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Preface

In this book for Methods in Molecular Biology, titled Vaccine Delivery Technology, we make a
holistic effort to cover the vaccine development process and the role delivery concepts
contribute to a global goal of effective final health outcomes. In so doing, readers are
presented with topics that span a broad array of ongoing research in vaccine production
intended to be educational and useful to those both within and outside of the vaccine fields.
Of note, we include chapters from both industry and academia with contributions coming
from difterent countries, continents, and perspectives.

This diversity in content and contributions adds to the educational breadth of the book
but also flavors applications by the regions of the globe contributing associated chapters. As
such, the general reader will also gain appreciation for the development of vaccination
research programs associated with regional disease concerns. An additional advantage to
this breadth of topics is the knowledge regarding diseases that rely upon vaccine research and
development to provide much needed treatment options.

In terms of content flow, the book begins with vaccine basics, including several early
chapters devoted to antigen identification and selection. Chapters include computational
approaches, provided by the Ellis and Daura groups, to antigen identification. These
chapters build on the immense level of data generated through various next generation
sequencing and associated ‘omics approaches. In related chapters, the Bidmos and McKay
groups discuss the identification of functional monoclonal antibodies resulting from antigen
exposure.

The following and related chapters next turn to antigen preparation and established
forms of antigen administration. Chapters devoted to genetic and protein antigen prepara-
tion are provided by the Lundstrom, Nichita, and Czermak groups. These preparation
methods overlap with the earlier introduced chapters on monoclonal antibody capture
from said antigens, particularly in the case for protein-based antigens. Included with these
chapters is a contribution from the Bracewell group on rapid and high-throughput methods
of antigen purification.

Subsequent chapters (contributed by the Smith, Keys, Wolft, Shukla, Micoli, Guo, and
Fiebig groups) cover various formats for vaccine formulations. These include the use of
viral-like particles (VLPs), whole cell vaccines, and glycoconjugate vaccines. Included in
these chapters are unique methodologies for combining emerging approaches for in vivo
glycoconjugation with VLP carriers. In addition, the Chakravortty group provides a chapter
on attenuation methods used in particular for live whole cell vaccines.

The next several chapters, contributed by the Ramsey, Czermak, Rak, Chakravortty,
Mancha-Agresti, and Pfeifer groups, focus on the central theme of this book, that is, vaccine
delivery. As such, topics span viral and nonviral gene delivery technology, the use of bacterial
and hybrid bacterial-biomaterial delivery devices, dual antigen delivery liposomal carriers,
and needle-less noninvasive delivery technology. Intermixed with these chapters are impor-
tant contributions by the Petrovsky, Zeng, and Cui groups that present methodologies
associated with vaccine adjuvant selection and long-term vaccine storage preparation.

The final series of chapters are devoted to vaccine delivery effectiveness assessment. The
McCluskie, Herbert, and Bou Ghanem groups provide chapters that cover confirmation of
vaccine delivery carriers, common assessment methodologies (ELISpot, ELISA), methods
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Vi Preface

that profile the in vivo progression of the immune response, novel monitoring of viral
infectivity quantification, and disease-specific antibody functionality. The emphasis on final
vaccine effectiveness thus concludes the range of topics covered by overall book
contributions.

In summary, this volume was designed broadly and generally enough to engage the
nonexpert interested in the vaccine development field. Alternatively, we highlight the central
theme of vaccine delivery technology through a series of chapters that cover delivery
methods designed to enable and/or enhance vaccine effectiveness across specific disease
applications. Combined, we expect this book to serve as a valuable resource, to those within
and outside of the field, in the ongoing research pursuits to expand and improve upon the
already significant impact made by vaccines.

Buffalo, NY, USA Blaine A. Pfeifer
Andrew Hill
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Chapter 1

Vaccine Delivery and Inmune Response Basics

Andrew Hill, Marie Beitelshees, and Blaine A. Pfeifer

Abstract

In this opening chapter, we outline the basics of vaccine delivery and subsequent immune reactivity. Vaccine
delivery is an augmentation to immunization more generally in that a delivery reagent is harnessed to
improve administration of the key ingredient (i.e., the antigen) needed to provoke an immune response. In
this chapter, we discuss the evolution of vaccine design and how such efforts evolved into targeted
administration/delivery of key antigens. We then provide overview descriptions of vaccine immune
responses and methods for assessment. More generally, the chapter sets the tone for the remainder of this
book, which will focus upon each step of the vaccine process with a special emphasis on how vaccine delivery

contributes to overall health outcomes.

Key words Vaccine, Antigen, Adjuvant, Antigen-presenting cell, Humoral response, Cellular

responsc

1 Introduction to Vaccination

Vaccines represent one of the greatest medical achievements in the
history of mankind due to the role they have played in preventing
disease. Since their introduction, vaccines have significantly cur-
tailed various diseases such as small pox, diphtheria, polio, measles,
pneumococcal disease, and so on in countries such as the USA (see
Table 1) [1]. The reduction of many of these disease cases have
been achieved through the implementation of pediatric regimens
against such pathogens [ 1]. Furthermore, vaccines are useful within
the broader population to reduce the burden associated with dis-
eases caused by pathogens such as the influenza virus, shingles, and
the human papillomavirus (HPV). In addition, vaccines against
diseases such as yellow fever are available to provide protection to
individuals during travel. The primary benefit that is realized from
vaccination is that it provides a prophylaxis against potentially
deadly diseases, rather than treating the diseases as they occur.
These benefits can be enhanced through the achievement of a
phenomena known as herd immunity, in which vaccination of a
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Table 1

Disease reduction associated vaccine implementation in the USA [16]

Type Prevaccine Year vaccine Postvaccine
Disease of vaccine annual cases introduced annual cases®
Smallpox Similar virus 29,000 1798 0 (100%)
Diphtheria Toxoid 21,053 1923 0 (100%)
Pertussis Inactivated 200,752 1926 15,632 (92.2%)
Tetanus Toxoid 580 1927 41 (92.9%)
Polio Inactivated 36,110 1955 0 (100%)
Measles Attenuated 530,217 1963 56 (99.9%)
Mumps Attenuated 162,344 1967 6584 (95.9%)
Rubella Attenuated 47,897 1969 12 (99.9%)
Hepatitis B Subunit 66,232 1981 13,169 (80.1%)
Hib® Glycoconjugate 20,000 1987 50 (99.8%)
Hepatitis A Inactivated 117,333 1995 15,298 (87.0%)
Varicella Attenuated 4,085,120 1995 612,768 (85.0%)
Pneumococcal Glycoconjugate 63,067 2000 41,550 (34.1%)

"Percentages refer to percentage of disease reduction observed in 2006 following the introduction of the vaccine
® Haemophilus influenzae type b

portion of the population is able to extend protection to the
population that is unvaccinated. This occurs because the pathogens
do not have available hosts through which they can transmit them-
selves to infect the vulnerable population. The result enables vac-
cines to provide substantial economic benefits that are typically
presented as quality-adjusted life years (QALYs) or disability-
adjusted life years (DALYs) saved compared to nonvaccination
[2,3].

The isolation of pathogens subsequently provided an opportu-
nity for the development of vaccines targeting specific targets. Early
vaccine development involved the isolation of various human
pathogens and subjecting them to various procedures to weaken
their virulence. One of the initial studies to achieve this was the
development of a vaccine against anthrax in animals using bacteria
that had been attenuated using carbolic acid [4]. A similar approach
utilized formaldehyde to attenuate the rabies virus that had been
isolated from cerebral tissue [5]. In subsequent vaccines, additional
strategies for the attenuation or inactivation of pathogens were
developed, which include heat, chemical methods (e.g., hydroxyl-
amine, p-propiolactone, and methylene blue), and irradiation (e.g.,
ultraviolet) [6]. These studies have facilitated the development and
manufacturing of whole-pathogen vaccines (WPVs). This laid the
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framework for future work which has provided a demonstration
that immunization with a weakened or inactivated pathogen could
be used to provide immunity towards the live version.

Despite the utility of various WPVs, advanced fermentation and
culturing techniques for growing the pathogens were not initially
developed. As such technology became more advanced, vaccines
that targeted toxic factors produced by the pathogens were increas-
ingly developed. This approach facilitated the development of vac-
cines against the bacteria that cause diphtheria and tetanus. As the
appreciation for using components of pathogens in vaccines in
place of the whole pathogen grew, subunit vaccines containing
polysaccharides (e.g., Pneumovax 23®), proteins (e.g., Flublok®™),
and glycoconjugates (e.g., Prevnar) became increasingly developed.
However, one distinct disadvantage associated with subunit vac-
cines is that they invoke a considerably weaker immune response
compared to killed or attenuated vaccines [7]. This observation led
to the development of vaccine components known as adjuvants,
which boost the immunogenicity of subunit vaccines. Although
aluminum salt (alum-based) adjuvants are the most commonly
used adjuvants, alternatives containing attenuated endotoxin (i.e.,
monophosphoryl lipid A) [8] and an emulsion-based system [9]
have been developed.

As increasingly diverse systems were developed for the assembly
of vaccines, increasing the scientific understanding of the immune
system became important for optimizing vaccine efficacy. For
example, understanding the mechanism by which various portions
of bacteria or viruses (i.¢., antigens) illicit an immune response is an
important factor in vaccine design. Protein antigens are generally
recognized as thymus cell (T cell)-dependent antigens, whereas
polysaccharides are T cell-independent antigens [10]. Conse-
quently, solutions of bacterial polysaccharides are poorly immuno-
genic in infants and do not create a long-lasting immunological
memory [10]. This led to the development of glycoconjugate
vaccines, which conjugate bacterial polysaccharides to carrier pro-
teins to promote a T cell-dependent response against the polysac-
charides and provide potent immunity in infants [10]. Such
vaccines have been utilized for vaccination of infants against Strep-
tococcus pnenmoniae to provide serotype-specific immunization that
has reduced the incidence of invasive pneumococcal disease by over
90% [11, 12]. Taken together, these examples have motivated a
higher understanding of how the immune response vaccines illicit
translates into clinical efficacy.
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2 Overview of Immune Response

Following the injection of the vaccine into a patient, the antigens
contained within the vaccines are processed to develop an immune
response. Upon initial introduction of the antigens, the body must
recognize the antigens introduced by the vaccine and mount an
immune response toward them. Although the body’s innate
immune response can mount an initial response to the antigens,
the goal of a vaccine is to develop a longer-lasting response from the
body’s adaptive immune system.

The initial stages of this process occur when the cells of the
body’s immune system recognize epitopes or moieties associated
with the vaccine antigen. Antigen-presenting cells (APCs) such as
dendritic cells will recognize and phagocytose the vaccine particles
and process them internally. As a result of this process, fragments of
the digested antigen are displayed on the APC’s surface in associa-
tion with the major histocompatibility (MHC) II protein (Fig. 1).
The APC can then travel to the body’s lymph nodes to help develop
astronger and longer-lasting humoral immune response against the
vaccine antigen. Alternative B cells can recognize antigens that have
not been processed by an APC and mount an immune response.
These antigens, also known as T cell-independent antigens, include
molecules such as bacterial capsular polysaccharides. When this type
of immune response is generated, it is typically immunoglobulin
(Ig)M-biased and demonstrates a weaker and shorter-lasting
immune response compared to that obtained through the involve-
ment of T cells.

Once the APC has reached the lymph nodes, it is capable of
participating in T cell-dependent maturation of B cells. Both of
these cells travel to lymph nodes to play a role in the adaptive
immune response. During the initial stage of the process, receptors
on the surface of CD4+ Helper T cells interact with the MHCII
receptor of the APC and the processed vaccine antigen that is
associated with it. This interaction activates the CD4+ T cell and
can enable it to stimulate reproduction and activation of B cells.
When the activated T cell interacts with a B cell displaying the
appropriate antigen, it releases cytokines that promote proliferation
of the B cell population and their subsequent maturation into
antibody (typically IgG)-secreting plasma cells. In addition, this
interaction also promotes a process known as somatic hypermuta-
tion in which a great degree of mutation of the variable region of
the B cell antibody is achieved. As a consequence of this process,
antibody variants processing greater degrees of affinity for the
antigen can be generated to develop a highly potent and specific
immune response. Once these immune cells have been generated,
they can either disseminate to become effector cells or remain in
lymph nodes as memory cells to enable the body to mount a rapid
response if a similar infection occurs.
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Fig. 1 Overview of humoral and cellular immunity. In the humoral immune response (shown on left), an APC
such as a dendritic cell phagocytoses a pathogen or vaccine antigen and processes it internally. After
processing, an antigen epitope is displayed on the cell’s surface attached to the MHC Il receptor. When the
APC is a B cell, it can become a plasma cell and secrete IgM antibodies. When a CD4+ T cell interacts with the
APC, it becomes activated and promotes proliferation and somatic hypermutation within B cells. These B cells
can then either be stored as memory cells or disseminate into the blood as plasma cells secreting IgG
antibodies. In the cellular immune response (shown on the right), a virus-infected or tumor cell containing a
nucleus processes an intracellular protein and presents an epitope on its surface attached to the MHC |
receptor. A CD8+ T cell can then bind to the MHC | receptor and become activated. Upon activation, the CD8+
T cell secretes various cytokines as well as cytotoxic chemicals that form pores within the bound cell and
promote apoptosis

To describe an example of this process, we will highlight recent
work to formulate a vaccine against the bacterial pathogen Strepto-
coccus pnenmonine. This vaccine was comprised of 20-24 pneumo-
coccal capsular polysaccharides encapsulated within a liposome
[13, 14]. The liposome was also surface-decorated with pneumo-
coccal virulence factors using either a His-tag or streptavidin-biotin
system [ 13]. Through this approach, the vaccine was able to gener-
ate a CD4+ T cell-dependent immune response resulting in signifi-
cant IgG production against both the capsular polysaccharide and
protein antigens [13, 14]. Moreover, this work also demonstrated
that encapsulation of the polysaccharides, normally a T cell-
independent antigen, within a protein decorated liposome was
able to generate a T cell-dependent response. This was driven by
the observation of IgM to IgG class switching that is a hallmark of
the T cell-dependent response. Interestingly, this provided evidence
that physical colocalization of the polysaccharides with a T cell-
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dependent antigen, the surface protein, was able to provide an
immune response similar to that observed for direct chemical con-
jugation of polysaccharides to carrier proteins (i.e., glycoconjugate
vaccines). Furthermore, the researchers demonstrated that the
resulting immune response provides protection against pneumo-
coccal disease using various animal models and an in vitro correlate
assay [ 13, 14]. This work highlights how a vaccine was designed to
invoke a specific immune response to provide protection against
pneumococcal infections.

As an alternative to the aforementioned immune response, the
immune system can direct a response towards infected bodily cells.
This occurs through the action of CD8+ T cells that recognize
peptides (processed antigen fragments produced intracellularly)
attached to the surface of cells via the MHC I receptor (Fig. 1).
Unlike MHC 11, which is present on APCs, MHC 1 is expressed on
the surface of nucleated bodily cells. If a cell becomes infected with
a virus or becomes a tumor, intracellular proteins can be processed
for presentation on the cellular surface via attachment to MHC 1
and then be recognized by CD8+ T cells. When the T cells recog-
nize and bind to the epitope-bound MHC 1 receptor, the T cell
becomes activated and can initiate a cellular immune response. In
this response, the T cell secretes cytokines, such as tumor necrosis
factor alpha (TNFa) or interferon gamma (IFN-y), that demon-
strate antitumor and antiviral effects. The T cells also secrete cyto-
toxic chemicals that serve to create pores within the membrane of
the bound cells through which proteases can enter. Once the
proteases have entered the targeted cell, they are able to degrade
any viral proteins and promote cellular apoptosis. Once this has
been achieved, the CD8+ T cell is able to continue its response as
needed against additional infected cells.

3 Development of Assays to Evaluate Vaccine Efficacy

In order to determine whether a vaccine has the potential to
provide protective immunity within a patient, various assays have
been developed to evaluate the immune response and determine
whether it is sufficiently protective. One significant challenge facing
various vaccines is the fact that the incidence rate of disease is
frequently very low. As shown in Table 1, the incidence and fatality
rates of bacterial pathogens frequently occurs on the rate of a few
cases per hundred thousand people. Consequently, performance of
clinical trials to demonstrate efficacy of vaccines against these
organisms represents a substantial challenge since a massive number
of patients would be necessary. For example, if a clinical trial is
seeking to demonstrate the efficacy of the vaccine through the
reduction of disease incidence or associated death, a sufficient
number of patients would be required to capture differences of
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groups when cases of disease occurs around 1 in 10,000 people.
Furthermore, multiple trial arms would be required to cover a
placebo control as well as other potential groups that would be
necessary depending on the vaccine being evaluated. This is further
complicated for vaccines in which a current standard of care exists
and cannot be ethically denied to patients. Consequently, the tested
vaccine needs a mechanism for demonstrating both superiority to
the current vaccine in certain tests while demonstrating
non-inferiority in areas of overlap. This situation is made more
complex by bacteria for which there are multiple strains or sero-
types (e.g., Streptococcus pnenmonine) in which vaccines provide
protection against only a subset of bacterial diversity. If reduction
of disease were the only mechanism for evaluating efficacy, then not
only would new vaccines need to include sufficient patients to
statistically evaluate reduction of disease, this number would need
follow-up assays to demonstrate the vaccine’s efficacy in a serotype-
dependent manner.

Thus, numerous assays have been developed to link in vitro
assay results to clinical efficacy of vaccines. The quantitative power
of these assays, called “correlates of protection” (COPs), have been
demonstrated in a clinical setting to predict clinical utility of a
vaccine through in vitro testing. As a result, a vaccine’s efficacy
can be potentially determined using a number of patients that is
far lower than required using reduction in disease incidence.

One such COP for protein antigens against bacterial pathogens
is the development of assays that measure the production of anti-
bodies against the bacteria. These may include enzyme-linked
immunosorbent assays (ELISAs) or neutralization assays such as
opsonophagocytic activity (OPA) assays in which antibody titers
and their ability to promote opsonization of bacteria is determined.
For example, through clinical trials, such assays have been devel-
oped for pneumococcal disease that include ELISAs which can
show IgG concentrations >0.35 pg/mL and OPA assays showing
>50% bacteriocidal activity when dilution is less than 1 in
8 [15]. Since each of these values have been associated with the
efficacy of pneumococcal glycoconjugate vaccines, subsequent vac-
cines against the bacteria are able to demonstrate efficacy by achiev-
ing each of these titers for both previous and new serotypes
included in vaccines. Similar assays have also been developed
against various other bacterial pathogens to measure vaccine effi-
cacy without requiring additional massive clinical trials.
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Isolating Pathogen-Specific Human Monoclonal Antibodies
(hmAbs) Using Bacterial Whole Cells as Molecular Probes

Sara Siris, Camilla A. Gladstone, Yanping Guo, Christopher L. Pinder,
Robin J. Shattock, Paul F. McKay, Paul R. Langford, and Fadil A. Bidmos

Abstract

The immunoglobulin capture assay (ICA) enables the enrichment for pathogen-specific plasmablasts from
individuals with a confirmed adaptive immune response to vaccination or disseminated infection. Only
single recombinant antigens have been used previously as probes in this ICA and it was unclear whether the
method was applicable to complex probes such as whole bacterial cells. Here, we describe the enrichment of
plasmablasts specific for polysaccharide and protein antigens of both Streptococcus ppewmonine and Neisseria
meningitidis using whole formalin-fixed bacterial cells as probes. The modified ICA protocol described here
allowed for a pathogen-specific hmAb cloning efficiency of >80%.

Key words Immunoglobulin capture assay, Pathogen-specific plasmablasts, Bacteria, Whole cells,
Vaccine antigen discovery

1 Introduction

Methods for analysis of the human adaptive immune response to
vaccination or disseminated infection include the cloning and
in vitro expression of human monoclonal antibodies (hmAbs)
from antibody-producing cells (APCs: memory B-cells, plasma-
blasts and plasma cells). Targeting plasmablasts, especially, for
hmADb cloning is useful as rapid expansion of a plasmablast popula-
tion occurs immediately following antigen encounter—this expan-
sion is characterized by differentiation leading to increased
specificity for the presenting antigen [1]. Expression cloning of
hmAbs from plasmablasts has been achieved by sorting of individ-
ual cells into multiwell plates followed by a sequential PCR that
generates amplicons of the variable regions of heavy (VH) and light
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(VL = x or A) chains of individual hmAbs. These VH and VL
amplicons are subsequently incorporated into expression plasmids
using molecular cloning strategies (restriction endonuclease or
ligation-independent) [2]. In vitro production of individual recom-
binant hmAbs occurs in human embryonic kidney cells (HEK-293)
transfected with cognate VH and VL plasmid pairs; hmAbs secreted
into culture supernatants are subsequently screened for pathogen/
antigen specificity and functional activity.

Low hmAD cloning efficiencies are obtained in studies where
rare antigens are sought, blood sample volume is low or when the
magnitude /timing of the plasmablast component of the immune
response to the pathogen/antigen of interest has not been suffi-
ciently quantified. To counter low hmAb cloning efficiencies,
enrichment for plasmablasts of interest is performed prior to
fluorescence-activated cell sorting (FACS). In vivo enrichment of
human plasmablasts has been achieved by transplantation of irra-
diated SCID /beige mice with human peripheral blood mononu-
clear cells (PBMCs) premixed with antigens of interest [ 3]. In vitro
enrichment has also been achieved by separation of individual cells
into droplets, analyses of the secretome of each cell within the
droplet, and immediate sorting of cells producing the desired anti-
bodies [4]. However, the use of these enrichment methods has not
been widely reported in the literature for a variety of reasons
including the complexity of the techniques and unavailability of
specialist equipment in standard research laboratories.

Recently, a simplified enrichment protocol, known as the
immunoglobulin capture assay (ICA), was described for the
in vitro identification of plasmablasts of interest. In the ICA, a
streptavidin anti-CD45 and biotin anti-human IgG scaffold is
assembled on the surface of plasmablasts to prevent diffusion of
secreted IgG away from the secreting plasmablast. Interactions
between these “captured” IgG molecules and antigens of interest
are subsequently analyzed during FACS. Positive interaction
events, that is, plasmablasts whose IgG have bound to the antigen
of interest, are sorted, while “nonbinders” (non-IgG and nonspe-
cific IgQG) are excluded [5]. Production of hmAbs from individual
plasmablasts is subsequently performed as described above. Clon-
ing into expression vectors and expression of hmAbs have been
comprehensively described in published protocols [2, 6].

Only single recombinant vaccine antigens have been utilized in
this assay previously. Here, we demonstrate that a complex probe
such as whole bacterial cells can be efficiently utilized for the
enrichment of pathogen-specific plasmablasts (Fig. 1). Using
formalin-fixed cells representing four capsular variants (6A, 7F,
14, and 19F) of the Gram-positive pneumococcus, we were able
to achieve a hmAD cloning efficiency of ~82%. Our panel of cloned
hmAbs targeted ecither the 6A, 7F, or 14 capsules—no cross-
reactivity between structurally dissimilar capsules was discerned.
The modified ICA protocol was also readily applicable to
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Fig. 1 Schematic illustration of the experimental procedure. Quasi-presentation of secreted IgG is achieved by
exploitation of the surface expression of CD45 on plasmablasts. An anti-CD45 streptavidin conjugate antibody
is then used as a link between the CD45-expressing plasmablast and the anti-human IgG (conjugated to biotin)
that will capture IgG secreted into the immediate milieu of the plasmablast. This captured IgG can then bind to
a cognate antigen, if present, on the bacterial surface

Gram-negative bacteria yielding similar results following cloning of
capsular and protein vaccine-induced antimeningococcal hmAbs
from ICA-enriched plasmablasts.

2 Materials

Refer to storage instructions for all reagents. Ensure safety guide-
lines and proper waste disposal procedures are followed.

2.1 Bacterial Growth, 1. Frozen stocks of pneumococcal and meningococcal strains.

Fixing, and Staining 2. Brain-Heart Infusion (BHI) broth supplemented with 0.5%
yeast extract (BHI-YE): Suspend 14.8 g of BHI powder and
2 g of'yeast extract in 383.2 mL of deionized water. Sterilize at
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121 °C for 15 min. Allow to cool to room temperature
(RT) before use. Prepare fresh each time.

. Blood agar plates.

. Cell culture flask with vented caps.

. 10 pL sterile disposable inoculation loops.

. Research CO, incubator.

. Benchtop centrifuge.

. Dulbecco’s phosphate buffered saline (DPBS).

. Bacterial fixing solution: 0.5% formaldehyde solution in DPBS.
10.

0.1 M sodium hydrogen carbonate (0.1 M NaHCO3;): Dis-
solve 3.36 g of NaHCOj; crystals in 396.64 mL of deionized
water. Sterilize at 121 °C for 15 min. Allow to cool to room
temperature (RT) before use.

Spectrophotometer.

Cell staining solution: Dissolve 100 mg of 5(6)-
carboxyfluorescein N-hydroxysuccinimide ester (FAM SE) in
10 mL of dimethyl sulfoxide (DMSO) to give a final concen-
tration of 10 mg/mL. Protect from light by wrapping in
aluminum foil.

. Frozen stocks of PBMCs.

. 5 mL round bottom polystyrene tubes.

. Water bath.

. Cell counter, slides, and trypan blue dye.

. Single-color compensation beads.

. RPMI-1640 medium.

. R10 medium: RPMI-1640, 10% fetal bovine serum.

. ICA butfter (DPBS, 1% bovine serum albumin, 50 U/mL

benzonase nuclease): Dissolve 5 g of bovine serum albumin
(BSA) flakes in 495 mL DPBS. Add 100 pL benzonase nuclease
to give 50 U/mL final concentration (se¢ Note 1). Prepare on
day of experiment.

. Zombie NIR™ Fixable Viability Kit: Follow manufacturer

instructions for preparation of the dye.

Anti-human CD45 streptavidin conjugate: Prepare using a
conjugation kit. Follow the manufacturer’s instructions (see
Note 2).

Biotin-SP-AffiniPure F(ab’)2 fragment goat anti-human IgG,
Fcy fragment specific (biotin anti-human IgG).

Fluorescent antibodies:
(a) APC anti-human CD3 antibody (APC).
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(b) APC anti-human CD14 antibody (APC).

(¢) Brilliant Violet 421™ (BV421) anti-human CDI19
antibody.

(d) Brilliant Violet 605™ (BV605) anti-human CD20
antibody.

(e) PE anti-human CD27 antibody (PE).

(f) PerCP/Cyanine5.5 anti-human CD38 antibody (PerCP/
Cy5.5).

(g) Alexa Fluor®™ 594 AffiniPure goat anti-human serum IgA,
a chain specific (AF594).

(h) Brilliant Violet 650™ anti-human IgM antibody
(BV650).

(1) Brilliant Violet 785™ anti-human IgD antibody
(BV785).

Catch buffer: Nuclease- and protease-free water, 10 mM Tris—
HCL 8.0, 1 U RNAsin.

3 Methods

3.1 Pneumococcal
Growth, Fixing,
and Staining

10.

. Streak a loopful of pneumococcal frozen stocks on blood agar.

Incubate for 14-16 h at 37 °C, 5% CO,.

. From the blood agar plates, suspend 10-20 colonies of pneu-

mococcal growth in 10 mL of BHI-YE culture medium in a
50 mL centrifuge tube.

. Transfer the pneumococcal suspension to a cell culture flask

with vented cap (see Note 3).

. Incubate the flask overnight for 14-16 h at 37 °C, 5% CO,

without shaking (se¢ Note 4).

. Pellet pneumococci from the overnight culture at 3000 x g for

5 min, RT.

. Resuspend pneumococcal cells in 10 mL bacterial fixing solu-

tion. Incubate for >4 h at RT.

. Wash pneumococcal cells thrice in 10 mL 0.1 M NaHCO3.

Resuspend cells to ODgg of 0.2 (10 cells/mL).

. Resuspend each aliquot of 10% cells in 495 pL of 0.1 M

NaHCOj;. Add 5 pL of cell staining solution. Incubate for
1 hat37°C.

. Wash stained pneumococcal cells five times in 500 pL of 0.1 M

NaHCO5.

Resuspend stained pneumococcal cells in ICA buffer. Stained
cells can be stored overnight at 4 °C, protected from light.
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3.2 Meningococcal
Growth, Fixing,
and Staining

3.3 ICA
3.3.1 PBMC Thawing

3.3.2 IgG Secretion
and Capture

. Streak a loopful of meningococcal frozen stocks on blood agar.

Incubate for 14-16 h at 37 °C, 5% CO,.

. Harvest cells from the overnight growth into 10 mL bacterial

fixing solution using a sterile 10 pL disposable loop.

. Incubate for >4 h at RT.
. Wash meningococcal cells thrice in 10 mL 0.1 M NaHCO3.

Resuspend cells to ODggp of 0.1 (~107 cells/mL).

. Resuspend each aliquot of 107 cells in 495 pL of 0.1 M

NaHCOj;. Add 5 pL of cell staining solution. Incubate for
1hat37°C.

. Wash stained meningococcal cells at 800 x g for 10 min in

500 pL of 0.1 M NaHCO3.

. Repeat step 6 above four more times.

. Resuspend stained meningococcal cells in ICA buffer. Stained

cells can be stored overnight at 4 °C, protected from light.

. Warm the RPMI-1640 and R10 to RT. Transfer 9 mL of

RPMI-1640 per five million live PBMCs into a 50 mL
centrifuge tube.

. Transfer PBMC vials from —80 °C to a 37 °C water bath.

Check the vials periodically and remove following complete
thawing.

. Immediately after complete thawing, add the PBMC sample

dropwise into the RPMI-1640 medium.

. Pellet the PBMCs at 500 x g, RT for 8 min. Discard the

supernatant.

. Resuspend the PBMCs in 10 mL of ICA buffer.
6. Add 10 pL of the sample to 10 pL of trypan blue dye. Count

the number of cells in this mixture using an automated cell
counter.

. Pellet the PBMCs (from step 5 above) at 500 x g, RT for

8 min. Discard the supernatant.

. Resuspend the PBMCs at a concentration of 3—4 million live

PBMC s per 100 pL in ICA bufter. Store on ice.

. Label 2 mL microcentrifuge tubes as follows:

) “C” for unstained PBMCs.

) “CS” for stained PBMCs (no ICA).

(c) “CE-APC” for fluorescence minus APC control.
) “CE-BV421” for fluorescence minus BV421 control.
) “CF-BV605” for fluorescence minus BV605 control.

(f) “CF-PE” for fluorescence minus PE control.
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(g) “CE-PerCP/Cy5.5” for fluorescence minus PerCP/
Cy5.5 control.

) “CF-AF594” for fluorescence minus AF594 control.
) “CE-BV785” for fluorescence minus BV785 control.
) “CF-BV650” for fluorescence minus BV650 control.
)

“CF-Zombie” for fluorescence minus Zombie NIR
control.

(1) “CS-ICA” for stained PBMCs (ICA).

. Transfer 100 pL of PBMCs to each tube. Store tubes (a)—(k)

above on ice (see Note 5).

. Add 1 pL of Zombie NIR live/dead dye to PBMCs in tube

“CS-ICA”. Incubate at RT for 20 min, in dark.

4. Wash PBMC:s in tube “CS-ICA” with 2 mL ICA buffer.

10.
11.

12.

. Pellet PBMCs in tube “CS-ICA” at 500 x g4, RT for 8 min.

Discard the supernatant.

. Resuspend PBMC:s in tube “CS-ICA” in 100 pL ICA buffer.
. Add 1 pg of the anti-human CD45 Streptavidin conjugate to

PBMC s in tube “CS-ICA.” Mix contents of the tube by gentle
tapping. Incubate on ice for 20 min.

. Repeat steps 4-6.
. Add 1 pL of the Biotin anti-human IgG antibody PBMCs in

tube “CS-ICA.” Mix contents of the tube by gentle tapping.
Incubate on ice for 20 min.

Repeat steps 4 and 5.

Resuspend PBMCs in tube “CS-ICA” in 1 mL of R10. Trans-
fer contents of this tube to a fresh 2 mL microcentrifuge tube.
Label the new tube as “CS-ICA.”

For secretion and capture of IgG, cap the tube tightly and
incubate at 37 °C for 1 h on a tube rotator.

During the 1 h secretion/capture step, prepare the single stain and
fluorescence minus one controls:

1. Vortex the single-color compensation beads. Transfer 1 drop

each (~50 pL) into separate labeled tubes, one tube for each
fluorescent antibody.

2. Add each antibody to its corresponding tube, as follows:

(a) Anti-CD3 APC: 2 pL.

(b) Anti-CD14 APC: 1 pL.
(¢) Anti-CD19 BV 421: 2 pL.
(d) Anti-CD20 BV 605: 3 pL.
(e)

Anti-CD27 PE: 1 pL.
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(f) Anti-CD38 PerCP/Cy5.5: 2 L.

(g) Anti-human IgA Alexa Fluor 594: 5 pL.
(h) Anti-human IgD BV 786: 5 pL.
(i) Anti-human IgM BV 650: 5 pL.

(j) Zombie NIR Live/Dead: 1 pL.

. Incubate the single-stain control tubes on ice for 20 min.

. For the fluorescence minus one controls, add all antibodies

except the APC antibodies to tube “CEF-APC” (see step 1 of
Subheading 3.3.2). Repeat this procedure for other tubes
excluding the relevant antibody for each control. For gating
purposes, add all antibodies to tube “CS.” Incubate all control
tubes on ice for 20 min.

. Wash all bead and PBMC control tubes with 2 mL ICA buffer.

6. Pellet stained beads and PBMCs at 500 x g4, RT for 8§ min.

Discard the supernatant.

. Resuspend stained beads and PBMCs in 750 pL of ICA bufter.

Transfer these into fresh, labeled 5 mL polystyrene tubes. Store
on ice, in dark, until flow cytometry processing.

After IgG secretion and capture, transfer the sample into a fresh,
labeled (“CS-ICA”) tube and proceed with the following steps:

1.

Pellet PBMC:s in tube “CS-ICA” at 500 x g4, RT for 8 min.
Discard the supernatant.

2. Resuspend PBMCs in tube “CS-ICA” in 100 pL ICA bufter.

. Add FAM SE-stained bacteria (at a ratio of 16 bacterial cells to

1 PBMC—see Note 6) to CS-1ICA. Incubate at RT, in the dark,
for 20 min.

. Wash PBMC-bacteria complexes in tube “CS-ICA” with 2 mL

ICA buffer.

. Pellet PBMC-bacteria complexes at 500 x g, RT for 8 min.

Discard the supernatant.

. Resuspend PBMC-bacteria complexes in 74 pL. ICA buffer.

. Prepare a cocktail of all fluorescent antibodies as follows:

(a) Anti-CD3 APC: 2 pL.

(b) Anti-CD14 APC: 1 pL.
(¢) Anti-CDI19 BV 421: 2 pL.
(d) Anti-CD20 BV 605: 3 pL.
(e) Anti-CD27 PE: 1 pL.

(f) Anti-CD38 PerCP/Cy5.5: 2 pl.
) Anti-human IgA Alexa Fluor 594: 5 pL.
) Anti-human IgD BV 786: 5 pL.
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(i) Anti-human IgM BV 650: 5 pL.

(j) Add the cocktail of antibodies to tube CS-ICA (sec Note
7).

. Incubate the “CS-ICA” tube on ice for 20 min, in the dark.
. Wash stained PBMC-bacteria complexes with 2 mL ICA

buffer.
Pellet stained PBMC-bacteria complexes at 500 x g, RT for
8 min. Discard the supernatant.

Resuspend PBMC-bacteria complexes in 750 pL of ICA
buffer. Transfer these into a fresh, labeled 5 mL
polystyrene tube.

