In addition, there is no
consensus on how to analyze ELISPOT data to
determine what constitutes a positive versus a neg-
ative response [1]. This being said, the ELISPOT
assay is a very sensitive assay allowing for the
detection of cytokines secreted from as few as
10-100 cells in a well [94].

In a recent exploratory analysis of 95 patients
with HER2+ breast cancer who had completed
systemic therapy, analysis for HER2-specific Thl
immunity was performed. Anti-HER2 Thl
responses were examined using PBMCs pulsed
with 6 HER2-derived class II peptides via IFN-y
ELISPOT. In this study, Thl-nonresponsive
patients, as defined by a negative IFN-y ELISPOT,
demonstrated a worse DFS (median, 47 vs 113
months; p<.001) compared with Thl-responsive
patients (p <.001) [76].

Although the IFN-y ELISPOT is the most com-
monly used ELISPOT for CTL detection in clinical
trials, the granzyme B ELISPOT assay and perforin
ELISPOT assay represent a more direct analysis of
cell-mediated cytotoxicity, since granzyme B and
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perforin are the key mediators of CTL-targeted cell
death via the granule-mediated pathway [98]. One
caveat to the use of granzyme B and perforin
ELISPOT assays is that there is rare expression of
these proteins by CD4+ T cells [99].

Cytokine flow cytometry

Cytokine flow cytometry is a method that allows
for the quantification of selected subsets of T cells
based on cytokines produced in response to their
cognate antigen. The most commonly used cyto-
kine flow cytometry method for the quantification
of cytokines of interest is intracellular cytokine
staining (ICS) for flow cytometry.

Biologic samples utilized for cytokine flow
cytometry include frozen whole blood, fresh whole
blood, cryopreserved PBMCs, and fresh tissue. To
perform cytokine flow cytometry, mononuclear
cells are isolated from either peripheral blood or
tumors. For T cell specific analysis, cells are fixed,
permeabilized, and subjected to staining for
cytokines of interest using the appropriate anti-
bodies. Flow cytometry data acquisition is
performed with gating, while analysis of this data is
subsequently performed with the appropriate
statistical software.

Intracellular cytokine analysis is a more com-
prehensive analysis of cell phenotype and cytokine
production on a single cell level than achieved
with ELISPOT or ELISA. Another benefit of this
technology is that it allows for single cell cytokine
analysis with a high throughput of up to 10° cells
[100]. One limitation of cytokine flow cytometry
is the interassay variability in flow cytometry-
based assays, as gating remains highly subjective
with gate placement largely based on the opera-
tor’s visual assessment. To address this limitation,
there are ongoing efforts to harmonize gating in
intracellular cytokine staining [101]. Another lim-
itation of intracellular cytokine staining is that
peripheral blood collected in heparin versus
EDTA tubes yields different levels of particular
cytokines [102].

Michelin et al. conducted a prospective study
of patients with cervical intraepithelial neoplasia
II-III using immunotherapy with pegylated
IEN-a subcutaneously weekly. In this study the
investigators used flow cytometry to evaluate
peripheral CD4* T lymphocyte populations. This

study demonstrated by intracellular flow that the
amount of CD4* T lymphocytes positive for IL-2,
IL-4,IL-10, and TGF-f was significantly lower in
patients with good clinical response, compared
with patients without regression after IFN-a
therapy [103].

MHC tetramers and pentamers

The major histocompatibility complex (MHC)-tet-
ramer assay was originally developed to detect
antigen-specific T cells. The MHC-tetramer assay
quantifies the number of T cells that express a T
cell receptor (TCR) specific for a particular antigen
[104]. MHC peptide tetramers are made of four
MHC molecules bound to the peptide antigen of
interest, each tagged to a biotin molecule [1].
Higher order multimers (pentamers, octamers,
etc.) have also been used and generally provide a
longer interaction half-life with the antigen-
specific T cells [105].

Biologic samples utilized for MHC tetramer
analysis include frozen whole blood, fresh whole
blood, cryopreserved PBMCs, and fresh tissue.
Peptide-MHC (pMHC) multimers are most com-
monly linked to fluorochromes and are used to
detect T cells by conventional flow cytometry
[106]. Additionally, pMHC multimers can be
detected via mass spectrometry when linked to
rare metal ions (typically lanthanides) [107]. MHC
tetramer assays are performed by initially con-
structing biotinylated human leucocyte antigen
(HLA) monomers loaded with the antigen of
interest. The peptide antigens utilized in such
studies are typically synthesized. HLA-loaded pep-
tide monomers are then tetramerized in the
presence of fluorescent streptavidin. Prior to tet-
ramer analysis, T cells are incubated in media
containing dasatinib (50 nM) to enhance tetramer
binding, as it is recognized that including a revers-
ible protein kinase inhibitor (PKI) during pMHC
multimer staining can also increase the range of
TCR-pMHC interactions that can be detected with
pMHC multimers without altering the TCR-
pMHC or pMHC-CDB8 interactions [108]. PBMC
cells are then stained with the MHC tetramer and
flow cytometry is performed [109].

One limitation of the MHC tetramer assay is that
the TCR affinity required for T cell binding to the
PMHC tetramers exceeds that required for T cell
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activation [110]. Failure to stain T cells that have a
low-affinity TCR is a significant challenge when
pMHC multimers are used to stain self-specific T
cell populations. This is particularly relevant in the
setting of cancer where T cells tend to express lower
affinity TCRs [111]. Also, the tetramer assay does
not necessarily equate to a cytotoxic T lymphocyte’s
functional activity [112]. Benefits of MHC-tetramer
assays are in the ability to detect T cells regardless of
their effector function and without the requirement
for cellular activation. This feature enables pheno-
typing of T cells directly ex vivo using a spectrum of
fluorochrome-conjugated antibodies specific for
other T cell markers. For higher order MHC multi-
mers, the advantage of longer multimer (pentamers
etc.) dwell times is largely irrelevant to the amount
of pMHC multimer binding at physiologic condi-
tions [105].

Cohen et al. have utilized MHC tetramer assays
for the identification of neoantigen-specific T cells.
In this study, the investigators developed a strategy
to isolate, expand, and study neoantigen-specific T
cells utilizing neoantigens identified from whole-
exome sequencing of metastatic melanoma tumors.
The candidate mutated epitopes were used to gen-
erate panels of MHC tetramers that were evaluated
for binding to autologous PBMCs. This study dem-
onstrated that by using MHC-tetramer-bound
neoantigens, it is possible to isolate neoantigen
specific T Cells from autologous peripheral blood,
where the T cells were detected at frequencies rang-
ing between 0.4% and 0.002% [109].

MHC dextramers were developed as a superior
method to MHC tetramers for the detection of
lower affinity tumor-specific and MHC class II-
specific T cells due to the greater pMHC density
and fluorochrome load carried by pMHC dextra-
mers. The use of pMHC dextramers in conjunction
with 50 nM dasatinib allows robust staining of T
cells even when the TCR-pMHC affinity is weak
(KD >250 M) [112].

Assessment of antibody immunity

In the current immuno-oncology environment, the
field focus has been directed toward eliciting and
maximizing the tumor-specific cellular immune
responses. Humoral immunity as represented by
monoclonal antibodies, such as trastuzumab, also
elicit antitumor response [113]. Clinical investigation

of humoral immunity in oncology has focused on
determining the presence of autoantibodies to
tumor-associated antigens and in epitope spreading
after antitumor therapy. Analyses have demon-
strated a correlation between humoral immune
response and clinical benefit in breast [114] and
colorectal cancer [115]. The traditional method of
evaluation and assessment of antibody immunity is
through an enzyme-linked immunosorbent assay
(ELISA). More recent methods of antibody
assessment also include serologic proteome anal-
ysis (SERPA), serologic analysis of recombinant
cDNA expression libraries (SEREX), and protein
microarrays [2].

To perform ELISA, recombinant protein is
applied at set concentrations in appropriate buffer
to ELISA plates. Plates are then washed and
blocked. Serum is added at predetermined dilu-
tions in blocking buffer. After washing, an
anti-human secondary antibody linked to a
fluorescent probe is added and washed once more
when the reaction is stopped. Absorbance is read at
450 nM, and the control signal is subtracted from
protein signal.

One limitation of ELISAs is that the structure,
quantity, and purity of the recombinant protein
used in ELISAs can dramatically affect the detec-
tion of autoantibodies; thus, contaminating or
misfolded proteins can lead to false-positive anti-
body detection [116]. Another limitation of this
assay is that ELISAs allow identification of an
immune response to only a single antigen at a
time. Additional limitations include providing
low to moderate throughput and requiring the
expression and purification of every individual
antigen to be tested, highlighting their antitumor
activity [117].

In a study that our group previously performed
in HER2+ breast cancer patients vaccinated with
HER?2 peptides, we demonstrated that vaccination
successfully induced anti-HER2 antibodies in a
minority of patients. This was documented by
ELISA analysis of serum from these patients.
These ELISA-identified anti-HER2 antibodies
were subsequently used to effectively suppress
downstream HER2 kinase activity and down-
stream signaling [118].

A developing technology in the area of autoanti-
body detection is based on microarray technology.
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One example of this technology is the high-density
programmable protein microarrays (NAPPA). The
NAPPA microarray was recently demonstrated to
accommodate the probing of >5000 candidate
tumor antigens using serum from ovarian cancer
patients. This analysis revealed that from this
extensive group of tumor antigens, 12 potential
autoantigens were identified with sensitivities
ranging from 13% to 22% at >93% specificity [117].

Correlative and surrogate
endpoint biomarkers

The identification of immune biomarker surrogates
for clinical endpoints is an area of ongoing research
in clinical trial immune monitoring. It has recently
been reported from a retrospective analysis of
serum samples from the Phase III IMPACT study
of sipuleucel-T in metastatic castration-resistant
prostate cancer (mCRPC), that IgG responses to
PSA and LGALS3 were associated with improved
OS in sipuleucel-T-treated patients (p < .05). These
IgG responses were subsequently validated in an
independent phase II study of sipuleucel-T
(ProACT) [119]. Additional current candidates for
correlative endpoints related to immunotherapy are
best represented by the use of delayed-type hyper-
sensitivity (DTH) reactions, tumor-draining lymph
nodes, and epitope spreading.

DTH allows for the evaluation of an immuno-
therapy’s ability to generate T cell memory
responses following immunotherapy and has been
shown to be predictive of clinical outcome [120].
DTH has been used as a measure of antigen recall
or memory and has been shown to directly corre-
late with peripheral blood antigen-specific T cell
responses [121]. DTH responses have been shown
to correlate with OS in studies of autologous tumor
cell lysate vaccines in melanoma, with both skin
induration (p<.0001) and erythema (p=.0004)
correlating with survival benefit [122]. In another
study, stage III and IV melanoma patients injected
with dendritic cell vaccine pulsed with tumor
lysate, DTH-positive patients showed a greater OS
(33 months) when compared with DTH-negative
patients (11 months, p=.0014) [123]. Last, in mela-
noma patients immunized with a vaccine consisting
of gp100 and tyrosinase peptide-loaded dendritic
cells, a direct correlation was observed in the

ability to detect vaccine-induced T cells in the
DTH biopsy site and favorable clinical outcome
(p=.0012) [124].

It has been demonstrated that significant
changes in immune-cell populations arise within
tumor-draining lymph nodes (TDLNs), and such
immune cell population changes strongly corre-
lated with clinical outcome. TDLNS are recognized
as an early site of interaction between cancer cells
and the immune system. An analysis that evaluated
the immune content of TDLNs in breast cancer
patients demonstrated that analysis of TDLNs for
CD4+ T cells and CD1a+ dendritic cells provided
significant risk stratification into favorable and
unfavorable prognostic groups and was superior to
risk stratification based on clinicopathologic char-
acteristics including tumor size, tumor extent, or
size of nodal metastasis (CD4, p<.001 and CDla,
p<.001) [125]. In another study in breast cancer,
clinical outcome analysis revealed that dendritic
cell clustering in TDLNs correlated with the dura-
tion of disease-free survival [126].