Pass PBMC controls and experiment samples through strainers
into fresh, labeled polystyrene tubes to avoid clogging the
sorter.

Gate for live, pathogen-specific plasmablasts as follows:

(a) CD3 negative, CD14 negative.

(b) CD19 positive, CD 20 low/negative.

(c) CD27 high, CD38 high.

(d) IgD negative, IgA negative.

(e) IgM negative, FAM SE positive.

Sort pathogen-specific plasmablasts singly into rows A—-G of a

96-well plate containing 10 pL of catch buffer. Row H will
serve as negative control in downstream PCRs.

Refer to previously published protocols for VH /VL amplifica-
tion and cloning from individual plasmablasts and hmAb
expression [2, 6].

4 Notes

. It is expected that some cell lysis will occur during PBMC

thawing and/or during the assay. Released nucleic acid from
lysed cells leads to cell clumping, which significantly reduces
recovery of single cells available for FACS. We found that
including Benzonase Nuclease (Fisher Scientific, #10725899)
in the assay buffer prevented cell clumping, ensured easy resus-
pension of cells following the wash steps and allowed for full
PBMC recovery at the end of the assay.

. We used the Lightning-Link® streptavidin antibody labeling kit

(Expedeon, #708-0030) and an anti-human CD45 antibody
(BioLegend, #304002).
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3. Growth of pneumococcal strains is variable. Depending on
how many cells are required in downstream applications, mul-
tiple flasks per strain may be required.

4. We find that pneumococcal growth is better with the larger
surface area provided by flasks. Vented caps allow for better
aeration of culture. Satisfactory growth of cultures was
obtained without shaking of flasks.

5. It is important that antibodies are titrated for number of
PBMC:s stained, especially if there are differences in PBMC
numbers between control and experiment samples. Significant
gating issues may arise including inability to visualize certain
populations if the right antibody amounts are not used.

6. We tested four different bacteria-to-PBMC ratios—1:1, 4:1,
16:1, and 64:1. No significant difference was observed
between the 16:1 and 64:1 ratios; both, however, yielded

isolation of significantly higher pathogen-specific plasmablasts
than the 1:1 and 4:1 ratios, as determined by FACS.

7. When analyzing more than one sample, a mastermix of the
antibody cocktail can be prepared.
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Use of Chlamydial Elementary Bodies as Probes to Isolate
Pathogen-Specific Human Monoclonal Antibodies

Christopher L. Pinder, Paul F. McKay, and Robin J. Shattock

Abstract

Chlamydia trachomatisis one of the most prevalent sexually transmitted infectious agents in the world and
the leading cause of infectious blindness. The role of antibodies in the prevention and clearance of infection
is still not fully understood, but the analysis of the immunoglobulin response to novel vaccine candidates is
an important part of many of these studies. In this chapter, we describe a novel method to identify and
isolate Chlamydin-specific memory B cells by fluorescence-activated cell sorting (FACS) using fluorescently
labeled whole bacteria from cryopreserved human PBMC samples. This method allows for live single cells
to be sorted for cell culture, in vitro assays, single-cell RNA sequencing, and cloning of paired heavy and
light chains for recombinant monoclonal antibody production.

Key words Antigen-specific, B cell, Antibody, Chlamydia, Elementary body, Immunoglobulin, IgG

1 Introduction

Chlamydia trachomatis is a Gram-negative intracellular bacterial
pathogen, responsible for over 100 million sexually transmitted
infections a year [1] and nearly 40 million active cases of trachoma,
an ocular chlamydial infection and the leading cause of infectious
blindness [2]. While protective immunity can be developed in the
host by infection, damage caused by the inflammatory response to
the bacteria can cause scarring in infected tissues, resulting in
infertility or blindness [3].

There has therefore been substantial effort to develop a vaccine
to C. trachomatis that would prevent infection and clear the bacte-
ria before damage can occur. Initial work focused on live or atte-
nuated whole-organism vaccination, and while capable of inducing
a protective immune response, this protection was often short-lived
and highly serovar-specific [4, 5]. More recent vaccine designs have
used purified or engineered protein antigens, primarily the immu-
nodominant major outer membrane protein (MOMP), which
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accounts for over 60% of the surface of the elementary body (EB),
the extracellular, infectious form of Chlamydia [6-9].

The immune response to Chlamydia has been equally well
studied, mainly using the related C. muridarum in mouse models.
It has been shown that primary immunity to Chlamydia is reliant
on CD4 T lymphocytes [10, 11], data which is supported by the
observation that CD4-deficient HIV patients are more likely to
develop Chlamydia infection and be affected by long-term sequelae
of infection [12]. The role of antibodies and B lymphocytes in
immunity to Chlamydia is less well defined, although it has been
shown that the presence of specific antibodies at the site of exposure
can prevent infection to the same degree as CD4 T cells [13, 14].

For these reasons, analyzing the antibody response to Chia-
mydin, either from infection with the bacteria or immunization
with a novel vaccine candidate, is of crucial importance. Immuno-
globulin repertoire analysis has been significantly advanced in the
last two decades with new developments in single-cell sorting and
sequencing techniques. It is now possible to analyze the antibody
response on a monoclonal basis, identifying individual antibodies
against a specific immunogen that can be useful for research, diag-
nostics, or design of new and more immunogenic vaccines (Fig. 1).
Fluorescent antigen probes have been of particular use in
pre-screening and enriching for antigen-specific B cells during the
cell sorting process [15-20].

This chapter will outline the use of whole fluorescently labeled
elementary bodies to isolate human memory B cells specific to
C. trachomatis serovars, derived from exposure to both natural
infection with trachoma and to a novel MOMP-based vaccine
antigen.

2 Materials

2.1 PBMG Isolation
and Cryopreservation

2.2 EB Staining

1. Phosphate-buftered saline (PBS).

2. Histopaque-1077 [Sigma-Aldrich].

3. PBS containing 1% bovine serum albumin (PBS /BSA).
4. Pasteur pipettes.

5

. Freezing medium: 90% fetal bovine serum (FBS), 10%
dimethyl sulfoxide (DMSO).

6. Cell freezing chamber.

1. SPG bufter: 200 mM sucrose, 20 mM sodium phosphate,
5 mM glutamic acid.

2. Fixation bufter: 3.7% formaldehyde in sterile purified water.

3. Vybrant™ DiO Cell-Labeling solution [Thermo Fisher
Scientific].
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Fig. 1 Schematic showing process of antibody isolation and vaccine development. Following vaccination with
a novel immunogen, PBMCs are isolated from blood taken from the vaccine recipients and are stained using
fluorescent elementary bodies (EBs) that are prepared concurrently with the PBMCs. This staining allows for
antigen-specific B cells to be sorted and the immunoglobulin genes cloned and produced recombinantly,
where they can be analyzed for affinity, specificity, and neutralization potential. This data can then be used to
design a new immunogen better able to push the humoral immune response toward epitopes that were shown
to be beneficial

4. 1 mL syringe with 27 G needle.

5. C. trachomatis elementary bodies, stored at —80 °C in SPG
buffer.

2.3 Cell Sorting 1. RPMI medium (RO).
2. Amine-reactive viability dye [e.g., Zombie Fixable Viability
Dye from BiolLegend].
3. Fluorescent antibodies against CD3, CD14, CD19, CD27,
CD38, IgG, IgM, IgD, and IgA.
4. 5 mL Polystyrene tubes for FACS.
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5.

35 pm nylon mesh.

6. Compensation beads for antibodies [e.g., CompBeads from

BD Biosciences].

Compensation beads for viability dye [e.g., ArC Amine Reac-
tive Compensation Bead Kit from Thermo Fisher Scientific].

. Cell sorter with suitable number of channels, using a 70 pm

nozzle [e.g., FACSAria III from BD Biosciences].

3 Methods

3.1 PBMC Isolation Due to the nature of human studies, the collection of blood sam-

and Cryopreservation ples is subject to the availability of the individuals to be sampled and
trained phlebotomy personnel. Blood sampling may also take place
a considerable distance from the researchers. Therefore, blood
samples are often processed by isolation and cryopreservation of
peripheral blood mononuclear cells (PBMCs), which can then be
thawed for downstream analysis. This protocol was designed using
cryopreserved PBMC samples ranging in storage time from several
months to over 10 years but could easily be adapted for use on
freshly isolated PBMCs.

1.

Transfer blood samples from collection tubes to 50 mL centri-
fuge tubes and dilute with an equal amount of PBS (se¢ Note
1).

Pipette 15 mL of room temperature Histopaque into a 50 mL
centrifuge tube. Carefully layer no more than 30 mL of the
diluted blood on to the Histopaque layer. Repeat for as many
tubes as needed for the complete diluted blood sample.

Centrifuge the layered blood for 20 min at 800 x g, ensuring
that the brake is disabled.

. Carefully remove the tubes from the centrifuge. Using a sero-

logical pipette, remove as much of the top layer of plasma as
possible without disturbing the thin band of PBMCs below.
The plasma can be discarded or stored for further analysis.

. Using a Pasteur pipette, transfer the thin PBMC layer below

the plasma to a new 50 mL centrifuge tube.

Top up the tube to 45 mL with 1% PBS/BSA and centrifuge
for 10 min at 200 x g at room temperature, with the brake
turned on.

Remove the tube from the centrifuge and pour off the super-
natant. Resuspend the cell pellet in 45 mL of 1% PBS /BSA and
centrifuge for 10 min at 200 X gat room temperature, with the
brake turned on.
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8. Pour oft the supernatant and resuspend the cells in 1 mL of 1%
PBS/BSA. Count the cells using any preferred method.

9. Centrifuge the cells for 5 min at 350 x g at room temperature.
Remove the supernatant and resuspend in freezing medium to
a concentration of 1 x 107 cells/mL.

10. Aliquot the cell suspension into cryovials at a volume of 1 mL
per tube. Place the tubes in a cell freezing chamber and transfer
the chamber to a —80 °C freezer. After 24 h, the tubes can be
moved to a —150 °C freezer or a liquid nitrogen storage vessel.
This allows samples to be stored and shipped prior to down-
stream analysis.

Elementary bodies (EBs) of C. trachomatis should be purified and
quantified (see Note 2) using a preferred in-house method, which
will not be covered here. For the purpose of this protocol, aliquots
containing 107 purified EBs in SPG buffer should be prepared from
astock and stored at —80 °C. Labeled EBs should be prepared fresh
from these aliquots and used for cell staining on the same day.

1. Thaw an aliquot of 107 EBs on wet ice for 5-10 min or until
liquid.

2. Add 1 mL of PBS to the EB sample and transfer to a 1.5 mL
microcentrifuge tube. Centrifuge for 20 min at >20,000 x gat
4 °C (see Notes 3 and 4).

3. Carefully aspirate the supernatant using a 200 pL pipette with-
out disturbing the EB pellet area.

4. Add 500 pL of prepared fixation buffer to the tube and vortex
to resuspend the EBs. Incubate for 20 min at room
temperature.

5. Add 500 pL of PBS to the tube and vortex. Centrifuge for
20 min at >20,000 x gat 4 °C.

6. Carefully aspirate the supernatant using a 200 pL pipette with-
out disturbing the EB pellet.

7. Add 500 pL of PBS containing 1 pL. of Vybrant DiO staining

solution to the EBs. Vortex to resuspend them and incubate for
20 min at 37 °C protected from light.

8. Add 500 pL of 1% PBS /BSA and transfer the EB suspension to
anew 1.5 mL microcentrifuge tube (se¢ Note 5).

9. Centrifuge for 20 min at >20,000 x g at 4 °C. Carefully
aspirate the supernatant using a 200 pL pipette without dis-
turbing the EB pellet.

10. Add 100 pL of 1% PBS/BSA to the tube and vortex to resus-
pend the EBs. Keep this suspension on ice protected from
light.
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3.3 Staining
of Memory B Cells

11.

10.

11.

12.

13.

14.

15.

Immediately prior to use, pass the EB suspension through a
27 G needle 5-10 times to break up any large aggregates.

. Thaw cryopreserved PBMCs by placing the frozen tube

directly into a 37 °C water bath until almost all of the sample
has thawed.

. Transfer the entire sample to a 50 mL centrifuge tube and top

up to 30 mL with room temperature RO media. Add the media
dropwise to the cell suspension using a serological pipette while
gently rocking the tube to mix the contents.

. Centrifuge the cell suspension for 5 min at 500 x gat 4 °C.
. Pour off the supernatant and resuspend the cell pellet in 45 mL

of RO. Centrifuge the cell suspension for 5 min at 500 x g at
4°C.

. Pour off the supernatant and resuspend the cell pellet in 1 mL

of PBS. Count the cells using any preferred method.

. Top up the cell suspension to 45 mL with PBS. Centrifuge the

cell suspension for 5 min at 500 x gat 4 °C.

. Aspirate the supernatant and resuspend the pellet in 100 pL of

PBS. Transfer the cell suspension to a 5 mL FACS tube.

. Add the recommended volume of viability dye based on the cell

count from step 5. Incubate the cells at room temperature for
20 min in the dark.

. Add 1 mL of 1% PBS/BSA to the cells. Centrifuge for 5 min at

350 x gat 4 °C and pour off the supernatant.

Resuspend the cell pellet in the 100 pL of labeled EB suspen-
sion from Subheading 3.2. Incubate the cells at room temper-
ature for 20 min in the dark.

Add 1 mL of 1% PBS/BSA to the cells and centrifuge for 5 min
at 350 x gat 4 °C.

Prepare a master mix containing titrated volumes of fluorescent
antibodies against CD3, CD14, CD19, CD27, CD38, IgM,
IgD, IgG, and IgA, to a total volume of 100 pL, in 1%
PBS/BSA (see Notes 6 and 7).

Pour off the supernatant from the cell pellet and resuspend in

100 pL of the antibody master mix. Incubate for 20 min on
wet ice.

Add 1 mL of 1% PBS /BSA to the cells. Centrifuge for 5 min at
350 x gat 4 °C and pour off the supernatant.

Resuspend in 500 pLL of 1% PBS /BSA. Pass the cell suspension
through a 35 pm mesh to remove cell aggregates prior to

sorting. Keep the cells on ice and in the dark until loading
into the sorter.
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The sorter should be fitted with a 70 pm nozzle for optimal
sorting and viability of human immune cells.

. Set the compensation values for the sort using single-stained

compensation beads for each of the fluorescent antibodies and
the viability dye.

. Use a fluorescence minus one (FMO) control stained with

viability dye and fluorescent antibodies but lacking the
DiO-labeled EBs to set the gates for the sort. Acquire at least
10° events on the cell sorter from the FMO sample (see Note
8).

. To gate for the cells of interest (see Fig. 2), first create a plot

examining FSC-A and SSC-A. Adjust the threshold value of
ESC-A to remove small debris from the analysis, and set a gate
around the lymphocyte population.

. From the lymphocytes, create a plot with FSC-A and FSC-H in

order to define singlets and remove aggregates from the
analysis.

. From the singlet gate, create a plot of CD3/14 and CD19. Set

a gate around the CD19" CD3 /14~ population to identify the
B cells.

. Within the B cell population, create a plot of CD27 and CD38.

Set a gate around the CD27* CD38™ population to identify
memory B cells (MBCs).

. Within the MBC population, create a plot of IgG and IgA. Seta

gate around the IgG™ IgA™ population (see Note 9).

. To remove any mistakenly-gated unswitched memory B cells,

create a plot within the IgG* IgA™ population of IgM and IgD.
Set a gate around the IgM™ IgD™ population to identify the
IgG" MBCs.

Within the IgG™ MBC population, create a plot to show DiO.
Set the DiO" gate immediately above the negative population
shown in the FMO control.

Using these gates, sort the DiO* IgG™ MBC population into a
tube or plate containing a buffer dependent on downstream
analysis, such as culture media or RNA preservation buffer (see
Note 10).

4 Notes

. Dilution of blood is needed to reduce the density of the sample

so as to not “overload” the Histopaque layer and reduce
PBMC recovery. If the blood sample has been kept for several
hours before PBMC isolation, it may be necessary to increase
the dilution with PBS to 2:1 to counter potential aggregation.



26 Christopher L. Pinder et al.

< ] <
@ — 3 —»3
o ] g w
1 : | 1 ]
I T T — T e e =
Live/Dead
3 - ¥
EC” ] +— g1 4+ ES ]
4 0 oJ
i i i
' 1 = 1 ! -
1 3
5] —> 3]
i i
IgM DiO EBs

Fig. 2 Gating strategy for identification of EB-specific IgG memory B cells. Lymphocytes are first gated on an
FSC-A vs. SSC-A plot, followed by gating of single cells on an FSC-A vs. FSC-H plot. Live cells are then gated
followed by B cells, identified as CD19* CD3/14~. Within the B cell population, memory B cells are gated as
CD27* CD38~. Memory B cells are then selected by Ig isotype of interest, in this case IgG or IgA. IlgM/D*
memory B cells are then excluded before gating of the EB-Di0™ cells

2. Purified EB samples are commonly quantified in inclusion
forming units (IFU) by in vitro assays [21]. However this
method does not count the many noninfectious EBs that will
still be stained by this protocol and will bind to and label cells.
Therefore it is advised to quantify the EBs prior to this protocol
using a method to measure absolute particle number or total
protein.

3. When pelleting EBs during the staining procedure, a micro-
centrifuge with a maximum speed of >20,000 x g should be
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used. However a higher speed rotor with a maximum speed of
>30,000 x g can also be used for a higher recovery of EBs.

. Due to the small size of the EBs, a pellet will not be visible with

the numbers used here. Before loading the tube into the cen-
trifuge, use a marker pen to indicate the side of the tube that
will be facing the outside edge of the rotor where the EBs will
pellet.

. DiO is a hydrophobic dye and requires strong vortexing to mix

into an aqueous solution. It will also adhere to the walls of
microcentrifuge tubes, so after incubation of the EBs with DiO
it is necessary to transfer the EB suspension to a fresh tube to
limit contamination of the labeled EBs with free DiO.

. Both CD3 and CD14 are used to identify abundant non-B cells

in the PBMC sample and as such can be conjugated to the same
fluorochrome in a “dump” channel.

. An IgG antibody should be identified that does not bind to the

antigen-binding portion of the IgG molecule and would
inhibit binding of the EB to the B cell.

. The FMO should be an identically-processed PBMC sample,

thawed and stained concurrently with the experimental sample
(s). However this sample does not need to contain B cells
reactive against C. trachomatis EBs and thus can be isolated
from a control sample, removing the need to use a valuable
experimental sample.

. C. trachomatis—reactive MBCs can also be identified and sorted

from the IgA™ population using a similar gating strategy that
includes removal of IgM" and IgD* MBCs.

If C. trachomatis—reactive B cells are to be sorted for the
purpose of cloning and/or sequencing of the Ig mRNA, the
sorting procedure should take place under RNA-sterile
conditions.
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Computational Antigen Discovery for Eukaryotic Pathogens
Using Vacceed

Stephen J. Goodswen, Paul J. Kennedy, and John T. Ellis

Abstract

Bioinformatics programs have been developed that exploit informative signals encoded within protein
sequences to predict protein characteristics. Unfortunately, there is no program as yet that can predict
whether a protein will induce a protective immune response to a pathogen. Nonetheless, predicting those
pathogen proteins most likely from those least likely to induce an immune response is feasible when
collectively using predicted protein characteristics. Vacceed is a computational pipeline that manages
different standalone bioinformatics programs to predict various protein characteristics, which offer sup-
porting evidence on whether a protein is secreted or membrane -associated. A set of machine learning
algorithms predicts the most likely pathogen proteins to induce an immune response given the supporting
evidence. This chapter provides step by step descriptions of how to configure and operate Vacceed for a
cukaryotic pathogen of the user’s choice.

Key words Vacceed, Machine learning, In silico vaccine discovery, Computational antigen discovery,
Eukaryotic pathogen

1 Introduction

Protein sequences are not random assemblies of amino acids. There
is a precise biological reason why one particular amino acid is
connected to another, which ultimately contributes to a protein’s
distinctive characteristics [1]. Researchers, over the last two dec-
ades, have developed bioinformatics programs that exploit infor-
mative signals or patterns encoded within these amino acid
sequences to predict protein characteristics. Examples of these
characteristics are subcellular localization [2 ], presence and location
of signal peptide cleavage sites [3], and transmembrane topology
[4]. With respect to discovering protein vaccine candidates, no
signal has yet been detected that helps predict a characteristic
signifying a protein’s contributing capacity to a protective immune
response in a host. Consequently, the current computational anti-
gen discovery aspiration is to distinguish those pathogen proteins
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most likely (referred to henceforth as positives) from those least
likely (referred to henceforth as negatives) to induce an immune
response.

Viacceed is the collective name for a configurable pipeline of
linked bioinformatics programs, Perl scripts, R functions, and
Linux shell scripts [5]. It was inspired by the principles of reverse
vaccinology [ 6], whereby antigen discovery starts in silico using the
pathogen genome rather than the traditional culture-based method
of cultivating and dissecting the pathogen itself. Vacceed has been
designed to facilitate an automated, high-throughput computa-
tional approach to predict vaccine candidates against eukaryotic
pathogens given protein sequences [7]. The pipeline uses various
standalone bioinformatics programs to predict various protein
characteristics. Vacceed is grounded on the underlying premise
that there is an expected difference between the set of character-
istics defining positives to those of negatives. These differences are
typically not apparent to an observer and hence applying a rule-
based approach to distinguish proteins is not feasible. Conversely,
machine learning (ML) has the capacity to detect obscure differ-
ences. Vacceed uses a set of ML algorithms trained on protein
characteristics of known positives and negatives to distinguish if a
yet to be classified protein is a positive or negative [8]. So far,
Vacceed has been used in studies to predict vaccine candidates for
Neospora caninum [9] and Cystoisospora suis [10].

This chapter provides step by step descriptions of how to
configure and operate Vacceed for a eukaryotic pathogen of the
user’s choice. A prerequisite for pathogen choice, nonetheless, is a
substantial representation of the pathogen’s proteome in the form
of quality protein sequences.

2 Vacceed Core Background Information

Vacceed can be downloaded from https: //github.com /goodswen /
vacceed /releases. The download package includes a comprehensive
Vacceed User Guide and sample data. Note that Vacceed has been
designed for a Linux operating system and has only been tested on
Red Hat Enterprise Linux 7.5 but is expected to work on most
Linux distributions.

Each data processing stage in the Vacceed pipeline is an inde-
pendent resource, which is built from a central Linux shell script
encapsulating all programs needed to perform specific but related
tasks. Typical tasks include predicting a particular protein charac-
teristic. By default, Vacceed uses seven bioinformatics programs to
predict protein characteristics: SignalP 5.0 [11] (predicts presence
and location of signal peptide cleavage sites using deep neural net-
works); WoLF PSORT 0.2 [12] and TargetP 2.0 [2] (predict
subcellular  localization); TMHMM 2.0 [4] (predicts
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# Example configuration file for the Neospora caninum pipeline (September 2019)

[Resources] < ( Headers denoted by squared brackets |
name‘:——__wVALIDATE,PROGX,PROGA,PROGY,PROGB,EV[DENCE

-~ [Keys precede equal signs ’ )
[Main] [keys ] gns J In most cases, only key values under the
work_dir="$HOME/vacceed" [Main] header need to be modified by user
species_dir="neospora" ‘( e
masi.er_scr1pt="m§lster_sc.rlpt" ) Any key can be used as a variable
log_file="$work_dir/$species_dir_logfile.txt" e.g. ‘$’ character preceding a word denotes
email_url=Joe.Bloggs@staff.edu.au a variable to be substituted by key value

\_on program execution (saves on typing)

vy

[Variables]

proteome_fasta="proteome.fasta"
prot_id_prefix="tr"
proteome_dir="$work_dir/$species_dir/proteome"”
common_dir="$work_dir/$species_dir/pipeline/common_programs"
evidence_dir="$work_dir/$species_dir/pipeline/evidence/output"
resource_dir="[Resources.name]" #do not change

[PROGX] <—— (Resource ]
prog_dir="$work_dir/$species_dir/pipeline/$resource_dir"
script_dir="$work_dir/$species_dir/pipeline/$resource_dir/scripts"
out_dir="$work_dir/$species_dir/pipeline/$resource_dir/output"
[PROGX_files]

train,_file="train1" il ool gheaden i
[Pj{OGX_progr'ﬁmS] - under [Resources] header. No limit to
1“ progx_script . (Resource shell script | number of programs per resource. Each
2="validate_program program is executed in numerical order
[PROGX_arguments]
1="$proteome_fasta $script_dir $out_dir $prog_dir*
2="$prog_dir"

Fig. 1 Extract from a species configuration file

transmembrane domains in proteins); Phobius 1.01 [13] (predicts
transmembrane topology and signal peptides); DeepLoc 1.0 [14]
(predicts eukaryotic protein subcellular localization using deep
learning); and IEDB peptide-MHC binding predictors (MHCI
version 2.17 and MHCII version 2.16.3) [15] (see Note 1).
Observe that each of the seven programs have specific version
numbers on which Vacceed has been tested. There is no assurance
older or newer program versions will work.

The most pertinent file from a user’s perspective is a species
configuration file in a header-key format (see Fig. 1). For example,
[Resources] is the header, and “name” is the key. Text following the
“=" sign is configurable. A suggested convention is to have one
configuration file for each target pathogen. Vacceed is started by
entering only one command in a Linux Shell (or terminal) (e.g.,
perl startup xx, where xxis a user specified code that links Vacceed to
the target pathogen configuration file). No other commands are
required.
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Once Vacceed is started, each resource listed after the “name”
key is consecutively executed. Resource names can be in any order
or even excluded with the exception of VALIDATE (se¢ Note 2)
and EVIDENCE (see Note 3), which must always be the first and
last in the list, respectively. Any key in the configuration file can be
used as a variable replacement in the rest of the configuration file.
That is, a “$” character preceding a word denotes a variable; for
example, $work_dir is replaced by “$HOME /vacceed” through-
out the configuration file on execution.

Typical Vacceed run times are dependent on various factors
including numbers of proteins to process, programs to execute
(resources), computer processors (cores), and the amount of mem-
ory. For example, a test with 500 proteins processed through all
resources completed in 3 h, 21 min, and 17 s using Red Hat
Enterprise Linux Workstation release 7.5, 64 bit kernel, and
32 MB memory with 8 cores; however, the same test without the
resources MHCI and MHCII completed in 23 min and 54 s.
Vacceed takes advantage of multicore processors. By default, the
proteins to process are split into subsets by the number of cores and
then each subset is processed in parallel.

3 Methods

3.1 Running Vacceed
with Sample Data

The Vacceed installation provides sample data comprising a small
collection of Toxoplasma gondii proteins as input. The purpose of
this section is to test the Vacceed installation.

1. Install Vacceed (see Note 4).

2. Edit the species configuration file “toxoplasma.ini” located in
the directory <imstall dir>/vacceed/start/config_dir (where
<umstall_dir> is the directory in which Vacceed was installed).
Under the [Resources| header, remove MHCI and MHCII (see
Note 5).

3. Under the [ Main] header, change the current path assigned to
work_dir to nstall_dir/vacceed/.

4. Under the [Main] header, assign an appropriate e-mail address
to email_url.

5. In a command-line terminal, change directory to install_dir/
vacceed /start.

6. Enter the command: perl startup tg.

7. An e-mail is automatically sent either when the pipeline is
successfully completed or immediately when an error occurs.
Alog file is attached to the e-mail providing details of success or
failure (see Note 6).
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#ID,ada,knn,nb,nn,rf,svm,average_ML_score
BBOV_IV006420,1.000,1.000,1.000,1.000,1.000,0.994,0.999
BBOV_11001970,1.000,1.000,1.000,1.000,1.000,0.983,0.997
BBOV_11005590,0.984,0.667,0.883,0.800,0.604,0.872,0.801
BBOV_1004490,0.403,0.333,0.980,0.200,0.391,0.202,0.418
BBOV_IV002290,0.427,0.667,0.000,0.000,0.463,0.141,0.283
BBOV_I11001400,0.015,0.333,0.764,0.200,0.255,0.121,0.281
BBOV_I11011900,0.000,0.000,0.000,0.000,0.001,0.007,0.001

Fig. 2 Extract from main Vacceed output file “vaccine_candidates”. Where
ID = protein identifier, ada = adaptive boosting, knn = k-nearest neighbor
classifier, nb = Naive Bayes classifier, nn = neural network, rf = random forest,
and svm = support vector machines. vaccine_candidates is a comma-delimited
file containing an ordered list of all machine learning (ML) algorithm scores for
each protein processed (seven in this instance). Each ML algorithm generates
probabilities that the YES and NO classifications are correct, but only YES
probabilities are displayed in the output. The “average ML score” for each
protein is the average probabilities of the YES classifications. The list order is
descending based on “average ML score” value. An appropriate threshold value
(e.g., 0.5) can be compared to the average ML score to determine the relevant
class, positive or negative

8. If' successful, the main output file called “vaccine_candidates” is
created in the directory énstall_dir/vacceed /toxoplasma/pro-
teome. This file contains a list of all processed proteins ranked
on average ML scores (see Fig. 2 and Note 7).

Once the Vacceed installation has been successfully tested, Vacceed
can be configured and operated for a eukaryotic pathogen of the
user’s choice. Neospora caninum is used here for demonstration
purposes.

1. Collect @/l known protein sequences of the target pathogen
into one file (see Note 8). The sequences must be in a FASTA
format with a sequence identifier in the following layout: >xx |
protein Identifier (ID)| text (optional), where xx can be any
characters (e.g., “tr” or “sp” as per UniProt identifiers).

2. Copy the entire template_species directory to a user-named
directory (e.g., neospora).

3. Copy file from step 1 into imstall_dir/vacceed /neospora/
proteome.

4. Copy the species configuration file “toxoplasma.ini” located in
the directory smstall_dir/vacceed/start/config_dir to “neos-
pora.ini”.

5. Add a new line to startup.ini located in install_dir/vacceed/
start/:

nc< Neospora caninum <pipeline<neospora.ini< install_dir/

vacceed/start/config_dir
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3.3 Creating
Pathogen Specific
Training Data

6. Edit neospora.ini to match the following:

work_dir="install_dir/vacceed"

species_dir="neospora"

email_url="your_email@address" (user e-mail address)
proteome_fasta="proteome.fasta" (protein sequence file as per
step 1)

prot_id_prefix="xx" (needs to match the sequence identifier as

per step 1)

7. Modify the [Resources] in neospora.ini, if required. That is,
remove any resource names between VALIDATE and EVI-
DENCE that are not required (e.g., MHCI and MHCII).

8. Change directory to install_dir/vacceed/start in a command-
line terminal.

9. Enter the command: perl startup nc (where “nc” is as per step
5).
10. Check results in “vaccine_candidates” in install_dir/vacceed/
neospora/proteome.

Training data here is essentially the collection of predicted evidence
(referred to henceforth as evidence profiles) from the seven bioin-
formatics programs for those proteins known to be positive or
negative. A training data file called “train_profiles” is provided
with the Vacceed package as part of the T. gondii sample data (see
Note 9). A previous study [8] tested Vacceed with different evi-
dence profiles compiled from different eukaryotic species. It con-
cluded that there is no fundamental difference in evidence profile
patterns; for example, a model trained on one species can be used to
classify proteins from another. This is because the bioinformatics
programs are designed or ML trained for eukaryotes in general.
Therefore, the creation of a pathogen specific training dataset is not
a mandatory step. However, an ideal training dataset is one that
contains the greatest variety of evidence profiles (see Note 10)
irrespective of the source species; for example, quality and variety
are indisputably the most important factors that impact the accu-
racy of ML algorithms [8]. A new or amended training file is
recommended under any of the following circumstances: a bioin-
formatics program is upgraded, that is, it has improved accuracy;
experimentally proved immunogenic proteins become available;
and a new prediction program is added (see Subheading 3.5).

1. Collect as many proteins as possible for the target species that
are known to induce an immune response in the relevant host.
The proteins will represent the “positives” for the training file
(see Note 11).
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2. Collect proteins that 4o not induce an immune response. These
proteins will represent the “negatives” (see Note 12).

3. Create a file (e.g., positives.fasta) containing the positive
sequences in a FASTA format.

4. Create a file (e.g., negatives.fasta) containing the negative
sequences in a FASTA format.

5. Copy the entire template_species directory to a user-named
directory (e.g., training).

6. Copy FASTA files from steps 3 and 4 into install_dir/vac-
ceed/training/proteome.

7. Copy “toxoplasma.ini” to “train.ini”.

8. Add a new line to startup.ini located in install_dir/vacceed/
start/:

train< Neospora caninum <pipeline<train.ini< install dir/

vacceed/start/config dir

9. Edit train.ini to match the following:

work_dir="install_dir/vacceed"
species_dir="training"
email_url="your_email@address" (user e-mail address)
proteome_fasta="positives.fasta" (as per step 3)

prot_id_prefix="xx" (needs to match the sequence identifier)

10. Modity [Resources] in train.ini if required; for example,
remove any resource not installed or required.

11. Change directory to install_dir/vacceed/start in a command-
line terminal.

12. Enter the command: perl startup train (where “train” is as per
step 8).
13. Copy the file “evidence_profiles” from #nstall dir/vacceed/

training/pipeline /evidence /output to nstall dir/vacceed/
training/pipeline /evidence /training_files.

14. Rename evidence_profiles to a user-defined name (e.g.,
neospora_profiles).

15. Add “,YES” to the end of each row in the new training file
(exclude the first row). The “YES” is the required target label
for the positives.

16. Edit train.ini to match the following:
proteome_fasta="negatives.fasta" (as per step 4)

17. Change directory to install_dir/vacceed/start in a command-
line terminal.

18. Enter the command: perl startup train.
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3.4 Creating MHCI
and MHCII
Training Data

19.

20.

21.

22.

23.

Add “,NO” (i.e., the required target label for the negatives) to
the end of each row in evidence_profiles in snstall_dir/vac-
ceed /training/pipeline /evidence /output.

Append the entire contents of the amended evidence_profiles
(except first row) to the new training file (e.g.,
neospora_profiles).

Copy new training file to imstall_dir/vacceed/<new
species> /evidence /training_files where <new species> is the
directory created for the target species (e.g., neospora).

Edit the species configuration file (e.g., neospora.ini) and
change the value of the train_file key under header [EVI-
DENCE] to the new training file (e.g., neospora_profiles) (see
Note 13).

The new training data should be evaluated with techniques
such as k-fold cross validation (sec Note 14) and the ML

algorithm parameters tweaked to improve performance (see
Note 15).

This section is only applicable when using resources MHCI and /or
MHCII and the target pathogen host is not human. By default,
Vacceed uses human alleles (e.g., HLA-A*01:01) for peptide-MHC
binding predictions. The following describes steps required to
setup MHCI for a host other than human (e.g., mouse).

1.
2.

Follow steps 1-4 from Subheading 3.3.

Create a file (e.g., mouse_mchI_alleles) in a comma-delimited
format containing all required mouse alleles and peptide
lengths (e.g., H-2-1Ab,8 where each “allele,length” is on a
separate line) (see Note 16).

. Copy the entire template_species directory to a user-named

directory (e.g., mouse), and then copy FASTA files from
steps 3 and 4 to ustall_dir/vacceed /mouse/proteome.

. Copy mouse_mchl _alleles to install_dir/vacceed /mouse/

pipeline /mhci/alleles.

. Copy “toxoplasma.ini” to “mouse.ini”.

. Add a new line to startup.ini located in install_dir/vacceed/

start/:

m< mouse <pipeline<mouse.ini< install dir/vacceed/start/con-

fig_dir

7.

Edit mouse.ini to match the following:

work_dir="install_dir/vacceed"

species_dir="mouse"

email_url="your_email@address" (user e-mail address)
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proteome_fasta="positives.fasta"
prot_id_prefix="xx" (needs to match the sequence identifier)
allele_file="mouse_mchI_alleles" (located under the resource

[MHCI_files])

8. Modify [Resources] in mouse.ini to “name=VALIDATE,
MHCI”.

9. Change directory to install_dir/vacceed/start in a command-
line terminal.

10. Enter the command: perl startup m (where “m” is as per step
6).
11. Copy mhci_ml.txt from install_dir/vacceed /mouse/pipe-

line/mhci/output to imstall_dir/vacceed /mouse/pipeline/
mhci/training_files.

12. Rename mhei_ml.txt to a user-defined name (e.g., mouse_mbh-
ci_ml.txt).

13. Add “,YES” to the end of each row in the new training file
(exclude the first row).

14. Edit mouse.ini to match the following;:

proteome_fasta="negatives.fasta"

15. Change directory to install_dir/vacceed/start in a command-
line terminal.

16. Enter the command: perl startup m.

17. Add “,NO” to the end of each row in mhci_ml.txt in znstall -
dir/vacceed /mouse /pipeline /mhci/output.

18. Append the entire contents of the amended mhci_ml.txt
(except first row) to the new training file (e.g., mouse_mh-
ci_ml.txt).

19. Copy new training file to mstall dir/vacceed/<new
species>/mhci/training_files where <new species> is the
directory created for the target species (e.g., new_mouse).

20. Edit the species configuration file (e.g., new_mouse.ini) and
change the value of the train_file key under header [MHCI_-
files] to the new training file (e.g., mouse_mhci_ml.txt).

21. Repeat the steps above to create an MHCII training file, but
change mhci to mhcii (see Note 17).

New programs to predict protein characteristics will inevitably be
developed in the future. This section describes how to incorporate a
new program into Vacceed, which essentially is adding a new
resource with the goal of extracting relevant evidence from the
new program output to append to evidence profiles.



38

Stephen J. Goodswen et al.

Fig.

# Example configuration file with new resource (September 2019)
[Resources]
name=VALIDATE,WOLF,TMHMM,PROGRAM_Z,EVIDENCE

[PROGRAM_Z] < must be the same }—

prog_dir="$work_dir/$species_dir/pipeline/$resource_dir"
script_dir="%work_dir/$species_dir/pipeline/$resource_dir/scripts”
out_dir="$work_dir/$species_dir/pipeline/$resource_dir/output"

[PROGRAM_Z _files] I
train_file="possibe_train_file" <— [ A training file only if required )
additional_file="file.txt" «<_

[PROGRAM_Z programs]
1="program_z_script”

[PROGRAM_Z arguments]
1="$proteome_fasta $script_dir $out_dir $prog_dir*

3 Example of new resource added to species configuration file

. Install and test new program with sample data to ensure it runs

successfully from any directory (see Note 18).

. Determine the input requirements and the output format of

new program.

. Add a new resource name (e.g., program_7) in an appropriate

configuration file:

[Resources]

name=VALIDATE, WOLF, TMHMM, PROGRAM_Z, EVIDENCE

4.

Add a new section to the same configuration file. The easiest
way to do this is to copy an existing resource and amend
accordingly (see Fig. 3). The texts highlighted in red are the
only parts expected to be changed.

. Create a new directory in énstall_dir/vacceed/new_species/

pipeline using the same name as the new resource (but in
lowercase; e.g., program_z).

. Create two directories called “output” and “scripts” in the

program_z directory.

. Copy “template_resource_script” from install_dir/vacceed/

new_species/pipeline /common_programs to install_dir/vac-
ceed/new_species/pipeline /program_z.

. Rename “template_resource_script” to a user-named file (e.g.,

program_z_script) (see Note 19).
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Amend program_z_script where it states << Add new pro-
grams here >>. Example:

echo "script_step=\">> executing program_z\"" >> $script_dir/

script$Schr_no

echo "program_z Srequired_input Sout_dir" >> S$script_dir/

script$chr_no || error_exit

10.

where $required_input is the input as determined in step
2.

A generic Perl script called “get_evidence.pl” (located in install_-
dir/vacceed/new_species/pipeline/common_programs) can be
amended accordingly to extract the relevant evidence from the
program_z output file (see Note 20). Alternatively, any program-
ming language can be used to write a program to extract evi-
dence. In such a case, the program name would need to replace
“get_evidence.pl” in program_z_script. Regardless of the extrac-
tion program, evidence needs to be saved in a user-named file
with the suffix “_evd” (e.g., programz_evd in the directory
install_dir/vacceed/new_species/pipeline /evidence /output).

4 Notes

. The bioinformatics programs are third-party and are not part of

the Vacceed package. Furthermore, installation steps for the
third-party programs are not described in this chapter. Most
of the programs provide a ReadMe file with instructions. Even
s0, these installations are still a challenging aspect to preparing
Viacceed ready for use. It is highly recommended to seek the
help of an administrator or an experienced Linux user.

Viacceed checks to see if a protein sequence contains invalid
letters (e.g., characters other than [ACDEFGHIKLMNP
QRSTVWY]).

Vacceed collates relevant, predicted protein characteristics (typ-
ically in the form of numerical values) into one file called
evidence_profiles, that is, contents of all files with the extension
“_evd” in the evidence /output directory are combined as col-
umns into evidence_profiles.

Ensure that each third-party program runs successfully before
testing Vacceed.

The computation takes less than a few minutes depending on
the computer environment to run the test when both MHCI
and MHCII are removed. Furthermore, MHCI and MHCII
predictions on the whole are not accurate [16] (particularly
MHCII [17]) and only marginally contributed to the Vacceed
end result when tested with the 7. gondii sample data [8].
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6.

10.

11.

12.

13.

14.

If Vacceed fails with the test data then it will inevitably fail with
any other data. The expected reason for the failure is installa-
tion issues of one or more of the third-party programs (see
Note 4). The log file may give clues as to which third-party
program(s) is the culprit.

. The ML algorithms used are listed in the configuration file

under the header [ Evidence] and the key “algorithms.”

. It is recommended that 2// known pathogen proteins are pro-

cessed irrespective of protein name or expected function. This
allows for an unbiased approach.

This training file contains 475 positives of mainly T. gondii
proteins (nine are N. caninum). A small selection of these
proteins are known to induce an immune response, but most
are proteins predicted to be membrane-associated or secreted,
that is, proteins exposed to the immune system. There are
501 T. gondii proteins representing negatives, which were
defined by the protein’s predicted subcellular location, that is,
neither membrane-associated nor secreted.

Variety, in this instance from a ML perspective, is having a
generalized selection of proteins in the training file that are
representative of all conceivable types of positive and negative
proteins. For example, with a limited selection, a ML algorithm
may not generalize to evidence profiles not seen when it was
learning (i.e., poorly predicts when given new data).

Finding training proteins for most species is not a trivial task.
The expectation is that a thorough search of the literature will
be required. Even then, there may still be an inadequate num-
ber of examples to create a training file. A suggested compro-
mise is to use positive proteins from a closely related organism
or proteins “expected” to induce or not induce an immune
response. For instance, use proteins known to be exposed to
the immune system (e.g., membrane associated or secreted
proteins) for positives and nonexposed proteins (e.g., proteins
normally located in the interior of the organism) as negatives.

A drawback for collecting negative examples is that a protein
cannot definitively be defined a negative unless it has been
explicitly tested in a laboratory.

The same proteins should never be used for training and eval-
uation. This would introduce biased results. Typically, the
proteins are randomly divided into two sets: one set containing
the majority of data (e.g., 80%) for training and the other set
(e.g., 20%) used to evaluate the trained model’s performance.

k-Fold cross-validation is a resampling statistical method used
to estimate the performance of ML models. The “k£” refers to
the number of groups that a given data sample is to be split; for
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example, tenfold cross-validation indicates the sample data is
split into ten groups. One group in turn is used as a test dataset
and the remaining groups used for training. The average of the
k evaluation scores provides an indication of how the model is
expected to perform when used to make predictions on data
not used during model training.

The distributed version of Vacceed is configured to run ML
algorithms via R functions contained in packages. The algo-
rithms are executed using Rscript. There are three R functions
in install_dir/vacceed /<new species>/evidence that encap-
sulate the relevant command for each algorithm:
<al>_wrapper.R, <al>_runPred.R, and <al>_makePred.R,
where <al> is the algorithm abbreviation. Parameters to fine-
tune the algorithms can be modified in <al>_makePred.R
(e.g., parameters “ntree” and/or “mtry” in rf_makePred.R,
where rf = random forest, ntree = number of decision trees,
and “mtry” = number of variables to try at each split in the
decision tree).

Run the following command to see available class I alleles:
./src/predict_binding.py IEDB_recommended mhc
(only listed alleles can be used).

Run the following command to see available class II alleles:

python mhc_II_binding.py allele (only listed alleles can be

used) .

18.

19.

20.

May need to append new program location to the PATH
variable.

This is a template script only and will need to be edited appro-
priately to suit the new program. There are user comments
denoted by a “#” symbol, but a familiarity with Linux scripting
is expected.

Amending get_evidence.pl requires experience in writing Perl
scripts. Reading step 8 under the section “Adding a new
resource” in the Vacceed User Guide may prove useful when
amending get_evidence.pl.
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Antigen Discovery in Bacterial Panproteomes

Daniel Yero, Oscar Conchillo-Solé, and Xavier Daura

Abstract

There is still a lack of vaccines for many bacterial infections for which the best treatment option would be a
prophylactic one. On the other hand, effectiveness has been questioned for some existing vaccines,
prompting new developments. Therapeutic vaccines are also becoming a treatment option in specific
cases where antibiotics tend to fail. In this scenario, refinement and extension of the classical reverse
vaccinology approach is allowing scientists to find new and more effective antigens. In this chapter, we
describe an in silico methodology that integrates pangenomic, immunoinformatic, structural, and evolu-
tionary approaches for the screening of potential antigens in a given bacterial species. The strategy focuses
on targeting relatively conserved epitopes in core proteins to design broadly cross-protective vaccines and
avoid allele-specific immunity. The proposed methodological steps and computational tools can be easily
implemented in a reverse vaccinology approach not only to identify new leads with strong immune response
but also to develop diagnostic assays.

Key words Computational antigen discovery, Immunoinformatics, Bacteria, Vaccines

1 Introduction

Pathogen antigens are molecules or molecular complexes of a
pathogenic organism that are directly recognized by specific
immune system receptors (e.g., T-cell and B-cell receptors) or
secreted immunoglobulins and that may elicit a host immune
response. Not all antigens are competent immunogens or induce
a protective adaptive response. In fact some pathogens display
antigens whose objective is to misdirect or even suppress the host
immune response. The search for vaccine candidates is therefore
not a “simple” search for antigens but a search for antigens capable
of eliciting a protective memory immune response [1].

The availability of whole genome sequences and corresponding
proteomes for a diversity of strains of each of the main pathogenic
bacterial species promises to accelerate the identification of vaccine
candidates [2]. Thus, the discovery of protein antigens by compu-
tational methods is progressively more reliant on an integrated
analysis of the ever-increasing genomic and proteomic data. At

Blaine A. Pfeifer and Andrew Hill (eds.), Vaccine Delivery Technology: Methods and Protocols, Methods in Molecular Biology,
vol. 21883, https://doi.org/10.1007/978-1-0716-0795-4_5, © Springer Science+Business Media, LLC, part of Springer Nature 2021

43


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-0795-4_5&domain=pdf
https://doi.org/10.1007/978-1-0716-0795-4_5#DOI

44

Daniel Yero et al.

the time of writing, the NCBI database provides more than
200,000 entries for prokaryote genomic sequence data at different
assembly levels, covering almost 7000 species and including multi-
ple strains of nearly all important pathogens (https: //www.ncbi.
nlm.nih.gov/genome/microbes/). A clear example of that is the
causative agent of tuberculosis Mycobacterium tuberculosis, for
which more than 6000 assemblies can be accessed through public
databases, representing a significant global collection of circulating
strains. This flood of freely available genomic information provides
a powerful tool for large-scale genome analyses and pangenome
approaches to identify conserved vaccine antigens [2]. The term
pangenome refers to the entire genomic repertoire of a given
species or higher taxa and it includes both the genes shared by the
genomes of all strains (core genome) and the genes present only in
some strains of a species (accessory genome) [ 3, 4]. Consequently,
the panproteome is the full set of proteins that might be expressed
by a group of related organisms.

The process of conceiving vaccines starting from a pathogen’s
sequenced genome is largely known as reverse vaccinology
[5]. Nearly 20 years after the first reverse vaccinology study ( Nezs-
seria meningitidis serogroup B [6]), this approach has evolved with
a pangenome perspective toward the discovery of universal antigens
[2]. In pangenomic reverse vaccinology, high-throughput in silico
analyses of multiple genomic or proteomic data sets are performed
to identify features that might be predictive of conserved vaccine
candidates [7, 8]. A similar approach may also be applied to identify
vaccine candidates discriminating pathogenic and nonpathogenic
members of a same species or of related species, by performing a
subtractive proteomic analysis on the two groups [7, 9, 10]. The
panproteome of the pathogenic bacteria can also be compared to
the human proteome to exclude antigens that could lead to an
autoimmune cross-reaction [11]. Subtractive genomics and prote-
omics analyses along with reverse vaccinology approaches not only
enable the identification of pathogen-specific antigens but may also
support drug-target discovery projects [12]. The design and pro-
duction of vaccines based on reverse vaccinology has been validated
by the introduction of a successful vaccine against Meningococcus
B strains [13]. This multicomponent vaccine contains three main
surface-associated protein antigens discovered by mining the
genome of N. meningitidis with a classical reverse vaccinology
approach. The antigens were initially selected in silico based on
their subcellular localization and validated in vivo for their ability
to elicit bactericidal antibodies and induce protection in an animal
model [6, 14].

With the progress of immunoinformatics [15], the shortlisting
of proteins on the basis of cellular localization and conservation has
been complemented with their screening for B- and/or T-cell
epitopes by various prediction algorithms. Many reverse
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vaccinology studies have thus incorporated the use of web-based
tools or open-source programs for the identification of epitopes in
the process of selection of potential vaccine candidates [16-
23]. These tools have been integrated to subtractive and reduction-
ist analyses to identify antigenic and immunogenic MHC class I,
MHC class 1I and /or B-cell epitopes present in preselected candi-
dates, potentially eliciting T- and/or B-cell mediated immune
responses. Data-driven and structure-based methods have been
developed for the identification of T-cell antigenic regions or epi-
topes in pathogen proteins, in most cases relying on the prediction
of peptide-MHC binding as a surrogate of TCR recognition
[24, 25]. Data-driven methods for peptide-MHC binding predic-
tion use experimental binding data to infer peptide-sequence motifs
or profiles or to train advanced machine-learning algorithms. There
are also in silico tools for prediction of humoral immunity [24];
however, the identification of B-cell epitopes is still complex since
they can be conformational in nature and discontinuous. The
immune epitope database (IEDB) is a freely available, manually
curated resource that contains epitope-specific experimental assays
and hosts methodologically diverse tools for the prediction and
analysis of both B- and T-cell epitopes [26, 27].

Combination of the genome-based and immunoinformatic
methodology with structural and systems-biology approaches has
consolidated further the standing of reverse vaccinology as a ratio-
nal vaccine design process. The final objective of structural vacci-
nology, beyond its contribution to antigen and epitope
identification, is the rational, structure-based optimization of vac-
cine candidates using three-dimensional data on the antigens, epi-
topes, and their interactions with immune-system components, as
well as on potential scaffolds for antigen engineering [16, 28—
31]. On the other hand, systems vaccinology exploits datasets
retrieved from systems-based studies to facilitate rational design of
safe and efficacious vaccines [32, 33]. This approach combines
results from functional omics (transcriptomics, proteomics, meta-
bolomics, etc.) with data from preclinical and clinical studies and
bioinformatic analyses of large-scale protein—protein interactions or
evolutionary dynamics of antigens.

What makes an antigen a good vaccine candidate is, however, a
matter of fine balances. For example, although conservation is a
desirable property to ensure population coverage, highly conserved
proteins tend to be poor immunogens [ 34, 35]. In contrast, highly
immunogenic, immunodominant epitopes tend to be highly vari-
able [36]. This is not unexpected, since pathogens are naturally
under strong selection within the host and proteins under positive
selection are therefore more likely to be involved in immunogenic-
ity [37]. Currently available sequencing data and bioinformatics
tools enable the assessment of genetic variation of candidate anti-
gens and their epitopes among large amounts of closely related
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strains and species. In this regard, the pattern of synonymous and
nonsynonymous mutations in protein coding sequences can be
exploited as an additional characteristic to identify potential vaccine
candidates. All this said, neither immunogenicity nor immunodo-
minance predict protective immunity [38]. In fact, immunodomi-
nance can be exploited by the pathogen as an immune-evasion
mechanism [39], whereas subdominant epitopes are often more
conserved and may elicit immune responses that, although weaker,
can promote host resistance [40]. As a conclusion, the properties
one should be looking for in trying to identify new antigens for
vaccine design depend greatly on the available knowledge on the
pathogen and its interaction with the immune system.

Here, we present a general methodology for in silico vaccine
candidate discovery in bacterial pathogens (Fig. 1). Ideally, the in
silico candidate selection process should identify antigens present-
ing low failure risks at later, more expensive, vaccine development
stages. Thus, an effective computational pipeline should identify
putative antigens together with their immunogenic potential,
including type(s) of elicited response(s) and their protective poten-
tial or risk of involvement in immune-evasion strategies. While
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Fig. 1 Schematic workflow of antigen discovery from bacterial panproteomes
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many of these aspects cannot be properly addressed yet, we describe
a number of steps and related computational tools that when
properly combined in a pipeline may support the discovery of
new, effective antigens in a bacterial group of interest.

2 Materials

Biological databases mentioned below, widely used and integrated
in reverse vaccinology pipelines, are provided in Table 1. This table
also lists free and open-source tools and software packages that can
be used along with the in silico antigen discovery process. The
utility of some of these tools in specific stages of the process is
detailed in corresponding sections of the methodology, together
with hints for their proper use. A note is also given on whether
these tools can process datasets in a high-throughput manner and
whether they can be implemented in a computational pipeline.

3 Methods

3.1 Selection

of Species and Strains
and Acquisition

of Complete Genome
Nucleotide/Protein
Sequences

The strategy we propose here is divided into four main stages
(Fig. 1): data acquisition, a subtractive proteomic approach and
the steps of filtering and prioritizing candidates. The strategy starts
with the selection of representative genome sequences for an
organism (species) or a group of organisms and their subsequent
analysis. Subtractive proteomics along with classical reverse vacci-
nology is applied for screening core protein antigens conserved
across circulating strains in pathogenic species. To refine the set of
selected candidates, we finally look at proteins that are more likely
to be effective antigens by combining a set of criteria.

This is one of the most important steps in the process. The strains
selected should be representative for the global pathogen popula-
tion. Missing a part of this population may result in a vaccine
ineffective against some pathogen variants. When the genome of
the pathogen is very similar to that of a nonpathogenic organism
(e.g., Burkbolderia pseudomallei vs. Buvkbolderia thailandensis,
N. meningitidisvs. Neisseria lactamica, Enterohemorrhagic Escher-
ichia coli strains vs. nonpathogenic E. coli strains) different organ-
isms or organism subgroups can be included in the analysis in order
to identify antigens specific for the pathogenic set. In some cases,
these antigens will be pathogenicity or virulence factors themselves,
and their immunoblocking (e.g., by a therapeutic vaccine) can be a
valid therapeutic strategy [70].

Genome sequences and annotation data for bacterial species are
available in multiple statuses according to the quality of the assem-
bly: Complete (all chromosomes are present and gapless and there
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Table 1
Bioinformatics tools, web servers, and databases relevant to the antigen discovery pipeline described
herein

CLI
Tool [reference] URL (http or ftp) Description run®
3.1. Selection of species and strains and acquisition of genomic sequences
NCBI genomes https: //www.ncbi.nlm.nih. ~ NCBI complete genomes database Yes
[41] gov,/genome
ENA assembly https://www.ebi.ac.uk/ena/ ENA complete genomes database accession  Yes
search portal data/warehouse /search? portal
[42] portal=assembly
PATRIC [43] https: //www.patricbrc.org Pathosystems Resource Integration Center, Yes
provides integrated data and analysis tools
to support biomedical research on
bacterial infectious diseases
3.2. Comparative analysis
CD-HIT [44] http: //weizhongli-lab.org/  Sequence clustering by similarity, based on ~ Yes
cd-hit/ all vs. all sequence comparison and an
arbitrary cutoff
OrthoMCL [45]  https://orthomcl.org/ MCL clustering of blast searches Yes
orthomcl/
OMA [46] http: //omabrowser.org,/ Score-based clique selection from graphs Yes
standalone constructed by reciprocal best hit of
all vs. all genome/proteome comparisons
Complete Selection of complete graph constructed by  Yes
Reciprocal Best reciprocal best hit of all vs. all genome/
Hit [47] proteome comparisons
3.3.1. Annotations: Protein function
UniProt [48] https: //www.uniprot.org Main site for protein sequence and functional Yes
information
NCBI gb file https: //www.ncbi.nlm.nih.  Complete genome annotated file used as Yes
[41,49] gov,/genome source of all required data
3.3.2. Annotations: Subcellular localization
PSORTD [50] https: //www.psort.org/ Bacterial cellular localization prediction tool Yes
psortb/
3.3.3. Annotations: Protein solubility related data
TMHMM [51] http: //www.cbs.dtu.dk/ Prediction of transmembrane helices Yes
services/TMHMM /
FoldIndex [52] https: //fold.weizmann.ac.il/ Prediction of unfolded /unstructured Yes
fldbin /findex regions
Aggrescan [53] http://bioinf.uab.es/ Prediction of aggregation hot spots Yes
aggrescan,/
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Table 1
(continued)
CLI
Tool [reference] URL (http or ftp) Description run®
SSpro/ACCpro http: //scratch.proteomics. Surface accessibility prediction Yes
[54] ics.uci.edu
3.4.1. Epitope prediction: MHC binding affinity
IEDB [55] http: //tools.iedb.org/main/ Multiple methods for Epitope prediction Yes
teell/
NetMHCpan [56]  http: //www.cbs.dtu.dk/ Peptide-MHC Class I interaction predictions Yes
services/NetMHCpan/ integrating eluted ligand and peptide
binding affinity data
NetMHCIIpan http: //www.cbs.dtu.dk/ Peptide-MHC class II binding prediction Yes
[57] services/NetMHCIIpan/
NetMHCcons [58] http: //www.cbs.dtu.dk/ A consensus method for MHC class T Yes
services/NetMHCcons/ binding predictions
3.4.2. Epitope prediction: Structure-based antibody-binding regions
BEPPE [59] http://bioinf.uab.es/ Prediction of antigenic B- and T-cell epitopes No
BEPPE/ via Energy Decomposition Analysis
EDP [60] Prediction of protein-protein interaction No
sites using electrostatic desolvation profiles
3.5. Similarity with human proteins
NCBI https: //blast.ncbi.nlm.nih. Sequence similarity search vs. human Yes
Blast vs. human gov/ genome
(11]
3.6. Antigen variability and epitope conservation among different genomes
Distmat http: //www.bioinformatics.  Distance methods Yes
(EMBOSS) [61] nl/cgi-bin/emboss/
distmat
MEGAX [62] https: //www.megasoftware.  Distance methods Yes
net/
PVS (Protein http://imed.med.ucm.es/ Site-by-site amino acid diversity No
Variability PVS/
Server) [63]
DnaSP [64] http: //www.ub.edu/dnasp/ Distance methods No
PAML package http://abacus.gene.ucl.ac. Site-to-site variation in synonymous Yes
[65] uk/software /paml.html substitution rate (Codeml)
HyPhy package https: //hyphy.org/ Site-to-site variation in synonymous Yes
[66] substitution rate (REL) and

(continued)


http://scratch.proteomics.ics.uci.edu/
http://scratch.proteomics.ics.uci.edu/
http://tools.iedb.org/main/tcell/
http://tools.iedb.org/main/tcell/
http://www.cbs.dtu.dk/services/NetMHCpan/
http://www.cbs.dtu.dk/services/NetMHCpan/
http://www.cbs.dtu.dk/services/NetMHCIIpan/
http://www.cbs.dtu.dk/services/NetMHCIIpan/
http://www.cbs.dtu.dk/services/NetMHCcons/
http://www.cbs.dtu.dk/services/NetMHCcons/
http://bioinf.uab.es/BEPPE/
http://bioinf.uab.es/BEPPE/
https://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/
http://www.bioinformatics.nl/cgi-bin/emboss/distmat
http://www.bioinformatics.nl/cgi-bin/emboss/distmat
http://www.bioinformatics.nl/cgi-bin/emboss/distmat
https://www.megasoftware.net/
https://www.megasoftware.net/
http://imed.med.ucm.es/PVS/
http://imed.med.ucm.es/PVS/
http://www.ub.edu/dnasp/
http://abacus.gene.ucl.ac.uk/software/paml.html
http://abacus.gene.ucl.ac.uk/software/paml.html
https://hyphy.org/

50 Daniel Yero et al.

Table 1
(continued)
CLI
Tool [reference] URL (http or ftp) Description run®
Datamonkey 2.0  https: //www.datamonkey. A web interface to run HyPhy standard No
[67] org/ analyses
PHYLIP package  http://evolution.genetics. Phylogenies (evolutionary trees) by the Yes
[68] washington.edu/phylip. parsimony algorithm
html
PhyML [69] http: //www.atgc- Phylogenies (evolutionary trees) based on  Yes

montpellier.fr/phyml/

the maximum-likelihood principle

*The software can be run through a Command Line Interface (CLI) and can be therefore integrated in a computational
pipeline for the automation of the entire process

3.2 Comparative
Analysis

are no unplaced scaffolds); Chromosome (a chromosome is present
but can have gaps, unplaced scaffolds or contigs); Scaffold (some
contigs are joined); and Contigs (assembled sequences are uncon-
nected and unlocalized). Thus, the number of genes and coding
sequences (CDSs) of different genomes of the same species can
show artifactual differences, making the selection of proteins pres-
ent in all strains of the species (core proteome) or specific for a
selected group practically impossible. To circumvent this problem,
the strains of a species with CDS number and genome size deviat-
ing largely from those of strains with “Complete” status need to be
removed from the initial panel of strains. At the same time, a
maximum allowed number of contigs and a minimum N50 should
be used for strains with “Contigs” or “Scaffold” status, to ensure a
minimum quality of the genomes used.

How this step is completed will highly depend on the source
(s) for the genome sequences. Although many databases exist, in
Table 1 we list the three main ones. We recommend NCBI gen-
omes [41] since it usually contains the largest number of species/
strains and one can retrieve data in an unattended manner (with
scripts) following the same steps that one would perform interac-
tively through a web browser, thus allowing the combination of
both retrieval options.

In the previous step all selected genomes were downloaded, prefer-
ably in a full gene bank format. Corresponding files will contain the
full genome sequence with all annotated genes and their associated
features, in a way that is easy to manually visualize and automatically
extract for later processing (i.e., gene and protein sequences and
annotated data such as protein function or their database links).
Comparative analysis is then done at the CDS level, determin-
ing the protein orthologous groups with sizes ranging from the
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total number of organisms used (core-proteome) to one (genome-
specific protein). This can be done with several programs, of which
we propose three in Table 1 that are representative for different
methods used in available software [44-46]. We recommend a
complete-graph-based reciprocal-best-hit method (e.g., [47])
since, in addition to determining the orthologous groups, it will
facilitate the removal of paralogs (the presence of paralogs is hinted
by the generation of noncomplete graphs) and the identification of
proteins truly specific of a subgroup of genomes (see below).

When the objective is to select orthologous groups made of pro-
teins present only in a defined subgroup of genomes (e.g., patho-
gens), only complete graph—-based methods are recommended.
Due to the way each method determines the orthologous groups,
neither arbitrary similarity thresholds nor Markov clustering
(MCL) nor similarity-based clique methods, where similar proteins
may end up in different clusters, will guarantee the “non-presence”
of similar proteins in other organisms. When using any of the latter
three methods, one may have the temptation to calculate the core
proteome for the whole panel of strains, then calculate the core
proteome for a selected subgroup and finally subtract the first result
from the second. Note that when doing this, all proteins in the
resulting list will be in all members of the selected subgroup and
will not be in all members of the full panel (as intended) but may
still be present in some members of the full panel that do not
belong to the selected subgroup.

All available data for each protein has to be taken into account. This
data will be crucial when the final selection is made, not only to
decide if the protein is a good vaccine candidate but also to deter-
mine if, with ease, it can be produced in vitro and purified.

It may be extracted from different sources, but since UniProt [48]
contains almost all available data for each protein, it is our primary
source for annotations. From here, Gene Ontology (GO) codes
[71], Pfam domains [72], and Interpro data [73] can be assigned to
cach orthologous group. Lately, many proteins have been removed
from UniProt due to redundancy issues, but it is highly probable
that at least one protein per orthologous group remains in the
database, and its annotated data may then be made extensive to
all other members of the orthologous group. If this were not the
case, some functional data can be extracted from the initially down-
loaded gene bank file.

The analysis of subcellular localization has been central to reverse
vaccinology since its conception [6]. It is important to select pro-
teins that are accessible to antibodies on the pathogen’s surface if
one is looking for humoral immunity. Although modern vaccine
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3.3.3  Protein Solubility

3.4 Epitope
Prediction

3.4.1 MHC Binding
Affinity Analysis

research considers all potential actors in an immune response, the
pharmaceutical industry has traditionally considered the ability of a
vaccine preparation to induce complement-mediated in vitro killing
of the targeted bacteria to be an essential condition, as this tends to
correlate with vaccine efficacy in humans [5, 74]. Subcellular locali-
zation can be predicted, for example, with PsortB [50], which
stands as one of the most reliable applications for this matter.

Apart from the annotated data it is important to have information
on structural features and physical-chemical properties. Selection of
a protein that is not soluble or that will give problems in the
production and purification process should be avoided. Likewise,
selection of an epitope that is highly hydrophobic or has a propen-
sity to aggregate for peptide production should be also avoided.

These issues can be addressed by prediction of transmembrane
helices [51], aggregation propensity [ 53], surface accessibility [ 54 ],
and unstructured regions [52]. The information provided by these
analyses can be very valuable for the prioritization of predicted
antigens and epitopes.

In general, we identify a protein as a potential antigen through the
prediction of epitopes. Currently, we may predict protein fragments
binding to MHC class I or MHC class II molecules as well as
protein regions physicochemically amenable to the binding of anti-
bodies. The accuracy of predictors may in some cases exceed 80%
(particularly for MHC class I), but one should rather count on an
average performance of 70%, and even that may be very optimistic
depending on the alleles involved. Peptide processing predictions
may be used to enhance the accuracy of MHC class I binding
predictions [75], although when dealing with bacterial pathogens
one will be more often interested in MHC class II binding, which
predictions are per se less reliable. The prediction of TCR recogni-
tion is in its infancy and no reliable prediction tools exist yet.

There exist several methods and programs for this purpose. The
IEDB database offers a tool implementing several of these methods
for both MHC class I and II peptide binding prediction [55]. We
recommend this tool, as it ranks amongst the best in terms of
accuracy and provides a common interface for class I and II input
and output, allowing the test of different methods using the same
input data and reading the results in the same format. If a local run
is required, we usually use standalone programs implementing
NetMHCpan methods for both MHC class I and 11 [56, 57]. For
MHC class I, the software NetMHCcons implements multiple
prediction methods and presents a consensus as a result [58]. How-
ever it is slower, more complex to install and uses an older version
of the NetMHCpan method.
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The repertoire of MHC molecules and their frequencies varies for
different human population groups; therefore, an adequate selec-
tion of the relevant HLA alleles should be made if a specific popu-
lation is targeted. The Allele Frequency Net Database [76] can be
used to select the appropriate alleles in such cases. Otherwise,
IEDB provides two lists for MHC class I and II allele frequencies
and reference sets with maximal population coverage [77-79].

B-cell epitopes are not necessarily lineal and continuous but may
include amino acids far from each other in the protein sequence.
There are no good data-driven predictors of B-cell epitopes, and
one generally needs to resort to structure-based methods predict-
ing protein regions susceptible of binding to other proteins, for
example an antibody. Here, we propose two structure-based meth-
ods BEPPE [59] and EDP [60] that have been successfully used to
predict antibody epitopes in a series of studies on B. pseudomallei
antigens [80-83]. These methods use relatively inexpensive
approximations (compared to, for example, molecular dynamics
simulations [84]) to evaluate the internal energy distribution and
topology of the protein or its surface desolvation free energy and
predict from these quantities the regions more likely to bind an
antibody (or other protein). Since they require the structure of the
protein and a nonnegligible computation time, they cannot be used
in a high-throughput manner. However, they have proven very
helpful to validate potential candidates and eventually assist antigen
redesign.

It has been suggested that linear B-cell epitopes found in pathogen
proteins do not share in general any sequence identity with human
proteins, and when they do it is always with proteins known to be
autoantigens [11]. In any case, clearly, one should avoid the selec-
tion of antigens including epitopes with any significant similarity to
a human sequence. Every potential antigen candidate should be
therefore screened against the whole human proteome and any
matching region annotated for later evaluation.

To avoid the selection of candidates that may lead to an
immune cross-reaction against bacteria of the human microbiome,
one may include in the initial subtractive analysis (see Subheading
3.2.1) at least one genome of those species (or serotypes within a
species) known to be phylogenetically close to the target species
(or serotype) and part of the human microbiome. For example,
when targeting Enteropathogenic E. coli one should include in the
analysis a number of genomes representative of commensal E. cols
strains and preselect proteins not common to the two groups.
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3.6 Antigen
Variability and Epitope
Conservation Among
Different Genomes

As already mentioned, an ideal vaccine would be based on con-
served antigens eliciting a protective memory immune response. In
this regard, antigen variability resulting from bacterial genetic
diversity is a major obstacle to vaccine broad-spectrum efficacy
[85]. The availability of multiple genomic sequences from different
strains of the same pathogenic bacterial species greatly facilitates the
analysis of sequence variability in vaccine candidate encoding genes.
Sequence variability in multiple alignments of ortholog protein
sequences may be calculated as a simple percentage of the number
of variable positions in the alignment or, better, as the average
amino acid identity (overall uncorrected p-distance). However,
when variation among sequences is large and the alignment algo-
rithm inserts gaps, these simple methods will inaccurately estimate
antigen diversity in a bacterial population. To identify conserved
epitopes, the gaps are often removed and the ungapped multiple
alignments are used for further analysis. Distance methods for the
analysis of multiple sequence alignments can be found in many
open source software and freely available packages (see Table 1).
The analysis of amino acid diversity can be also done site-by-site by
estimating the absolute site variability within a multiple sequence
alignment. PVS (Protein Variability Server) is a web-based tool that
provides absolute sequence variability estimates per site in multiple
sequence alignments in terms of Shannon entropy, Simpson diver-
sity index and Wu-Kabat variability coefficient [63]. Shannon
entropy has been used to assess the sequence variation of viral
proteomes in reverse vaccinology approaches [86].