Epitope spreading is the concept that anticancer
therapy induces tumor cell lysis that in turn releases
tumor-specific antigens, inducing additional antitu-
mor immunity, which targets the released
tumor-associated antigens. Several clinical trials have
demonstrated a correlation between patients who
develop epitope spreading and improved clinical
response to immune therapies. Evaluation for epitope
spreading in clinical trial analysis has been performed
through IFN-y ELISPOT analysis of T cell responses
to selected tumor antigen peptide mixes not targeted
by the immunotherapy under evaluation (vaccine,
adoptive therapy, etc.). These additional tumor
antigens are typically selected from known antigens
associated with the tumor type being treated. One
recent study that evaluated the relationship between
epitope spreading and clinical endpoints was a study
in Epstein-Barr virus (EBV)-associated lymphoma,
where patients were reinfused autologous expanded
EBV latent membrane protein-specific CTLs.
Peripheral blood analysis after this therapy demon-
strated that both T cells specific for latent membrane
protein as well as nonviral tumor-associated antigens
could be detected in the peripheral blood. In this
study, more than 50% of patients achieving durable
clinical responses produced T cells specific for the
nonviral tumor-associated antigens within two
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months of T cell therapy, in contrast to a lack of
epitope spreading in the nonresponding patients [127].

Conclusion

In summary, as immune therapies are becoming a
standard component of cancer management for
multiple tumor types, immune biomarkers will be
critical in predicting which patients will respond to
therapy while providing immune monitoring while
on treatment for the detection of immune-
mediated therapeutic resistance. Advances in assay
technology (such as genomic analysis and antibody
microarrays) have driven the detection and
tracking of multiple immune biomarkers to new
levels. These technologies provide the ability to use
immune biomarkers in an increasingly compre-
hensive manner to interrogate both the tumor
and systemic immune environments for clinical
trial use. It will be critical to the success of the
immuno-oncology field to fully characterize and
statistically validate each immune biomarker to
maximize their use in the ongoing development
and clinical trial evaluation of current and future
immunotherapies.
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Introduction

Mouse models of cancer serve as the mainstay of
studies in tumor biology and in evaluating
response to novel therapies. Studies in tumor
xenograft and patient-derived xenograft models
using immune compromised mice have been per-
formed to evaluate and prioritize the most prom-
ising therapeutics to advance into human clinical
trials [1]. With the advent of powerful immuno-
logical strategies designed to promote antitumor
immune responses capable of inducing remission
and preventing relapse, more complex models
involving genetically engineered mouse models
and xenografts/patient-derived xenografts in
humanized mice have been developed. While
these models have played an important role in
early studies of immune-based therapies, it is
becoming increasingly evident that they fall short
in their ability to accurately predict safety and
clinical effectiveness in the human clinic [2].
Unlike cytotoxic agents, immune therapies exert
their main influence on the patients immune
system rather than the tumor itself. Therefore, it
follows that preclinical testing should be performed
in tumor-bearing animals that accurately recapitu-
late the frequently abnormal immune status of

human cancer patients and the hostile immuno-
suppressive tumor microenvironment (TME) that
poses a formidable barrier to effective immune-
mediated tumor destruction. Malignancies that
arise spontaneously over time are immunologically
edited, resulting in an accumulation of transformed
cells that are increasingly invisible to the existing T
cell repertoire [3]. Aberrant T cell signaling and
exhaustion contribute to immune therapy failures
in the human clinic [4]. Physical and functional
barriers to cell-mediated cytotoxicity develop as
malignancies evolve, leading to immunological
resistance and disease progression. Furthermore,
adverse events seen with potent immune activation
are dependent upon intact cytokine networks. In
order to predict more accurately the safety of
immune therapies and their ability to eliminate
tumors and prevent relapse in the clinic, additional
models are now needed in which malignancies
spontaneously develop in otherwise immunologi-
cally intact hosts.

The domestic dog shares a close phylogenetic
relationship with man and spontaneously develops
tumors that exhibit similar clinical, biological, and
genetic features as their human counterparts [5-8].
Canine tumors develop over a compressed time
span and their natural clinical course is to develop
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chemoresistance and recur locally or metastasize
following therapy. Environmental factors that
influence cancer initiation, progression, and
therapeutic response are also shared by humans
and dogs. This is exemplified by the finding that
pet dogs share similarities in their microbiome
with human family members [9]. The microbiome
influences host immune responses and therefore
pet dogs and humans might be expected to respond
more comparably to immunotherapies than
specific pathogen-free mice [10, 11]. While the
spontaneous development of tumors in pet dogs
has cemented their role in the drug development
pathway [12], the more recent recognition of
comparable host immune system dysfunction,
immunosuppressive TME, and emerging muta-
tional burden of tumors between human and
canine patients has invigorated interest in inte-
grating dogs with cancer into early immunotherapy
trials.

Relevance of the canine cancer
patient in evaluating
immunotherapies

Tumor immunogenicity

The ultimate goal of immune therapies is to gen-
erate potent tumor-specific cytotoxic T cell
responses and amplify a self-propagating cycle of
broadening antitumor immunity that will elimi-
nate transformed cells [13]. Generation of an effec-
tive polyclonal antitumor immune response is
largely dependent on the tumor harboring non-
synonymous somatic mutations that encode
immunogenic neoepitopes, recognized by CD4*
and CD8* T cells [14-18]. Advanced next-genera-
tion sequencing of multiple human tumor histol-
ogies has revealed that patients with cancers
harboring a high mutational burden (“hot” tumors)
are more likely to exhibit baseline tumor-specific T
cell responses that can lead to tumor regression
and prolonged overall survival if enabled, for
example, through checkpoint blockade [19-22].
The number of somatic mutations is a predictor of
neoepitope burden, which is the single most pre-
dictive indicator of response to immune therapy
[20-22]. Extensive characterization of the muta-
tional burden of different tumor histologies in dogs
has yet to be reported. However, whole-exome

sequencing of canine B and T cell lymphomas
revealed the presence of an average of 18 nonsyn-
onymous mutations per tumor (16 nonsynony-
mous mutations for B cell lymphoma) [23], which
is comparable to that identified by whole-exome
sequencing of human diffuse large B cell lym-
phoma [24, 25]. Complete transcriptome analysis
using RNA sequencing (RNAseq) in canine inva-
sive transitional cell carcinoma and targeted
amplification of proto-oncogenes such as c-kit in
canine mast cell tumors have also revealed the
presence of nonsynonymous mutations that may
serve as neoepitopes and targets for experimental
immune therapies [23, 26, 27]. Indeed, the hypo-
thesis that canine cancers will harbor nonsynony-
mous somatic mutations and that mutational load
will correlate with indices of immune activity is
currently being explored through federally funded
whole-exome sequencing and RNAseq studies.

To predict whether identified, nonsynonymous
mutations are immunogenic, the binding motifs
for canine major histocompatibility complex
(MHCQC) class T molecules (DLA) will need to be
defined and algorithms for neoepitope prediction
developed and validated. Four canine MHC class I
genes that encode functional MHC complexes have
been identified, only one of which is highly poly-
morphic (DLA-88). Efforts to identify the binding
motifs of the commonly utilized DLA-88 alleles are
underway and have already revealed remarkable
similarity between the allele-specific peptide
binding motifs of DLA-88*50101and HLA-A*02:01
[28, 29]. These studies pave the way for tetramer
development that will improve interrogation of
canine CD8* T cell responses to different immuno-
therapies and exploration of correlative studies to
identify predictors of immunological and clinical
response.

The immune landscape of canine

cancer patients

One of the main obstacles to achieving clinical
responses to active and passive cell-based immu-
notherapies is the immunosuppressive TME that
provides physical and functional barriers to effec-
tive T cell responses in human cancer patients.
These functional barriers include immunosuppres-
sive cell populations such as regulatory T cells,
myeloid derived suppressor cells (MDSCs), and
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tumor-associated macrophages and their inhibi-
tory cytokines and enzymes such as IL-10, TGF-,
arginase I, INOS2, and IDO. Furthermore, expres-
sion of checkpoint regulators such as PD-LI,
LAG-3, and TIM-3 on tumor-infiltrating immune
cells and tumor cells substantially inhibit the pro-
liferation and survival of tumor-specific T cells that
frequently exhibit an exhausted phenotype.

Although a comprehensive assessment of the
TME and immune status of canine cancer patients
will require a greater arsenal of validated pheno-
typic markers and functional assays, reports are
beginning to emerge indicating that canine cancer
patients exhibit similar immune system aber-
rancies as human cancer patients and develop
immunosuppressive TMEs that exhibit the same
physical and functional barriers to effective immu-
notherapy as seen in human oncology patients.
Regulatory T cells (CD4*,CD25*FOXP3*) [30],
MDSCs (CD11b*, CD14-, MHCII") [31, 32], and
tumor-associated macrophages have been identi-
fied in the peripheral blood, draining lymph nodes,
and tumors of canine patients with lymphoma,
osteosarcoma, glioblastoma, and mammary carci-
noma [33-41]. Furthermore, the checkpoint ligand
PD-L1 has been identified on the surface of canine
tumor cell lines and is upregulated by IFN-y [42, 43].
In addition, T cell surface makers such as CD28,
CTLA4 and PD-1 are being explored using species-
specific and cross-reactive antibodies to reveal the
presence of exhausted T cell phenotypes in canine
cancer patients ([40], unpublished data). Defining
the immune landscape of canine cancer patients is
an active area of research and as more species-
specific antibodies for identifying immune cell
phenotypes and checkpoint molecules become
available, additional comparative barriers to effec-
tive immunotherapies may be revealed.

Cell-based immunotherapies
for passive adoptive transfer

Cell-based therapies designed to promote antitu-
mor immunity can be broadly divided into two
types: (1) passive, adoptive immunotherapy (AI)
strategies in which ex vivo expanded native or
genetically modified lymphocytes such as tumor-
infiltrating lymphocytes, T cells, and NK cells are
administered to eliminate tumor, and (2) active

vaccination strategies that involve administration
of autologous antigen-presenting cells (APCs)
loaded with tumor antigen(s) to generate tumor-
specific T cells in vivo.

Adoptive transfer of genetically redirected
T cells that target tumor-associated antigens has
produced unprecedented results in human patients
with relapsed, refractory, hematological malig-
nancies including chronic lymphocytic leukemia
and acute lymphoblastic leukemia [44-47].
However, the response of solid tumors to chimeric
antigen receptor (CAR) T cells in the clinic has
been disappointing [48, 49]. This is in part due to
the formidable immunosuppressive TME that
presents both physical and functional barriers to
CAR T cell efficacy [48]. In addition, CAR T cell
therapies have been associated with significant
morbidity and mortality due to anaphylaxis,
dramatic cytokine release, neurotoxicity, and on-
target, off-tumor cytotoxicity [50-54]. There are
also significant challenges in making CAR T cell
products from some human cancer patients and in
ensuring their engraftment and persistence,
necessary to achieve durable remissions [55]. As
the field advances and efforts to produce the “best
in class” autologous or allogeneic T cells are made,
as combination approaches are explored and strat-
egies to counter the potential life-threatening side
effects are developed, the role that immunologi-
cally intact canine patients with spontaneous
tumors may play becomes increasingly obvious. It
is therefore not surprising that protocols for the
production and use of cell-based therapies in
canine cancer patients and results of early immu-
notherapy trials in dogs are starting to appear in
the literature [56-58].

T cell expansion protocols

The earliest attempts to develop adoptive immuno-
therapy for dogs using ex vivo expanded lympho-
cytes occurred in the early 2000s, with several
groups using solid-phase anti-canine CD3 plus
recombinant human IL-2 (rhulL-2) to generate
autologous, polyclonal activated lymphocytes from
healthy and tumor-bearing dogs [59-61].
Peripheral blood mononuclear cells (PBMCs) cul-
tured with plate-bound anti-canine CD3 in the
presence of rhulL-2 underwent modest expansion
(57-fold) over two weeks [59]. Increases in CD8*
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and CD4*CD8* lymphocytes and cytotoxic activity
were detected in cultured cells at the time of harvest
[59]. Following the adoptive transfer of these lym-
phokine-activated killer cells to healthy or tumor-
bearing dogs, the numbers of peripheral blood
lymphocytes, total T cells, and CD8" T cells
increased [59, 61]. No adverse effects were seen fol-
lowing adoptive transfer; however, the clinical
response of tumor-bearing dogs to lymphokine-
activated killer cells was not reported.

To achieve greater T cell expansion, the K562-
based, artificial antigen-presenting cell (aAPC)
system originally developed for human T cell
expansion has been used for canine T cells [56-58,
62]. In this system, K562 cells genetically
engineered to express costimulatory molecules are
irradiated, loaded with agonistic anti-CD3 anti-
body, and cocultured with PBMCs in the presence
of cytokines that promote T cell growth. Using
K562 cells that express huCD32 and canine CD86
loaded with an anti-canine CD3 (clone CA17.2A12),
Panjwani et al. achieved approximately 230-fold
expansion of canine CD5* T cells over the course of
two weeks in the presence of rhulL-2 and rhulL-21
[56]. The addition of rhulL-21 heavily skewed the
resulting T cell product toward a CD8 phenotype.
O’Connor et al. employed an agonistic anti-human
CD3 (clone OKT3) loaded onto K562 cells
expressing human CD64, CD86, CD137L, and
membrane-bound human IL-15 for canine T cell
expansion [58]. Despite the presence of rhulL-2,
cells from healthy dogs failed to expand. However,
addition of rhulL-21 and restimulation with aAPCs
every 7 days led to a 399-fold increase over the
course of 36 days with a preferential outgrowth of
CD3*CD8* cells. Mata et al. used the lectin PHA in
place of the anti-CD3 OKTS3 clone, with irradiated
K562 cells expressing human CD80, CD83, CD86,
and CD137L with rhulL-2 and rhulL-21, resulting
in an average 103-fold expansion of T cells over the
course of two weeks [57].

In a comparable approach to human T cell
expansion protocols currently used in Al clinical
trials, magnetic beads conjugated to anti-canine
CD3 (CA17.2A12) and anti-canine CD28 (5B8)
have also been used to expand canine T cells [56].
In these cultures, rhulL-2 and rhulL-21 were
employed to promote T cell expansion. Comparable
expansion is seen when rhulL-2 is replaced with

rhulL-7 and rhulL-15, which aims to avoid the
detrimental differentiating effects of IL-2 and
maintain more “stemlike” canine T cells that exhibit
improved engraftment and persistence in vivo
(unpublished data). Further development and vali-
dation of phenotypic markers for canine T cells will
be required to confirm these effects.

Interestingly, while anti-CD3/CD28 beads and
anti-CD3-loaded aAPCs produce comparable T
cell growth from most healthy individuals, anti-
CD3/CD28 beads fail to expand T cells from some
canine donors and patients with advanced hemato-
logical malignancies [56]. This is consistent with
findings of intrinsic defects in T cell activation in
human patients with advanced hematological
malignancies and results in study dropout when
a T cell product cannot be generated [63].
Interestingly, T cells from canine lymphoma
patients that fail to expand with magnetic beads
can be rescued using aAPCs, although they tend to
expand less compared to T cells from healthy dogs
[56, 58]. The ability to “rescue” T cell expansion is
presumably attributable to soluble factors and/or
contact dependent factors afforded by K562
cells, which require further investigation [56].
Nevertheless, the canine data suggest that revisit-
ing the use of aAPCs in human T cell product
development might be warranted.

Adoptive T cell immunotherapy

The efficacy of Al in canine cancer patients is just
beginning to be explored. Using the OKT3/aAPC
expansion protocol for dogs with B cell lymphoma,
doses of up to 3 x10° cells/m* were achieved from
peripheral blood lymphocytes (approximately 124-
fold expansion over 28 days). Adoptive transfer of
these cells into canine patients in remission follow-
ing induction chemotherapy prolonged tumor-free
and overall survival times compared to matched
controls and was associated with limited, transient
gastrointestinal side effects [58].

The mechanisms responsible for improved
survival following adoptive transfer of poly-
clonal activated cells may relate to correction of
altered immune status and overall restoration of
antitumor immunity [58, 61]. CD8* T cell counts
are decreased in both human and canine cancer
patients [37, 64, 65], a situation that might arise
in part from an increased sensitivity of CD8*
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T cells to tumor-induced apoptosis [65].
Adoptive transfer of expanded cells led to an
increase in circulating CD8* T cells and
correction of altered CD4:CD8 ratios.
Additionally, tumor-specific T cells may be
expanded in the transferred population and pro-
vide temporary antitumor activity. Although
CD40L expression has not been evaluated on
expanded canine T cells, it is possible that
administration of CD40L* T cells may temporarily
enhance CD40* B cell target immunogenicity,
which may account for the improved survival
seen in this study. Indeed, constitutive expres-
sion of CD40L by CAR T cells is a strategy that
is currently being explored to enhance the effec-
tiveness of CD19 CAR T cells [66].

In general, although the techniques described
to expand canine T cells provide sufficient cell
numbers for adoptive therapy, the degree of
expansion of T cells from healthy or tumor-
bearing dogs in these systems falls short of that
obtained in similar human culture systems. This
may be due to suboptimal agonistic antibodies,
intrinsic species differences, or the presence of
contaminating immunosuppressive myeloid cells
in starting cultures [67]. Indeed, unlike the gen-
eration of human T cell products from negatively
selected peripheral T cells, canine T cell products

have been generated from PBMCs, isolated from
whole blood by density centrifugation [57]. In
contrast to humans, canine neutrophils exhibit a
comparable density to lymphocytes and mono-
cytes, and separation over a 1.077 ficoll gradient
frequently leads to considerable contamination
of mononuclear cells with neutrophils and other
granulocytes [68]. This leaves the possibility that
contaminating myeloid cells might inhibit
optimal T cell expansion, particularly in tumor-
bearing dogs with increased numbers of
circulating MDSCs that inhibit T cell expansion
and function [31]. As such, improved canine T
cell expansion may be achieved from leukapher-
esis products or negatively selected T cells.
Indeed, purer canine mononuclear cell products
can be obtained under good manufacturing
practice conditions via leukapheresis using either
the Cobe or Optia Spectra [69] (Figure 18.1).
Furthermore, purification of canine T cells by
negative selection can be achieved using cross-
reactive antibodies with specificities for canine
leukocyte subsets (Figure 18.2).

With established protocols now available for
leukapheresis, negative T cell selection and aAPC
and magnetic bead expansion in the canine system,
the stage is set for dogs to play an integral role
in advancing AT strategies.
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Figure 18.1 Typical canine leukapheresis product. Cells
were collected from a lightly sedated healthy donor dog
using an Optia Spectra apheresis unit. The product was
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evaluated for expression of the pan canine T cell marker
CD5 and the cross-reactive B cell marker CD79a.
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Figure 18.2 Purification of canine T cells by negative
selection. Canine peripheral blood mononuclear cells isolated
by density centrifugation were labeled with antibodies
against CD11b, CD11¢, CD14, and CD21. Goat anti-mouse IgG

Genetic modification of lymphocytes
Many of the goals of cell therapy can be achieved or
advanced through transient or permanent genetic
modification of the cellular product. For example,
T cells or NK cells can be modified to redirect their
antigenic specificity via ectopic expression of
tumor-targeting antigen receptors; clustered regu-
larly interspaced short palindromic repeats
(CRISPR) or transcription activator-like effector
nuclease (TALEN) can be used to render them
insensitive to inhibitory signals via removal of neg-
ative regulators or to enable the use of allogeneic or
even xenogenic products following the removal of
donor MHC and T cell receptor complexes. As
strategies to improve cell-based cancer immuno-
therapies via genetic modification become more
advanced, their safety and efficacy in vivo are likely
to be evaluated in the canine system [70].

While most genetic modifications are designed
to be permanent in nature, short-term gene expres-
sion in the form of mRNA electroporation can be
appropriate for some aims. mRNA has been used to
deliver an antigenic payload to APCs or a CAR
to ex vivo expanded T cells immediately prior to
their administration in vivo. This approach pro-
vides high-efficiency gene expression (albeit for a

CD5

microbeads were incubated with cells, and labeled cells were
removed using the MACS cell separator system (Miltenyi
Biotec Inc., 2303 Lindbergh Street, Auburn, CA, USA 95602).
Pre-selection and negatively selected cells are shown.

limited time) that is sufficient to evaluate safety
and function in vivo. For example, in the case of
CAR T cells, transient expression of a novel target
CAR has an important safety implication when
being evaluated in either human or canine patients
for the first time.

Canine CAR T cells have been generated via
electroporation of ex vivo expanded primary
canine T cells with mRNA encoding a first-genera-
tion CD20-specific CAR. This approach led to
high-efficiency, albeit transient, CAR expression
and robust antitumor function in vitro [56]. Three
infusions of CD20-RNA CAR T cells into a canine
patient with relapsed B cell lymphoma led to
transient, modest antitumor effects without adverse
events, although antibodies developed against the
murine scFv following the second infusion. This
proof-of-principle study confirmed the feasibility
of this platform to assess target safety in the dog
prior to the administration of permanently redi-
rected, CD20-specific CAR T cells.

An advantage of permanent genetic modifica-
tion is that the modification is passed on into the
genome of daughter cells, amplifying its effect over
time; in the case of modifications that confer
antigen-specificity, this mimics a quasi-clonal
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expansion. Much published work in the canine
field has focused on the use of gammaretroviruses
to permanently transduce cells of interest. A CAR
targeting HER2 was introduced into primary
canine T cells by gammaretrovirus and demon-
strated in vitro function against osteosarcoma cell
lines [57]. Additionally, gammaretroviruses have
been used to encode the common gamma chain in
hematopoietic stem cells (HSC) of dogs that natu-
rally develop X-linked combined
immunodeficiency (XSCID) as a model for human
gene therapy [71]. However, one of the XSCID
dogs treated with gammaretrovirus-transduced
HSCs developed a therapy-attributed T cell lym-
phoma [72], highlighting the risk of oncogenic
insertion with gammaretroviral vectors. Lentiviral
vectors have an increased safety profile and effi-
ciently modify human T cells. Lentiviral vectors
have been used to modify canine HSCs [73, 74],
and primary T cells (Figure 18.3) and a clinical trial
evaluating lentiviral transduced CD20-specific
CAR T cells in canine B-NHL (non-Hodgkin lym-
phoma) patients is ongoing [75].