The study of antigenic variability can be also approached from
phylogenetics, since the large diversity found in bacterial pathogens
has partly emerged as an evolutionary strategy to evade host immu-
nity. The ability of bacteria to constantly and rapidly evolve by
natural selection via recombination and mutation has shaped the
high diversity found in protein antigenic regions [87]. Genome-
wide evidence for positive selection and recombination in bacterial
genomes has demonstrated that genes coding for putative antigens
and virulence factors are prone to natural selective pressure [88—
91]. Nonsynonymous mutations are translated into differences at
protein level and can directly affect protein function and their
recognition by the immune system receptors. Therefore, the pro-
portion of synonymous and nonsynonymous differences can be
used to test the action of natural selection on protein-coding
genes and it has been widely used as an indicator of positive
(Darwinian) selection. DnaSP (DNA Sequence Polymorphism)
and MEGA (Molecular Evolutionary Genetics Analysis) are freely
available software packages for the analysis of sequence polymorph-
isms using multiple sequence alignments [62, 64]. They can esti-
mate sequence diversity and several measures of DNA sequence
variation within populations in synonymous or nonsynonymous
sites.
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The proportion of sites under selection in a sequence alignment
is a sign of how the evolutionary forces are acting on the sequence;
however, for a given gene only a small fraction of codon positions
will be subject to strong positive selection pressure. This may
happen, for instance, in pathogen epitopes where certain positively
selected codons may lead to escape variants able to evade the
immune system [30, 92, 93]. The most widely used methods for
the identification of sites under positive selection estimate the rates
of fixation of nonsynonymous and synonymous mutations at each
codon site based on maximume-likelihood substitution models.
Site-to-site variation in selection pressure across coding regions
can be analyzed with the popular software HyPhy [66] and
PAML [94]. The Codeml program of PAML and REL methods
in HyPhy constitute very similar approaches for site-to-site selec-
tion analysis [95]. These methods take phylogenies into account;
therefore, in order to conduct the analysis one needs a multiple
sequence alignment and a corresponding phylogenetic tree. Accu-
rate phylogenies can be constructed using the DNAPARS program
(parsimony algorithm) in the PHYLIP package or the PhyML
program (maximum likelihood) [69]. However several other algo-
rithms can be employed to do the same. Prior to the selection
analysis, recombination signals between sequences in the alignment
of orthologous sequences should be detected, because recombina-
tion events have a profound effect on evolutionary inferences and
on the identification of codon sites under positive selection
[96]. The GARD algorithm implemented in the HyPhy package
uses a genetic algorithm to screen multiple sequence alignments for
recombination and identify putative recombination breakpoints
[97]. Once recombination has been identified, it is necessary to
split the alignment into nonrecombinant sequence fragments and
the selection analyses can be run separately for each fragment
[95]. Figure 2 provides as an example a sequence conservation
analysis for two candidate proteins predicted as pathogen-specific
antigens in B. pseudomallei [16], pathogenic gram-negative bacte-
ria responsible for melioidosis. This analysis showed that the pro-
tein BPSL1626 is highly conserved in this species [16], but the
protein BPSS1727 suffers extensive variability because it is subject
to recombination and selection pressure. The figure also shows a
pipeline proposal for genome-wide identification of positive selec-
tion and recombination in bacterial pangenomes.

Most of the programs used in the antigen-identification protocol
presented here have a command line interface or are accessible as
web services and can be run in a noninteractive mode, facilitating
their inclusion in a pipeline for the automation of the entire pro-
cess. It is thus possible to script the whole sequence of tasks so that
after the selection of species/strains no additional user intervention
is required. The output of such a pipeline will be a final list of
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Fig. 2 Proposed stages for genome-wide identification of positive selection and recombination in bacterial
pangenomes (a). Sequence conservation analysis for two Burkholderia pseudomallei candidate proteins
(BPSL1626 and BPSS1727) in 344 strains (b). Asterisks indicate positively selected sites. Same color in the
graphic background indicates same recombination fragments

candidate proteins with their properties for the user to evaluate.
The fact that all programs are independent and a large number of
proteins may be examined prompts for straightforward paralleliza-
tion of proteins/tasks so that if a computer cluster is available the
entire process can be completed in a very acceptable time.

4 Conclusions and Key Challenges

The classical in silico reverse vaccinology strategy has been widely
used for the identification of surface-exposed and secreted extracel-
lular proteins as potential candidates for vaccines seeking to pro-
mote a dominantly humoral immune response. This simple analysis
may be further complicated by the incorporation of computational
methods to identify B-cell epitopes, often conformational and dis-
continuous in nature, in candidate proteins. Most methods for the
prediction of B-cell epitopes require the three-dimensional struc-
ture of the antigen [25]. The recognition of specific protein frag-
ments as T-cell epitopes (both HLA class I and HLA class II
restricted ) has been also successfully integrated into antigen discov-
ery pipelines. Although HLA (particularly HLA class I) epitope
prediction is more advanced and reliable than that of B-cell epitope
prediction, HLA presentation does not guarantee TCR recogni-
tion. This results in a systematic overprediction of T-cell epitopes
(false positive epitopes), in addition to the usual limitations of
predictors based on far from perfect experimental datasets
[25]. Therefore, we recommend combining different HLA epitope
prediction algorithms and selecting those epitopes showing a rela-
tive consensus. As mentioned, for HLA class I preliminary
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predictions of antigen processing may be performed. In addition,
depending on the specific pathogen, its immunology and the target
community, one needs to consider the set of relevant HLA alleles
and the accuracy of corresponding predictors, which go from rea-
sonably good to very poor depending on the amount of experimen-
tal data available for their training. The accuracy of the predictor for
every particular allele should be documented in the program.

When dealing with multiple strains in a pangenome approach,
the selection of genomes for subsequent analysis should pay caretul
attention to data quality and the representativeness of the sample.
Strain selection should represent as much as possible the global
pathogen population. If strain selection is biased towards a particu-
lar lineage or genotype, this will lead to an overestimation of the
size of the core genome and an underestimation of antigen varia-
bility. The quality of the genome sequences is also critical. Low
quality genome assembly and annotation can lead to data loss
during comparative genomics analysis and a decrease in the propor-
tion of core genes. To avoid the loss of an orthologous group due
to incomplete genome sequences in the sample, one option is to
make the core genome search less restrictive. For example, by
applying a cutoff value for gene prevalence in the sample close to
100% or simply defining core genes as those genes that are present
in all strains except one or two (soft core proteome). Recently, a
strategy based on the prevalence of essential genes to remove
genome sequences with poor or low coverage has been reported
[8]. The presence of paralogous gene families in the sample also
complicates the computational determination of the core genome
and hinders an accurate estimation of sequence variability and the
proportion of sites under selection. In addition, paralog genes
encoding proteins appear to play a role in DNA recombination
and antigenic variation [98-100]. All things considered, it is rea-
sonable to filter out any cluster containing paralogous genes from
the list of candidate antigens.

Most antigen discovery strategies are aimed at the selection of
conserved epitopes in pathogen proteins. Theoretically, an ideal
vaccine should provide a broad coverage. From an evolutionary
perspective, conserved antigens are often assumed to be less immu-
nogenic than highly variable ones [101]. In other words, immuno-
dominant antigens are frequently also the most variable. Studies of
vaccine antigen diversity in natural populations have revealed
regions of proteins under selective pressure as immune-system
targets [14, 102, 103]. Conversely, other studies have identified
and validated highly conserved and protective bacterial vaccine
antigens [8, 104]. In light of this, sequence variability (as many
other properties) cannot be straightforwardly used as a criterion for
antigen prioritization but must be evaluated as per case. Neverthe-
less, extensive variability in a protein alignment should be a suffi-
cient sign to filter out a protein during the selection process.
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Finally, the selection of candidates to pass on to experimental
evaluation will depend on knowledge (the more the better) on the
pathogen, its interaction with the host immune system and the
nature of the desired immune response(s), which in turn will
depend on the purpose of the vaccine (prophylactic or therapeutic).
Often, it is a good idea to rank the list of candidates according to
different sets of criteria, including apparently more mundane issues
such as everything around ease of production, solubility, stability,
and other properties of the proteins or peptides that might be
relevant to manufacturing and even dispensing the vaccine. The
prioritization of a given protein or set of proteins over others in the
initial in silico steps of reverse vaccinology remains challenging.
Even so, the reductionist nature of the approach results in a rela-
tively manageable number of rationally selected potential vaccine
candidates amenable to experimental evaluation.
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Alphavirus-Based Antigen Preparation

Kenneth Lundstrom

Abstract

Alphavirus-based vectors present an efficient approach for antigen preparation applied for vaccine develop-
ment. Semliki Forest virus, Sindbis virus, and Venezuelan equine encephalitis virus have been engineered
for high-level expression of antigens targeting infectious diseases and tumors. Alphaviruses possess a large
application range as vectors can be delivered as naked RNA replicons, recombinant viral particles, and
layered DNA plasmids. Immunization studies in animal models have provided protection against challenges
with lethal doses of pathogenic infectious agents and tumor cells. So far, a limited number of clinical trials
have been conducted for alphavirus vectors in humans.

Key words Alphavirus vectors, Immunization, Viral vaccines, Cancer vaccines, Protection against
lethal challenges

1 Introduction

Alphaviruses belong to the family Togaviridae consisting of a posi-
tive sense single-stranded RNA (ssRNA) genome encapsulated in a
capsid protein covered by a membrane envelope structure [1]
(Fig. 1). Among the approximately 30 alphaviruses, Semliki Forest
virus (SFV) [2], Sindbis virus (SIN) [3], and Venezuelan equine
encephalitis virus (VEE) [4] have been engineered as vectors for
recombinant gene expression. Typically, three types of expression
vector systems have been developed, represented by replication-
deficient viral particles, replication-proficient viral particles, and
layered DNA/RNA plasmid vectors [5]. The common feature of
all three systems relates to the presence of the alphavirus nonstruc-
tural genes, which makes these vectors self-replicating and resulting
in high-level RNA replication in infected cells with extreme trans-
gene expression. In the case of recombinant particles, in vitro RNA
is transcribed from plasmid DNA, electroporated into mammalian
host cells, preferentially baby hamster kidney (BHK) cells, and
mature viral particles are harvested. In contrast, layered
DNA/RNA vectors where the SP6 RNA polymerase promoter
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Fig. 1 Structure of alphavirus particle. In alphavirus particles, the genomic
single-stranded RNA is surrounded by the capsid protein, the membrane, and
envelope spike protein trimers consisting of E1, E2, and E3 (only for SFV)
glycoproteins

has been replaced by a CMV promoter allows for direct transfec-
tion/immunization with plasmid DNA [5]. Alphavirus vectors
have demonstrated a favorable flexibility related to immunization
as delivery is possible as naked RNA replicons, recombinant viral
particles, and DNA plasmids.

In the context of immunization studies in animal models, VEE
particles expressing the hemagglutinin (HA) gene from the Hong
Kong influenza A isolate A/HK/156/97 protected vaccinated
chicken against challenges with lethal doses of influenza virus
[6]. In another approach, immunization of mice with SFV particles
expressing the HA and nucleoprotein (NP) genes provided protec-
tion against influenza virus challenges [7]. In the context of Lassa
virus vaccine development, VEE particles expressing Lassa virus
glycoproteins of distantly related clades I and IV from a bicistronic
VEE vector with two 268 subgenomic promoters were subjected to
immunization studies in mice, resulting in protection against chal-
lenges against Lassa virus [8]. Moreover, VEE particles expressing
the Ebola virus NP (EBOV-NP) and EBOV glycoprotein
(GP) rendered both immunized mice and guinea pigs resistant to
challenges with lethal doses of EBOV [9, 10]. In another study,
vaccination of primates with VEE particles resulted in protection
against intramuscular and aerosol challenges with EBOV
[11]. Related to RNA-based delivery, in a comparative study, syn-
thetic mRNA and self-amplifying VEE RNA expressing influenza
HA both provided protection against influenza HA challenges, but
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64 times less self-amplifying VEE RNA (1.25 pg) was required
compared to synthetic mRNA (80 pg) [12]. In the context of
plasmid DNA-based delivery, a single intramuscular immunization
of a SIN DNA vector expressing the herpes simplex virus type I
glycoprotein B (HSV-1-gB) protected mice from lethal HSV-1
challenges [13]. Moreover, SIN DNA-based expression of the
p85 antigen generated long-term protection against Mycobacte-
rium tuberculosis in mice [14]. One aspect of utilizing alphavirus
DNA replicons instead of conventional DNA plasmids for immuni-
zation relates to the much lower dose needed for reaching the same
level of response [15, 16]. For example, 100- to 1000-fold lower
doses of SIN-HSV-1-gB elicited strong immune responses and
protection against lethal HSV-1 challenges in mice [13].

Related to cancer vaccines, reduction in tumor volume (87%)
and significantly prolonged survival were observed after adminis-
tration of SFV particles expressing interleukin-12 (IL-12) in a
syngeneic RG2 rat glioma model [17]. Moreover, tumor cell repli-
cation was targeted by intraperitoneal administration of SFV parti-
cles carrying six micro-RNAs (miRNAs), which resulted in glioma
targeting, limited spread in the central nervous system, and signifi-
cantly prolonged survival in BALB/c mice with tumor xenografts
[18]. In another study, the naturally oncolytic M1 alphavirus was
evaluated in a liver tumor model resulting in selective killing of
zinc-finger antiviral protein (ZAP)-deficient cancer cells and potent
oncolytic activity [19]. Related to RNA-based delivery, a single
injection of SFV-LacZ RNA provided complete protection of
mice against colon tumor challenges [20]. Moreover, vaccination
2 days after tumor cell administration prolonged the survival of
mice by 10-20 days. In the context of alphavirus-based DNA
vectors, intradermal administration of SFV vectors expressing the
human papilloma virus (HPV) E6 and E7 antigens generated effec-
tive therapeutic antitumor activity with 85% tumor-free mice
[21]. In comparison to conventional DNA plasmids, a 200-fold
lower equimolar dose of 0.05 pg of SFV replicon DNA was suffi-
cient to achieve therapeutic efficacy. In the context of melanoma,
immunization with SIN DNA-based vectors expressing the mela-
noma cell adhesion molecule (MCAM/MUCI18) provided protec-
tion against lethal challenges with tumor cells in both primary and
metastatic mouse tumor models [22].

So far, alphaviruses have been subjected to a limited number of
clinical trials. In this context, VEE particles carrying a CMV gB or a
PP65 /IE] fusion protein were subjected to a randomized double-
blind, phase I clinical trial in CMV seronegative volunteers
[23]. Intramuscular or subcutaneous administration proved safe
and elicited neutralizing antibody and multifunctional T cell
responses. Moreover, subcutaneous administration of VEE-Gag
in healthy HIV-negative volunteers in a randomized, double-
blind, placebo-controlled phase I study in the USA and
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South Africa showed good tolerance, but only modest immune
responses [24]. In another clinical trial, VEE particles expressing
the carcinoembryonic antigen (CEA) were administered at intra-
muscular doses of 4 x 10”7 TU to 4 x 10® TU in four cycles every
third week [25]. Repeated administration induced clinically rele-
vant CEA-specific T cell and antibody responses and longer survival
was seen in patients with CEA-specific T cell responses. Another
phase I trial was conducted with VEE particles expressing the
prostate-specific membrane antigen (PSMA) in patients with cas-
tration resistant metastatic prostate cancer (CRPC) [26]. Adminis-
tration of five doses of 0.9 x 107 IU or 3.6 x 10”7 IU of
VEE-PSMA was well tolerated although only weak PSMA-specific
responses were detected, most likely due to suboptimal dosing.

The use of alphavirus vectors describing the steps from plasmid
DNA preparation to virus particle production and immunization
studies including cell culture techniques, virus purification and
concentration and titer determination methods is presented
below. All methods describe here are for SFV, although they are,
in most cases, similarly applicable for SIN and VEE.

2 Materials

2.1 Reagents
and Equipment

Restriction endonucleases Nrul, Spel.

0.8% agarose gel.

Gel electrophoresis apparatus.
Phenol-chloroform—isoamyl alcohol 25:24:1 (v/v/v).
3 M Sodium acetate, pH 4.8.

95% and 70% (v/v) ethanol.

10x SP6 Bufter: 400 mM HEPES, pH 7.4, 60 mM magne-
sium acetate, 20 mM spermidine.

8. 10 mM m’G(5) ppp (5') G sodium salt (Roche Molecular
Biochemicals).

9. 50 mM Dithiothreitol (DTT).

10. rNTP Mix: 10 mM rATP, 10 mM rCTP, 10 mM rUTPD,
5 mM rGTD.

11. 10-50 U/uL RNase inhibitor.

12. 10-20 U/pL SP6 RNA polymerase (Amersham Pharmacia
Biotech).

13. RNase-free water (DEPC treated).
14. Phosphate buffered saline (PBS).

15. Trypsin—ethylenediamine tetraacetic acid (EDTA): 0.25% tryp-
sin, ] mM EDTA x 4 Na.

N gk =



2.2 Cell Lines

2.3 Cell
Culture Media

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

31.
32.
33.
34.

35.
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Sterile electroporation cuvettes, 0.2 and 0.4 cm (Bio-Rad
or BTX).

Electroporator (Bio-Rad Gene Pulser).

Tissue culture flasks (T25, T75, and T175).
Microwell plates (6-, 12-, and 24-well plates).
Falcon tubes (15 and 50 mL).

Plastic syringes (1, 10, and 50 mL).

Sterile 0.22 pm filters.

MicroSpin™ S-200 HR Columns (Amersham).
Dulbecco’s modified F-12 medium.

Iscove’s modified Dulbecco’s medium.
Opti-MEM I reduced-serum medium.

X-gal stock solution: 50 mM K ferricyanide, 50 mM K ferrocy-
anide, 1 M MgCl, 2% X-gal in DMF or DMSO.

X-gal staining solution: 1 x PBS, 5 mM K ferricyanide, 5 mM K
ferrocyanide, 2 mM MgCl, 1 mg/mL X-gal.

Moviol 4-88 containing 2.5% DABCO (1,4-diazobicyclo-
[2.2.2]-octane).

Lysis buffer: 50 mM Tris-HCl pH 7.6, 150 mM NaCl, 2 mM
EDTA, 1% (v/v) Nonidet P-40 (NP40).

Hybond ECL nitrocellulose filter.

TBST: Tris-buftered saline with 0.1% Tween 20.

ECL Chemiluminescence kit (Amersham).

Starvation medium: methionine-free MEM, 2 mM glutamine,
20 mM HEPES.

Chase medium: E-MEM, 2 mM glutamine, 20 mM HEPES,
150 pg/mL unlabeled methionine.

The following cell lines are used for alphavirus production and
studies on expression of recombinant proteins:

1.
2. CHO-K1 cells (Chinese ovary cells) (ATCC-CCL-61).

3.

4. HEK293 cells (Human embryonic kidney) (ATCC

BHK-21 cells (Baby hamster kidney) (ATCC-CCL-10).

COS7 cells (African green monkey cells) (ATCC-CRL-1651).

CRL-1573).

. BHK-21, CHO-KI1, and HEK293 cells are cultured in a 1:1

mixture of Dulbecco’s modified F-12 medium (Gibco BRL)
and Iscove’s modified Dulbecco’s medium (Gibco BRL) sup-
plemented with 4 mM glutamine and 10% fetal calf serum
(FCS).



68 Kenneth Lundstrom

2.4 Alphavirus
Plasmid Vectors

2. COS7 cells are cultured in DMEM (Dulbecco’s Modified
Eagles Medium) supplemented with 5% fetal calf serum,
5 mM glutamine and 0.1% penicillin/streptomycin.

For the three most commonly used alphaviruses, SEFV, SIN and
VEE, similar expression and helper vectors have been engineered
and most methods are the same. However, the focus here is on SFV
only and more detailed information on SIN can be found elsewhere
[27]. The following vectors were applied for generation of replicon
RNA and recombinant viral particles:

1. pSFV1 (basic vector, minimal cloning sites: BamHI, Smal) [2].

2. pSFV2gen (multilinker cloning sites: Apal, BamHI, Xhol,
Spel, Smal) [28].

. pSFV-Helper2 (second generation helper vector) [29].

. pSFV4 (full-length vector) [30].

. VA7(74) (full-length vector from avirulent strain) [31].

. pSCAL1 (layered DNA-RNA vector with CMV promoter) [32].

. pSCA-Helper (layered DNA-RNA helper vector with CMV
promoter) [33].

8. pCMV-SFV4 (full length layered DNA-RNA vector) [34].

N SN Utk W

For the generation of replication-deficient recombinant SFV
particles, either pSFV1 [4] or pSFV2gen (also called pSFV4.2) [28]
vectors are used together with the pSFV-Helper2 [29] vector
(Fig. 2). In contrast, pSFV4 [30] or VA7(74) [31] vectors are
applied for the production of full-length replication-proficient par-
ticles. Layered DNA-RNA vectors [33] can be used directly for
transfection of host cells for recombinant proteins or alternatively
together with the layered DNA-RNA helper vector or as a full-
length layered DNA-RNA vector [34] for production of
replication-deficient and proficient particles, respectively.

3 Methods

3.1 Subcloning into
SFV Vectors

3.2 DNA
Linearization

Genes of interest can be introduced into the cloning sites of the
chosen SFV expression vector and restriction endonuclease diges-
tions and nucleotide sequencing can be used for verification of
inserts. Preparation of high-purity DNA (Midiprep or Maxiprep
DNA) is highly recommended to provide the best possible quality
and yields of in vitro—transcribed RNA for recombinant viral parti-
cle production and /or immunization (se¢ Note 1).

Efficient in vitro transcription requires complete linearization of
plasmid DNA. The pSFV1 and pSFV-Helper2 vectors are linearized
by Spel and pSEFV2gen by Nrul.



Alphavirus-Based Antigen Preparation 69

Replication-deficient particles
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Fig. 2 Schematic illustration of alphavirus vectors. The application of different alphavirus vectors for
expression studies: Replication-deficient particles are generated by cotransfection of expression vector
and helper vector RNA into BHK-21 cells. Replication-proficient particles are produced by transfection of a
full-length RNA genome including the foreign gene of interest introduced downstream of the nonstructural
replicase genes (nsP1-4) or the structural genes (C-E3-E2-E1). DNA-RNA layered vectors are used for direct
plasmid DNA transfections. SP6 RNA polymerase promoter illustrated as light gray triangle, subgenomic 26S
promoter as dark gray triangle, and CMV promoter as white triangle

3.3 InVitro
Transcription

1. Recombinant SFV plasmids are linearized by Spel or Nrul
under standard restriction digestion conditions.

2. Complete digestions are confirmed by agarose gel electropho-
resis and linearized DNA constructs are purified by phenol/
chloroform extraction followed by precipitation with 0.3 M
sodium acetate (final) and 2.5 volume of 95% ethanol (over-
night at —20 °C or 15 min at —80 °C).

3. The ethanol precipitates are centrifugated for 15 min at
18,000 x g at +4 °C and washed with 70% ethanol. DNA
pellets are air-dried or lyophilized after repeated centrifugation
for 5 min and resuspended in RNase-free H,O at a final con-
centration of 0.5 pg/pL (measured in a spectrophotometer).

Alternatively, MicroSpin™ S-200 HR Column purification can
be used for DNA purification.

It is highly recommended that each batch of in vitro—transcribed
RNA is prepared fresh for immunizations or electroporations,
although RNA transcripts can be stored for shorter periods (e.g.,
weeks) at —80 °C. It is most important to set up the in vitro
transcription reactions at room temperature as the spermidine in
the SP6 buffer might precipitate at lower temperatures. It is
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recommended that the optimized SP6 RNA polymerase buffer (see
Subheading 2.1) is used instead of available commercial in vitro
transcription buffers (se¢ Note 2). Add enzyme components last
because they are the least stable reactants in the reaction.

In Vitro Transcription Reaction
5 pL (2.5 pg) linearized plasmid DNA.

5 pL 10x SP6 bufter.

5 uL 10 mM m’G(5')ppp(5')G.

5 pL 50 mM DTT.

5 pL rNTP mix.

x pL RNase-free H,O to reach a final volume of 50 pL.
1.5 pL (50 U/puL) RNase inhibitor.

3.5 pL (20 U/pL) SP6 RNA polymerase.

1. All reaction components are mixed and incubated for 1 h at

37 °C. However, in case of large inserts, yields can be improved
by prolonging the incubation time (see Note 3).

. The quality of in vitro—transcribed RNA is assessed by loading

1-4 pL aliquots on 0.8% agarose gels. High-quality RNA is
visible as thick bands without smearing along the axis of migra-
tion with an approximate mobility of 8 kb (compared to DNA
markers) from the expression vector and a slightly faster mobil-
ity of helper RNA. Each in vitro transcription reaction is antici-
pated to generate 20-50 pg of RNA. The RNA is quantified by
comparison of the intensity of RNA bands to DNA markers or
by spectrophotometric measurements.

In vitro—transcribed RNA is directly applied to electroporation
or lipid-mediated transfection. In case RNA transcripts are
stored at —80 °C, the quality of RNA should be reevaluated
by agarose gel electrophoresis before use.

3.4 Electroporation Generally, the use of BHK-21 cells is preferred for alphavirus pro-

of RNA duction as they are known to produce high-titer virus stocks
[2]. Alternative host cells can be considered, but the production
process needs to be optimized for each cell line employed. The
following conditions have been found optimal for obtaining high-
titer SFV stocks (e.g., 1 x 10 infectious particles/mL) in BHK-21
cells.

1. Cells are cultured under 85-95% humidity and 5% CO, with a

low passage number in T175 flasks to no more than 80%
confluency, washed once with PBS, and treated with 6 mL
trypsin—EDTA per T175 flask for 5 min at 37 °C to detach
the cells.
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2. Cells are resuspended in 25 mL cell culture medium, centrifu-
gated for 5 min at 800 x g and cell pellets are resuspended in a
small volume (<5 mL) of PBS.

3. The volume is increased to 25 mL with PBS followed by
recentrifugation for 5 min at 800 x 4.

4. Cells are resuspended in approximately 2.5 mL PBS per T175
flask, equivalent to 1-2 x 107 cells/mL. Cells should be sub-
jected to electroporation immediately although short-term
storage (<1 h) on ice is acceptable.

5. BHK-21 cell suspension (0.4 mL) is transferred to 0.2 cm
cuvettes (0.8 mL to 0.4 cm cuvettes). In vitro—transcribed
recombinant RNA (20—45 pL) and helper RNA (20 pL) are
added to the cell suspension and two consecutive pulses are
applied with the following settings for the Bio-Rad Gene

Pulser:
0.2 cm cuvette 0.4 cm cuvette
Capacitance extender 960 pF 960 pF
Voltage 1500 V 850V
Capacitor 25 pF 25 pF
Resistance (pulse controller) x Q disconnected
Expected time constant (TC) 0.8s 04s

The Bio-Rad Gene Pulser II requires the following modifications:

1. The pulse controller should be set to “high range” and “o”.

2. The capacitance rotary should be switched to “high
capacitance.”

3. The following settings should be applied: 360 Vand 75 pF.

4. The resistance for 0.2 cm cuvettes should be 10 Q and the time
constant 0.7-0.8 s.

5. Cells are immediately diluted 25-fold in cell culture medium
and transferred to T25 flasks or 100 mm culture plates for
overnight incubation at 37 °C in an incubator with 5% COs,.

3.5 Lipid-Mediated As an alternative to electroporation, DMRIE-C and other transfec-
Transfection of RNA tion reagents can be used to transfect BHK-21, COS7, or CHO-K1
cells.

1. BHK-21 cells (1.5-3 x 10°) are cultured in 35 mm petri dishes
or on 6-well plates to approximately 80% confluency.

2. Cells are washed with Opti-MEM I reduced-serum medium.

3. Cationic lipid-RNA complexes are prepared as follows:
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3.6 Harvest
of Recombinant SFV
Particles

3.7 Activation
of Recombinant SFV
Particles

(a) For each transfection sample, 0, 3, 6,9, 12, and 15 pL of
DMRIE-C is added to a 1.5 mL microcentrifuge tube
containing 1 mL Opti-MEM 1 reduced-serum medium
at room temperature.

(b) In vitro—transcribed recombinant RNA (10 pL, ~5 pg)
and helper RNA (5 pL, ~2.5 pg) are mixed.

(c) The RNA (15 pL total) is added to each tube containing
the DMRIE and vortexed briefly.

4. The lipid-RNA complex is immediately added to the cells and
incubated at 37 °C for 4 h.

5. The transfection medium is replaced with prewarmed (37 °C)
complete BHK medium and the BHK-21 cells are incubated at
37 °C overnight in an incubator with 5% CO,.

Production of recombinant SFV particles occurs within the first
24 h, resulting in high titers of approximately 10° infectious parti-
cles/mL. The titers can be increased to some extent by extending
the incubation time by another 24 h.

1. Virus particles are harvested by carefully removing the medium
from the BHK-21 cells.

2. Virus stocks are sterilized and purified by forcing the harvested
medium through a 0.22 pm filter to remove cell debris and
possible contaminants.

3. Virus stocks are aliquoted before storage at —20 °C (for weeks)
or at —80 °C (for years) as repeated cycles of freezing and
thawing can reduce the titers significantly.

Although the conventional pSFV-helper vector has been initially
used, it is recommended to utilize the second-generation vector
pSEV-Helper2, as it contains three point mutations at the cleavage
site between the E2 and E3 proteins in the p62 precursor
[29]. Generation of infectious particles requires activation with
a-chymotrypsin as described below. In contrast to SFV particles
generated with the pSFV-helper vector, particles produced with the
pSEV-Helper2 vector are conditionally infectious and thereby pre-
vent accumulation of replication-proficient particles through
recombination, thus providing an additional level of biosafety.

1. Particles are activated by addition of a-chymotrypsin at a final
concentration of 500 pg,/mL for 20 min at room temperature.

2. The reaction is terminated by addition of aprotinin (trypsin
inhibitor) at a final concentration of 250 pg/mL and the
activated particles are ready to use.
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3.8 Verification The titers of replication-proficient virus can be verified by standard

of Virus Titers plaque assay methods [35]. In contrast, as replication-deficient
particles do not generate plaques, methods for titer determination
are limited although indirect titer estimations are possible by calcu-
lating the number of infected cells visualized by reporter gene
expression.

1.

3.8.1 GFP Detection 1.

3.8.2 X-gal Staining 1.

BHK-21 (or other) cells are cultured to a defined confluency
on 6- or 12-well plates or on sterile coverslips before infection
with serial dilutions (e.g., fivefold dilutions in the range
expected to give 20-50 positive cells per microscope field) of
virus stocks expressing green fluorescent protein (GFEP) or
B-galactosidase.

. Cells expressing the reporter gene (fluorescent or stained cells,

see below) are counted after 24 h incubation at 37 °C. Certain
SFV mutant vectors may provide a weak signal at 24 h post-
infection and should be incubated for 48 h to reach optimal
expression levels.

The number of GEP-positive cells are counted applying fluo-
rescence microscopy.

. The approximate titers are estimated as infectious particles/mL

based on the number of GFP-positive cells per well, by taking
into account the virus dilution.

SFV-infected cells are washed with PBS, fixed in cold methanol
(99.8%) at —20 °C for 5 min and washed again three times
with PBS.

. Cells are stained for at least 2 h in X-gal staining solution at

37 °C or at room temperature.

. The number of B-galactosidase (blue) positive cells are counted

applying light microscopy.

. Approximate titers are estimated as described for GFP detec-

tion above.

For comparison of GFP and X-gal methods, please see Note 4.

3.8.3  Immuno- If antibodies are available against the recombinant protein itself, or
fluorescence against tags engineered in the vector construct, immunofluores-
cence methods can be applied for titer determination.

1.

2.

SFV-infected cells are cultured on sterile coverslips, rinsed
twice with PBS and fixed for 6 min at —20 °C in methanol.

Coverslips are washed three times in PBS and incubated for
30 min at room temperature in PBS containing 0.5% gelatin
and 0.25% BSA to prevent nonspecific binding.
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3.8.4 RT-PCR-Based
Titer Determination

3.9 Evaluation
of Gene Expression

3.9.1

Western Blotting

3. The blocking buffer is replaced with a primary antibody in the
same bufter for 30 min at room temperature and washed three
times with PBS and incubated with a secondary antibody for
30 min at room temperature.

4. Washed coverslips are rewashed three times with PBS, once
more with H,O, and air-dried.

5. Coverslips are mounted on glass slides using 10 pL. Mowiol
4-88 containing 2.5% DABCO (1,4-diazobicyclo-[2.2.2]-
octane), the number of positive cells is counted, and titers
estimated as described for GFP detection above.

As alphavirus infection causes changes to the cell morphology
(i.e., they round up) microscopic examination can also be applied to
provide an approximate estimate of titers. Similar to fluorescence
and staining (described above), the titers can be estimated by
counting the rounded cells.

Another alternative for titer determination is to apply
RT-PCR [36].

1. RNA from SFV stocks is extracted using the RNeasy Kit
(Qiagen).

2. qRT-PCR s applied for sequence amplification within the nsP1
gene of SFV.

3. A serial dilution is made of pSFV plasmid DNA to obtain a
standard curve for SFV-RNA.

4. Mean Cts are applied to a standard curve equation to deter-
mine the cDNA copy number in each sample.

5. The total SFV RNA copy number present in the original SFV
sample is calculated by multiplying the cDNA copy number by
the conversion factor specific to each sample considering all
dilutions made and the yield of RNA extraction.

Initial confirmation of recombinant protein expression is recom-
mended before proceeding to immunization studies as it enables
verification of expression levels and the size of gene products.
Expression evaluation can be performed by Western blotting if
antibodies are available against the target protein or engineered
tag fusions. Alternatively, expression can be evaluated by metabolic
labeling of SFV-infected cells with 3*S-methionine.

1. Host cells (BHK-21, CHO-K1, HEK293) cultured on 6-, 12-,
or 24-well plates are infected with serial dilutions of virus stocks
and incubated for 1-2 days at 37 °C.

2. Cells are lysed with 250 pL, 125 pL, and 62.5 pL of lysis bufter
per 6-, 12-) and 24-well plate, respectively, incubated for

10 min on ice and samples are loaded onto 10-12%
SDS-PAGE (polyacrylamide gel electrophoresis) gels.



3.9.2 Metabolic Labeling

3.10 Virus Stock
Purification

3.10.1
Ultracentrifugation of Virus
Stocks

—
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. Electrophoresed protein material is transferred to Hybond

ECL nitrocellulose filters for 30 min.

. Filters are treated with 5% nonfat dry milk at +4 °C for 30 min

followed by primary and secondary antibody treatment, each
for 30 min at room temperature.

. Specific  bands are  visualized with the ECL

Chemiluminescence Kkit.

. Host cells (BHK-21, CHO-K1, or HEK293) cultured on 6-,

12-, or 24-well plates are infected with serial dilutions of virus
stocks and incubate for 1-2 days at 37 °C.

. The medium is removed, cells washed once with PBS, Starva-

tion medium added, and cells are incubated for 30 min at
37 °C.

. The medium is replaced with Starvation medium containing

50-100 pCi/mL of **S-methionine and cells are incubated for
20 min at 37 °C.

The medium is removed, cells washed twice with PBS, and
Chase medium added for appropriate time (e.g., 15 min to
3 h).

. The Chase medium is removed, cells washed once with PBS,

250 pL lysis buffer added per 6-well plate, and cells are incu-
bated 10 min on ice.

Samples are loaded on 10-12% SDS-PAGE under standard
conditions, fixed in 10% acetic acid, 30% methanol for 30 min
at room temperature and replaced with Amplify® for 30 min at
room temperature.

The gel is dried and exposed on Hyperfilm-MP for 2-24 h
(depending on signal) at room temperature or at —80 °C
applying radioactivity-intensifying screens for visualization (see
Note 5).