Additional challenges and risks associated with
permanent genetic modification of T cells exist.
Self-amplification can be a double-edged sword, as
the modification can unexpectedly target critical
normal host tissues [52, 76, 77]; this can be miti-
gated by testing transient mRNA expression first,
or the use of a suicide-gene system to ablate the
cells [78]. If the introduced gene is xenogenic in
origin, it may make the cells themselves immuno-
genic, as in the case of CARs using murine scFvs
triggering a host-anti-mouse antibody response in
both humans and canines [56, 79]; conversion of
these genes to match the host species may be an
important step in overcoming this barrier. Finally,
permanent genetic modification is generally of a
lower efficiency than transient modification,
though it can take advantage of positive selection
over time. As cell activation and proliferation is
necessary or advantageous for transduction in the
case of gammaretroviruses or lentiviruses, respec-
tively, ongoing improvements in reagents and
protocols for primary canine cell stimulation may
increase the efficiency of these methods and the
effectiveness of treatments utilizing them.

Other methods being explored for genetic mod-
ification of canine cells include foamy viruses [80],

severe

adeno-associated viruses, and the nonviral Sleeping
Beauty transposon-transposase system [81].
Combined with the rapid translation of CRISPR
technology into cancer immunotherapy in humans
[82], the genetic modification of canine T cells is a
rapidly evolving field with many exciting possibil-
ities and advancements on the horizon.

Adoptive NK cell immunotherapy

Natural killer (NK) cells are an attractive option for
AT due to their natural reactivity against trans-
formed cells and intrinsic safety mechanism
involving MHC-activated canonical inhibitory
receptors. Without the need for MHC presenta-
tion, antigen specificity, or priming, NK cells can
be an effective monotherapy, and their effects may
be enhanced further through expression of a CAR.
AT with autologous and allogeneic NK cells has
been evaluated in clinical trials of human patients
with hematological malignancies, including acute
myeloid leukemia [83], multiple myeloma [84],
and B-cell NHL [85], and solid tumors including
carcinomas [86] and brain tumors [87]. CAR NK
cells have been investigated in vitro and in mouse
models [88, 89], and a phase I/II trial targeting
B lymphoid malignancies with CD19-specific
NK cells began subject recruitment in 2017
(NCT3056339).

While human NK cells are identified as
CD3-CD56" with additional phenotypic markers
that include the activation receptors NKG2A,
NKG2C, NKG2D, and NKp46, the identification
and definition of canine NK cells are areas of
ongoing exploration. Due to the limited number
of specific, validated markers available, canine
NK cells have been identified by the absence of
markers that define other, better characterized
immune cell subsets, and by their activity.
Transcriptional profiling is confounded by the
limited markers these cells can be sorted on, and
drawing exact parallels to human markers may be
misleading since they may not be shared across
species (the presence of CD4 on canine granulo-
cytes is an example of this). Furthermore, the
existence of innate-like lymphoid populations
that bridge T and NK cells in their functions and
expression patterns, such as NK T cells, means
that better tools will be needed to correctly refine
these cell populations in dogs.
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Markers most frequently investigated for canine
NK cell identification are CD3, CD5, CD56, and
NKp46. CD3 is typically used to identify T cells,
although CD3e, which the anti-canine antibody
clone CA17.2A12 binds, is reported to be expressed
in human NK cells [90]. CD5 marks a non-B
lineage lymphoid population in healthy canine
PBMCs, with positive cells splitting into high and
low expressers. The CD5low population has been
described as CD3*, CD3", or only expressing intra-
cellular CD3, a discrepancy that could be attributed
to differences in staining technique; however,
this subset is uniformly CD8" [91-94], larger
than CD3*CD5hi cells and contains prominent
cytoplasmic granules consistent with NK cell mor-
phology [91]. Furthermore, these cells express high
levels of NK cell-related receptors and demon-
strate cytotoxic activity against MHC-negative
canine thyroid adenocarcinoma cells [91-93].
While a cross-reactive mouse antihuman CD56
antibody (clone MOC-1) has been reported [95,
96], validation of its specificity is lacking [91-93,
97]. Canine NKp46 has been detected using a
cross-reactive anti-bovine antibody (clone AKS6)
[97] or a canine-specific antibody (clone 48a) [94];
in both cases, CD3*NKp46* and CD3 NKp46*
populations were identified. NKp46*CD3" cells
identified by clone 48a showed cytolytic activity
against osteosarcoma cell lines beyond that of
donor-matched CD3* T cells. Interestingly, culture
of a CD3"NKp46~ population showed that these
can be converted to CD3-NKp46* cells, sugges-
ting that NKp46 may mark only mature canine
NK cells [94].

Although these different NK-like populations
are still being identified, they can be successfully
expanded ex vivo using a combination of MHC-
negative feeder cells and cytokines. The canine
cytotoxic large granular lymphocytes reported by
Shin et al. expanded ~200-fold from PBMCs
when cocultured with irradiated K562 feeder cells
expressing human 4-1BBL and membrane-bound
hulL-15 in the presence of rhulL-2 and rhulL-15
over two weeks [93]. Greater than 85% of
cells in the final product were phenotypically
CD5"°CD3*CD8*TCRap TCRyS™ cells and dis-
played a large granular lymphocyte morphology.
Similarly, CD3-NKp46* cells cocultured with irra-
diated K562 feeder cells expressing human

4-1BBL and membrane-bound hulL-21 in the
presence of recombinant canine IL-2 for three
weeks grew ~20,000-fold [94]. This sets the stage
for canine NK-like cells to be used in Al for canine
cancer patients, an endeavor that is already
underway [98].

Preconditioning regimes for stem
cell transplant and adoptive cell
transfer
Studies to determine the optimal preconditioning
regime for successful engraftment of bone marrow
allotransplants were initially performed in research
dogs and employed intensive myeloablative chemo-
radiation that was associated with significant mor-
bidity and mortality in dogs and humans.
Unfortunately, the toxic effects of high-dose
chemoradiation for myeloablation prevented
elderly patients and those in critical condition
from undergoing allogeneic transplant. Therefore,
less toxic, nonmyeloablative regimes were devel-
oped and tested in dogs for their ability to support
successful stem cell engraftment [99]. Clinically
applicable preconditioning regimes that involve
total-body irradiation (TBI) and/or the cytotoxic
agents cyclophosphamide, busulfan, and pento-
statin promote successful autologous
allogeneic hematopoietic stem cell transplant in
healthy dogs and dogs with lymphoma [100-
104]. Pentostatin, a purine analog that inhibits
adenosine deaminase in lymphocytes improved

and

allogeneic donor cell engraftment when used in
combination with low dose 100 ¢cGy TBI when
compared to 100 cGy TBI alone. This suggests
that it might be an agent to consider in the future
for reducing the requirement of TBI [101].
Likewise, another purine analog, fludarabine,
improved engraftment in human patients under-
going HSC transplant when used in combination
with pretransplant TBI (200cGy) and reduced the
need for donor leukocyte infusions to obtain
graft versus tumor effect [105]. While TBI and
cyclophosphamide preconditioning regimes have
been widely utilized in dogs undergoing stem cell
transplants, preconditioning regimes using fluda-
rabine either alone or in combination with TBI or
cyclophosphamide have not. However, given
that fludarabine has been used safely in dogs
(http://www.accessdata.fda.gov/drugsatfda_docs/
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nda/2008/022273s000_PharmR.pdf), it is likely
that combination cyclophosphamide/fludarabine
(Cy/Flu) or chemoradiation (TBI/Flu) precondi-
tioning will soon be explored to promote stem
cell or adoptive T cell engraftment, mimicking
current protocols in human adoptive T cell
transfer. An alternative preconditioning regime
that improved engraftment in dogs employed an
anti-CD44 mAb (S5) in combination with 200
cGy TBI [106]. The CD44 antibody was reported
to improve engraftment by eliminating marrow
cells that survive irradiation and would otherwise
mediate rejection.

Myelosuppressive preconditioning regimes
have also been used in dogs to improve engraft-
ment of genetically modified, autologous and
haploidentical stem cell transplants. TBI with 200
cGy or 10mg/kg busulfan administered intrave-
nously as a single agent with or without
posttransplant immunosuppression allowed for
long-term engraftment of genetically modified
stem cell transplants in dogs [107]. In a head-to-
head comparison of regimes, cyclophosphamide
in combination with sublethal TBI led to the
greatest engraftment of genetically modified
stem cells in dogs [102].

Work in mouse models and in human patients
has shown that optimal preconditioning is
required to promote adoptively transferred T cell
engraftment and prevent the formation of neu-
tralizing antibody and cytotoxic T cell responses
against genetically modified T cells that
express foreign proteins [108]. The addition of
fludarabine to cyclophosphamide (Cy/Flu) pre-
conditioning prior to adoptive transfer of
autologous CAR T cells led to higher levels of
IL-7 and IL-15, greater expansion and persis-
tence of CD4* and CD8* CAR-T cells in the
peripheral blood, and improved outcomes in
human patients with NHL compared with those
receiving Cy alone [108]. Work still continues to
identify the most optimal preconditioning
regime for adoptive T and NK cell transfer in
humans. As adoptive T and NK cell therapies are
increasingly explored in the dog, it is likely that
this species will play an important role in
performing head-to-head comparisons of such
non-myeloablative preconditioning regimes and
inform future human clinical trial design.

Cell-based therapies for active
immunization

Active immunization with antigen-loaded den-
dritic cells that aim to prime tumor-specific cyto-
toxic T cell responses and establish robust memory
responses that will eliminate tumors and prevent
their recurrence respectively has been an active
area of investigation in many different cancer types.
Similar challenges to the use of dendritic cells
(DCs) in cancer therapy exist between humans and
canines and include obtaining sufficient DC pre-
cursors for vaccine generation, standardization of
protocols to generate DCs from peripheral blood
or bone marrow, and difficulties in and optimal
protocol for clinical use [109, 110]. In addition, a
key limitation in investigating DC therapies in
canine cancer patients is the lack of reliable markers
to identify these cells and their various subsets.

Canine peripheral blood and bone marrow-
derived DCs activated and loaded with tumor
antigens have been investigated for their ability to
induce antigen-specific T cell responses in vitro
and in vivo. Autologous DCs pulsed with tumor
cell lysates were shown to induce CD4* and CD8* T
cell responses against tumor antigens when used in
healthy beagle dogs [111]. Autologous DCs fused
with allogeneic tumor cell lines induced cell-medi-
ated responses against common antigens shared
between allogeneic tumor cell lines in healthy dogs
[112, 113], and promoted tumor regression in dogs
with  transmissible tumor [114].
Adenoviral delivery of tumor antigens to ex vivo
cultured autologous DCs induced tumor-specific
immune responses in dogs with malignant mela-
noma [115]. More recently, the use of CD40
targeted adenoviral vectors to deliver tumor
antigens has also been employed in dogs and acts
to induce DC maturation at the time of antigen
delivery [116]. In each case, no serious adverse
events or induction of autoimmunity was observed;
however, the effectiveness of this approach in
canine patients has yet to be confirmed.

Given the technical challenges of producing
sufficient numbers of DCs for recurrent immuni-
zations, CD40-activated B cells have been explored
as an alternative APC that can be readily activated,
expanded, and loaded with an antigenic payload
to induce tumor-specific immunity [117, 118].

venereal
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Protocols to generate CD40-B cells from humans
and dogs have been described, and these cells have
been shown to stimulate antigen-specific T cell
responses following transfection with RNA [117,
119]. CD40-activated B cells electroporated with
autologous tumor RNA were shown to induce
tumor-specific immune responses in dogs in
remission from B and T cell lymphoma [120].
While this strategy did not prevent relapse in these
canine patients, overall survival was improved
when vaccinated patients were treated with rescue
chemotherapy, suggesting synergism between
vaccine-induced immune responses and chemo-
therapy [120].