Although it is possible to use alphavirus particles directly for expres-
sion studies in cell lines after a single filter-sterilization procedure,
in vivo applications for immunization in animal models gain from
additional purification steps. Moreover, rigid purification proce-
dures are mandatory for application of alphavirus particles for
clinical trials. For this purpose, various methods based on ultracen-
trifugation and affinity chromatography can be employed as
described below.

1. A step gradient is prepared in ultracentrifuge tubes by addition

of 1 mL of 50% sucrose solution (bottom) and 3 mL of 20%
sucrose solution (top).
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3.10.2 Centriprep
Concentration

3.10.3 Affinity
Chromatography
Concentration

3.11 Immunizations

3.11.1  Immunization
of Mice with RNA

2. Virus stock solution is added (9 mL for SW 40 Ti or 8 mL for
SW 41 Ti) onto the sucrose gradient and centrifugated at
160,000 x 4 (30,000 rpm in SW 40 Ti or SW41 Ti rotor) for
90 min at +4 °C.

3. Virus settled near the interface between the 20% and 50%
sucrose layers is collected by discarding the medium fraction
and the bottom 0.8 mL consisting of 50% sucrose.

1. Virus stocks are loaded onto the sample container of the Cen-
triprep concentrator as described by the manufacturer.

2. The assembled concentrator is centrifugated at an appropriate
g-force (according to the manufacturer’s recommendations),
until the fluid levels inside and outside the filtrate collector
equilibrate.

3. The device is removed, the airtight seal cap is snapped off, the
filtrate is decanted, the cap is replaced, and the concentrator is
centrifugated a second time.

4. The filtrate is decanted, the twist-lock cap is loosened, and the
filtrate collector is removed.

5. The concentrated virus sample is collected with a 1 mL dispos-
able plastic pipette. If further concentration of virus is desired,
it can be centrifugated again after decanting the filtrate.

Efficient removal of endotoxins and other contaminants can be
achieved by application of Matrex® Cellufine™ Sulfate columns,
which also provides a convenient procedure for virus stock concen-
tration. The manufacturer’s recommendations should be followed
as described below.

1. The affinity matrix column is equilibrated with adsorption
buffer (0.01 M phosphate, 0.1 M NaCl, pH 7.5) and samples
are loaded at pH 7.5.

2. The column is washed with several bed volumes of adsorption
buffer to remove nonbinding contaminants and the concen-
trated virus is eluted with elution buftfer (1-2 M NaCl or KCI).

Although the topic of this chapter relates to antigen preparation it is
essential to include some information of the immunization process
for RNA, viral particles, and DNA. In the context of alphavirus-
based vaccine development, a large number of immunization stud-
ies have indeed been conducted [5].

In vitro-transcribed alphavirus RNA can be directly used for
administration of RNA replicons for immunization experiments in
mice, as follows [20].



3.11.2 Immunization
of Mice with Recombinant
VEE Particles

3.11.3 Immunization
of Macaques

with Recombinant VEE
Particles

3.11.4 DNA
Immunization of C57BL/6
Mice with DNA

1.

2.
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In vitro—transcribed SFV-LacZ RNA (100 pg) is administered
intramuscularly into BALB /¢ mice.

The immune response is evaluated by monitoring the presence
of IgG antibodies against recombinant f-galactosidase protein
by ELISA 21 days post-injection.

Splenocytes are isolated 21 days after immunization and are
restimulated in vitro for 6 days in the presence of Ld-restricted
peptide p-gal 876-884 (1 pg/mL) for monitoring of
B-galactosidase-specific CD8™ T cell recognition.

Evaluation of tumor protection of mice immunized with in vitro—
transcribed RNA can be performed as follows.

1.

Mice are administered intravenously with 5 x 10° CT26.CL25
tumor cells (from mouse colon) and tumor protection is eval-
uated 21 days postimmunization.

. The number of pulmonary metastases is counted after 12 days.

. In case of preestablished tumors, BALB/c mice are injected

intravenously with 1 x 10° CT26.CL25 cells and tumors are

grown for 2 days before immunization with 100 pg
SFV-LacZ RNA.

. Animal survival is assessed.

. Alphavirus particles (10°) are diluted in PBS and injected sub-

cutaneously into the plantar surface of each footpad of
C57BL/6 mice three times at 2 weeks intervals [37].

. Vaccinated mice are challenged with 7.5 x 10* B16F10 tumor

cells (from mouse melanoma) intradermally 2 weeks after
immunization for tumor protection evaluation.

. Therapeutic efficacy is addressed by an initial inoculation of

7.5 x 10* B16F10 tumor cells (either intradermally or intrave-
nously) followed by three weekly vaccinations with alphavirus
particles.

. Immunization with 10'® VEE-EBOV GP focus forming units

(FFUs) is conducted intramuscularly in the quadriceps muscle
of naive cynomolgus macaques for vaccine development
against Ebola virus [11].

. Vaccinated animals are challenged intramuscularly and intrana-

sally with approximately 1000 PFU of Ebola virus and are
monitored closely for at least 28 days.

. C57BL/6 mice are immunized with 3 pg layered DNA-RNA

plasmid vectors by five weekly intramuscular injections, which
can be enhanced by plasmid-coated gold particles applying
gene gun technology [38].



78 Kenneth Lundstrom
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2. Mice are inoculated with 1 x 10°> BI6F10 tumor cells 1 week
after the last immunization and monitored for tumor growth
for at least 3 weeks.

1. SEV plasmid DNA vectors expressing membrane proteins PrM
and E of Murray Valley encephalitis virus (MVE) are diluted in
saline to a concentration of 1 mg/mL and doses of
100-125 mg DNA and are injected intramuscularly into
BALB/c mice [39].

2. Immunized mice are challenged intraperitoneally with
1.3 x 10® PFU of MVE and signs of encephalitis are observed
for 21 days. Alternatively, SPF mice are immunized intramus-
cularly with 100 mg DNA into multiple sites in the hind leg
muscles and are boosted after 21 days.

3. Mice are intracranially challenged with 1000 TCIDso of MVE
2 weeks after the final immunization and are monitored for
signs of encephalitis for 21 days.

Antigen production applying alphaviruses has been straight for-
ward and successful. The clear advantages of alphavirus-based
approaches relate to easy and rapid vector preparation, the self-
amplifying RNA replication leading to enhanced transgene expres-
sion, and for example in the case of DNA-based delivery, the
requirement of 100- to 1000-fold lower dose concentrations for
immunization [13]. Likewise, it has been demonstrated that
64 times less self-amplifying RNA (1.25 pg) compared to synthetic
mRNA (80 pg) was required to provide protection in immunized
mice [12]. In addition to alphavirus vector development including
less cytotoxic mutants [40, 41] (se¢e Note 6) and translation
enhancement signals [42], delivery issues have been addressed
particularly for RNA by lipid nanoparticle encapsulation [43]. In
this context, self-amplifying VEE RNA encapsulated in lipid nano-
particles enhanced immunogenicity compared to delivery of unfor-
mulated RNA providing a novel approach for improved vaccine
development.

4 Notes

1. To ensure the production of both good quality and high quan-
tity of in vitro—transcribed RNA, it is recommended to use
plasmid DNA preparations of high purity.

2. Optimization of in vitro transcription yields can be achieved by
titration of the CAP analogue m’G(5")ppp(5’)G concentration
and the use of an appropriate transcription buffer. Although
commercially available buffers might generate high RNA
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yields, the quality is not always compatible with efficient pro-
duction of high titer virus.

. The length of gene inserts introduced into the expression

vector might affect the RNA yields, typically when inserts
exceed 4 kb. The RNA yields can be improved to some extent
by extension of the incubation time for in vitro transcription
reactions.

. In comparison of the GFP and B-gal methods for the verifica-

tion of virus titers, the fluorescence-based GFP approach is
easier to carry out as no fixing or staining of cells is required.
It also allows one to follow the duration of expression. The
drawback is the requirement of a fluorescence microscope.

. Visualization of radioactively labeled proteins via SDS-PAGE

can efficiently be enhanced by application of film cassettes with
double-sided X-ray intensifying screens [44].

. Due to the cytopathic effects caused by alphaviruses on host

cells, the time of host cell survival and transgene expression
levels might be reduced. To address these problems, several
mutant SFV [40] and SIN [41] vectors have been engineered.
Increased expression has also been achieved by applying alpha-

virus vectors with’ translation enhancement signals [42].
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Production of Chimeric Hepatitis B Virus Surface Antigens
in Mammalian Cells

Mihaela-Olivia Dobrica, Catalin Lazar, and Norica Branza-Nichita

Abstract

The small (S) envelope protein of the Hepatitis B Virus (HBV), HBV-S, has the unique ability to self-
assemble into highly immunogenic subviral particles (SVPs), in the absence of other viral factors, in
cukaryotic cells, including those of nonhepatic origin. This feature is currently exploited for generation
of SVPs exposing heterologous epitopes on their surface that can be used as vaccine candidates to target
various diseases. Here, we describe a simple and robust method for production of such chimeric HBV-S
protein-based SVDs in transiently transfected HEK293T cells and purification from cell supernatants by
ultracentrifugation on sucrose cushion and sucrose step gradients. The SVPs obtained by this methodology
have been successfully used in immunogenicity studies in animal models.

Key words HBV, Antigens, Protein production, Purification, Subviral particles, Vaccine

1 Introduction

A variety of expression systems are available for production of
protein antigens and vaccine development. The ideal vaccine candi-
date should be highly immunogenic and suitable for high yield
production at low costs. While Escherichia coli is the most cost-
efficient production platform for many soluble proteins, mamma-
lian transmembrane and secretory proteins undergoing complex
folding and posttranslational processing are usually not compatible
with expression in prokaryotic cells [1]. These transformations,
requiring intra- and intermolecular disulfide bonds and specific
glycosylation patterns, are often crucial for the biological proper-
ties, including protein antigenicity. By providing the appropriate
eukaryotic milieu for protein processing as well as scalability, yeast
and insect cell cultures have become popular alternative hosts to
prokaryotes for high yield expression of many biopharmaceutical
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proteins. However, the limited capacity of their N-glycosylation
pathway to produce only high-mannose oligosaccharides remains
an important drawback when expressing proteins that are structur-
ally or functionally dependent on N-linked glycan processing to
complex type structures [2, 3]. In this case, the mammalian cell is
the host of choice as it provides all posttranslational modifications
of the native protein.

The Hepatitis B Virus (HBV) small (S) surface antigen
(HBV-S) is a multispanning transmembrane protein that forms
disulfide bridge-stabilized dimers within the endoplasmic reticulum
(ER) of the host cells [4]. The dimers spontaneously associate into
20 nm-diameter subviral particles (SVPs) that do not incorporate
the viral capsid and genetic material and are secreted from cells,
independent of virions (Fig.1) [5]. These virus-like particles (VLPs)
are highly immunogenic, non-infectious and can be produced in
large amounts in heterologous expression systems in the absence of
any other viral components, which has led to their development
into efficient and safe vaccines against HBV [6]. These remarkable
properties of the HBV-S protein have been exploited to generate
chimeric SVPs carrying foreign and HBV-derived epitopes either
fused or co-expressed with HBV-S [7-11]. Several insertion sites
have been tested for their ability to accommodate epitopes of
different lengths within the luminal domain of the S proteins,
containing the major B-cell epitopes (the “a” determinant), and
two have been shown to be compatible with SVP production and
secretion. Chimeric HBV-S proteins bearing foreign peptide
sequences allowed for VLP formation and secretion and triggered
specific humoral and cellular immune responses against the native
protein [7, 8].

Here we describe a method for mammalian cell production and
purification of chimeric HBV particles that combines relevant virus
neutralization epitopes of the large (L) and S envelope proteins for
further use in immunological investigations. Our previous studies
have indicated that the HBV S/preS1?*™*” chimera obtained by
insertion of the 21-47 amino acids sequence of the preS1 domain
of the L protein between residues 126 and 127 of the “a” determi-
nant of S (genotype D) preserves the SVPs properties and is secre-
tion competent. Moreover, the chimeric protein is a more efficient
immunogen than the HBV-S protein, the major component of the
current vaccine [10, 11]. Our approach employs transient transfec-
tion of adherent HEK293T cells with plasmids encoding for HBV
S/preS1>'™*  and HBV-S, followed by purification of
corresponding SVPs from cell supernatant by ultracentrifugation
on sucrose cushion and step gradients. This method is simple and
scalable and may be applied to similar chimeric HBV particles
displaying relevant immunogenic peptides derived from other
pathogens of medical interest.
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ER ERGIC Golgi Apparatus

Fig. 1 Assembly of HBV-S subviral particles (S-SVPs). The HBV-S protein is cotranslationally inserted into the
ER membrane where it forms disulfide-linked dimers (1) that are further transported to the ER-Golgi
intermediate compartment (ERGIC). The dimers associate into higher molecular weight disulfide-linked
oligomers that self-assemble with lipids and bud into the ERGIC compartment (2). The resulting 20 nm-
particles are sorted into transport vesicles (3), trafficked through the Golgi (4) and exported from cells via the
constitutive secretory pathway (5)

2 Materials

Prepare all bufters and solutions using deionized water and analyti-
cal grade reagents. All cell culture steps are performed in a Biosafety
Level 2 laboratory. Manipulation of cells and cell culture reagents is
performed in a laminar flow hood using sterile consumables, unless
specified otherwise.

2.1 Cell Culture 1. HEK293T cells (European Collection of Animal Cell Culture,
Porton Down, UK).

2. Dulbecco’s Modified Eagle Medium with GlutaMAX™-]
(DMEM, 1x). Add 50 mL fetal bovine serum (se¢ Note 1)
and 5 mL nonessential amino acids 100x to a 500 mL DMEM
bottle to obtain complete medium. Store at 4 °C.

. Cell detaching reagent: 0.05% trypsin, 0.05% EDTA in PBS.
. Cell culture petri dishes (55 cm?) or flasks (75 cm?).

Falcon tubes.

. Disposable serological pipettes.

CO, incubator, set at 37 °C and 5% CO,.

N o oo W
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2.2 Cell Transfection

2.3 Detection
of Denatured HBV
Antigens

—

. Laminar flow hood.

. For large-scale production: 1700 ¢cm? ribbed-surface roller

bottles and Roll-In CO, control incubator.

. Dissolve plasmids pCi-S (encoding for the wild-type HBV-S

protein) and pCi-S/preS12'™*” (encoding for the chimeric
HBV S/L protein) in 10 mM Tris—-HCI, pH 8.5 at final con-
centrations higher than 1 pg DNA /pL (see Note 2).

. Transfection reagent (TR): 1 mg/mL polyethylenimine (PEI),

pH 7.

. Transfection buffer (TB): Opti-MEM I-GlutaMAX-I.

. Cell lysis buffer: 0.01 M Tris—HCI, pH 7.5, 0.002 M EDTA,

0.150 M NaCl, 0.5% Triton X-100 and protease inhibitor
cocktail (1x) (see Note 3).

. Reducing SDS sample loading buffer (5x): 0.25 M Tris-HCI

(pH 6.8), 10% SDS, 25% p-mercaptoethanol, 0.1% bromophe-
nol blue, 50% glycerol. Store aliquots at —20 °C.

. Nonreducing SDS sample loading buffer (5x): 0.25 M Tris—

HCI (pH 6.8), 10% SDS, 0.1% bromophenol blue, 50% glyc-
erol. Store aliquots at —20 °C.

4. SDS 10% polyacrylamide (PAA) gels.

10.
11.
12.

13.

14.
15.
16.
17.
18.

. SDS-PAA gel electrophoresis (SDS-PAGE) running buffer:

0.025 M Tris—HCI, pH 8.2, 0.190 M glycine, 0.1% SDS.

. Peptide: N-glycosidase F (PNG-ase F) and Endoglycosidase H

(Endo H) (see Note 4).

. Nitrocellulose membrane.
. Western-blot semidry transfer buffer: 0.025 M Tris-HCI,

0.192 M glycine, 20% methanol.

. Phosphate buffer saline (PBS; 10x): 1.4 M NaCl, 0.027 M

KCI, 0.1 M Na,HPOy, 0.018 M KH,POy, pH 7 4.
Western-blot blocking solution: 10% nonfat milk in PBS (1 x).
Western-blot washing solution: 0.1% Tween in PBS (1x).

Primary mouse anti-preS1 antibody, secondary anti-mouse-
HRP antibody.

Antibody dilution solution: 1% nonfat milk, 0.1% Tween in
PBS (1x).

Enhanced Chemiluminescence detection Kkit.

Purified HBV-L protein for the standard curve.

BCA protein assay Kkit.

Prestained molecular weight standards.

Autoradiography films.
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of Native HBV Antigens

2.5 Antigen
Purification
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Refrigerated centrifuge.

Mini PROTEAN Tetra system.
Semidry transblot system.
Heater.

. ELISA—Monolisa HBsAg ULTRA kit (Bio-Rad) (se¢ Note 5).
. Multichannel pipette.

. 96-well plate absorbance reader.

. Sucrose solutions: 15%, 20%, 25%, 35%, 45%, and 60% sucrose

in water. All solutions are heat-sterilized and stored at 4 °C (see
Note 6).

. Ultracentrifuge (SW32Ti and SW41Ti rotors).
. Ultracentrifuge tubes.

. Vortex.

. Dialysis membranes, 10 MWCO.

. Liquid nitrogen.

. Lyophilizer.

3 Methods

3.1 Small-Scale HBV
Antigen Expression

3.2 Biochemical
Characterization
of HBV Antigens

Perform all steps at room temperature, unless otherwise indicated.

1.

Seed 5 x 10° HEK293T cells in 6-well plates; add 2 mL of
complete DMEM and grow in a CO, incubator for 24 h.

. Replace cell media with 2 mL of fresh DMEM and transfect

cells with either pCi-S or pCi-S/preS1**™* plasmids, using a
mixture of 200 pL TB, 6 pL TR, and 2 pg plasmid DNA per
well (see Note 7). Keep nontransfected HEK293T cells as a
control (see Note 8).

. Harvest the HEK293T cells and supernatants at 48 h

posttransfection.

. Briefly collect cells by centrifugation at 1200 x gfor 2 min then

incubate resulting pellets with lysis buffer, for 30 min, on ice.

. Clarify lysates by centrifugation at 10,000 x g, for 10 min, at

4 °C. Determine the total protein concentration using the BCA
kit, as indicated by the supplier.

. To monitor the N-glycosylation status of HBV proteins, treat

samples either with PNG-ase F or EndoH enzymes, following
the protocol provided by the supplier (see Note 9).

. Heat-denature sample volumes (equivalent of 30 pg of total

protein/lane) and molecular standards (equivalent of 2 pg pro-
tein/lane) in the presence of either nonreducing or reducing
SDS sample loading bufter, at 95 °C, for 5 min (se¢ Note 10).
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Fig. 2 Expression, oligomerization, and N-glycosylation of the HBV-S/preS12'~*’ chimeric antigen in HEK293T
cells. Lysates of pCi-HBV-S/preS12'=#7- or mock-transfected (control) HEK293T cells were subjected to
SDS-PAGE in the presence (+) or absence (—) of p-mercaptoethanol (3-ME) (a). The gels show the migration
pattern of antigen monomers and dimers. Cell lysates were also treated with either PNGase F or Endo H prior
to SDS-PAGE (b). Proteins were detected by western blot using anti-preS1 antibodies. The de-glycosylated
(p) and glycosylated (gp) forms of the HBV antigen are shown

6.

10.

11.

12.

13.

14.

3.3 Large-Scale Cell 1.

Culture
and Transfection

. Incubate

Load samples on SDS-10% PAA gels and electrophorese at
30 mA until the blue dye front reaches the bottom of the gel.

. Wet nitrocellulose membranes in western-blot transfer buffer

and transfer proteins from gels using a semidry blotter, for
75 min at 60 mA.

. Block the membranes with 10% nonfat milk in PBS for 1 h.

membranes with mouse anti-preS1 antibody
(1/1000 in antibody dilution buffer), for 1 h (see Note 11).

Wash the membranes 3x with western-blot washing solution,
10 min each time.

Incubate membrane with anti-mouse-HRP secondary anti-
body (1,/10,000, in antibody dilution bufter) for 1 h.

Incubate membranes with ECL substrate as recommended by
the manufacturer and visualize proteins by autoradiography
(Fig. 2).

Determine secretion of HBV antigens in serially diluted extra-
cellular medium, by using the Monolisa HBsAg ULTRA and
the protocol provided by the manufacturer.

Quantify the level of secreted HBV antigens considering the

cut-off of the assay (0.06 ng/mL) and the sample dilution
factor (see Note 5).

Seed 1 x 10° or 1.5 x 10° HEK293T cells in 55 cm? Petri
dishes or 75 cm? flasks, respectively. Grow the cells in complete
DMEM for 2 days to become 80-90% confluent.

. Wash cells with PBS, add trypsin solution to cover the cell

monolayer and return to the incubator for 2 min (se¢ Note 12).
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. Add 10 mL DMEM and gently tap the sides of the culture

dishes to detach the cells. Pipette cells up and down using a
10 mL serological pipette, until all clumps are dispersed and a
homogenous suspension is obtained.

. Transfer the cell suspension to Falcon tubes and centrifuge at

1200 x gfor 2 min. Remove the supernatant and resuspend the
pellet in 10 mL complete DMEM.

. Transfer cell suspensions from 5 x 55 cm? petri dishes or

4 x 75 cm? flasks to 1700 cm? ribbed-surface roller bottles
and add 240 mL complete DMEM. Grow the cells in a Roll-In
CO, Control Incubator for 72 h.

. Replace cell media with 200 mL fresh, complete DMEM.

Transfect the HEK293T cells either with pCi-S or pCi-S/
preS12™* plasmids, using a mixture of 50 mL TB, 750 pL
TR, and 500 pg plasmid DNA per bottle (see Note 7). Keep a
bottle of nontransfected HEK293T cells as control. Return
cells to the Roll-In CO, Control Incubator for 72 h.

. Collect cell media and clarify by centrifugation at 10,000 x g,

for 10 min, at 4 °C. Store at 4 °C until further use.

. Add 200 mL fresh, complete DMEM to the cells and return the

bottles to the incubator for another 72 h period (see Note 13).

. Repeat step 3.
10.

Harvest cells by flushing up and down 50 mL PBS using a
10 mL serological pipette. Centrifuge cell suspensions at
1200 x g for 10 min. Weigh resulting pellets and store at
—20 °C until further use.

Analyze expression and secretion of HBV antigens by ELISA
and western blot, as above.

Pour 4 mL of 20% sucrose in 38.5 mL ultracentrifuge tubes.
Gently add 34 mL media on top of the sucrose cushion. Cen-
trifuge samples at 32,000 rpm (125,755 x g4, SW32Ti rotor)
for 5 h, at 4 °C.

. Carefully remove supernatants by using a serological pipette,

leaving about 0.8 mL of samples at the bottom of the tube.
Add 0.2 mL PBS and leave the tubes overnight on ice (see Note
14).

. Gently vortex the tube for 10 s and pool resuspended pellets

corresponding to a specific antigen to a final volume of 1.7 mL.

. Analyze secretion of HBV antigens by ELISA and western blot,

as in Subheading 3.2. Include transfected HEK293T cell
lysates to compare migration patterns of intra- and extracellular
antigens (Fig. 3) (see Note 15).

. Pipet 2 mL of each of 60%, 45%, 35%, 25%, and 15% sucrose

solutions in a 12 mL ultracentrifuge tube, starting with the
higher concentration at the bottom. Gently layer the 1.7 mL of
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Control S/preS12147 HEK 293T cells
kba CL SN CL }“Sf‘m{\
Supernatant Cells
05| (med\Lium)
: : Ultracentrifugation _
L) on sucrose cushion Cell lysis
Endo H—%—>_1 I <—Endo H Western blot
PNG-ase FT\A&W w){\Elmgm—F'NG-ase F analysis
N-acetylglucosamine ®Mannose Fucose

@®N-acetylneuraminic acid @®Galactose

Fig. 3 Secretion of the HBV-S/preS12'=*" chimeric antigen from HEK293T cells. Supernatant of pCi-HBV-S/
preS12'*_transfected cells were concentrated by ultracentrifugation on a 20% sucrose cushion and loaded
on SDS-PAGE along with corresponding cell lysates (CL), as indicated in the experimental flow chart. Proteins
were detected by western blot using anti-preS1 antibodies. Mock-transfected cells were included as control
(CL). The diagram below the gel shows a typical composition of complex (left)—and high-mannose N-linked
oligosaccharides (right) and the corresponding endoglycosidases cleavage sites. The residues in brackets are
usually trimmed in the ER by specific mannosidases

10.

11.

12.

pooled sample on the top of the sucrose gradient using a 5 mL
serological pipette. Centrifuge samples at 30,000 rpm
(111,132 x g, SW41Ti rotor) for 16 h, at 4 °C (se¢ Note 16).

. Collect 750 pL fractions from the top of the gradient and

perform ELISA using the Monolisa HBsAg ULTRA Kkit.

. Pool HBV antigen-positive fractions and dialyze 3x against 3 L

PBS 0.1 x using SnakeSkin Dialysis Tubing with 10 kDa pores
(see Note 17).

. Freeze-dialyzed samples in liquid N, and concentrate by lyoph-

ilization (see Note 18).

. Add sterile water to the protein powder to a final volume of

300 pL/antigen,/1700 cm? roller bottle.

Quantify HBV antigens levels in the concentrated samples by
using Monolisa HBsAg ULTRA kit. Estimate the yields per
gram fresh cell weight.

Quantify HBV chimeric antigens by western blot using a stan-
dard curve made of known amounts of commercial L. protein
(the preS1 antigen, Beacle). A typical example of purified chi-
meric HBV protein is shown in Fig. 4 (se¢ Note 19).

Determine the protein concentration in the concentrated sam-
ples by using the BCA protocol and calculate the purity of
HBV antigens (see Note 20).
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HEK 293T cells transfection

\

Purified S/preS1#147 Supernatant (medium)
kDa 500 250 125 (ng) \]/

Ultracentrifugation
SlpreS121-47 on sucrose cushion
50— - . - ] dimer J/

Ultracentrifugation on
sucrose gradient

. - }Sfprem”” V)
25 : monomer

Dialysis of antigen-positive fractions

Lyophilization and resuspension

Western blot analysis

Fig. 4 Quantification of purified HBV-S/preS12'" by western blot. Serial dilu-
tions of the HBV-S/preS12'*7 antigen purified from HEK293T supernatant were
loaded on SDS-PAGE followed by western blot and detection with anti-preS1
antibodies. The bands shown correspond to protein monomers and dimers. The
numbers above the panel indicate the amount of antigen/lane, as quantified
using a preS1 standard curve and the same detection methodology. The protein
purification approach is schematically depicted in the experimental flow chart

4 Notes

1.

2.

The fetal bovine serum is heat-inactivated at 56 °C for 30 min,
aliquoted in 50 mL Falcon tubes, and stored at —20 °C.

Higher plasmid DNA concentration is desirable as it results in
increased stability of the solution while minimizing the volume
used in transfection reactions and hence the amount of salts
from the solvent. The DNA quality is also essential for optimal
transfection and we note that OD,s9/OD>g ratios of 1.8 or
higher are suitable. To ensure results reproducibility, prepare
large stocks of plasmid DNA and store them at 4 °C for short
term use (weeks) or aliquot and store at —20 °C. Repeated
freeze—thaw cycles should be avoided as it damages the DNA
solution.

. The protease cocktail is dissolved and stored according to

instructions provided by the manufacturer. When organic sol-
vents are used, prepare stock solutions at least 100x concen-
trated to minimize cell toxicity. Always add the protease
cocktail to the cell lysis buffer prior to use.

. PNG-ase F de-glycosylates N-linked glycoproteins, regardless

of their oligosaccharides structure. Endo H removes only high
mannose and some hybrid types of the N-linked carbohydrates.
Therefore, acquirement of complex glycans by proteins,
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10.

11.

12.

especially in the Golgi, results in resistance to Endo H diges-
tion. Both PNG-ase F and Endo H treatments reduce the
apparent molecular weight of the glycoprotein, which will
change the migration pattern of the protein on SDS gels
(as in Fig. 2b).

. Detection of the HBV surface antigens and SVPs by the Mono-

lisa HBsAg ULTRA kit (Bio-Rad) is based on the reactivity of a
mixture of monoclonal antibodies that are highly dependent on
the conformation of the “a” determinant of the S domain.
Therefore, chimeric HBV proteins containing insertions of
foreign epitopes within this region may be less well recognized
and their quantification underestimated. In our laboratory we
use western blotting under denaturing conditions and antibo-
dies against linear epitopes (preS1) to complete this analysis.

. Autoclave sucrose solutions at 100 °C for 20 min and store at

4 °C. Higher temperature and increased heat exposure may result
in sucrose breakdown and sugar caramelization, which will turn
the solution yellow-brown. Filter-sterilization is not an option
for concentrated sucrose solutions as filters tend to clog.

. Split TB in equal volumes and add TR and the plasmid DNA

solution to each half, then mix them before cell transfection.
This will prevent DNA being precipitated when in contact with
concentrated TR.

. We have also run experiments using HEK293T cells transfected

with empty pCi vector as a control and found no difference in
reactivity of cellular background proteins against anti-HBV
antibodies when compared to nontransfected cells.

. Samples subjected to PNG-ase F and Endo H digestions are

denatured to increase de-glycosylation efficiency, which some-
times results in precipitation of proteins and signal loss in
western blots. This can be prevented by reducing the amount
of total proteins in the reaction volume.

Comparing samples migrated on SDS-PAGE under nonreduc-
ing and reducing conditions will provide a first indication on the
ability of the HBV chimeric proteins to form disulfide-linked
oligomers, a prerequisite for SVPs assembly (as in Fig. 2a).

Current commercial antibodies against HBV-S are conforma-
tion dependent; therefore, to detect HBV chimeric antigens by
western blot, antibodies against linear epitopes are preferred.
Membrane incubation with primary antibodies for 1 h is usually
sufficient for good signals in western blot, when using mono-
clonal anti-preS1 antibodies. However, overnight incubation is
recommended when the antigen is more diluted in analysed
samples. No additional membrane washing is necessary.

HEK cells are easily detachable; therefore, any washing steps
must be performed with care. Pipet solutions on the flask wall
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rather than the cell monolayer. Check cellular morphology
under a microscope and incubate a little longer if cells are still
attached or not round-shaped yet.

This second incubation step is based on our observation that
HEK293T cells still contain an important amount of HBV
antigens at 72 h post-transfection and ensures complete release
of'assembled SVDPs into the cell medium.

We have observed in our laboratory that some of the SVP
sample always remains in the proximity of the pellet as a fine
layer that is lost if the entire sucrose solution is removed. By
leaving the tubes to rest overnight with a small volume of
sample diluted 1:1 in PBS, the pellet gently self-detaches
from the bottom of the tube resulting in a concentrated SVP
solution that contains at most 10% sucrose.

Comparing the migration pattern of intra- and extracellular
antigens on SDS-PAGE under reducing conditions provides
valuable information about protein processing along the secre-
tory pathway. Secreted glycosylated HBV antigens will always
migrate slower than their intracellular counterparts due to
trimming of the N-linked glycan to complex structures (as in
Fig. 3). This process can be further confirmed by digestions
with PNGase F and Endo H [10].

At this stage the SVP sample contains about 10% sucrose and can
be loaded on top of the first, 15% sucrose-layer of the sucrose
step gradient without additional dilution (see also Note 13).

Samples are dialyzed against diluted PBS to avoid concentra-
tion of salts in the antigen sample after lyophilization.

Lyophilization of the HBV antigens results in a protein powder
that dissolves easily in water. However, we have observed a
slight loss of antigen recognition by the highly conformation-
dependent monoclonal antibodies of the Monolisa HBsAg
ULTRA kit, suggesting that some epitopes may be denatured
during this procedure.

Serially dilute a protein containing preSl epitope of known
concentration to generate a standard curve (500-20 ng). Pro-
ceed as in Subheading 3.2 above, steps 6-11 [10].

Typically, this protocol leads to production of 28—-30 pg/g and
3.754 pg/g cell fresh weight of HBV-S and HBV-S/
preS12™* SVPs, respectively, of about 10-15% purity, which
is compatible with further analysis of the antigenic properties in
animal models [10, 12]. Due to its simplicity and rapidity, this
purification approach is particularly suitable for primary screen-
ing of a large number of antigens. It can also be used as a
precursory step in more sophisticated purification protocols
when production of highly pure SVPs might be required.
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the Baculovirus Expression Vector System
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Abstract

Several vaccines are already produced using the baculovirus expression vector system (BEVS). This chapter
describes methods for generating recombinant baculoviral DNA (also called bacmid) for cultivating
Spodoptera frugiperda Sf9 cells and producing a baculovirus stock from the recombinant bacmid and for
producing a protein-based vaccine with the BEVS in a stirred tank reactor.

Key words Process analytical technology, Online process monitoring, Dielectric spectroscopy, Spo-
doptera frugiperdn, Sf-9 cells, Antigen production, Cell cultivation

1 Introduction

Various competing production platforms, based on different host
organisms, are involved in the production of vaccines. Within this
field, the baculovirus expression vector system (BEVS) is, although
established more than 30 years ago, just becoming a state-of-the-
art technology. Several BEVS-based vaccines for veterinary and
human use, which are based on protein subunits (e.g., Flublock®,
Protein Sciences Corporation, human influenza vaccine) or virus
like particles (e.g., Cervarix®, GSK, human papillomavirus vaccine),
have been approved and marketed in the past decades [1]. Conse-
quently, BEVS can be considered to be an established tool, not only
for research purposes but also for industrial production. The BEVS
technology itself'is based on insect cell-lines as such as Sf9 or §21
(Spodoptera frugiperda) and a corresponding recombinant Awuto-
grapha californica nuclear polyhedrosis virus (AcNPV), carrying
the genetic information for the target vaccine to be expressed.
Because the production is based on virus infection, rather than on
a stable chromosomal integration of the foreign genetic informa-
tion, BEVS offers manufacturing speed, high flexibility, and yields

Blaine A. Pfeifer and Andrew Hill (eds.), Vaccine Delivery Technology: Methods and Protocols, Methods in Molecular Biology,
vol. 21883, https://doi.org/10.1007/978-1-0716-0795-4_8, © Springer Science+Business Media, LLC, part of Springer Nature 2021
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high product titers at the same time. Posttranslational modification
and protein folding are well supported, although the glycosylation
pattern is not human. Genetically and metabolically engineered
insect cell lines can be used for the production of recombinant
products with humanized glycosylation [2]. As an additional
benefit, insect cell-specific viruses, such as the AcNPV, are not
capable of gene expression in mammalian organisms, thus, meeting
required safety regulations [3]. Due to the lytic nature of BEVS, a
tight process control is necessary for large-scale bioreactor pro-
cesses to ensure the effective timing of the key events—infection
and harvesting. Therefore, advanced biomass monitoring strate-
gies, for example based on dielectric spectroscopy (DS), have to
be employed to generate data beyond the standard parameters: pH,
dissolved oxygen, and stirrer speed [4, 5].

The following chapter describes all steps for the setup of a
BEVS-based production process in a bioreactor, including
advanced process monitoring (Fig. 1). The protocol can be used
for the production of vaccine-related proteins, such as the exem-
plarily shown ORF2 protein (see Note 1), but is also applicable to
other proteins of interest.

* information of the target antigen

Isolation of the genetic

(e.g. ORF2 of PCV2)

J

:

gO Cloning of the transfer vector

.

o Generation of recombinant bacmid
U or baculovirus DNA

'

®o))

Production of virus }._ [@ Inital cell stock (e.g. Sf9 cell line) ]

P1 stock
I |

@l;\ Virus amplification [ Cell bank ]

'

{

5

Virus titer determination

!