Regulatory guidelines for cell-
based products for animal use

With increasing use of cell-based therapies in ani-
mals, the FDA has provided guidelines for the
development, manufacture, and marketing of cell-
based products that “intend to diagnose, cure, mit-
igate, treat, or prevent disease in animals” The
same statutory and regulatory requirements for
other animal drugs apply to cell-based products for
animal use. To be legally marketed, these products
will require an approved or conditionally approved
New Animal Drug Application (NADA) that
assesses safety, effectiveness, and manufacturing
quality. Genetically engineered cell-based products
such as CAR T cells, APCs, and animal stem cell
products (ASCPs) will likely require additional
risk-based assessments by the Center for Veterinary
Medicine before development and production. In
most current situations, ASCPs are autologous,
more than minimally manipulated (type I) prod-
ucts. However, with the advent of CRISPR and
TALEN technologies, it is likely that canines will be
employed to advance the use of allogeneic and even
xenogenic ASCPs in the future.

Investigational use of cell-based products used
solely for research purposes is allowed by the
FDA, provided the requirements set forth in 21
CFR 511 are met. In vivo testing of cell-based prod-
ucts in laboratory research animals or in
client-owned animal clinical trials performed in a
research setting may, however, be subject to an
investigational exemption. Prior to beginning trials
in client-owned animals, sponsors should establish

an Investigational New Animal Drug file with
the FDA and submit a Notice of Claimed
Investigational Exemption. More
regarding the regulatory requirements for cell-
based therapies in veterinary species can be found
athttp://www.fda.gov/downloads/AnimalVeterinary/
GuidanceComplianceEnforcement/Guidancefor-
Industry/UCM405679.pdf.

information
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Clinical rationale for combining
targeted therapy
and immunotherapy

Unprecedented advances in cancer treatment have
been made over the last decade and melanoma is a
prime example. Before 2011, there were only two
FDA-approved regimens for the treatment of meta-
static melanoma. Neither of these agents—
dacarbazine, an alkylating agent, and aldesleukin, a
cytokine-based immunotherapy—was ever shown
to improve overall survival over best supportive
care, although treatment with aldesleukin was
associated with durable complete responses in a
small subset of treated patients (6%) [1]. Numerous
strategies were tested in clinical trials during the
late 20th century, including newer cytotoxic che-
motherapy agents and combination regimens,
strategies, cytokine-based
combination biochemotherapy, and adoptive cell

vaccine therapies,
transfer; unfortunately, none of these treatment
strategies demonstrated a clear survival advantage
over then-standard-of-care dacarbazine [2-4].
However, over the past decade, eight new
therapeutic regimens have been FDA approved for
the treatment of metastatic melanoma, including

several different molecularly targeted agents as well
as immunotherapeutic approaches (Figure 19.1).
The basis for these advances hinges on a deeper
understanding of tumor genomics and antitumor
immune responses. With the advent of next-generation
sequencing, significant insights have been made
into carcinogenesis and potential targets for
therapy. A prime example of this is the BRAF gene,
which is mutated in over half of melanomas [5],
with a single point mutation present in the vast
majority of cases (V600E/K). This single point
mutation leads to constitutive signaling down the
mitogen-activated protein kinase (MAPK) sig-
naling pathway, with several resultant deleterious
effects, including increased proliferation and resis-
tance to apoptosis [6]. Therapeutic agents were
developed to specifically target this mutation and
were tested in clinical trials with groundbreaking
results. The first of these agents to be FDA approved
was vemurafenib in 2011, after a phase III trial
showed a higher response rate (48% vs. 5%) and
improved overall survival (84% vs. 64% at six
months) when compared to treatment with dacar-
bazine [7]. A second inhibitor of BRAF-V600
(dabrafenib) was FDA approved in 2013 after
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Figure 19.1 Timeline of major initial FDA drug approvals
for cytotoxic or targeted therapies (top) and immunother-
apies (bottom) focusing on agents with labeled or
common off-label uses in melanoma (black text) or in

demonstrating similar efficacy [8]; however, limi-
tations of this monotherapy approach were
apparent with a progression-free survival (PFS) of
less than six months for each of these agents due to
the development of therapeutic resistance via mul-
tiple mechanisms [9-16]. Many of these resistance
mechanisms involve reactivation of the MAPK
pathway and substantiated the addition of mitogen-
activated protein kinase kinase (MEK) inhibitors to
a backbone of BRAF inhibitor monotherapy, and
this combination was tested in clinical trials dem-
onstrating substantial improvements in PFS [17, 18]
and overall survival (OS) [19, 20]; however, resis-
tance to therapy remains a significant issue. This
phenomenon of robust responses with limited
durability in the setting of BRAF/MEK-targeted
therapy is reminiscent of those seen with other
molecularly targeted agents [21-24], thus it is an
unfortunate unifying characteristic of this class of
agents in the current state.

Concurrent with the development of molecu-
larly targeted therapy for the treatment of
melanoma was the use of a new class of immuno-
therapeutic agents termed immune checkpoint
inhibitors, which function by blocking key
inhibitory molecules acting upon cytotoxic T cells.
The first of these checkpoint inhibitors studied
in patients with advanced melanoma were

Everolimus

Palbociclib

Trametinib | /emurafenib + Cobimetinib

Crizotinib
Ruxolitinib
Vemurafenib

Ipilimumab Nivolumab

Pembrolizumab | Atezolizumab

Talimogene laherparepvec
Nivolumab + Ipilimumab

other cancer types (green text) representing classes of
agent for which emerging combination targeted +immu-
notherapy roles are under active clinical investigation.

tremelimumab and ipilimumab, both of which are
monoclonal antibodies directed against cytotoxic
T-lymphocyte antigen 4 (CTLA-4) [25-27].
CTLA-4 is a member of the immunoglobulin
superfamily expressed on the T cell surface simi-
larly to the T cell costimulatory protein CD28 that
regulates T cell activation. CTLA-4 and CD28
competitively bind to B7-1/B7-2 on antigen-
presenting cells to determine T cell fate, with CD28
providing the key costimulatory signal while
CTLA-4 contributes an inhibitory signal [28].
Work in the late 1990s by multiple groups, including
Allison and colleagues revealed that blockade of
CTLA-4 binding could facilitate and potentiate
effective immune responses against tumor cells
[29]. Two large phase III trials showed a survival
benefit in patients with metastatic melanoma
treated with ipilimumab [30, 31]. In a placebo-
controlled trial by Hodi et al., 676 patients were
randomly assigned to ipilimumab plus a glycopro-
tein 100 (gpl00) vaccine, ipilimumab alone, or
gp100 vaccine alone. Overall survival was highest
in the ipilimumab-alone cohort at 10.1 months,
with an overall objective response rate of 10.9% and
disease control rate of 28.5%; importantly, 60% of
patients who responded to ipilimumab alone main-
tained a significant response at two years. It was
based on this first demonstration of a significant
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survival benefit that ipilimumab received FDA
approval in 2011 for the treatment of unresectable
or metastatic melanoma. In a randomized phase III
clinical trial of 502 metastatic melanoma patients
treated with dacarbazine plus ipilimumab or
placebo, the addition of ipilimumab led to a signif-
icantly higher overall survival than placebo
(11.2months vs. 9.1 months) and durable response
(19.3 months vs. 8.3 months) [32].

The next major group of immune checkpoint
blockade agents to demonstrate significant clinical
benefit was antibodies targeting the programmed
cell death protein-1 (PD-1) axis. PD-1 interacts
with two ligands—PD-L1 and PD-L2—that are
members of the B7-like family of molecules [33, 34].
Anti-PD-1 agents have been tested in numerous
clinical trials, including in a phase I trial of
296 patients with either advanced melanoma or
other solid tumors, which included non-small-cell
lung cancer, prostate cancer, renal cell carcinoma,
and colorectal cancer. Treatment with the mono-
anti-PD-1 antibody nivolumab was
associated with a 28% response rate in patients
with metastatic melanoma, with responses lasting
longer than one year in 50% of responding patients
[35]. Additional clinical trials of anti-PD-1
agents have been performed (NCT01295827/
NCTO01704287) [36, 37], in general finding that
anti-PD-1 based therapy was associated with a
lower rate of grade 3 or 4 adverse events than is typ-
ically seen with ipilimumab. In the large phase II
KEYNOTE-002 trial, over 500 patients with ipilim-
umab-refractory metastatic melanoma were
randomized to treatment with low-dose pembroli-
zumab (2mg/kg every three weeks), high-dose
pembrolizumab (10mg/kg every three weeks), or
investigator-choice chemotherapy (carboplatin
plus paclitaxel, paclitaxel, carboplatin, dacarbazine,
or temozolomide) [38]. The primary endpoint of
PFS was significantly improved in both pembroli-
zumab arms compared with chemotherapy
(six-month PFS rates 34%, 38%, and 16% for pem-
brolizumab 2mg/kg, pembrolizumab 10mg/kg,
and chemotherapy, respectively) [38]. Toxicity was
limited in this trial, with the most common adverse
events including fatigue, pruritus, and rash.
Nivolumab and pembrolizumab received FDA
approval for use in advanced melanoma in 2014,
and pembrolizumab is now also approved for use

clonal

in pretreated lung cancer (2015), untreated lung
cancer (2016), and head and neck squamous cell
cancer (2016).

Given the nonoverlapping and potentially com-
plementary mechanisms of action of CTLA-4
blockade and PD-1 blockade [39, 40], their use
together has been explored both preclinically [41]
as well as in clinical trials [42-44], demonstrating
enhanced antitumor activity in combination com-
pared with either monotherapy. In the phase III
CheckMate 067 trial, over 900 treatment-naive
metastatic melanoma patients were randomly
assigned to combined nivolumab (1 mg/kg every
three weeks) plus ipilimumab (3 mg/kg every three
weeks) for four doses followed by maintenance
nivolumab (3 mg/kg every two weeks), nivolumab
monotherapy (3 mg/kg every two weeks), or ipili-
mumab monotherapy (3 mg/kg every three weeks
for four doses). The coprimary endpoints of this
trial were PFS and OS. At just over 12 months
median follow-up, the median PFS with either the
combination regimen (nivolumab plus ipilim-
umab) or nivolumab alone was superior to that
with ipilimumab alone (11.5, 6.9, and 2.9 months,
respectively). The combination of these agents was
FDA approved in 2015, based on these results.
However, consistent with clinical experience across
reported cohorts, serious toxicities are more
frequent with combined anti-PD-1 and anti-
CTLA4 therapies than with either monotherapy
[42, 44]. Given these toxicities, additional combi-
nations are being explored, including combinations
with novel checkpoint inhibitors and cross-
modality regimens.

Mature data on CTLA-4 blockade suggests that
although overall response rates are low, these
responses tend to be durable [30, 32]. This also
seems to be the case with PD-1 blockade [35], with
durable responses observed in a high proportion of
responders leading to a favorable “tail of the survival
curve” Mature data for combined CTLA-4 and
PD-1 blockade is not yet available, though it is antic-
ipated that the durability of responses to combination
treatment will at least be additive when compared to
either monotherapy. This is in stark contrast to the
high response rate and limited durability in the
context of treatment with molecularly targeted
therapy, and for patients eligible to receive either
option, many practicing clinicians now chose
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immunotherapy over targeted therapy in light of
these differences. Therapeutic strategies targeting
additional immune checkpoints and immuno-
stimulatory molecules are currently in development
and are also being tested in clinical trials (e.g., anti-
LAG3—NCT01968109; anti-GITR—NCT02697591;
anti-OX40—NCT02318394, NCT02315066 =+

anti-4-1BB).
Significant advances have also been made
through other immunotherapy approaches,

including the use of agents that can modify the
tumor microenvironment to make it more immu-
nogenic. An example of this is talimogene
laherparepvec (TVEC), a formulation composed of
a genetically engineered oncolytic herpes virus
expressing human granulocyte-monocyte colony
stimulating factor (GM-CSF). This agent has been
used via intratumoral injection in melanoma and
also in other solid tumors and was FDA approved
for the treatment of metastatic melanoma in 2015,
based on evidence of improvement in durable
responses in the phase III OPTIM trial [45].
Importantly, responses can be seen in synchronous
metastatic tumors not injected with TVEC, sug-
gesting a potential abscopal effect. This and other
intralesional therapies are currently being tested
across multiple tumor types—both as monother-
apy and in combination with strategies such as
checkpoint blockade (e.g., TVEC combinations—
NCT02263508, NCT02978625, NCT02965716;
PV-10 (Rose Bengal) vs. TVEC—NCT02288897;
and CAVATAK™ combinations—NCT02307149,
NCT02565992).

A promising form of immunotherapy in clinical
trials for melanoma and other cancers is adoptive
cell therapy. It involves the in vitro expansion of
cytotoxic T cells with antitumor reactivity pro-
cured either from the tumor or from circulating
lymphocytes, with or without gene modification.
This work in melanoma was pioneered by Steve
Rosenberg and has been optimized over several
decades [46-49], with initial trials in melanoma
and recent efforts focusing on other cancer types
[50, 51]. The success of unmodified cellular ther-
apies relies on enrichment of functionally activated
antitumor lymphocytes from either bulk tumor-
infiltrating lymphocytes (TIL) or peripheral blood;
evidence suggests that these may largely recognize
neoantigens, and research continues to better

characterize these antigenic targets [52]. Large-
scale TIL or autologous lymphocyte culture is labor
and resource intensive, requires specialized facil-
ities and expertise, and in the case of TIL, requires
a suitably “resectable” lesion from which to extract
starting material. The gene modification of T cells
or fabrication of chimeric antigen receptors miti-
gates some of these logistical limitations through
the rational design of an army of tumor-reactive,
autologous T cells without need for surgery or the
unpredictable success of TIL culture [53].

Given the high response rates but overall limited
durability of responses to targeted therapy coupled
with the lower response rates but more durable
responses to immunotherapy, there was interest
early on in empirically combining these treatment
strategies in hopes of maintaining the high response
rates of targeted therapy but adding the durability
of response observed with immunotherapeutic
approaches. Several trials were designed and initi-
ated (e.g., vemurafenib plus IL-2—NCT01754376,
NCT01603212, NCT01683188; vemurafenib plus
ipilimumab—NCT01400451), while the scientific
rationale for combining these approaches was
being deeply studied.

Effects of targeted therapy
on immune responses

Though the early impetus to combine molecularly
targeted approaches with immunotherapy was
largely empiric, there is now a growing scientific
rationale for this approach. The immune effects of
molecularly targeted agents are now being eluci-
dated across several cancer types, which in many
cases may induce immunotherapy-favorable
changes within tumor cells, the stroma/microenvi-
ronment, immune cells, or have overlapping effects
on more than one compartment in vivo. This
knowledge is providing valuable insights into the
appropriateness and potential nuances in
combining different targeted agents with immuno-
therapeutic approaches.

Thus far, this concept has been most thoroughly
studied in the setting of treatment with small-mol-
ecule kinase inhibitors (KIs), particularly for
melanoma. One of the first papers supporting the
potential application of KIs in modulating antitu-
mor immunity was published in 2006 [54],
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suggesting that oncogenic BRAF mutations were
associated with immune escape in melanoma. This
was complemented by studies published in 2010,
demonstrating that MAPK pathway inhibition by
BRAF inhibitors in BRAF-mutant tumors and by
MEK inhibitors in BRAF wild-type tumors were
associated with a significant increase in tumor cell
melanoma antigen expression and enhanced
immune recognition by antigen-specific CD8+ T
cells [55]. Although initial studies were performed
in vitro and/or preclinical models, these findings
were also validated in translational studies of
longitudinal tumor samples obtained on clinical
trials of MAPK pathway inhibitors [56, 57]. These
studies also revealed other favorable immune
effects of BRAF + MEK inhibitor therapy in
treated patients, with a dense CD8+ T cell infiltrate
observed within two weeks of initiation of therapy,
and reduced levels of immunosuppressive cyto-
kines and VEGF in the tumor microenvironment
[57]. Other studies also demonstrated immune-
stimulatory effects of BRAF inhibitors on T cells
themselves [58]. Treatment with BRAF inhibitors
may also improve immune recognition of tumor
cells by altering antigen processing and presenta-
tion machinery [59]. Immune effects of multiple
KIs are now being studied across a range of cancer
types, including both solid and liquid tumors, and
clinical trials are underway combining KI therapy
with immunotherapy (Table 19.1).

In addition to KIs, other molecularly targeted
agents are being studied to better understand their
potential impact on antitumor immunity, including
epigenetic regulators. Diverse molecular mecha-
nisms conveying tumor cell autonomous growth
and survival and avoidance of immune recognition
may be influenced by epigenetic mechanisms
[60, 61]. A prime example of epigenetically regu-
lated genes relevant to cancer immunotherapy are
the heterogeneous group of cancer testis antigens
found aberrantly expressed across a wide variety of
cancer types, including melanoma, non-small-cell
lung cancer, and prostate cancer [62]. Cancer testis
antigens are largely epigenetically regulated by
methylation and are potentially highly immuno-
genic [63], but they have not yielded significant
clinical improvements when targeted alone by
antigen-specific immunotherapeutic strategies
[64, 65]. Similarly, despite success in hematological

neoplasms, epigenetic modifying agents are of cur-
rently limited use as single-modality therapies in
solid cancers. However, the use of epigenetic mod-
ifying agents to increase cancer testis antigen
expression has been investigated as a potential
means of augmenting tumor-cell reactivity to cell-
based immunotherapy [66, 67]. With the advent of
immune checkpoint blockade therapies, numerous
combinations of immunotherapies with demethyl-
ating agents or histone deacetylase inhibitors are
now in progress to determine the potential
synergies between these treatment modalities
(Table 19.1).

VEGEF/VEGFR-targeted agents have a particu-
larly promising role as adjunctive agents in cancer
immunotherapy by virtue of the pleiotropic effects
of VEGF/VEGFR signaling on all cellular
components of the tumor microenvironment.
Dysregulated angiogenesis producing immature,
leaky vasculature and aberrant patterns of endo-
thelial cell adhesion molecules such as ICAM-1,
VCAM-1, and E-selectin may lead to a physical
microenvironment that is both unfavorable to
immune cell infiltration and favorable to tumor cell
[68].
described adverse changes to regulatory T cell,
myeloid-derived suppressor cell, and dendritic cell
populations as a consequence of overactivation of
the VEGF-VEGFR pathway in cancer [69].
Importantly, inhibitors of VEGF/VEGFR pathway
signaling have been shown to induce a beneficial
immune infiltrate, reduce activity of immunosup-
pressive cell populations, and produce enhanced
tumor control in preclinical models [70-73].
Limited human clinical data of combination
antiangiogenic agents with immune checkpoint
blockade in melanoma patients supports the ratio-
nale of this combination, demonstrating both
tolerability and beneficial immune modulation of
the tumor microenvironment [74, 75].

dissemination Numerous studies have

While it is increasingly evident that targeted
therapies may have beneficial modulatory effects
on tumor cells and the tumor microenvironment,
consideration must be made for the potential dele-
terious effects of these same agents on admixed
immune effector and regulatory cell subsets. In
melanoma, diverse effects of MAPK targeted
agents on immune cells have been reported. In gen-
eral, the effects of V600-mutation-specific BRAF



Table 19.1 Currently recruiting clinical trials of the FDA-approved immunotherapy agents ipilimumab, nivolumab, pembrolizumab, and atezolizumab in combination with various classes

of targeted therapies, excluding combinations of strictly immunotherapeutic agents (e.g., novel checkpoint inhibitors, vaccines, cell therapies, oncolytic viruses), antibody-drug conjugates,
bispecific T cell engager molecules, or agents not known to have anticancer effects in addition to potential immunomodulatory synergy. Cytotoxic-immunotherapy combinations are not included
for brevity; however, immunogenic effects of traditional cytotoxic agents are known.

Vemurafenib BRAFi Pembrolizumab NCT02818023 (1) Melanoma
Dabrafenib +trametinib BRAFi + MEKi Ipilimumab + nivolumab; pembrolizumab; NCT02224781 (1ll); NCT02130466 (I/Il); NCT01940809 Melanoma
ipilimumab and/or nivolumab; (1); NCT02910700 (Il); NCT02625337 (II)
nivolumab; pembrolizumab
Vemurafenib + cobimetinib BRAFi, MEKi Atezolizumab NCT02902029 (Il); NCTO1656642 (Ib) Melanoma
Encorafenib RAFi, MEKi Ipilimumab + nivolumab NCT02631447 (ll) Melanoma
(LGX818) +binimetinib
(MEK162)
Cobimetinib MEKi Atezolizumab NCT02788279 (Ill) Colorectal
CAwmeibors
Crizotinib ALK/METi Pembrolizumab NCT02511184 (I) Lung
Ceritinib ALKi Nivolumab NCT02393625 (I) Lung
Alectinib or erlotinib ALKi, EGFRi Atezolizumab NCT02013219 (Ib) Lung
CETimmibiors
Acalabrutinib (ACP196) BTKi Pembrolizumab NCT02362035 (I/1l) Various
Ibrutinib BTKi Nivolumab NCT02420912 (ll); NCT02899078 (I/Il); NCT02329847 Hematological, renal
(I1); NCT02940301 (1l)
Ibrutinib or idelalisib BTKi, PI3K&i Pembrolizumab NCT02332980 (1) Hematological
CotherKinasemmmibitors
Defactinib FAKi Pembrolizumab NCT02546531 (I) Various
INCB054828 FGFR1/2/3i Pembrolizumab NCT02393248 (I/ll) Various
INCB039110 and/or JAK1i, PI3KSi Pembrolizumab NCT02646748 (I) Various
INCB050465
Glesatinib or sitravatinib or METi, multiKi, HDACi Nivolumab NCT02954991 (Il) Lung
mocetinostat (class V)

(Continued)
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nintedanib
TG02

Cabozantinib

TAK-580 or TAK-202 or
vedolizumab

Imatinib
Dasatinib
Napabucasin (BBI608)

TAK-659
Galunisertib

Cetuximab

Necitumumab

Sym004

Margetuximab
Trastuzumab

Trastuzumab + pertuzumab
EGF816 or INC280
Afatinib

Vanucizumab (RO5520985)

Bevacizumab
Bevacizumab
Bevacizumab

multiki

multiki of CDKs, JAK2,
FLT3

Multikinase inhibitor,
MET inhibitor

Pan-RAFi, anti-CCR2
mADb, anti-integrin
a4P7 mAb

PDGFR/cKIT/BCR-ABLI

SRCi

STAT3i

SYK/FLT3i
TGFBR1i

Anti-EGFR mAb
Anti-EGFR mAb
Anti-EGFR mAb
Anti-HER2 mAb
Anti-HER2 mAb
Anti-HER2 mAb
EGFRi, METi
ErbB1/2/4i

Angiopoietin2/VEGFA
mAb

Anti-VEGF mAb

Anti-VEGF mAb

Anti-VEGF mAb

Pembrolizumab
Pembrolizumab

Nivolumab  ipilimumab

Nivolumab = ipilimumab

Ipilimumab; pembrolizumab

Nivolumab

Ipilimumab or nivolumab or
pembrolizumab; pembrolizumab

Nivolumab

Nivolumab

Ipilimumab; pembrolizumab
Pembrolizumab

Nivolumab

Pembrolizumab
Pembrolizumab
Atezolizumab

Nivolumab

Pembrolizumab

Atezolizumab

Ipilimumab
Pembrolizumab
Atezolizumab

NCT02856425 (1)
NCT02933944 (1)