N
( 1) Cell expansion
2) Infection with baculovirus -
3) Harvest
A v,

Fig. 1 Process flowchart for the production of recombinant proteins using BEVS
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2 Materials

2.1 Transfer Vector
Cloning

2.2 Generation
of Recombinant
Bacmid
(Baculoviral DNA)

2.2.1 Materials

for Transformation

of Competent MAX
Efficiency® DH10-Bac™

In this part of the chapter, the required materials for the cloning of
the transfer vector are described. In addition to the genetic
sequence of interest, which codes for the target protein, it is
assumed that a lacZoa cassette for blue—white screening is
integrated.

1. Transfer cloning vector (e.g., pFastBac-1, Thermo Fisher Sci-
entific, Waltham, MA, USA).

2. Genetic sequence of interest (e.g., ORF2 of PCV2).

3. Other sequences of genetic elements (a reporter gene, a secre-
tion signal, etc.).

This part of the chapter describes the materials for the generation
and analysis of recombinant bacmid DNA, based on the Bac-to-
Bac™ Baculovirus Expression Vector System using MAX Effi-
ciency®™ DH10-Bac™ (see Note 2).

1. Baculovirus expression vector system kit (e.g., Bac-to-Bac™
Baculovirus Expression System, Thermo Fisher Scientific, Wal-
tham, MA, USA).

2. Cloned transfer vector (see Subheading 2.1).

3. Crushed ice for thawing the MAX Efficiency®™ DH10-Bac™.

4. S.0.C. medium (e.g., New England Biolabs, Ipswich,
Massachusetts, USA).

5. LB medium for casting agar plates (e.g., granulated LB
medium, Carl Roth, Karlsruhe, Germany, prepare according
to the manufacturer’s instructions).

6. Liquid LB medium for the dilution of the bacterial cell suspen-
sion (e.g., granulated LB medium, Carl Roth, Karlsruhe,
Germany).

7. Agar plates containing 5-bromo-4-chloro-3-indolyl-b-p-galac-
topyranoside (X-Gal) and isopropyl-p-p-thiogalactopyranoside
(IPTG) (see Note 3) and also kanamycin (working concentra-
tion 25 pg/mL), tetracycline (working concentration 15 pg/
mL). Depending on the transfer vector, further or other anti-
biotics may be required (see Note 4).

8. Sterile single-use pipette tips (e.g., pipette tips, Sarstedt, Niim-
brecht, Germany).

9. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-
gerite, Eberstadt, Germany).

10. 1.5 mL centrifuge tubes (e.g., Sarstedt, Niimbrecht,
Germany).
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11.

12.

2.2.2 Materials 1
for Analysis

of the Recombinant Bacmid

Using LongAmp Taq 2
Polymerase

10.

11.

12.

13.

14.

15.

16.

17.

Thermomixer (e.g., Thermomixer comfort, Eppendorf, Ham-
burg, Germany).

Incubator (e.g., INCU-Line® IL 23, VWR, Radnor,
Pennsylvania, USA).

. MAX Efficiency® DH10-Bac™ colonies (e.g., Bac-to-Bac™

Baculovirus Expression System, Thermo Fisher Scientific, Wal-
tham, MA, USA).

. 1.5 mL centrifuge tubes (e.g., Sarstedt, Niimbrecht,

Germany).

. 5x LongAmp Tag Polymerase (e.g., New England Biolabs,

Ipswich, Massachusetts, USA).

. LongAmp 7Tinq Reaction buffer (e.g., New England Biolabs,

Ipswich, Massachusetts, USA).

. Deoxyribonucleoside triphosphates (e.g., Deoxyribonucleo-

side (ANTP) Solution Mix, New England Biolabs, Ipswich,
Massachusetts, USA).

. M13 forward (-40) primer and M13 reverse primer (Source:

e.g., Biomers.de, Ulm, Germany; Synthesis: e.g., Sigma-
Aldrich, St. Louis, Missouri, USA).

. Distilled water, cell-culture grade (e.g., Milli-Q Academic,

Millipore, Burlington, Massachusetts, USA).

. Sterile single-use pipette tips (e.g., pipette tips, Sarstedt, Niim-

brecht, Germany).

. Stained agarose gel (1% (w/v) agarose with for example SYBR

Safe DNA Gel Stain, Invitrogen, Carlsbad, California, USA).
DNA loading bufter (e.g., Gel Loading Dye, Purple (6x), New
England Biolabs, Ipswich, Massachusetts, USA).

DNA ladder (e.g., 2 Log DNA Ladder, New England Biolabs,
Ipswich, Massachusetts, USA).

PCR tubes (e.g., Strip tubes for PCR, Thermo Fisher Scien-
tific, Waltham, MA, USA).

Piston pipettes (e.g., Research Plus, Eppendorf, Hamburg,
Germany).

Single-use pipette tips (e.g., pipette tips, Sarstedt, Niimbrecht,
Germany).

Thermocycler (e.g., peqSTAR, VWR, Radnor,
Pennsylvania, USA).

Electrophoresis chamber (e.g., Biozym Scientific, Hessisch
Oldendorf, Germany).

Gel imager (e.g., ChemiDoc™XRS+ Imager, Bio-Rad Labora-
tories, Hercules, California, USA).



2.3 Isolation
of Bacmid DNA
and Buffer Preparation

2.3.1 Materials for Buffer
Preparation

2.3.2 Materials
for Isolation
of Bacmid DNA
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This part of the chapter describes the materials for the isolation of
the bacmid DNA and the materials for the required bufters.

10.

11.

12.

O 00 N O\ Ul

. Tris hydrochloride buffer (Tris-HCI, e.g., Thermo Fisher Sci-

entific, Waltham, MA, USA).

. Ethylenediaminetetraacetic acid (EDTA, e.g., VWR, Radnor,

Pennsylvania, USA).

. RNase A (e.g., Omega Bio-tek, Norcross, GA, USA).
. Sodium hydroxide (NaOH, e.g., Merck, Darmstadt,

Germany).

. Sodium dodecyl sulfate (SDS, pure Ph. Eur., AppliChem,

Darmstadt, Germany).

. Potassium acetate (e.g., Carl Roth, Karlsruhe, Germany).
. Distilled water, cell-culture grade (e.g., Milli-Q Academic,

Millipore, Burlington, Massachusetts, USA).

. Sterile single-use pipette tips (e.g., serological pipettes, Sar-

stedt, Niimbrecht, Germany).

. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

100 mL glass bottle (e.g., Glasgeritebau Ochs, Bovenden,
Germany).
Measuring cylinder (e.g., Glasgeratebau Ochs, Bovenden,
Germany).

pH meter (e.g., FiveEasy™ FE20, Mettler Toledo, Columbus,
Ohio, USA).

. Positive clones (clones with insert) (see Note 5).

. Liquid LB medium for the dilution of the cell suspension (e.g.,

granulated LB medium, Carl Roth, Karlsruhe, Germany, pre-
pare according to the manufacturer’s instructions).

. Kanamycin and tetracycline in corresponding working concen-

trations (see Note 4).

. Cultivation tubes (e.g., Sarstedt, Niimbrecht, Germany).

. Resuspension buffer (containing Tris-HCI and EDTA).

. Lysis buffer (containing NaOH and SDS).

. Precipitate buffer (containing potassium acetate).

. Absolute isopropanol (e.g., Merck, Darmstadt, Germany).
. 70% (v/v) ethanol (e.g., Merck, Darmstadt, Germany).
10.

Distilled water, cell-culture grade (e.g., Milli-Q Academic,
Millipore, Burlington, Massachusetts, USA).
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2.4 Cell Bank

2.4.1 Materials
for Thawing Insect Cells

2.4.2 Materials for Cell
Counting by Trypan Blue
Staining

11.
12.

13.

14.

15.

16.

17.

Crushed ice for incubation.

1.5 mL centrifuge tubes (e.g., Sarstedt, Niimbrecht,
Germany).

Sterile single-use pipette tips (e.g., serological pipettes, Sar-
stedt, Niimbrecht, Germany).

Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-
gerite, Eberstadt, Germany).

Incubator (e.g., INCU-Line® IL 23, VWR, Radnor, Pennsyl-
vania, USA) with orbital shaker (e.g., Multitron Standard,
Infors HT, Basel, Switzerland).

Centrifuge (e.g., Sigma 1-16K, Sigma-Aldrich, Hamburg,
Germany).

Vortexer (e.g., Lab dancer, VWR, Radnor,
Pennsylvania, USA).

This part of the chapter describes the materials used for the opera-
tional steps described in Subheading 3.4.

1.

[N

Spodoptera frugiperda cell suspension (1 mL) with a cell density
of 2 x 107 cells/mL (e.g., TriEx S£9, Merck, Darmstadt,
Germany).

. 100 mL baffled shake flask (e.g., Glasgeratebau Ochs, Boven-

den, Germany).

. Insect cell culture medium (e.g., SO00 II, Thermo Fisher

Scientific, Waltham, MA, USA).

. Sterile single-use pipette tips (e.g., serological pipettes, Sar-

stedt, Niimbrecht, Germany).

. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

. Centrifuge (e.g., Sigma 1-16K, Sigma-Aldrich, Hamburg,

Germany).

. Aspiration system (e.g., Vacusafe, Integra, Biebertal,

Germany).

. 15-mL centrifuge tubes (e.g., Sarstedt, Niimbrecht,

Germany).

. Incubator (e.g., B-line, Binder, Tuttlingen, Germany) with

orbital shaker (e.g., Celltron, Infors HT, Basel, Switzerland).

. 0.4 % trypan blue (e.g., Sigma-Aldrich, Hamburg, Germany).
. Phosphate-buffered saline (PBS, e.g., Biochrom, Berlin,

Germany).

. Incident light microscope (e.g., DMIi, Leica, Wetzlar,

Germany).



2.4.3 Materials for Cell 1.

Passaging

2.4.4 Materials 1.

for Freezing the Cells

2.4.5 Materials 1.

for Cultivation of Insect
Cells in a Stirred-Tank b)
Bioreactor
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. Neubauer improved counting chamber (e.g., Marienfeld,

Konigshofen, Germany).

. Piston pipettes (e.g., Research Plus, Eppendorf, Hamburg,

Germany).

. Pipette tips (e.g., Sarstedt, Niimbrecht, Germany).

100 mL baffled shake flask (e.g., Glasgeratebau Ochs, Boven-
den, Germany).

. Insect cell culture medium (e.g., SO00 II, Thermo Fisher

Scientific, Waltham, MA, USA).

. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

. Sterile single-use pipette tips (e.g., serological pipettes, Sar-

stedt, Niimbrecht, Germany).

. Incubator (e.g., B-line, Binder, Tuttlingen, Germany) with

orbital shaker (e.g., Celltron, Infors HT, Basel, Switzerland).

Spodoptera frugiperda cell suspension in exponential growth
phase with a cell density of 2-6 x 10° cells/mL and a viability
>95%.

. Sterile 1.5 mL Cryo-Vials (e.g., Sarstedt, Niimbrecht,

Germany).

. Insect cell culture medium (e.g., SO00 II, Thermo Fisher

Scientific, Waltham, MA, USA).

. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

. Sterile serological pipettes (e.g., Sarstedt, Nimbrecht,

Germany).

. 15-mL  centrifuge tubes (e.g., Sarstedt, Nimbrecht,
Germany).

. Aspiration system (e.g., Vacusafe, Integra, Biebertal,
Germany).

. Freezing container (e.g., Mr. Frosty, Thermo Fisher Scientific,
Waltham, MA, USA).

. —80 °C freezer.
10.
11.

—140 °C liquid nitrogen freezing tank.
Dimethyl sulfoxide (DMSO).

Bioreactor with 1 L working volume (e.g., 2L-Labfors, Infors
HT, Basel, Switzerland).

. Bioreactor control unit (e.g., Labfors 5 cell, Infors HT, Basel,

Switzerland).
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2.4.6  Materials for Online
Dielectric Spectroscopy

2.5 Production of a
P1 Baculovirus stock
and Amplification

2.5.1 Materials

for the Transfection of Sf-9
Cells for the Generation

of a P1 Baculovirus Stock

3.
4.

11.

12.
13.
14.

4.

Preculture of §f9 cells.

Insect cell culture medium (e.g., S900 II, Thermo Fisher
Scientific, Waltham, MA, USA).

. Temperature probe (e.g., Labfors 5 cell, Infors HT, Basel,

Switzerland).

. pH and DO probe (e.g., EasyFerm/VisiFerm, Hamilton,

Bonaduz, Switzerland).

. Glass bottles with connector caps and bottom drain for acid,

base, medium and inoculation.

. Male and female Luer lock adapters.

. Luer lock lids.
10.

Sterile, hydrophobic air filter with Luer lock adapter (e.g.,
Minisart, Sartorius, Gottingen, Germany).

Sterile, single-packed, 10-mL syringe with Luer lock adapter
(e.g., B. Braun, Melsungen, Germany).

1 M phosphoric acid.
1 M sodium hydroxide.
70% (v/v) ethanol.

. Dielectric spectroscopy probe (e.g., InCyte, Hamilton, Bona-

duz, Switzerland).

. Signal transformation box (e.g., Cell Density ComBox, Hamil-

ton, Bonaduz, Switzerland).

. Documentation software (e.g., Cell Density software, Hamil-

ton, Bonaduz, Switzerland).
Cleaning solution (15 g/L Na,SO3).

The required materials for the production of a P1 virus stock as well
as for the amplification of the virus stock are described in this part
of the chapter.

1.
2.

Material for cell counting (see Subheading 2.4.2).

Spodoptera frugiperda cell suspension (2.5 mL) with a cell
density of 0.3 x 10° cells/mL (e.g., TriEx S£9, Merck, Darm-
stadt, Germany).

. Insect cell culture medium (e.g., SO00 II, Thermo Fisher

Scientific, Waltham, MA, USA).

Isolated Bacmid DNA (e.g., Bacmid DNA of AcMNPV-Orf2-
PCV2; see Subheading 3.3).

. Transfection reagent (e.g., TransIT®-Insect Transfection

Reagent, Mirus Bio LL, Madison, Wisconsin, USA).



2.5.2 Materials
for Amplification of the P1
Baculovirus Stock to P2

2.6 Determination
of the Baculovirus
Titer

10.

11.

12.

13.

14.
15.

8]

9.
10.
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. Grace’s Insect Medium (e.g., Sigma-Aldrich, St. Louis,

Missouri, USA).

6-well plates for suspension culture (e.g., Sarstedt, Niimbrecht,
Germany).

. Sterile single-use pipette tips (e.g., serological pipettes, Sar-

stedt, Niimbrecht, Germany).
Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-
gerite, Eberstadt, Germany).

Microscope (e.g., Inverted Microscope Dmil, Leica Camara,
Wetzlar, Germany).

Aspiration system (e.g., Vacusafe, Integra, Biebertal,
Germany).

Multifuge (e.g., Multifuge X1R, Thermo Fisher Scientific,
Waltham, MA, USA).

15-mL centrifuge tubes, lightsafe (e.g., Sarstedt, Niimbrecht,
Germany).

Incubator (e.g., KB 115 E 3.1, Binder, Tuttlingen, Germany).
Centrifuge (e.g., 6-16 KS, Sigma-Aldrich, St. Louis,
Missouri, USA).

. Material for cell counting (see Subheading 2.4.2).
. Spodoptera frugiperda cell suspension with a cell density of

1.0 x 10° cells/mL (e.g., TriEx S£9, Merck, Darmstadt,
Germany).

. Insect cell culture medium (e.g., S00 II, Thermo Fisher

Scientific, Waltham, MA, USA).

. P1 baculovirus stock (2 mL) (e.g., AcMNPV-Orf2-PCV2; see

Note 6).

. 250 mL baffled shake flask (e.g., Glasgeritebau Ochs, Boven-

den, Germany).

. Sterile single-use pipette tips (e.g., serological pipettes, Sar-

stedt, Niimbrecht, Germany).

. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

. 50-mL centrifuge tubes, lightsafe (e.g., Sarstedt, Niimbrecht,

Germany).
Incubator (e.g., KB 115 E 3.1, Binder, Tuttlingen, Germany).

Centrifuge (e.g., 6-16 KS, Sigma-Aldrich, St. Louis,
Missouri, USA).

In this part of the chapter, three alternatives for the determination
of the baculovirus titer are presented: the quantification using
qPCR with SYBR Green, the performance of a viral plaque assay,
and the determination the TCIDsy.
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2.6.1 Materials

for the Quantification
of Baculoviruses Using
qPCR with SYBR Green

2.6.2 Materials

for Quantification

of Baculoviruses Using
a Viral Plaque Assay

1.

Kit for the isolation of baculoviral DNA (e.g., PureLink® viral
RNA/DNA Mini Kit, Thermo Fisher Scientific, Waltham,
MA, USA).

. qPCR Kit (e.g., QuantiNova™ SYBR® Green, QIAGEN,

Venlo, Netherlands).

. Suitable Primer for the detection of a specific gene sequence of

baculoviral DNA.

4. Crushed ice.

11.

12.

13.

14.

15.

16.

. Sterile single-use filter tips (e.g., Biosphere® filter tips, Sar-

stedt, Niimbrecht, Germany).

. Piston pipettes (e.g., Research Plus, Eppendorf, Hamburg,

Germany).

. 1.5-mL DNA Low Bind centrifuge tubes (e.g., Eppendort,

Hamburg, Germany).

. PCR tubes (e.g., Multiply®-Pro 0.2 mL (PP), Sarstedt, Niim-

brecht, Germany).

. PCR cooler (e.g., Eppendorf, Hamburg, Germany).
10.

96-well plate, semi skirted (e.g., twin.tec. real-time PCR Plate
96, Eppendorf, Hamburg, Germany).

PCR film (e.g., Masterclear real-time PCR film, Eppendorf,
Hamburg, Germany).

qPCR System (e.g., Mastercycler® ep gradient S realplex,
Eppendorf, Hamburg, Germany).

Multifuge (e.g., Multifuge X1R, Thermo Fisher Scientific,
Waltham, MA, USA).

Centrifuge (e.g., Sigma 1-16K, Sigma-Aldrich, Hamburg,
Germany).

Thermomixer (e.g., HLC Cooling-Thermomixer, DITABIS,
Pforzheim, Germany).

Vortexer (e.g., Lab dancer, VWR, Radnor,
Pennsylvania, USA).

. Spodoptera frugiperda cell suspension with a cell density of

1.0 x 10° cells/mL (e.g., S£9 Insect Cells, Merck, Darmstadst,
Germany).

. Insect cell culture medium (e.g., SO00 II, Thermo Fisher

Scientific, Waltham, MA, USA).

. Generated P2 virus stock.

. 4% agarose Gel (e.g., Plaque agarose, Biozym Scientific, Hes-

sisch Oldendorf, Germany).

. Neutral red, high purity (e.g., Carl Roth, Karlsruhe, Germany).



2.6.3 Materials

for the Determination

of the 50% Tissue Culture
Infective Dose (TCID5p)

2.7 Materials

for Infection of Sf-cells
with Baculovirus

and Protein Production
in a Stirred-Tank
Bioreactor

2.7.1 Materials
for the Infection of Sf-cells
with Baculovirus

10.

11.
12.
13.

8.
9.

. 6-well tissue-culture plates
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. Sterile single-use pipette tips (e.g., serological pipettes, Sar-

stedt, Niimbrecht, Germany).

. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

Sarstedt, Niimbrecht,

(e.g.,
Germany).

. Distilled water, cell-culture grade, sterile (e.g., Milli-Q Aca-

demic, Millipore, Burlington, Massachusetts, USA).

100 mL glass bottle, sterile (e.g., Glasgeratebau Ochs, Boven-
den, Germany).

Water bath (e.g., Memmert, Schwabach, Germany).
Microwave.

Incubator (e.g., KB 115 E 3.1, Binder, Tuttlingen, Germany).

. Spodoptera frugiperda cell suspension with a cell density of

1.0 x 10° cells/mL (e.g., S£9 Insect Cells, Merck, Darmstadt,
Germany).

. Baculovirus stock P2 (e.g., AAMNPV-Orf2-PCV2).
. Insect cell culture medium (e.g., SO00 II, Thermo Fisher

Scientific, Waltham, MA, USA).

. 96-well plates (e.g., TC Plate 96, Sarstedt, Niimbrecht,

Germany).

. Reagent reservoir (e.g., VWR, Radnor, Pennsylvania, USA).
. Multichannel pipette (e.g., Research Plus, Eppendorf, Ham-

burg, Germany).

. Single-use pipette reservoirs (e.g., 25-mL pipette reservoir,

Argos, Vernon Hills, IL, USA).
Single-use pipette tips (e.g., Sarstedt, Niimbrecht, Germany).
Incubator (e.g., KB 115 E 3.1, Binder, Tuttlingen, Germany).

In this part of the chapter, the materials for the infection of insect
cells, using BEVS for protein production in a stirred-tank bioreac-
tor, and the harvest of those produced recombinant proteins, are
described.

1.

2.

Spodoptera frugiperda cell suspension (1 L) with a cell density
of 1 x 10° cells/mL (e.g., TriEx S§9, Merck, Darmstadt,
Germany).

Insect cell culture medium (e.g., S900 II, Thermo Fisher
Scientific, Waltham, MA, USA).
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2.7.2 Materials
for the Harvesting

Baculovirus stock P2 (e.g., AcMNPV-Orf2-PCV2).
5 mL sterile syringe.

Luer lock lids.

S AN S

Materials for the cultivation of insect cells in a stirred-tank
bioreactor (se¢ Subheading 2.4.5).

7. Materials for online dielectric spectroscopy (see Subheading
2.4.0).

8. Materials for cell counting (see Subheading 2.4.2).

1. Glass bottles with connector cap for harvesting (e.g., the
connected inoculation bottle, se¢ Subheadings 2.4.5 and

of the Produced 3.7.2).
Recombinant Proteins 2. Protease inhibitor (e.g., Protease Inhibitor Cocktail, VWR,
Radnor, Pennsylvania, USA).
3. Sterile single-use pipette tips (e.g., serological pipettes, Sar-
stedt, Niimbrecht, Germany).
4. Pipette holder/rubber bulb (e.g., pipetus, Hirschmann Labor-
gerite, Eberstadt, Germany).
5. Centrifuge tubes (e.g., Sarstedt, Niimbrecht, Germany).
6. Centrifuge (e.g., 6-16 KS, Sigma-Aldrich, St. Louis,
Missouri, USA).
7. —80 °C freezer.
3 Methods

3.1 Transfer Cloning
Vector

3.2 Generation
of Recombinant
Baculoviral DNA

3.2.1 Transformation
of Competent MAX
Efficiency®™ DH10-Bac™
E. coli

The DNA sequence of the desired gene which encodes for the
protein of interest must be known, and can either be synthesized
de novo, or amplified by PCR. The desired target sequence must
then be integrated into an acceptor vector. Depending on which
Baculovirus Expression Vector System is used, different acceptor
vectors are available. To insert the desired gene sequence into the
acceptor vector, Golden Gate cloning, or classical restriction liga-
tion cloning, can be used. Other genetic modifications, such as a
lacZa cassette (which is assumed in this case), a reporter gene, or
others, should be considered too (see Note 7).

This chapter describes the methods for generating baculoviral DNA
(also called bacmid). The protocol corresponds, apart from a few
deviations, to the Bac-to-Bac Manual of Life Technologies [6].

1. Prepare agar plates containing kanamycin, tetracycline, X-Gal,
and IPTG for the selection of positive E. coli transformants.

2. Thaw one vial competent MAX Efficiency™ DHI10-Bac™
on ice.



3.2.2 Analysis

of the Recombinant Bacmid
Using LongAmp Taq
Polymerase

3.3 Isolation

of Recombinant
Baculoviral DNA

and Buffer Preparation
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Table 1
Master mix for the analysis of recombinant bacmid DNA

Master mix for one reaction Volume [plL]
Long Amp Tag Polymerase 1 pL

5x Long Amp Taq reaction buffer 5 pL

10 mM dNTPs 0.75 pL

10 pM M13 Forward (-40) Primer 1 pL

10 pM M13 Reverse Primer 1 pL

ddH,O 16.5 uL

2 25 pL

3. Gently add 100 ng cloned transfer vector plasmid DNA to the

MAX Efficiency® DH10-Bac™,

4. Place the vial with the bacteria suspension on ice for 30 min.

ul

NeREEC BN BON

13.

. Induce a heat-shock at 42 °C for 45 s without shaking to

enforce a plasmid uptake.

. Incubate the bacteria on ice for an additional 2 min.
. Add 750 pL S.O.C. Medium.

. Incubate the bacteria at 37 °C and 450 rpm for 4 h.
. Add LB medium to dilute the suspension 1:10.

10.

Seed 100 pL of the diluted bacteria suspension on the agar
plates containing kanamycin, tetracycline, X-Gal, and IPTG.

. Incubate the plates overnight at 37 °C.
12.

Select white E. coli colonies and restreak them on fresh agar
plates containing kanamycin, tetracycline, X-Gal, and IPTG.

Incubate the agar plate overnight at 37 °C.

. Pick one white colony from restreaked agar plates and suspend

it into tubes containing 5 mL. LB medium and kanamycin,
tetracycline each—follow the procedure 6-10-times (meaning
that you have 6-10 colonies in culture at the end).

. Incubate the liquid cultures at 37 °C and 250 rpm overnight.

. Prepare the master mix for the analysis of the recombinant

bacmid DNA (see Table 1).

Three different bufters are required for the isolation of baculoviral
DNA: (1) resuspension buffer, containing Tris—HCl and EDTA,
(2) lysis bufter containing NaOH and SDS, and (3) precipitation
buffer containing potassium acetate. The buffer preparation and
isolation of recombinant bacmid is carried out in according to the
protocol of Sung et al. [7].
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3.4 Suspension
Gulture of Sf-9 Cells

3.4.1 Thawing the Cells

3.4.2 Cell Counting by
Trypan Blue Staining

3.4.3 Passaging the Cells

This chapter comprises a brief description of the strain mainte-
nance, seeding train, preparation, and initiation of an insect-cell
bioprocess in a bioreactor. The authors point out, that a closely
related and even more detailed description of the setup handling,
process initiation and sampling has previously been published in
Animal Cell Biotechnology—Methods and Protocols in 2019 by
Kifler et al., with a focus on the cultivation of stable insect cell
lines [8].

1

. Thaw a cryovial containing 2 x 107 S£9 cells/mL in

your hand.

. Gently add 9 mL of insect cell medium to the cells and mix

them properly by pipetting them gently up and down (see Note
8).

. Centrifuge the cell suspension at 200 x g for 5 min.
. Aspirate the supernatant and therefore remove the DMSO (see

Note 9).

. Resuspend the cells in 10 mL fresh medium.

. Transfer the 10 mL of cell suspension into a 100 mL baffled

Erlenmeyer flask.

. Cultivate the cells in the incubator on the orbital shaker at

28 °C and a suitable shaking rate.

. After 34 days, passage cells to a concentration of

0.5 x 10° cells/mL (sec Note 10).

. Assemble the counting chamber as recommended by the

manufacturer.

. Take a sample (about 100 pL).

. Dilute sample by mixing with PBS to obtain a concentration

suitable for counting (typical ratios are 1:1 to 1:20).

. Mix 75 pL of diluted cell suspension with 75 pL trypan blue (see

Note 11).

. Pipet the stained cell suspension immediately into the counting

chamber.

. Count the cells and calculate the cell density according to the

manufacturer’s instructions (se¢ Note 12).

. Count cells according to Subheading 3.4.2 using the Neubauer

chamber (see Note 13).

. Calculate the volume of cell suspension and medium needed to

passage the cells to 0.5 x 10° cells/mL (see Note 10).

. Pipet the calculated volume of fresh medium into a new shake

flask and add the calculated volume of the cell suspension (see
Note 8).



3.4.4 Freezing the Cells

3.5 Production
of the P1 Virus Stock
and Amplification

3.5.1 Transfection

of Sf-9 Cells

for the Generation of a P1
Baculovirus Stock
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4. As a precaution, keep the previous passage.

10.

. Cultivate the cells in the incubator on the orbital shaker at

28 °C and a suitable shaking rate.

. Calculate the volume of the Spodoptera frugiperda cell suspen-

sion needed to obtain a total of 3.6 x 10% cells.

. Split up the volume into 50-mL centrifuge tubes.
. Centrifuge for 5 min at 200 x 4.

. Fill 8.1 mL of supernatant into a 50-mL centrifuge tube and

add 1.8 mL DMSO to it.

. Aspirate the remaining supernatant and resuspend the cells in

8.1 mL fresh medium.

. Add the cell suspension to the prepared medium with DMSO

(see Note 14).

. Fill 1 mL of the prepared cell suspension in each cryo-vial.

. Transfer the 18 cryo-vials into the freezing container and freeze

at a rate of —1 °C/min at —80 °C for at least 4 h.

. For long-term storage, transfer vials to the liquid nitrogen

freezing tank (—140 °C).

To verify a successful freezing process, rethaw one vial
(described in Subheading 3.4.1). Observe cell growth and
viability. If a viability of >90% and a doubling time between
20 and 35 h can be observed 3—4 passages after rethawing,
successful freezing and rethawing is indicated.

This part of the chapter describes the generation of a P1 virus stock
by a transfection of §f-9 insect cells and the multiplication of the P1
virus stock to obtain the P2 virus stock.

. Add 2 mL of §9 cell suspension with a cell density of

0.3 x 10° cells/mL to each well of a 6-well plate and incubate
at 28 °C overnight.

. Analyze the cell morphology with the microscope before infec-

tion. The cells should look round and not granulated. Further
no other particles (e.g., bacterial or fungal contamination)
should be visible.

. Prewarm transfection reagent and vortex it.

4. Defrost the bacmid DNA (see Note 15).

. Transfer 250 pL Grace’s Insect Medium into a 1.5 mL

centrifuge tube.

. Add 2.5 pg bacmid DNA to the Grace’s Insect Medium.
. Mix the bacmid DNA by gently inverting the centrifuge tube

10 times.
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3.5.2  Amplification
of the P1 Baculovirus Stock
to P2

3.6 Determination
of the Baculoviral Titer

3.6.1 Quantification
of Baculoviruses Using
qPCR with SYBR Green

8.

10.
11.

12.

13.
14.

15.

9.

Incubate the transfection solution at room temperature for
15 min.

. Dropwise add the transfection solution to the cell suspension

of each well.
Incubate the 6-well plates at 28 °C for 72 h, without shaking.

Again, analyze the morphology of the insect cells under the
microscope and check the cells for cytopathic effects (see Note
16).

Gently transfer the cell suspension to sterile 15 mL centrifuge
tubes.

Centrifuge the tubes for 5 min at 1000 x g4.

Transter the P1 virus stock-containing supernatant into new
15 mL centrifuge tubes that are impervious for light because of
the virus’s light sensitivity.

Store the centrifuge tubes at 4 °C, protected from light.

. Add 50 mL of §f9 cell suspension with a cell density of

1 x 10° cells/mL to a baffled shake flask with a working
volume of 250 mL (see Note 17).

. Add 2 mL of P1 virus stock to the cell suspension.

. Wrap the flask in aluminum foil and incubate the cell suspen-

sion containing viruses at 80 rpm and 28 °C for 72-96 h.

. Determine the cell concentration and the viability directly after

infection, and continue sampling every 24 h to monitor the
progress of infection.

. As soon as the viability of the §f9 cells drops below of 75-80%,

harvest the virus containing cell suspension (se¢ Note 18).

. Transfer the harvested cell suspension to sterile 50 mL centri-

fuge tubes and centrifuge them at 250 x g for 10 min.

. Transfer the supernatant into new 50 mL centrifuge tubes and

centrifuge the tubes at 3000 x g for 10 min.

. Again, transfer the P2 virus-containing supernatant to a fresh

50 mL centrifuge tubes (se¢ Note 19).
Store the centrifuge tubes at 4 °C protected from light.

This part of the chapter describes three different methods for virus
titration: the quantification using qPCR with SYBR Green (see
Note 20), the performance of a viral plaque assay (se¢ Note 21),
and the determination of a TCIDs( (see Note 22).

The quantification of the baculoviral titer using qPCR with SYBR
Green is carried out according to the manufacturer’s specifications
by Thermo Fisher for the corresponding qPCR Kit [9].
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3.6.2 Plaque Assay The performance of a viral plaque assay using §9 insect cells is
carried out according to the protocol of Bac-to-Bac™ Manual of
Life Technologies [6].

3.6.3 Determination 1.

of the TCIDs,

Determine the cell density of §f9 cells from a shake flask as
described in Subheading 3.4.2.

. For each sample of baculovirus, dilute exponentially growing

S£-9 cells with a fresh medium to a density of 1 x 10° cells/mL
in a total volume of 10 mL.

. Transfer 10 mL of the cell suspension into a reagent reservoir.

. Fill 100 pL cell suspension in each well of'a 96-well plate, using

a multichannel pipette (one 96-well plate is required as a seed-
ing plate for each virus sample).

. Incubate at 28 °C for 4 h.

. In the meantime, carry out the following:

(a) Take a second 96-well plate for the dilution of the virus
sample (per virus sample eight wells are required).

(b) Add 135 pL of fresh medium into seven of the cight
required wells (an undiluted virus sample will be placed
in the first well).

(c) Add 150 pL of the virus sample to the first well and
resuspend the mixture with the pipette.

(d) Change the pipette tip for a new one.

(e) Transfer 15 pL from the first well to the second well and
resuspend the mixture again (see Note 23).

(f) Change the pipette tip for a new one.

7. Retry the steps (c)—(f) until the eighth well is reached.

11.

12.

. Create 12 replicates for each virus dilution by adding 10 pL of

the diluted virus sample from the virus dilution plate to the cell
seed plate using a multichannel pipette.

. Incubate the cells at 28 °C for 120 h.
10.

Identify infected cells in each well by detecting the reporter
protein GFP.

Label infected cells, for example with +, and count the infected
wells per column.

For the calculation of the TCIDs( use the following Eq. 1:
log (TCIDs) = | x| + D(Sp — 0.5) (1)

with || = log of 100% infected wells in the last column,
D = log of the dilution factor (in a total volume of 300 pL
suspension, 30 pL virus suspension results in a dilution factor
of 10, consequently log(10) = 1), and Sp = sum of the fraction
of the first column with 100% infected wells to the column with
0% infected wells.
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3.7 Preparation of a
Bioreactor

for the Cultivation

of S-9 Insect Cells
and Viral Infection

3.7.1 Setup preparation
for the Cultivation

3.7.2 Initiation
of the Cultivation

1.

w

10.

10.

Attach filters and tubing to the connector caps of medium,
inoculum, base and acid bottles (see Note 24).

. Fill phosphoric acid and sodium hydroxide into the acid and

base bottles and close the caps (see Note 24).

. Attach tubing clamps to all tubes.
. Connect tubes for sampling and pH regulation to the

bioreactor.

. Mount sterile air filters to the gas in-let and outlet.

. Calibrate the pH probe according to the manufacturer’s

instructions.

. Install the pH and DO probe in the bioreactor head plate at a

suitable depth.

. Use aluminum foil to cover all probe connectors and filters.

. Open all tubing clamps, except those for acid and base, and

autoclave the bottles and the bioreactor.

After autoclaving, close all tubing clamps and let the equip-
ment cool down to room temperature.

. Count the cells in the shake flask culture (see Subheading

3.4.2).

. Calculate the inoculum volume needed for an initial cell con-

centration of 1 x 10° cells/mL.

. Transfer the cultivation medium into a sterile medium bottle

while working under the clean hood.

. Disinfect the connectors and connect the medium bottle to the

bioreactor.

. Open the tubing clamps of the medium bottle tube and use

gravity to fill the reactor with the medium.

. Set and start the controllers for stirrer and temperature (e.g.,

28 °C, 70 rpm).

. Start aeration with 100% air and 0.1 vwm to equilibrate the

medium with ~21% oxygen.

. One-point calibrate the dissolved oxygen to 100% after the DO

value is stabilized, the system is mixed, and a temperature of
28 °C is reached.

. Activate acid and base pumps until the tubing is filled up to the

reactor inlet. Set pH controller to pH 6.3 and activate the pH
controller.

Transfer the calculated inoculum volume from the baffled
shake flask into the inoculum flask while working under the
clean hood.
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3.7.3 Viral Infection 1.

of the Culture

10.

3.7.4 Harvesting 1.

Procedure of the Produced
Recombinant Proteins 2
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Disinfect the connectors and connect the inoculation bottle to
the bioreactor.

Open the tubing clamps of the inoculation bottle and use
gravity to inoculate the reactor.

Start data acquisition.

Calculate the inoculum volume of the baculovirus stock using
the following Eq. 2:

Inoculum of the baculovirus stock

~ MOI x Total cell count
o Virus titer

(2)

. The MOl is the multiplicity of infection (se¢ Note 25), and the

total cell count is composed of the inoculation density of the
insect cells multiplied by the culture volume.

. Draw up the calculated inoculation volume of the baculovirus

with a sterile syringe under sterile conditions, and close with a
Luer lock lid (see Note 26).

. Disinfect the plug of the connect tube and the Luer lock lid of

the syringe with 70% (v/v) ethanol.

. Remove closures of the syringe and the connect tube, and

connect them quickly.

. Open the tubing clamp of the connect tube.

. Hold the syringe with the baculovirus suspension vertical, and

transfer the virus into the culture.

. Close the tubing clamp.
. Take a sample of the infected culture directly after the addition

of the virus (see Note 27).

For the monitoring of the cell infection, determine the cell
concentration and the viability every 24 h.

Start the harvest as soon as the insect cells have reached a
viability of 70-80% (sec Note 28).

. Connect the tubing to the harvest pipe of the bioreactor and

clamp it into the peristaltic pump.

Transfer the cell suspension into a 100 mL glass bottle with
the help of the peristaltic pump (at this point, it is advisable to
use the empty medium bottle, as it is still sterilely connected to
the reactor).

. Aliquot the 1 L suspension into centrifuge tubes and centrifuge

10 min at 250 x g. If the proteins are produced intracellularly,
the supernatant is discarded at this point and the cell pellet is
dissolved using lysis bufter. If the proteins are secreted into the
supernatant of the culture, continue with step 4.
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4.

Transfer the supernatant into fresh centrifuge tubes and centri-
fuge 10 min at 3000 x g.

. Again, transfer the supernatant into fresh centrifuge tubes.

. Add a protease inhibitor to the protein-containing

supernatant.

. Store the supernatant at —80 °C until further downstream

processing.

4 Notes

. The Porcine Circovirus 2 (PCV2) infection is related to the

Post-Weaning Multisystemic Wasting Syndrome (PMWS) and
therefore a target for vaccination. The genome of this virus
comprises three open reading frames (ORF). ORF2 encodes an
approximately 30 kDa-sized capsid protein, which is the main
immunostimulating agent in infected animals.

. The transfer vector carries the desired genetic sequences that

needs to be integrated into the baculoviral genome. For this
purpose, several commercial kits are available: (1) flashBAC
(Oxford Expression Technologies), (2) BaculoGold™
(BD Biosciences), (3) BaculoDirect™ Baculovirus Expression
System (Thermo Fisher Scientific), and (4) Bac-to-Bac® Bacu-
lovirus Expression System (Thermo Fisher Scientific), which
was used for this chapter.

. IfalacZa cassette is integrated in the transfer vector, X-Gal and

IPTG should be added to the agar plates to allow for an
identification of positive clones by blue—white screening. The
lacZo cassette expresses P-galactosidase, which converts the
yellow dye X-Gal into a bluish dye with the help of the inductor
IPTG, due to which the negative clones appear blue on the agar
plate. If the transduction is successful, the lacZa cassette is
interrupted and the colonies appear white.

. The E. coli strain MAX Efficiency™ DH10-Bac™ contains the

bacmid DNA pMON14727, which carries a kanamycin resis-
tance, and the helper plasmid, which codes for a tetracycline
resistance. Depending on which antibiotic resistances are car-
ried by the transfer vector, it is necessary to add these antibio-
tics to the medium in the corresponding working
concentration. For example, if using the pFastBac-1 transfer
vector, gentamicin (working concentration 15 pg/mL) and
ampicillin (working concentration 50 pg/mL) need to be

added [6].

. Vectors carrying the lacZa cassette allow blue—white screening.

Depending on the application, white (e.g., lacZa cassette is
replaced by gene of interest) or blue colonies (e.g., lacZa
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cassette marks transformed clones) should be picked. If this is
not possible, restriction digestion can be performed with ran-
domly picked clones and corresponding restriction enzymes.

. Alternatively, the titer of the generated baculovirus stock P1

can be determined after transfection. Amplification is then
performed with a specific multiplicity of infection (MOI).

. Specific genetic elements, that can be integrated into the trans-

fer vector, can be of great benefit. For example, a lacZ cassette
enables a blue-white screening to identify bacterial clones after
the transformation with the transfer vector. A reporter gene is
useful for carrying out a TCIDsy, as it codes for a fluorescent
protein, allowing infected cells to be identified (see Subheading
3.6.3). Another example is a secretion signal that allows for the
target protein to be secreted from the cell and that facilitates
protein harvesting.

. Preheating the insect cell culture medium to 37 °C before use

may damage cell culture medium components. The insect cell
culture medium is designed for cultivation temperatures at
27-28 °C, and preheating refrigerated medium is not
necessary.

. Add fresh medium immediately after aspiration in order to

avoid cell damage.

Do not seed S£9 cells below 0.5 x 10° cells/mL in order to
avoid reduced growth or even the death of the culture.

Living cells appear as bright spheres with a smooth round shape
and are not stained by trypan blue. Dead cells appear as blue
spheres, as the trypan blue is able to permeate the membrane of
damaged cells. For cultivating or freezing Sf-9 cells, a viability
of >90% is appropriate.

Calculate the cell concentration in accordance to the manufac-
turer’s instructions. Consider the dilution of the cell suspen-
sion with PBS and trypan blue in the dilution factor. Usually,
the cell concentration can be calculated as follows:

Counted Cells x Chamber Factor x Dilution Factor
Number of Counted Greater Squares

With an initial cell concentration of 0.5-1 x 10° cells/mL, cell
densities around 0.6-1 x 107 cells/mL can be expected after
3—4 days of incubation.

After mixing the cells with preconditioned medium, add fresh
medium and the cryoprotectant DMSO. Proceed in a timely
manner, to prevent cell damage.

For transfection, use baculoviral DNA in a concentration of
500 ng/pL. For this, the bacmid DNA concentration must be
measured at 4 = 260 nm after isolation by using a plate reader
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22.

23.

24.

(e.g., Cytation3, BioTek, Winooski, Vermont, USA). For an
indication of the purity, the ratio of Es9 to Exgo can be
determined.

The infection of insect cells with baculoviral DNA usually leads
to structural changes and cytopathic effects [ 10, 11]. Therefore,
it is useful to morphologically analyze the host cells before and
after a viral transfection.

The inoculum concentration is calculated for a total culture
volume of 50 mL—however, only 48 mL culture volume is
required. The viral infection is carried out by adding the 2 mL
of P1 virus stock.

Virus harvesting should be performed before the insect cells
enter the stationary phase. Therefore, the viability of the insect
cells should be monitored. If the viability decreases too much,
viral surface proteins can be degraded by cell lysis-related host
cell proteins and, as a result, the infectivity of the virus
decreases.

Further measurements can be carried out with the supernatant,
e.g., concentration of amino acids, or glucose, or lactate.

To quantify the baculovirus using qPCR with SYBR Green, a
specific gene sequence of the bacmid DNA must be selected,
and corresponding primers need to be designed. In addition,
the copy number needs to be calculated using the following
equation:

Amount (ng) x 6.022 x 10%
Length (bp) x 1 x 107 x 660

Copy Number =

The Amount (ng) corresponds the amount of DNA.
6.022 x 10?3 is the Avogadro’s constant, which indicates the
number of particles in 1 mol. The Length (bp) is the length of
the DNA in bp. 1 x 10” represents the conversion factor for
ng, and 660 is the average mass of 1 bp double stranded DNA.

For performing a viral plaque assay, 9 Insect Cells (e.g., Sf-9
Insect Cells Novagen, Merck, Darmstadt, Germany) are
required. For this purpose, the insect cells are cultivated semi-
adherently in T-bottles, as specified by the manufacturer.

The TCIDsq is determined, for example, by the cytopathic
effect of insect cells, or by a reporter gene that codes for a
fluorescent protein, such as the green fluorescent protein
(GED).

Use a multichannel pipette for the virus dilutions 107° to 10~
in order to process all samples simultaneously.

It is recommended, to attach one type of Luer lock adapter to
the tubes connected to the headplate (e.g., male Luer lock),
and the opposite adapter (e.g., female Luer lock) to all tubes
connected to bottles. This prevents confusion.



25.

26.

27.

28.

Antigen Production in Insect Cells 117

The MOI indicates the ratio of plaque-forming units (pfu) at
the time of the infection of the cells. For the viral infection of
insect cells, a MOI between 0.01 and 1 should be chosen, as a
low MOI reduces the number of defective viral particles [12—
14].

The remaining volume of the syringe should be filled with air
(under sterile conditions), so that the virus suspension does not
remain in the tube when the reactor is infected.

Bioreactor sampling has been described previously in Animal
Cell Biotechnology - Methods and Protocols in 2019 by Kifler
etal. [8].

The time of harvest is one of the most important factors in
protein production when using a lytic production strategy, and
usually depends on the viability of infected cells. Harvesting
can be indicated by a drop in viability (i.e., viability below 90%)
due to the baculovirus-related late expression promoter. Har-
vesting before an observed viability loss can result in a poor
protein yield. Harvesting too late (i.¢., viability below 70%) can
result in poor protein yield too, due to cell lysis-related protein
degradation.
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High-Throughput Process Development
for the Chromatographic Purification of Viral Antigens

Shaleem I. Jacob, Spyridon Konstantinidis, and Daniel G. Bracewell

Abstract

Chromatography is a widely used method in the biotechnology industry and functions to separate the
desired product from process and product related impurities. There is a multitude of resins available based
on different modalities (such as charge, hydrophobicity, and affinity) to provide a spectrum of approaches to
meect the separation challenges of the diverse products. The challenge of developing viral antigen purifica-
tion processes is addressed in this method. A unique feature of this product class is that in order to protect
against more than one strain of an antigen, vaccines are often multivalent. This entails multiple production
processes for each antigen, all of which will require separate development and validation. Ideally, a universal
purification method is sought, but differences in the protein subunits (frequently used as the antigens)
make this challenging and often-bespoke purification steps are required. This means process development
for the chromatographic stages of these products can be particularly challenging and labour intensive. With
the numerous choices available, making critical process decisions that are usually unique to each product,
process, and strain, can be costly and time-consuming. To address this, scale down purification at <1.0 mL
column volume and automation approaches are increasingly applied to increase throughput. In this work, a
method is described wherein a Tecan Freedom EVO® automated liquid handler is deployed for the
evaluation of different resin chemistries and buffer conditions to find a suitable purification strategy. This
method allows for the rapid evaluation of the separation viral antigens where limited information on
chromatography behavior is known at the early stages of process development. Here, we demonstrate the
methodology firstly by explaining the automated purification script and secondly by applying the script for
an efficient purification development for different serotypes of rotavirus antigens.

Key words Process development, High-throughput process development (HTPD), Rotavirus anti-
gens, Purification, Chromatography

1 Introduction

High-throughput (HT) development activities are currently per-
formed in both upstream and downstream unit operations and
benefit by the advancements of automated liquid handlers [1-
3]. Such screening activities, even from the early stages of process
development, can lead to optimal or near optimal conditions in a
systematic and efficient fashion [4-7]. In downstream applications,

Blaine A. Pfeifer and Andrew Hill (eds.), Vaccine Delivery Technology: Methods and Protocols, Methods in Molecular Biology,
vol. 21883, https://doi.org/10.1007/978-1-0716-0795-4_9, © Springer Science+Business Media, LLC, part of Springer Nature 2021
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and in particular in the development of chromatographic separa-
tions, the techniques employed are separated into batch and packed
bed column chromatography [8, 9]. Recently, applications have
been developed that employ both diffusive and convective media,
but the latter are still missing a commercially available flow mode
based HT technology. While batch HT methods allow the evalua-
tion of multiple conditions in parallel, including binding capacity
measurements from small product masses due to the low volumes
of stationary phases employed. Moreover, the miniature packed
bed column technique (i.e., RoboColumns) can be easily scaled
up or down [10]. It can also return an efficient way of evaluating
different stationary phases due to the advantage of packing any
beaded based resin at a cost. This is an application that is tradition-
ally regarded to be better accomplished with batch methods,
requiring, however, sophisticated processes for preparing resin
slurry multiwell plates [11]. Jacob and coworkers [12] have
demonstrated that it is possible to design and synthesize affinity
resins for high recovery of novel influenza antigens and various
recombinant proteins (erythropoietin, immunoglobulins, etc.)
[13, 14]. Therefore, such HT techniques can be employed to
evaluate their performance.

In this instance, the scale-down performance of the miniature
columns was leveraged to guide development efforts in a multivari-
ate input space, including stationary phase type and operating
conditions, for recombinant vaccine antigen purification. The
approach relies heavily on the performance of the miniature col-
umns and as such it employs custom solutions and in-house devel-
oped tools that deliver full walk-away automation across the
different parts of the HT study, that is, buffer preparation, method
definition, experiment completion, and results reporting. The fol-
lowed workflow employs a Tecan Freedom EVO®™ 200 automated
liquid handling station (Tecan Group Ltd., Mannedorf, Switzer-
land) and MATLAB® (The MathWorks, MA, USA) codes, com-
piled into executables, which convert user-defined inputs into
robotic commands. These are then executed within generic Tecan
Freedom EVOware® (Tecan Group Ltd.) based scripts that imple-
ment all necessary actions to complete a study with no end-user
intervention [10]. Here, both 0.2 and 0.6 mL columns, packed
with various types of resin, can be used in flowthrough or bind and
elute mode, with the latter employing isocratic, multistep, and
multislope gradient elution. The workflow is demonstrated by
implementing an early purification strategy in scouting for multi-
modal resins and conditions for two different strains of rotavirus
antigen. A small number of well-planned experiments were suffi-
cient to elucidate a lead resin candidate and separation conditions
which were then found to be scalable to a larger pilot scale. Hence,
the combination of HT techniques, automation, and a systematic
screening approach can lead to attractive and feasible purification
process conditions in a rapid fashion.
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2 Materials
2.1 Viral Antigen

2.2 Miniature
Golumns

2.3 Automated
Workstation

Table 1

Rotavirus antigens are expressed in Pichia pastoris.

Miniature columns (0.2 and 0.6 mL) are purchased from Repligen®™
(Waltham, Massachusetts, USA). These are packed with the com-
mercially available resins (Table 1). For custom designed resins,
bulk resin can be sent to Repligen, which can then be packed at a
desired bed volume in RoboColumns.

The employed automated liquid handling station comprises of a
Tecan Freedom Evo 200 robot. The station is controlled by Free-
dom EVOware v2.6 (Tecan Group Ltd.) on an Intel i5 4670 CPU
machine with 4 GB of RAM running Windows 7 (Microsoft Cor-
poration, WA, USA). The robot’s layout is depicted schematically
in Fig. la (see Notes 1-3). It includes an eight-channel liquid
handling (LiHa) arm, using short uncoated stainless-steel tips,
and an eccentric robot manipulator (RoMa) arm. Integrated
devices include the Te-Shuttle™ and Te-Chrom™ (fraction collec-
tion system) modules and an Infinite® M200 Pro plate reader
(Tecan Group Ltd.), capable of UV /Vis and fluorescence measure-
ments, and operated by i-control™ software (Tecan Group Ltd.).
An in-depth description of the layout is found in [10]. Briefly, all
carriers are supplied by Tecan and are responsible for holding plates
and troughs filled with buffers. Nine site hotel carriers are also
present and these are responsible for storing plates containing
collected fractions and newly prepared buffers. These are used to
blank correct the plate reader measurements of the collected frac-
tions (see Note 4). All carrier and labware definitions are edited in
EVOware in order to implement robotic operations, including
plate transfers and liquid handling, robustly and reliably (see Note
5). Finally, the deployment of the robotic station made use of
standard liquid classes which also included those supplied with

List of commercially available multimodal chromatography resins tested at 0.6 mL scale

Type Resin Manufacturer
Multimodal Capto™ MMC GE Healthcare
PPA Hypercel™ Pall
Nuvia™ cPrime™ Bio-Rad
CMM HyperCel™ Pall
Toyopearl® MX-Trp-650M Tosoh Bioscience

Eshmuno® HCX Merck KgaA
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A) ” Plate Reader
9-site Hotels |

ed

B) Plate Reader

Y-site I{(;lels

ElPlate6

Plate carrier 2

Plate carrier 1 Te-Shuttle

Fig. 1 (a) Robotic layout for performing RoboColumn experiments. The Sanitizer is a 100 mL trough containing
sanitization solution (typically 0.5 M NaOH) to decontaminate the tips. plates EIPlate1-EIPlate4 are 96-well
deep square well plates and contain elution buffers for each RoboColumn in each of their rows respectively
(i.e., up to 48 buffers per column). The Reagents plate is a 48-well deep square well plate containing solutions
to dispense into the RoboColumns during the Equilibration, Load, Wash, Strip, CIP, and Storage phases (each
row of the plate corresponds to the respective RoboColumn). Fill the reagents plate appropriately with the
selected buffers and solutions. Place the EIPlate1-4 and Reagents plates onto two plate carriers. The second
plate carrier also includes a vacant spot. This is used either as a position to transfer an empty microplate from
the hotel, to fill it up with buffers from the Reagents and EIPlates1—4 plates during a Blank Plate preparation or
to transfer and then liquid detect a filled Collection plate to determine the volume of the collected fractions.
Store the Collection and Blank plates in two 9-site hotels. The Collection plates from these hotels can be
transferred to the Transfer position of the Te-Shuttle module which will move them to the start position and
eventually to a final position once 12 fractions have been collected. At the start position, the first column of a
Collection plate is aligned with the RoboColumns which are held in position on the Te-Chrom module. Finally,
Collection and Blank plates are measured in a Plate reader to determine absorbances and also the volumes of
their well contents if volume determination occurs with near infrared measurements instead of using the
robot’s liquid detect function. (b) Robotic layout for preparing buffers for up to eight RoboColumn experiments.
Same as layout A with the addition of troughs containing eight pairs of Buffers A and B (i.e., BufferAt,
BufferB1, BufferA2, BufferB2, .. ., BufferA8, BufferB8) and two more plates containing elution buffers (i.e.,
EIPlate5, 6). Here, each row in each of these plates also corresponds to the respective RoboColumn (i.e., row A
cotains buffers for RoboColumn 1, row B for RoboColumn B, . . ., row H for RoboColumn 8). Hence, a gradient
with 6 x 12 = 72 steps can be prepared for each RoboColumn across six ElPlates

the Te-Chrom and Te-Shuttle modules for the dispensing into the
RoboColumns. Custom liquid classes are employed only for the
sanitization of the stainless-steel tips and during the implementa-
tion of the robot’s liquid detect function (see Notes 6-8).
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3 Methods

3.1 Miniature
Golumn
Chromatography

3.2 Robotic Buffer
Preparation

The implementation of the miniature column technique on the
aforementioned robotic station follows closely the operation of
bench/large scale chromatography throughout eight main steps
(i.e., (1) removal of storage solution, (2) equilibration, (3) loading,
(4) wash, (5) elution, (06) strip, (7) regeneration, and (8) storage).
Hardware differences between HT RoboColumn and conventional
chromatography means that analogies need to be made. In HT
chromatography, solutions are transferred to the RoboColumns
discretely, as opposed to continuously, and they are aspirated across
different locations within and between labware. In the case of
gradient based separations, a gradient is first broken into a series
of small steps with each step being a buffer with a given composi-
tion (se¢ Note 9). Hence, all buffers in HT column experiments
need to be prepared in advance at the correct volume and composi-
tion and be placed in specific labware and locations within the
robotic station. Since a robot is usually equipped with eight chan-
nels, and it is not possible to mix liquids continuously, each of these
channels play the role of a simple inlet/outlet pump delivering
liquids to, up to eight columns in parallel. Moreover, in HT column
chromatography, the role of a fractionator is fulfilled by the
Te-Shuttle module which collects effluent, or fractions, from each
RoboColumn to different wells in 96 well collection plates. Finally,
the plate reader integrated with the robot, plays the role of the
detector since it reads the plates containing the collected fractions
at particular wavelengths and modes compatible with the capabil-
ities of the reader (see Notes 10 and 11). Figure 2 details how the
different components of the robotic station are used during a
typical experiment with eight RoboColumns, whereas Fig. 3
depicts an illustrative example of collecting the first 12 elution
fractions in a collection plate.

Buffer preparation is implemented on the aforementioned robotic
station and it includes both stock preparation and elution buffer
preparation in the case of HT column experiments employing
gradient elution. This employs custom written MATLAB (The
MathWorks) codes, compiled into executables, which are launched
through in-house developed VBA tools providing an interface for
end-user input definition. For buffer stock preparation, the tools
require the specification of their conjugate acid—base pairs and salt,
along with their desired composition (e.g., buffer concentration,
pH and salt concentration), and generate robotic instructions that
are loaded and executed in generic Tecan Freedom EVOware
scripts and result in the preparation of stocks in troughs (i.e.,
100 mL). The same tools are implemented to prepare buffers
corresponding to the steps in elution gradients in multiple
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A) Collection of 1% Elution fraction
A8

Aspirate

Te-Shuttle

Move collection plate

P
ElPlatel RobaColumns
Te-Shuttle | ;
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B) Collection of 12th Elution fraction

A8

£ RoboColumns
S,
W Iﬂ

il
ElPlatel

TShuttle

\ ¢

Move collection plate

-’

aboColumns
O m Iﬂ

%

Fig. 3 (a, b) Depiction of first 12 fraction collections using an automated liquid handler and the Te-Shuttle
module which ensures that fraction collection occurs in a different column of a Collection plate for each new

fraction

96-well plates. This involves the end-user specification of up to
eight Buffer A/B pairs (Fig. 1b), the duration of the gradients in
column volumes, the %B at the beginning and end of the gradients,
and the desired volume for preparing each buffer/step in the
gradients. Here, gradients for up to eight miniature columns are
prepared at a time by mixing together pairs from up to 16 buffer
stocks at different ratios in order to obtain the desired step compo-
sitions per gradient and column. In each of these pairs one stock
plays the role of Buffer A whereas the other the role of Buffer
B. Upon input definition, the tools result in the generation of
robotic instructions to prepare miniature column gradients in an
automated fashion through generic Tecan Freedom EVOware
scripts (see Notes 12 and 13).
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3.3 Implementation
of HT Column
Chromatography

Table 2

The step-by-step methodology below describes the implementa-
tion of HT column chromatography for testing various buffered
conditions against rotavirus antigens using different multimodal
chromatography (MMC) resins.

1.

Fill the Reagents plate (Fig. 1a) with 4 mL of the listed bufters
(Table 2) (see Note 14).

The elution plates (ElPlates1-ElPlates4 in Fig. 1a) are 96-well
deep square well plates. Fill the plates with 2 mL of buffers.
These buffers are prepared to return mobile phase conditions
(e.g., pH, buffer concentration and species, salt concentration
and type, additives) that are believed to affect the separation
and from which an optimal condition will be identified. Listed
in Table 3 are the selected buffered conditions used for the
MMC columns.

Once all of the plates are in their positions as shown in Fig. 1a.
Place the 96-well microplates (Collection plates) in the hotels.
Fill the tip sanitization trough (Fig. 1a) with 0.5 M sodium
hydroxide.

Launch the EVOware software and select the purification script
for 0.6 mL miniature column purification (Appendix 1). The
choice of column size, residence time (see Note 15), and col-
umn volume (CV) for each buffered step is decided (Table 4).
This can be selected depending on your requirements.

Contents of 48 well deep-well square Reagents plate

Column
Row 1 (Equilibration) 2 (Wash) 3 (Wash) 4 (Strip) 5 (CIP) 6 (Storage)
A(RC1) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH
B(RC2) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH
C(RC3) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH
D(RC4) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH
E(RC5) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH
F(RC6) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH
G(RC7) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH
H(RC8) Equilibration Load Wash Strip 1 M NaCl, 0.5 M NaOH 20% EtOH

Each row of the plate (A—H) corresponds to RoboColumn (RC1-RCS8)
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List of different buffered conditions trialed for each of the resins

Buffered

Column conditions Start-Ending elution buffers

1 CIEX 20 mM sodium citrate pH 5—20 mM Sodium Phosphate pH 7

2 CIEX 20 mM Sodium Citrate pH 5—20 mM Sodium Phosphate pH 7

3 MMC 20 mM Sodium Citrate pH 5, 1 M NaCl—20 mM Sodium Phosphate pH 7

4 MMC 20 mM Sodium Citrate pH 5, 1 M NaCl—20 mM Sodium Phosphate pH 7

5 CIEX 50 mM Sodium Citrate pH 4—50 mM Tris-HCI 0.8 M NaCl pH 8

6 CIEX 50 mM Sodium Citrate pH 4—50 mM Tris-HCI 0.8 M NaCl pH 8

7 MMC 50 mM Citrate pH 4, 0.8 M (NH4),SO4—50 mM Tris-HCl pH 8

8 MMC 50 mM Citrate pH 4, 0.8 M (NH,4),SO4—50 mM Tris-HCI pH 8
Table 4

List of chromatography steps entered in the automated script

Step Length of step (CV)
Removal of storage solution 3

Equilibration 5

Fermentation Load 5

Wash 3

Elution 10

Strip 4

CIP 1

Storage 3

In this instance, the column size was 0.6 mL and the residence time 2 min (i.e., flow rate of 5 pL/s)

3.4 Application of HT  Each resin in Table 1 was tested for a different set of buffered

Column conditions and they included changes in pH, sodium chloride
Chromatography concentration, and buffer species (Table 3).

for Multimodal Resins

(MMC)

3.4.1 Elution Buffer Plate
Preparation for Step
Gradients

1. Use the script dedicated to elution buffer preparation for step

gradients (Appendix 2) to find the optimal desorption condi-
tions. Its layout is shown in Fig. 1b. Dual elution step gradients
are defined to optimize multimodal effectiveness by decreasing
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Table 5
Details of tested elution conditions

Start salt Ending salt No. Column Fraction
Elution  concentration  concentration %B buffer pH volumes in volume
condition (M) (M) change change elution (mL)
CIEX 0 0.8 0-100 4-8 15 0.2
MMC 0.8 0 0-100 4-8 15 0.2
Table 6

The table below shows the inputs used to create the elution buffer steps per RoboColumn (RC)

Gradient Fraction volume Buffer A Buffer B Start% End % Gradient slope (%
RC CV (mL) trough trough B B B/CV)
1 15 0.2 BufferAl BufferB1 0 100 6.67
2 15 0.2 BufferA2 BufferB2 0 100 6.67
3 15 0.2 BufferA3 BufferB3 0 100 6.67
4 15 0.2 BufferA4 BufferB4 0 100 6.67
5 15 0.2 BufferA5 BufferB5 0 100 6.67
6 15 0.2 BufferA6 BufferB6 0 100 6.67
7 15 0.2 BufferA7 BufferB7 0 100 6.67
8 15 0.2 BufferA8 BufferB8 0 100 6.67

the concentration of sodium chloride (NaCl) and increasing
the pH (i.e., Table 3, Column 7 and 8 for MMC conditions).

. In the buffer preparation script, the gradients are prepared in a

step-wise fashion and the salt concentration changes in a step-
wise fashion. However, the pH change will not show such a
simple trend; instead it will follow a nonlinear trend common
for titration curves. Once prepared, determine the pH of all
prepared solution buffers experimentally using an oft-line pH
probe (see Note 16).

To prepare the elution gradients described in Table 3, prepare
the buffer stocks of the starting and ending buffers and input
the steps into the script (Table 5).

. Table 6 demonstrates the inputs used to create step gradient

elution buffers in 96 well deep square well plates using the
automated protocol. In addition, flow rates can be calculated
relating the larger scale to the smaller scale or vice versa.
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Resins Nuvia cPrime and CMM Hypercel were superior compared
to the other commercial multimodal resins in terms of achieved
product yield and purity. The chemistry of ligands in both resins
includes hydrophobic (benzene) and cation exchange (carboxylic
acid) groups (Fig. 4). Multiple conditions were evaluated rapidly
(pH, salt, and buffer) and these two resins were selected for scale-
up using the AKTA™ pure (GE Healthcare, Uppsala Sweden).

Initial experiments on the Tecan at 0.6 mL scale resulted in
Nuvia cPrime outperforming CMM Hypercel (Table 7) under
multimodal buffered conditions to purify rotavirus antigen
A. Nevertheless, both antigens (A and B) were purified at smaller
(0.6 mL) and larger scale (>1 mL) in order to assess the reproduc-
ibility of the HT method. The deployment of CMM Hypercel at
HT scale is shown in Fig. 5 as an example of method application
(Columns 7 and 8§ MMC conditions in Table 3). Further work was
undertaken using rotavirus antigen B and the evaluation of both
resins in order to develop a purification process.

The chromatogram in Fig. 5 shows the purification of rotavirus
antigen A using CMM Hypercel. The employed conditions exploit
the multimodal capability of the resin as the equilibration buffer has
0.8 M ammonium sulfate for hydrophobic binding and a pH of4 to
induce attraction between negatively charged ligand and positively
charged product. Elution is achieved by reducing the ammonium
sulfate concentration and increasing the pH. This sets a dual gradi-
ent (Fig. 5) and resulted in 97% purity and a yield of 49% based on
densitometry (Table 7). The separation between the impurities

POt goxfl

Nuvia™ cPrime™ CMM Hypercel™

Fig. 4 The structure of multimodal resins Nuvia cPrime and CMM Hypercel

Table 7

Purification of rotavirus antigen A using 0.6 mL Nuvia™ cPrime™ and CMM Hypercel™ under MMC
buffered conditions performed on the Tecan EVO® 200

Resin Scale (mL) Conditions used to purify  Purity (%) Yield (%) 0Dagg/280
CMM Hypercel™ 0.6 MM 97 49 0.59
Nuvia™ cPrime™ 0.6 MM 97 56 0.59
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6.5 110 CMM Hypercel™ — 0.6
6 . 100 mL column
g 55 |.; o 1) Load: Residence time -
= 5 2 min, 5CV
8 45 | 80 2) Wash: 50 mM Sodium
3 4 | 70 Citrate 0.8M (NH,),S0,,
o 3.5 60 o pH4.0
s 3 5o & 3) Elution: 50 mM Tris-
'g % o HCI, pH 8.0
e
H ; g 30
g 1 28 i
= s r 10
0 ) ES o o
0 10 20 30 40 50 60 70 80 a0 100
Fraction number
e Column1l  ====Column2  ====35 B (pH 4 to pH B) % B (0.8 M to O salt)

iE,: Rotavirus

Antigen A

Fig. 5 Purification of rotavirus antigen A using 0.6 mL CMM Hypercel RoboColumn under multimodal buffered
conditions performed on the Tecan EVO 200. Left y-axis depicts blank corrected and pathlength normalized
fraction absorbances at 280 nm (fraction at 15 CVs has increased normalized absorbance due to spuriously
low pathlength). The chromatogram shows the purification of two columns under the same conditions to
demonstrate reproducibility at a small scale. SDS-PAGE of the ternary elution of the impurities and rotavirus

antigen A is also shown on the right

(1E, and 2E,) and the rotavirus antigen A (3E,) can also be
observed in Fig. 5. The high molecular weight (HMW) impurities
are eluting from the column in elution fraction 1E,. These are well
separated from the smaller molecular weight (LMW) impurities
which elute at the end of the gradient and are followed by the
elution of the antigen in the column strip phase. While this method
is highly capable of clearing one of the main impurity species, the
mixing between the LMW impurities and the antigen would
require further optimization. For example, the starting ammonium
sulfate concentration and pH can be reduced and increased respec-
tively to bind antigen and flow through HMW impurities. This can
then be followed by a shallower gradient with the aim of resolving
the LMW impurities from the antigen resulting to an even higher
purity and, more importantly, a higher yield by increasing the
volume of the product pool. To assess the scalability of these initial
results, the elution gradients were applied at a 5 mL scale and the
ternary elution peaks were observed (data not shown). Therefore,
there is reproducibility from 0.6 to 5 mL given the scale up para-
meters (Table 6) remain consistent and any further improvements

with the HT scale columns would also be scalable.

These initial screens (Table 3, Fig 5) are beneficial in determin-
ing where the product, product-related impurities, host cell DNA
and host cell proteins elute and the difficulty of the separation. In
this instance, HMW impurities eluted first and followed by a close
elution of LMW impurities and the product at the end of the
gradient. This information can then be used to optimize the sepa-
ration further with steps at a systematically chosen pH and salt
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values. Taking into account that a RoboColumn run can be typi-
cally completed within a day (the method in Fig. 5 had a duration of
<8) with no end-user intervention, other than setting up the robot
and the method, demonstrates the power of the RoboColumn
technique as a tool for generating valuable process information in
an efficient and effective fashion. The benefit of adopting this high-
throughput method is further compounded by the fact that viral
antigen products are characterized by even larger screening spaces
due to the existence of multiple strains and /or serotypes of viruses
(i.e., influenza, lentivirus, HPV). Here, the offered parallelization
and walk-away automation, can lead to a rapid development of
purification processes, which would be impossible to achieve with
conventional workflows, and more importantly to assess the poten-
tial of establishing a platform process for all different strains of a
given virus. This would allow for significant process development
simplification and return significant time and cost savings.

4 Notes

1. We use two MP3 pos carriers from Tecan making it possible to
store up to six plates on the robot’s deck. It is possible to use
two MP4 pos carriers allowing the storage of up to eight plates
instead.

2. Itis possible to place the Te-Shuttle carrier to the front of three
MP3 pos carriers resulting in space saving on the robot’s deck
in the case of EVO® 150 or EVO® 100 instruments. To imple-
ment this, the worktable will have to be edited in EVOware by
changing the two carrier definitions:

(a) Locate the MP3 pos carrier in EVOware’s
CARRIERS tab.

(b) Right click and select Edit.

(c) Make note of carrier definitions (take and save a screen

capture).
(d) Change the X and 7 Dimensions to 1 and 1 mm.
(e) Change to Y Reference Offset to 100 mm.

(f) Add three carriers, for example, grid locations 2, 8, and
14 (leave 6 grids spacing between each carrier).

(g) Locate the Te-Shuttle carrier in  EVOware’s
CARRIERS tab.

(h) Right click and select Edit.

(i) Make note of carrier definitions (take and save a screen
capture).
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(j) Change the X and 7 Dimensions to 1 and 1 mm.
(k) Add carriers to grid location 3.

(I) Change carrier definitions to their original values.