NCT02496208 (I)

NCT02723006 (I)

NCT01738139 (I); NCT02812693 (/Il)
NCT02819804 (1); NCT02750514 ()
NCT02467361 (I/I); NCT02851004 (I/l)

NCT02834247 ()
NCT02423343 (1)

NCT01860430 (Ib); NCT02713373 (I/Il)
NCT02451930 (1)

NCT02924233 (I/l)

NCT02689284 (Ill)

NCT02954536 (Il); NCT02901301 (/1)
NCT02605915 ()

NCT02323126 (Il)

NCT02364609 ()

NCT01688206 (1)

NCT01950390 (1)
NCT02313272 (); NCT02681549 (Il)

NCT02724878 (Il); NCT02420821 (lll); NCT02659384 (I);

NCT01633970 (I); NCT02715531 ()

Various
Rectal

GU

Melanoma

Various, melanoma
Haematological, lung
Various, colorectal

Various
Various

HN, colorectal
Lung

Lung

Gastric
Gastric

Breast

Lung

Lung

Various

Melanoma
Brain, lung, melanoma
Renal, ovarian, various



Bevacizumab, gefitinib, Anti-VEGF mAb, EGFRi Pembrolizumab NCT02039674 (I/1l) Lung

erlotinib
Bevacizumab + cobimetinib Anti-VEGF mAb, MEKi Atezolizumab NCT02876224 (I) Various
Ramucirumab Anti-VEGFR2 mAb Pembrolizumab NCT02443324 (I) Various
Ziv-aflibercept VEGF trap Pembrolizumab NCT02298959 (I) Various
Axitinib VEGF/PDGFi Pembrolizumab NCT02636725 (Il); NCT02853331 (lll) Sarcoma, renal
Pazopanib VEGFR/PDGFR/cKITi Pembrolizumab NCT02014636 (1) Renal
Lenvatinib VEGFR1/2/3i Pembrolizumab NCT02501096 (Ib/Il); NCT02811861 (Ill) Various, renal
Sunitinib VEGFR2/PDGFRB/cKIT/ Nivolumab NCT02400385 (Il) Melanoma
FLT3i
CCamcerstemCellinnibitos
Enoblituzumab Anticancer stem cell Ipilimumab; pembrolizumab NCT02381314 (I); NCT02475213 (1) Various
mAb
BBI503 Cancer stemness Nivolumab or pembrolizumab NCT02483247 (/) Various
inhibitor
 Tumor Cell Eniched Targets (rimmunomodulatory effects)
Rituximab Anti-CD20 mAb Pembrolizumab NCT02446457 (Il) Hematological
ublituximab + TGR-1202 Anti-CD20 mAb, PI3K8i Pembrolizumab NCT02535286 (I/1) Hematological
Varlilumab Anti-CD27 mAb Nivolumab; atezolizumab NCT02335918 (I); NCT02543645 (/1) Various
Elotuzumab + pomalidomide Anti-CS1 mAb, Nivolumab NCT02726581 (lll) Hematological

immunomodulatory/
antiangiogenic

GR-MD-02 Galectin binding Pembrolizumab; ipilimumab NCT02575404 (I); NCT02117362 (I) Melanoma
CB-839 Glutaminase inhibitor Nivolumab NCT02771626 (/1) Various
Dinaciclib CDK1/2/5/91 Pembrolizumab NCT02684617 (I) Hematological
Abemaciclib CDK4/6i Pembrolizumab NCT02779751 (ll); NCT02079636 (1) Lung, breast
Palbociclib CDK4/6i Pembrolizumab NCT02778685 (Il) Breast
Niraparib PARPi Pembrolizumab NCT02657889 (I/Il) Breast, ovarian
Olaparib PARPi Pembrolizumab NCT02861573 (I) Prostate
Veliparib PARPi Nivolumab; atezolizumab NCT02944396 (Il); NCT02849496 (1) Lung, breast

(Continued)
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Azacitidine

CC-486
Guadecitabine

SGI-110

Azacitidine +entinostat
CC-486, romidepsin
ACY-241

Entinostat

Epacadostat (INCB024360)

Panobinostat

Vorinostat

HBI-8000
RRx-001

Daratumumab +lenalidomide
or pomalidomide

DS-8273a
CB-1158
GDC-0919
Indoximod

ALT-803

DNMTi

DNMTi
DNMTi

DNMTi

DNMTi, HDACi
DNMTi, HDACi
HDAC6i
HDACi

HDACi

HDACI
HDACi

HDACi (class 1)
ROS-generator, DNMTi

Anti-CD38 mAb,
immunomodulatory/
antiangiogenic

Anti-TRAIL-DR5 mAb

Arginase inhibitor

IDOI

IDOI

IL15 superagonist

Ipilimumab and/or nivolumab;
nivolumab; pembrolizumab;
atezolizumab

Pembrolizumab

Atezolizumab; pembrolizumab

Ipilimumab

Nivolumab
Pembrolizumab
Ipilimumab + nivolumab

Ipilimumab + nivolumab; atezolizumab;

pembrolizumab; pembrolizumab

Nivolumab; atezolizumab;
pembrolizumab; pembrolizumab;
pembrolizumab

Ipilimumab

Pembrolizumab

Nivolumab
Nivolumab

Atezolizumab

Nivolumab

Nivolumab

Atezolizumab

Ipilimumab or nivolumab or
pembrolizumab

Nivolumab

NCT02530463 (1l); NCT02397720 (Il); NCT02845297 (lI);
NCT02508870 (1)

NCT02900560 (1l)
NCT02892318 (1); NCT02901899 (Il)

NCT02608437 ()

NCT01928576 (1)

NCT02512172 ()

NCT02935790 ()

NCT02453620 (1); NCT02708680 (Il); NCT02909452 (I);
NCT02437136 (Ib/ll)

NCT02327078 (1/1); NCT02298153 (I); NCT02752074
(I; NCT02862457 (I); NCT02178722 (I/Il)

NCT02032810 ()

NCT02619253 (V1b); NCT02538510 (Vll;; NCT02638090
(1A; NCT02395627 (Il)

NCT02718066 (1I)

NCT02518958 (1)

NCT02431208 (I)

NCT02983006 (I); NCT02991196 ()
NCT02903914 (I)

NCT02471846 ()

NCT02073123 (I/1l)

NCT02523469 (I/1l)

Hematological

Ovarian
Haematological,
gynecological
Melanoma
Lung
Colorectal

Various, breast, lung,
melanoma

Various, lung,
melanoma

Melanoma

Renal, GU, HN, lung,
breast

Renal, melanoma, lung

Various

Hematological

Melanoma, colorectal
Various

Various

Melanoma

Lung



Lenalidomide

Pomalidomide

Motolimod + cetuximab
IMO-2125

AMG820

Cabiralizumab (FPA008)
Emactuzumab (RO5509554)
ARRY-382

PLX3397

Mogamulizumab (KW-0761)
Ulocuplumab

NKTR-214

X4P-001

BL-8040

CPI-444

Demcizumab

B-701
BMS-986012
GS-5745
ATRA
Vismodegib
PT2385
CC-122
Selinexor

Omaveloxolone (RT 408)

Immunomodulatory/
antiangiogenic

Immunomodulatory/
antiangiogenic

TLR8 agonist, ant-EGFR mAb

TLR9 agonist

Anti-CSFIR mAb
Anti-CSF1IR mAb
Anti-CSF1IR mAb
CSF1Ri

CSF1Ri, KITi, FLT3i

Anti-CCR4 mAb
Anti-CXCR4 mAb
CD122-biased cytokine
CXCR4 antagonist
Peptide CXCR4
antagonist

Adenosine A2A receptor
antagonist
Anti-delta-like-4 mAb
(Notch ligand inhibitor)
Anti-FGFR3 mAb
Anti-fucosyl-GM1 mAb
Anti-MMP9 mAb
Differentiation agent
Hedgehog antagonist
HIF2a antagonist
Pleiotropic pathway modifier
Selective inhibitor of
nuclear export (SINE)
Triterpenoid derivative;
modulates ROS, MDSCs

Pembrolizumab; pembrolizumab;

nivolumab; pembrolizumab
Pembrolizumab

Nivolumab
Ipilimumab or pembrolizumab

Pembrolizumab
Nivolumab
Atezolizumab
Pembrolizumab
Pembrolizumab

Nivolumab

Nivolumab

Nivolumab
Pembrolizumab; nivolumab
Pembrolizumab

Atezolizumab

Pembrolizumab

Pembrolizumab
Nivolumab
Nivolumab
Ipilimumab
Pembrolizumab
Nivolumab
Nivolumab
Pembrolizumab

Ipilimumab or nivolumab

NCT02875067 (/ll); NCT02906332 (Il); NCT02903381
(Il; NCT02579863 (lll)
NCT02576977 (Il)

NCT02124850 (Ib)
NCT02644967 (/)

NCT02713529 (1)
NCT02526017 ()
NCT02323191 ()
NCT02880371 (1)
NCT02452424 (/1)

NCT02705105 (I/); NCT02476123 (I); NCT02946671 (1)
NCT02472977 (1)

NCT02983045 (I/I)

NCT02823405 (1); NCT02923531 (I/1)

NCT02907099 (1l); NCT02826486 (I}

NCT02655822 (I/1b)

NCT02722954 (Ib)

NCT02925533 (Ib)
NCT02247349 (/1)
NCT02864381 (1)
NCT02403778 (1)
NCT02690948 (Il)
NCT02293980 (1)
NCT02859324 (I/1l)
NCT02419495 (Ib)

NCT02259231 (/1)

Hematological

Hematological

HN
Melanoma

Various
Various
Various
Various
Various

Various

Various

Various
Melanoma, renal
Pancreatic

Various

Various

GU

Lung
Gastric
Melanoma
Skin

Renal

Liver
Various

Melanoma
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inhibitors on immune cells appears small, while
MEK inhibition—which is not specific for tumor
cell MEK—may have suppressive effects on prolif-
eration, cytokine production, and antigen-specific
expansion of normal T lymphocytes [55, 76-78].
Conversely, MAPK activation acts to maintain a
less differentiated state of dendritic cell precursors;
thus, MAPK inhibition has been observed to pro-
mote dendritic cell maturation, which could be
predicted to improve antigen presentation [76].

A number of novel or repurposed targeted
agents are under active clinical investigation in
multiple cancer types, combined with established
checkpoint inhibitors such as ipilimumab,
nivolumab, pembrolizumab, and atezolizumab. Of
the numerous registered trials on clinicaltrials.gov
combining targeted agents with FDA-approved
checkpoint inhibitor agents (Table 19.1), targeted
agent classes include MAPK pathway inhibitors;
epigenetic modifiers such as HDAC inhibitors and
demethylating agents; VEGF-family ligand,
receptor, and kinase inhibitors; DNA repair mech-
anism inhibitors such as PARP inhibitors;
cyclin-disrupting agents; multiple signaling kinase
inhibitors with targets including FAK, PI3K, ALK,
JAK, STAT, BTK, MET, and HIF2a; ErB receptor
family antagonists (e.g., EGFR, HER2); inhibitors
of multiple growth factor ligands and receptors
(e.g., CSF1R, FGFR3); lineage, EMT, and “stem-
ness” modulators (AXL, NANOG); modulators of
apoptotic regulators (SMAC-mimetic); cytokine
antagonists (TGF-P); and multitargeted kinase
inhibitors.

Not only do questions remain regarding the
optimal types of combination targeted and immune
therapies, but the most tolerable and efficacious
combinations will likely vary between immuno-
therapy modality (e.g., checkpoint blockade versus
TIL therapy versus CAR T cell therapy, etc.). Given
each targeted therapy’s unique mechanistic basis
for potential synergy, clinical evaluation will need
toinclude methods to assess the optimal sequencing
of combination treatments. Although to date
minimal clinical outcome data are available for
combination targeted and immune therapy,
important lessons have already been learned
from combination toxicities. For example, the
combination of vemurafenib with ipilimumab in a
small cohort of patients with metastatic melanoma

led to a high rate of significant hepatotoxicity,
apparently reflecting an immune-potentiation of
hepatotoxicity seen relatively commonly with
vemurafenib [79]. In addition to issues of toxicity,
the timing of targeted and immune therapy may
have clear implications for the realization of
biological synergy, in that the kinetics of tumor or
immune modulation induced by the targeted
therapy component may not coincide with those of
the immunotherapy modality applied.

Molecular targets
of immunotherapy resistance

Although treatment responses to immunothera-
peutic approaches are typically long lived, a
significant proportion of patients who initially
respond to treatment go on to experience disease
relapse or progression. Furthermore, the lower
objective response rates to immunotherapy up
front compared with the dramatically high
response rates seen for many targeted therapies
used in equivalent clinical settings in appropriately
selected patients implies that a relatively high
proportion of tumors possess mechanisms of resis-
tance to current immunotherapies even before
treatment begins. Significant research efforts to
understand the molecular mechanisms underlying
both primary and secondary resistance to immu-
notherapy have revealed several highly recurrent
intratumoral cellular adaptations to immune
attack. Importantly, many of these offer the promise
of defined, actionable molecular targets for which
the rationale behind combined immunotherapy
and targeted therapy regimens is strong.

The potential for tumor cells to essentially hide
from immune surveillance is well established and
arguably contributes to the historically low rates of
success with immunotherapy treatments across
most cancer types. Poorly immunogenic tumors
may be a simple selective consequence of an ini-
tially effective—including spontaneous—antitumor
response, such that the most immunogenic sub-
clones of a tumor are eliminated first, leaving
progressively less immunogenic tumor cells sur-
viving. In this challenging scenario, the antitumor
immune reaction may directly contribute to its
own ultimate failure; however, more active methods
of immune evasion may prove more amenable to
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therapeutic intervention (Figure 19.2). Micro-
environmental stimuli within inflamed tumors,
driven by interferon (IFN) signaling, may lead to
altered peptide processing machinery and conse-
quent disrupted antigen presentation, or skewed
presentation of a less immunogenic epitope reper-
toire (Figure 19.2). Major histocompatibility
complex class I loss is a well-recognized
phenomenon in preclinical and patient studies
[80-82]; however, innate immune surveillance of
class I-deficient cells may combat any survival
advantage conferred by this mechanism; further
study of this phenomenon in patient samples is
needed to clarify its broader relevance. Defects in
associated antigen processing and presentation
machinery, including f-2 microglobulin (B2M)
and TAP (transporter (1/2) ATP binding cassette
subfamily B member) (Figure 19.2), have also been
shown to contribute to immunotherapy resistance
but are likely uncommon as independent resistance
mechanisms [83].

Distinct from immune evasion is the more active
concept of immune exclusion, producing tumors
that are often referred to as cold or noninflamed
due to their lack of lymphocytic infiltration. Several
key mechanisms of immune exclusion are of gen-
eral significance due to their broad potential to
contribute to treatment failure across immuno-
therapy modalities (Figure 19.2). Excessive tumor
cell p-catenin-Wnt signaling in melanoma [84] and
together with PPAR-y and FGFR3 pathway
activation in urothelial cancer [85] induce
inherently
resistant to the entry and function of cellular
immune elements. Vascular remodeling and disor-
ganized angiogenesis have the potential to impact
both antigen-presenting cell efflux to secondary
lymphoid organs, and effector cell influx into the
tumor. Angiogenic growth factors and their recep-
tors are increasingly being recognized to have an
even more diverse range of effects on all compo-
nents of the tumor microenvironment, many of
which may be profitably targeted with molecular
therapies to modulate and redirect the immune
response. Immune-unfavorable environments have
also been demonstrated to result from loss of PTEN
within tumor cells, mediated by increased expres-
sion of immunosuppressive cytokines and
consequent reduction in T cell entry and antitumor

immune-unfavorable environments

function, which could be restored by pharmacolog-
ical blockade of the PI3K-AKT pathway [86].

Beyond the traditional focus on effector T cell
functions in intratumoral dynamics, our
understanding of the roles played by multiple
other cellular subsets in dampening antitu-
mor responses is emerging (Figure 19.2).
Immunosuppressive regulatory T cell populations
are frequently identified, typified by expression of
the key regulatory transcription factor FOXP3,
and recruited at least in part by chemokine ligands
of CCR4 [87]. Cellular constituents of the innate
immune system also play immunosuppressive
roles in the tumor microenvironment, including
tumor-associated macrophages and myeloid-
derived suppressor cells [88, 89]. By reducing the
immunosuppressive skewing of macrophage phe-
notypes, blockade of the CSF1R has been shown
to enhance checkpoint inhibitor immunotherapy
responses in pancreatic adenocarcinoma models
[90]. Other potential drivers of the M2-macrophage
phenotype, including eotaxin and oncostatin
M [91], particularly in the hypoxic tumor
environment, and moderators of the cancer
stem cell-macrophage interaction such as
milk-fat globule-epidermal growth factor VIII
(MFG-E8), STAT3, and IL-6 [92] may represent
additional modifiable molecular targets to
sculpt an immunotherapy-permissive microenvi-
ronment. The metabolic immune checkpoint
indoleamine 2,3-dioxygenase (IDO) may also
contribute to immune exclusion and immuno-
therapy resistance through diverse effects on
effector T cells, regulatory T cells, and other
suppressive cell populations in multiple cancer
types [93].

Of particular relevance to the concept of the
non-T cell inflamed tumor microenvironment is
the role played by interferon signaling in immuno-
therapy resistance. Importantly, the effects of
IFN-y, derived principally from activated T cells,
depends sensitively on the intensity and duration
of exposure, with an extended IFN-y stimulus pro-
moting  expression of immunosuppressive
molecules such as PD-L1 itself, among more wide-
spread epigenetic changes [94]. Several studies
have demonstrated tumor cell resistance to immu-
notherapy resulting from IFN-signaling defects,
including JAK1/2 mutations [83, 95]. The IFN
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Figure 19.2 Schematic representation of key molecular
resistance mechanisms identified or implicated in
resistance to cancer immunotherapy, showing three
principal phases of antitumor immunity modeled on a
basic inflammatory response. Indicated by location are
classic but nonexclusive points at which resistance
mechanisms emerge and/or act. Interferon responses (red
shading) effect diverse changes in immune, tumor, and
stromal cells that may drive selection for or directly

insensitivity that results from such mutations facil-
itates tumor cell avoidance of IFN-induced
apoptosis and growth suppression, although it is
not yet clear how frequently such defined muta-
tional resistance mechanisms occur.

contribute to multiple resistance-causing tumoral
adaptations (yellow shading). 2M=beta-2-microglobulin;
FGFR3 =fibroblast growth factor receptor 3; IDO=indole-
amine-2,3-dioxygenase; IFN =interferon; MDSC=myeloid-
derived suppressor cell; PPAR-y=peroxisome proliferator
activator gamma; TAM =tumor-associated macrophage;
TAP=transporter (1/2) ATP binding cassette subfamily B
member; TDO =tryptophan dioxygenase; Treg =regulatory
T cell.

Increasing evidence also implicates large-scale
rewiring of gene expression, leading to broad but
apparently coordinate transcriptomic and pheno-
typic alterations contributing to immunotherapy
resistance (Figure 19.2) [96]. Analysis of gene
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expression profiles in melanoma samples resistant
to PD-1 blockade revealed signatures resembling
those also seen in melanoma samples resistant to
targeted therapy, and across multiple other tumor
types within the Cancer Genome Atlas dataset.
Highly represented elements in such signatures
include genes involved in epithelial-to-mesenchymal
(-like) transition. While such genomic changes are
by definition multiple and summative, they may be
targetable by similarly broad strategies such as
small-molecule epigenomic modifiers targeting
histone acetylation and DNA methylation.

Combining targeted therapy
with immunotherapy: Early clinical
results and caveats

As noted, early interest in empirically combining
molecularly targeted therapy and immunotherapy
was driven by the desire to unify the high response
rates of the former with the enhanced durability of
responses in the latter. Two of the first clinical trials
initiated included vemurafenib (a BRAF inhibitor)
in combination with ipilimumab (an anti-CTLA-4
antibody; NCT01400451) and in combination with
interleukin-2 (NCT01683188), respectively. In each
of these trials, immunotherapy was administered
after a lead-in with targeted therapy. In the
trial combining vemurafenib with ipilimumab,
significant dose-limiting toxicity was noted with the
development of hepatotoxicity in many of the treated
patients, substantiating early closure of the trial [79].
The trial combining vemurafenib with interleukin-2
was also closed early due to poor accrual, largely
owing to the emergence of improved therapeutic
options for patients with metastatic melanoma.
Since these initial trials were performed, addi-
tional trials have been designed based on insights
gained from these trials, from therapeutic advances
in the field, and from scientific insights in preclin-
ical models and translational research studies. An
example of this is a trial combining the BRAF and
MEK inhibitors dabrafenib and trametinib with
the immune checkpoint inhibitor ipilimumab
(NCT01767454) for patients with BRAF-mutant
metastatic melanoma. Early results reported less of
an issue with hepatotoxicity (likely related to the
use of dabrafenib rather than vemurafenib). Of
note in the triplet cohort, several patients

developed colitis with colon perforation, with one
requiring surgery, and accrual to this cohort was
suspended [97], highlighting the complexity as well
as unexpected toxicity observed in combination
strategies.

Another poignant approach
involves the use of BRAF-targeted therapy in
combination with PD-1 blockade. This stems not
only from the improved tolerability and safety pro-
file of PD-1 blockade compared to CTLA-4
blockade, but also from evidence regarding the
emergence of adaptive immune resistance in the
setting of treatment with BRAF-targeted therapy
such that the immunomodulatory molecule PD-L1
becomes highly expressed in the tumor microenvi-
ronment within two weeks of initiation of therapy
[57]. Early results from such trials demonstrate
encouraging results with a manageable toxicity
profile and evidence of strong clinical activity [98].

Numerous other clinical trials are currently
underway combining molecularly targeted therapy
with immunotherapy for melanoma as well as
other cancers, based on signals of synergy from
preclinical studies (Table 19.1). Mature data are not
available, although caveats clearly exist. One major
issue with these types of approaches is the sheer
number of available therapies that could be used in
combination, generating both scientific and logis-
tical difficulties in prioritizing which combinations
to study first, and with limited resources.
Additionally, novel agents in each class are brought
forth on a regular basis, each demanding a chance
to prove their worth in combination trials. It
remains unclear if current preclinical models will
be useful in predicting the efficacy of various
combination strategies, yet given the bottleneck of
translation to human trials, this is exactly what is
needed. Another caveat pertains to timing and
schedule of different therapeutic agents—should
treatment be given concurrently or in sequence?
And a key nuance to combination strategies (and to
these strategies in isolation) is a relative paucity of
strong predictive biomarkers of response and resis-
tance. Nonetheless, combination strategies are now
becoming a standard, and it is paramount for us to
understand the molecular and immune mecha-
nisms of targeted and immunotherapeutic agents
alone as well as in combination in order to define
optimal therapeutic strategies.

combination
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