. If using MP4 pos carriers or MP3 pos carriers placed behind

the Te-Shuttle as opposed to next to it, beware that the liquid
handling will be compromised due to the physical dimensions
of the robot. Channel 8 of the LiHa will not be able to reach
the first row of a plate in the first site of an MP4 pos carrier and
Channel 1 of the LiHa will not be able to reach the last row of a
plate in the fourth site of a MP4 pos carrier. In this case, liquid
handling commands will need to take such limitations into
consideration.

. Depending on the installed EVOware version, it may not be

possible to define variables for grid numbers in Transfer Lab-
ware commands. This is circumvented by joining two 9-site
Hotel Carriers to a single 18-site hotel carrier. In this carrier
the first nine sites will have exactly the same X-Offsets as in a
conventional 9-site Hotel carrier, whereas the next nine sites
will have increased X-Offsets by ~128 mm.

. Labware transfers are trained via carrier definitions. All such

training is to be made using a single location as a reference
point and by using a single plate as a reference labware.

. The sanitization protocol washes the tips with 10 mL in the

waste and cleaner using the Fast-Wash module. This is followed
with two cycles of aspirating and dispensing 900 pL of 0.5 M
NaOH to a single trough and using a custom liquid class.
Finally, the tips are then washed again with 10 mL in the
waste and cleaner using the Fast-Wash module and then with
1 mL in the waste and cleaner while not using the Fast-Wash
module so as to regenerate the air gap.

. The custom liquid class used for the sanitization has an 8§ mm

offset in the aspiration so as to submerge the tips further in the
sanitization solution.

. The sanitization protocol is effective in cleaning the tips for

most crude and purified proteinaceous solutions. It needs to be
tested in a new laboratory for its effectiveness by liquid
handling a sample, applying the sanitization protocol, liquid
handling a buffer or DI water and testing the lastly liquid
handled solution for its content in contaminants via a sensitive
assay (e.g., ELISA).

. The number of steps in a gradient will affect the total number

of collected fractions and prepared elution buffers and also the
volumes of the collected fractions. For example, a 10 CV gra-
dient with 100 steps will result in steps with a size of 0.1 of a
CV. In the case of both 0.2 and 0.6 mL RoboColumns, such
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fractions are too small to be measured reliably in a plate reader
with full area collection plates and offer too little volume for
further analytical steps. Maintain fraction volumes of at least
100 pL to obtain separations with a sufficient number of steps
and with enough volume for further analysis. Conversely, in the
case of small number of steps, do not select them in a fashion
giving fraction volumes greater than the volumetric capacity of
a collection plate (typically ~0.3 mL for most 96 well full area
microplates) as this will cause the plates to flood and will lead to
cross contamination of samples and robot contamination.

To measure fractions in the UV spectrum, use UV transparent
plates (Corning Inc., NY, USA).

To determine fraction volumes, also measure each collected
fraction at 900 and 990 nm and determine volumes, and then
pathlength (by dividing the volume by the cross sectional
surface area of the wells in a collection plate), as described
in [15].

When preparing buffers ensure to prepare them at a volume
that includes at least 150 pL of excess for 96-well deep square
well plates (Fisher Scientific, Loughborough, UK) and an
additional of 150 pL for the aliquoting of the buffers in plates
to blank the measured fractions.

When defining gradients in the HT scale, define them on a
basis of mM CV ™! or %B CV ™! and not as mM or %B per unit
time, since, when scaling down or up using RoboColumns this
takes place on a constant residence time basis. In this case, the
flowrate is adjusted so as to match the residence time, as
opposed to the linear velocity that is typically implemented
with conventional chromatography.

Include at least ~500 pL of excess to account for dead volumes
in the wells of 48-well deep well square plates (Elkay Ltd.,
Hampshire, UK).

Residence times of up to 4 min and 12 min for the 0.2 mL and
0.6 mL RoboColumns respectively are possible with the
provided liquid classes; On EVO robots it is not possible to
implement different liquid classes per channel and hence
RoboColumn screening experiments are grouped based on
residence times.

A probe capable of fitting into wells of 96-well plates needs to
be used (~4 mm shaft diameter).



134 Shaleem |. Jacob et al.

5.

Appendix 1: EVOware Script for Preparation of Gradient Elution Buffers

Comment This script prepares buffers used in the elution phase of RoboColumn experiments. Up to 6 plates can be
stored on the deck at a time. Gradients for up to 8 RoboColumns can be prepared at atime. For each
RoboColumn it is assumed that one will mix two solutions BufferA and Buffer B leading to a total of 16 100
mL Troughs with 8 Buffer A s and 8 Buffer B s.

Group Flush lines
T R R S e g
: Infinite Reader Close()
'3
it i e —
: FlushSystem
: Set Variable "Flush System?"
| "Flush System?”
4
=]
:5 If - Then FlushSystem = True
=
: FlushVolume
|
| Set Variable "Volume to flush lines(it will use 2 times specified volume)”
: "Volume to flush lines(it will use 2 times specified volume)"
I
s ot S, e
| Wash Tips % 25+ 25 ml
I? - 9
[ o R e e | [ e S S S S i e e R S o,
: Wash Tips % FlushVolume + FlushVolume ml
i L L =
| Else
lg
i
I End If
l1o
Group End Flush lines
Group Sanitization
7 ]
A SanitizeTips
|
| SetVariable "Tip sanitization?"
| "Tip sanitization?"
l13
B
: If - Then SanitizeTips = True
Liag
Set Variable Danyos

"Wolume for NaOH sanitization (uL)"
"Volume for NaOH sanitization (uL)"

i5

| Set Variable senhy

| "Inside Sanitization wash (mL)"

| "Inside Sanitization wash (mL)"

e _
" SanOut

|

| Set Variable "Outside sanitization wash (mL)"

| "Outside sanitization wash (mL)"

l47

: Wash Tips % Sanln + SanOut ml

18 .

ettt e e e e e e e e —_

: Begin Loop 2 times "Sanitization"

L e ]

% SanVol pl Tip Sanitization
| Aspirate # "NaOH" (Col. 1, Rows 1-8)
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TR BT e T T &
: SanVol pl Tip Sanitization
b Dispense % "NaOH" (Col. 1, Rows 1-8)
:z End Loop "Sanitization"
f_z
: Wash Tips % Sanln + SanOut ml
23
e e e s s e s s S S S I ——————— " I, S I ;S T S T . -
I~ Else
l2q
| End If
l2s
-
I Group End Sanitization
26
s —— -
(=]
| Group ElPlatePrep
E
o e e
: DirName
|
| Set Variable "Where do you have the scripts”
| "Where do you have the scripts"
I28
:29 Worklist % Load Worklist "~DirName~\BufferScript.gwl"  Water free dispense
|
: Worklist Execute loaded worklist(s)
30
=
I Group End ElPlatePrep
3
- "Mix the plates!”
|
2 User Prompt AT
N e o o s s S Tt e s e s o i e o i g omt e e P it om e S e ot A amm mr  mel  pmet m  m t i isetd me. Seh  Ae me  d
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6. Appendix 2: EVOware Script for Performing RoboColumn Chromatography

Using 0.6 mL Columns

|
: Infinite Reader

Set Variable

|
I
|
I
|
U,
|
|
|
\

Part 1.1: Flush Lines

e i T i

Measure( C:\Temp\<YY YY-MM-DD HH-mm-ss>. xml|<TecanFile xmin s:xsiequal; quote ;
http://www.w3.0rg /2001/XMLSchema-ins tancequote; xsi:s chemalocationequal ; guote; tecan.at.
schema.documents Ma in.xsdquote; file formatequal; quot e; Tecan. At Measure mentguote; fileve
rsionequal; quote ; 2.0 quote; xmins equal; quote; tec an.at.schema.docume ntsquote; > <Fileln fo
typeequal; quo te; quote; instru mentequal; quote; infinite 200Proqu ote; versionequal ; quote; quote;
createdFromequal; quote; Spyridon K quote; createdAte qual; quote; 2017-07-20T11:50:34.3839
502Zquote; create dWithequal; quote ; Tecan.At.XFluor.R eaderEditor. XFluorR

eaderEditorquote; descriptionequal; quote; quote; / ><TecanMeasurement idequal; quote; 1
quote; classequa |; quote; Measurem entquote; ><Measur ementManualCycle id equal; quote; 2q
uote; numberequal ; quote; 1quote; typeequal; quote ; Standardquote; > <CyclePlate idequa I;
quote; 3 quote; fileequal; quot e; COR96fc UV trans parentquote; plat eWithCoverequal; quote;
Falsequote; ><PlateRange ideq ual; quote; 4quot e; rangeequal; q uote; Al:Clquote; autoequal;
quote ; falsequote; ><Me asurementAbsorbance idequal; quote; Squote; modeequa |; guote;
Normalq uote; typeequal; quote; quote; na meequal; quote; A BSquote;  longname equal; quote;
qu ote; descriptione qual; quote; quot e; ><Well idequal; quote; 6quote; autoequal; quote;
truequote; ><Meas urementReading ide qual; quote; 7quo te; nameequal; q uote; quote; beam
Diameterequal; qu ote; 700quote; be amGridTypeequal; quote; Singlequote ; beamGridSizeequ al;
quote; 1 quote ; beamEdgeDistance equal; quote; aut oquote; ><ReadingL abel idequal; quo te;
Bquote; name equal; quote; 280 quote; scanTypeeq ual; quote; ScanFi xedquote; refIDe qual; quote;
0 quo te; ><ReadingSettin gs numberequal; q uote; 25quote; ra teequal; quote; 2 5000quote;
/><Rea dingTime integratio nTimeequal; quote ; Oquote; lagTime equal; quote; Oq uote; readDelayeq
ual; quote; Oquot e; flashequal; q uote; Oquote; dar kequal; quote; 0 quote; excitationT imeequal;
quote; Oguote; /><Readin gFilter idequal; quote; 0 quote; ty peequal; quote; E xquote; wavelengt
hequal; quote; 28 00quote; bandwidt hequal; quote; 50 quote; attenuatio nequal; quote; 0 quote;
usageequal ; quote; ABSquote ; /></ReadingLabel ></MeasurementReadi ng></Well><CustomDa
ta idequal; quote ; 9quote; /></Mea surementAbsorbance> <MeasurementAbsorba nce idequal; quot
e; 10quote; mode equal; guote; Norm alquote; typeequ al; quote; quote; nameequal; quot e;
ABSquote; long nameequal; quote; quote; descripti onequal; quote; quote; ><Well ideq ual; quote;
11 quo te; autoequal; q uote; truequote; > <MeasurementReading idequal; quote; 12quote; nameequ
al; quote; quote; beamDiameterequa |; quote; 700quot e; beamGridTypeeq ual; quote; Single quote;
beamGridSi zeequal; quote; 1 quote; beamEdgeDi stanceequal; quot e; autoguote; ><Re adingLabel
idequal ; quote; 13quote; nameequal; quot e; Labell quote; s canTypeequal; quo te; ScanFixedquote
; reflDequal; qu ote; Oguote; ><Rea dingSettings number equal; quote; 25 quote; rateequal; quote;

25000quot e; /><ReadingTime integrationTimeequ al; quote; Oquote ; lagTimeequal; quote; Dquote;
re adDelayequal; quo te; Oguote; flash equal; quote; Og uote; darkequal; quote; Oquote; e
xcitationTimeequal ; quote; Oquote; /><ReadingFilter | dequal; quote; 0 quote; typeequal; quote;
Exquote; wavelengthequal; quote; 2300 quote; bandwidthequal; quote; 50quote; attenuationequal;
quote; Oguote; u sageequal; quote; ABSquote; /></Re adingLabel></Measur
ementReading></Well ><CustomData idequ al; quote; 14quot e; /></Measurement

Absorbance> </PlateR ange=></CyclePlate>< /MeasurementManualC ycle><MeasurementIn fo
idequal; quote ; Oguote; descrip tionequal; quote; quote; =><5criptTe mplateSettings ide qual;
quote; 0 quo te; ><ScriptTemplat eGeneralSettings id equal; quote; 0 g uote; Titleequal; guote;
quote; G roupequal; quote; quote; Infoequa |; quote; quote; Imageequal; quot e; quote; /><Scri
ptTemplateDescripti onSettings idequal ; quote; Oguote; Internalequal; g uote; quote; Exte rnalequal;
quote; quote; IsExterna lequal; quote; Fa Isequote; /></Scr iptTemplateSettings

></M winfo> </Tecar it> </TecanFile>)

FlushSystem
"Flush System?"
"Flush System?"

FlushVolume
"Volume to flush lines (it will use 2 times specified volume plus 20 mL per tip)"
"Volume to flush lines (it will use 2 times specified volume plus 20 mL per tip)"

% 20 + 20 ml
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I ____________________________________________________________ |
|
| Wash Tips g FlushVolume + FlushVolume mi I
8 1-8 e |
= "‘l
: Else I
e -
|
| EndIf |
S — .
|
: Group End Part 1.1: Flush Lines I
12 J
L ———
5 .
: Group Have inputs already in txt file? I
@T—J
. InputsPresent |
| Set Variable "Are inputs stored in a txt file already?” ]
| "Are inputs stored in a t«t file already?” |
l14 |
o o —————————————— T —————— ———— — ——— — ————— i ——— — —————
= _ﬁl
: If - Then InputsPresent = False I
B st s e e e S SRR e R e Lt e et
B 4|
: Group Part 1.2: Inputs I
16
RoMa |
| .
| Set Variable "True if plates are handled by roma else False" :
| "True if plates are handled by roma else False" |
|
T 4
3 WindowsUserName |
| SetVariable "PUT YOUR WINDOWS USERNAME HERE" !
| "PUT YOUR WINDOWS USERNAME HERE" |
Tt o S e i o
. |
Set Variable Dir = C:\Users\~WindowsUserName~\Desktop\RoboColumnOperations\ |
B i e e R T e B T e s S S Gt i s _J
¥ |
: Set Variable LqClassDir = ~Dir~LiquidClases.txt I
B e 4
s RunName |
| Set Variable *Name for current run" |
| "Name for current run" |
e e A 5 s -
F RSto |
| Set Variable "Remove Storage?" |
| "Remove Storage?" |
9 i
{_ ; Eq |
| Set Variable "Equilibrate?” |
| "Equilibrate?" }
o8 J
5 Load |
| Set Variable "Load?" !
[ "Load?" i
B e e e e -
5 Wash |
| Set Variable "Do wash?" |
| “Do wash?" :
S S — )
F Elute |
| Set Variable “Elute?” |
| "Elute?” |
g J
r Strip

|
Set Variable "Do strip?" :
|
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: cip
| Set Variable Do CIP?"
| "Do CIP?"
e
Set Variable 33?51&399 solution?"
"Add storage solution?”
%9 _________________________________________________________ -
. MOAF
Set Variable "Read OA of fractions?"
"Read OA of fractions?"
l@—o ————————————————————————————————————————————————————————— -
" MOAB
l Set Variable .R(;':d OA of Blanks"
| "Read OA of Blanks"
e e e e e e e 2
| Set Variable 4
| "Prepare blank plate?”
| "Prepare blank plate?”
s e DO SRS, 4
. VolCalcF
Set Variable "Do you want to calculate the volumes of the fractions based on NIR measurements?”
"Do you want to calculate the volumes of the fractions based on NIR measurements?”
33
N VolCalcB
Set Variable "Do you want to calculate the volumes of the blanks based on NIR measurements?”
"Do you want to calculate the volumes of the blanks based on NIR measurements?”
r3_4 _________________________________________________________ =
Set Variable 8
"Only measure and/or determine volumes of fractions and do not do any chromatography?”
"Only measure and/or determine volumes of fractions and do not do any chromatography?”
35
=]
| If-Then MOAF = True
e e e e e e e
. nFlashes
Set Variable

"Number of flashes per wavelength and well"
"Number of flashes per wavelength and well"

| . SettleTime
| Set Variable "Wait time after moving the plate (ms)"
: "Wait time after mﬂ\ﬂﬂg the Dla‘te (ms)"

e T e

[

| i Scan

| Set Variable PSR

| "Scan absorbance?"

!39

lEl

| If - Then Scan = True

. e el e e e A A ]
Set Variable S

"Insert range and step in form of -> lambda start:step:lambda end (e.g. 280:10:360)"
"Insert range and step in form of -> lambda start:step:lambda end (e.g. 280:10:360)"

: Set Variable Wavelengths = False
e 5 gt i it 55 i e i i Y i i i e o e i o
]
| Else
3 S ]
[
Set Variable Wene engin

|
| "Insert wavelengths separated by comma (e.g. 280, 300, 400)"
: "Insert wavelengths separated by comma (e.g. 280, 300, 400)"
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:45 Set Variable ScanRange = False
I End If
l4g
L A ey L S S S S L S S S — |
(=]
| 1f-Then MOAB = True
lf
: Set Variable MOAFB = Both
48
e e e e e e s e s e e e s e e e e e e e e, e e e s e -
F
: Else
& e
: Set Variable MOAFB = F
B S e e e e =
: End If
[— &1 e i e e e e e e e e e e e e e e e e e e e e el e el el el el ™t~}
=]
I Else
&ZT ________________________________________________________ =
=]
I If - Then MOAB = True
s3
: nFlashes
: Set Variable "Number of flashes per wavelength and well"
| "Number of flashes per wavelength and well"
I54
| : SettleTime
| Set Variable "Wait time after moving the plate (ms)"
I "Wait time after moving the plate (ms)”
e :
. Scan
| Set Variable L B b
I "Scan absorbance?”
i :
=2
| If - Then Scan = True
@T ---------------------------------------------------- —
| Set Variable =l
| "Insert range and step in form of -> lambda start:step:lambda end (e.g.
| 280:10:360)"
t "Insert range and step in form of -> lambda start:step:lambda end (e.g.
1 280:10:360)"
58
rmmmmﬁd
| Set Variable Wavelengths = False
59
=
| Else
@T _____________________________________________________ —
" Wavelengths
|
| Set Variable "Insert wavelengths separated by comma (e.g. 280, 300, 400)"
| "Insert wavelengths separated by comma (e.g. 280, 300, 400)"
Ere_1
{ Set Variable ScanRange = False
i e e
: End If
g ______________________________________________________ -
| Set Variable MOAFB = B
e e o st s s e st s i e e e e e e e g e ke st e -
=
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|‘
: Set Variable ScanRange = False |
O |
r 7
| Set Variable Wavelengths = False |
|67
BT -
[ |
| Set Variable nFlashes = 0 |
'ss ______________________________________________________ _4
. |
: Set Variable SettleTime = 0 |
B '4
. |
| Set Variable MOAFB = Neither |
!?0 _4
R e e B e e e R e e e e e |
| End If |
71 |
r |
l End If |
e -
|
. EqualNF
| |
| Set Variable "In case of varying number of fractions per column, force all columns to have equal number |
| of fractions? (WARNING IF SET TO FALSE THEN SOME COLUMNS WILL WAIT AND IN |
I EXTREME CASES THEY MIGHT GET DRY)" |
| "In case of varying number of fractions per column, force all columns to have equal number :
| of fractions? (WARNING IF SET TO FALSE THEN SOME COLUMNS WILL WAIT AND IN |
lf'?'"a EXTREME CASES THEY MIGHT GET DRY)" 4
; |
l Set Variable EIBPN = ElPlate I
T .
i |
: Set Variable EIBPT = 96 Well DeepWell square |
T 4
i |
: Set Variable TotalEPC = 4 |
o o e -
i |
: Set Variable TotalPC = 18 I
s e e e e S e e e _4
2 |
: Set Variable RPN = Reagents |
L _4
E |
| Set Variable TeShuttleN = FPlate |
L _4
F |
: Set Variable TeShuttleT = 96 Well Microplate |
e o o031 8 A A ¥
F; |
: Set Variable HPN = FBPlate |
B _4
r |
: Set Variable HPT = 96 Well Microplate |
B .|
i TipPrepare |
|
| SetVariable "Sanitize tips at the beginning of the run?" I
| "Sanitize tips at the beginning of the run?" |
e e e -
3 |
: Set Variable nTips = 8 |
B e e e e e - -
5 SanVol |
I Set Variable "Volume for NaOH sanitization (uL)" :
[ "Volume for NaOH sanitization (uL)" i
s J
| Set Variable b

| "Inside Sanitization wash (mL)"
I "Inside Sanitization wash (mL)"
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' i SanCleaner I
: Set Variable "Outside sanitization wash (mL)" l
| "Qutside sanitization wash (mL)" |
lr_sr_ ________________________________________________________ J

i nC |
: Set Variable "How many columns are you running (1-8)?" :
| "How many columns are you running (1-8)?", 1- 8 |
s J
E |
: GI"OUD Initialize CVs |
O J

| Set Variable Wev2 = 0 |
i e o s st oo
|
| Set Variable EICV2 =0 :
BB e s o s e s o o
[ i
: Set Variable StrCV2 = 0 I
a7

|
: Set Variable V3 =0 |
28 e e g m_wm.mmm.“.!

|
} Set Variable WCv3 = 0 '
F’“—J

|
| Set Variable EICV3 =0 I
100

|
| Set Variable StrCV3 =0 |
101

|
: Set Variable LCV4 = 0 !
102

|
| Set Variable wevd = 0 |
103 __,_“”______Wmmw

|
| Set Variable ElCV4 = 0 |
1104 e —u———a—a———n——m—a—m—m—m———a—a—-—-—-—-!

|
| Set Variable Strcva = 0 |
105

|
: Set Variable LoV =0 |
Fls—wwwnmmwm—%

[
| Set Variable WCVS5 = 0 |
107

|
| Set Variable EICVS = 0 |

108 _“__H__mm——m———~4

| Set Variable StCVS =0 |
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| _________________________________________________________ L |
| Set Variable LCV6 =0 !
!no |
r o o —
: Set Variable WCVE =0 i
111
| Set Variable EICV6 = 0 |
112
| Set Variable StreV = 0 |
o .
: Set Variable V7 =0 |
U
[
| Set Variable wWev7 =0 :
115
| Set Variable ECV7 = 0 |
1118 J
| T PR P o e St |
| Set Variable Strev7 =0 |
117
| Set Variable LCV8 =0 I
1118
| Set Variable WEvs = 0 |
119
- s
: Set Variable EICVE = 0 |
120
| Set Variable StrCV8 = 0 I
121
r |
Group End Initialize CVs [
122_ ________________________________________________________ _4
Group Initialize fraction volumes :
0_23_r ________________________________________________________ _Jl
| Set Variable Full=0 |
124
| Set Variable FWW1=0 I
125
| Set Variable FVEL = 0 I
126
| Set Variable FvS1=0 :
127
| Set Variable Fl2=0 :
128
| Set Variable FYW2 =0 :
129
| Set Variable FE2 = 0 I
0 e A
| Set Variable FvS2=0 I
131
| Set Variable Fvi3=0 |

| Set Variable FW3 = 0 |
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[ _________________________________________________________ e |
: Set Variable FVE3=0 !
L |
L. - — . R o o R prerd
: Set Variable FvS3 =0 i
135
| Set Variable Ful4 =0 |
136
: Set Variable FyW4 = 0 :
= — ]
: Set Variable FvE4 = 0 I
138
[ !
| Set Variable FvS4 =0 :
139
| Set Variable Fs = 0 |
o___ e sy s s
: Set Variable FYWS = 0 I
141
I !
| Set Variable FVES = 0 |
1142 e e L |
: Set Variable FvS5 =0 :
e -
| Set Variable A6 =0 I
B e
| Set Variable FYW6 = 0 !
145
| Set Variable FVEG = 0 |
1456
| ) |
| Set Variable FvS6 = 0 I
147
| Set Variable A7 =0 I
148
| Set Variable FYW7 = 0 |
o___ - S N — ]
| Set Variable FVE7 = 0 I
150
| Set Variable FS7 =0 :
151
: Set Variable Ful8 =0 :
152 |
| Set Variable FYW8 = 0 I
183
| Set Variable FVES = 0 :
154
| Set Variable Fvs8 = 0 I
s i ]
: Group End Initialize fraction volumes I
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|
i ; ov
. Set Variable "What is the Column volume(s) (uL)"
| "What is the Column volume(s) (uL)"
8T B
[F]
: If - Then CV = 600
T u
e
| Set Variable TeChromN = RoboColumn600
159
|
: Set Variable TeChromT = Atoll 600 set 24
160
RPT

| .
| Set Variable "Type of Labware for reagent plate (96 or 48 Well DeepWell square)"
: "Type of Labware for reagent plate (96 or 48 Well DeepWell square)”

| Else
162
W —r -------------------------------------------------------- —
| Set Variable TeChromN = RoboColumn200
163 e e e ——————————————————————————— e e
[
| Set Variable TeChromT = Atoll 50/100/200 set 24
164
[} . . . . . —————
| Set Variable il
[ "Type of Labware for reagent plate (96 or 48 Well DeepWell square)"
! "Type of Labware for reagent plate (96 or 48 Well DeepWell square)"
165
-
| EndIf
f‘_“_ ________________________________________________________ -
} Set Variable EIP_GridStart = 3
e e e e L L S a
|
| Set Variable EIP_SiteStart = 1
f‘_“ _________________________________________________________ -
| Set Variable EIP_nC = 12
?‘_59_ ________________________________________________________ -
| Set Variable EIP_NR = 8
T e o e e |
k..
| Set Variable RP_Grid = 9
F‘_TL ________________________________________________________ -
| Set Variable RP_Site = 3
e e s e e ]
=
| If - Then RPT = 96 Well DeepWell square
< -
I
| Set Variable RP_nC = 12

| Else

T o o -
5
| Set Variable RP_NC = 6

a 176

. EndIf

F‘_”_ ________________________________________________________ —

| Set Variable RP_NR = 8
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| e |
a1 |
| Set Variable RP_EqC =1 |
1179 |
_________________________________________________________ -
" Set Vari j
et Variable RP_LC =2 I
BB e e e e e e e e e e e e e e e e e e e e e e e |
" |
| Set Variable RP_WC =3 I
181_ ________________________________________________________ _4
n |
I Set Variable RP_StrC = 4 I
82— _4
P |
| Set Variable RP_CIPC=5 |
e - .
| Set Variable RP_StoC = 6 I
R R e T T S T —ﬁl
. |
l Set Variable TeChrom_Grid = 15 I
IS o e re s b S S e e e s e e e e e e _J
. |
| Set Variable TeChrom_Site = 1 |
R e e o L e B e i I -
f
. |
: Set Variable TeChrom_nC = 12 |
B e o - .
. |
| Set Variable TeChrom_nR = 8 |
I e o e e i e e e A iy S e it S A S i St _4
. |
: Set Variable HP_Grid = 9 |
M0 sopn i e S s g e s s e S B S e e e e ST S -
N |
: Set Variable HP_Site = 2 |
e e e e -
|‘
. |
: Set Variable HP_NC = 12 |
B e e i e s e e _4
. |
: Set Variable HP_NR =8 |
IR o e e i i e e e i s S s e s e e s =
) Slope I
|
| SetVariable "Slope of calibration curve of volume (uL*1013) as y and liquid detection or absorbance result |
| for x (default are for OA)" |
l "Slope of calibration curve of volume (uL*1013) as y and liquid detection or absorbance result |
I for x (default are for OA)" |
f‘_‘*‘_ ________________________________________________________ |
I Set Variabl Intercept :
| ariatie "Intercept of calibration curve of volume (uL*1013) as y and liquid detection or absorbance |
| result for x (default are for OA)" |
: "Intercept of calibration curve of volume (uL*1013) as y and liquid detection or absorbance |
| result for x (default are for OA)" |
s S S —— 4
| Set Variabl 4 !
| Set Variable "Cross section surface area of well in ~HPN~ (cm*2)" :
| "Cross section surface area of well in ~HPN~ (cm~2)" |
|
185
e e e e e e e e e e e e e -
|
: Group Questions for Chromatography |
&—‘ﬁT ________________________________________________________ .|
= i
: If - Then RSto = False |
REL
o |
: Set Variable RStoQ = 0 |
e -
| Set Variable RStoCV = 0 |
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D i
:2ooset Variable AspRStoLqClass = No column flushing for removal of storage
=
: Else
{201
' RStoQ
I
| SetVariable "Insert Flowrate fro removing storage (uL/s)"
| "Insert Flowrate fro removing storage (uL/s)", 0.9 - 55.6
I202
: RStoCV
I
| Set Variable "CVs for removing storage”
| "CVs for removing storage”
I203
______________________________________________________ -
I P AspRStoLqClass
| Set Variable "Set name for aspiration liquid class used in flushing storage solution from columns”
I "Set name for aspiration liquid class used in flushing storage solution from columns”
|
B e T T S o e S =
: End If
B e e e s e BT S e R s R S B e s e e
(=]
: If - Then Eq = False
1206
ettt e
: Set Variable EqQ =0
E .
: Set Variable EqCV = 0
FZ_UB —————————————————————————————————————————————————————— -
: Set Variable AspEqLqClass = Mo column equilibrating
T e e L LU L S =
(=]
| Else
210
e ——————————————
. EqQ
|
| SetVariable "Insert Flowrate for equilibration (uL/s)"
| "Insert Flowrate for equilibration (uL/s)", 0.9 - 55.6
B e e e B S i 5
2 EqCV
I
| Set Variable "CVs for equilibrating columns”
| "CVs for equilibrating columns”
- RSB ERE S  AEESE SE e 4
| ; AspEqLqClass
| Set Variable "Set name for aspiration liquid class used in column equilibration”
: "Set name for aspiration liquid class used in column equilibration”
N e e |
: End If
1214
=]
: If - Then Load = False
= S BRmmncneee
: Set Variable Q=0
g6 _
: Set Variable Lvi=0
ot e e s o e e A e b ol
[ .
: Set Variable Fvll=0
B N
| Set Variable AsplLLqClass = No column loading
S e 4
e
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s W
|
| Set Variable “Insert Flowrate for loading (uL/s)"
| "Insert Flowrate for loading (ul/s)", 0.9 - 55.6
l221
l—- —————————————————————————————————————— —— -—
: LCV1
I
| Set Variable "CVs for loading column 1"
| "CVs for loading column 1"
l222
: FvLl
I
| Set Variable "Insert fraction volume for loading column 1"
[ "Insert fraction volume for loading column 1"
I223
S ———— -
(=] <
| Begin Loop nC-1 times "L"
1224
e e e e e e e e e e e e e e e e e e e e e e e e e -
: LCV~LOOP_L+1~
| -
| Set Variable "CVs for loading column ~LOOP_L+1~"
| "CVs for loading column ~LOOP_L+1~"
|225
: FyL~LOOP_L+1~
| -
| Set Variable "Insert fraction volume for loading column ~LOOP_L+1~"
I "Insert fraction volume for loading column ~LOOP_L+1~"
I228
-
: End Loop E
O e e e B d
| - AsplLLqClass
| Set Variable "Set name for aspiration liquid dlass used loading columns”
| "Set name for aspiration liguid class used loading columns"
I228
T N e e e e e s . st —_—
| End If
229
=]
I If - Then Wash = False
230
= e R — ——a
|
I Set Variable wQ =0
'231_ _____________________________________________________ B
: Set Variable WovL =0
RS e e e e s S e S e e e e e e e e e 4
| Set Variable FWW1 =0
F’:’-EL...-.....-..-,.--..-.,......-........-.,-........-....-..-..-..,...........-............--.m
: Set Variable AspWLqClass = No column washing
B e e e et e 5 S e ]
B
: Else
235

"Insert Flowrate for Washing (uL/s)"
“Insert Flowrate for Washing (uL/s)", 0.9 - 55.6

wCvi
"CVs for washing column 1"
"CVs for washing column 1"

FvW1
"Insert fraction volume for washing column 1"
"Insert fraction volume for washing column 1"
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[
L . WCV~LOOP_L+1~
: Set Variable "CVs for washing column ~LOOP_L+1~"
| "CVs for washing column ~LOOP_L+1~"
l240
o
" FVW~LOOP_L+1~
[ -
| Set Variable "Insert fraction volume for washing column ~LOOP_L+1~"
I “Insert fraction volume for washing column ~LOOP_L+1~"
l241
e e e e e e e e e e e e e e e s i i i s e B s e,
-
| End Loop o
l242
e e e e e e
I : AspWLqClass
| Set Variable "Set name for aspiration liquid dlass used in washing columns”
| "Set name for aspiration liquid class used in washing columns”
l243
[ e e e e e e e e o e e e -
: End If
244
=]
: If - Then Elute = False
1245
[
| Set Variable EIQ=0
L i
: Set Variable EICV1 =0
l&"_ _____________________________________________________ =
: Set Variable FVELl =0
IG_“ ______________________________________________________ =
: Set Variable AspELqClass = No Column eluting
B e e i
=]
l Else

"Insert Flowrate for Eluting (uL/s)"
"Insert Flowrate for Eluting (ul/s)", 0.9 - 55.6

2 EICV1
[
| Set Variable "CVs for eluting column 1"
| "CVs for eluting column 1"
O o B 4
2 FvEl
|
| SetVariable “Insert fraction volume for eluting column 1°
| "Insert fraction volume for eluting column 1"
o T J
S
| Begin Loop nC-1 times "L"
t2_5"_r _____________________________________________________ il
i EICV~LOOP_L+1~
| -
| Set Variable "CVs for eluting column ~LOOP_L+ 1~
| "CVs for eluting column ~LOOP_L+1~"
1255
FVE~LOOP_L+1~
| : i
| Set Variable “Insert fraction volume for eluting column ~LOOP_L+1~"
[ "Insert fraction volume for eluting column ~LOOP_L+1~"
= 26
[
| End Loop o
?2"5?"""'"'""”""'_"'""'"""'"'""'"""""""""_'""'"""'"""'_"""'"'"'"‘""'"""""""'"""‘
" AspELgClass
Set Variable

|

| "Set name for aspiration liquid class used in eluting columns”
| "Set name for aspiration liquid class used in eluting columns”
I
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| End If
259
s, i
: If - Then Strip = False
I260
| Set Variable StrQ =0
|231
| Set Variable RStrQ = 0
l262
o o e e e e e e
| Set Variable Strcvl = 0
b3 - _
| Set Variable RSIrCV = 0
'Fz_sa

I Set Variable FvSl =0
265

————————————————————————————————————————————— —————————— "

l Set Variable AspStrLgClass = No column stripping
266
: Set Variable AspRStrLqClass = No flushing of columns to remove the stripping solution
O s e s s e e e T -
=
: Else
L?_“T,“ i - g s S|
. 5trQ
I
| SetVariable "Insert Flowrate for Stripping (uL/s)"
| "Insert Flowrate for Stripping (uL/s)", 0.9 - 55.6
I269
. StrCvi
I
| Set Variable "CVs for stripping column 1"
| "CVs for stripping column 1"
l270
o =)
| : FvS1
| Set Variable "Insert fraction volume for stripping column 1"
: "Insert fraction volume for stripping column 1"
271
E.—--—-.‘——---..-.--.—--—.-...._.-_............_.......-._........-....-.-......._......-..-_..._._....._..._.............._...(
| Begin Loop nC-1 times 'L"
'_72_[_ _____________________________________________________ o
| . StrCV~LOOP_L+1~
| Set Variable "Cs for stripping column ~LOOP_L+1~"
I "CVs for stripping column ~LOOP_L+1~"
R Sl i i ]
| : FVS~LOOP_L+1~
| Set Variable "Insert fraction volume for stripping column ~LOOP_L+1~"
I "Insert fraction volume for stripping column ~LOOP_L+1~"
1274
-
: End Loop Ex
g’ i et i e o e G -
| i RStrQ
| Set Variable "Insert Flowrate for removing strip from columns (uL/s)"
| "Insert Flowrate for removing strip from columns (ul/s)", 0.9 - 55.6
gg N
I 5 RStrCV
| Set Variable "CVs for removing stripping buffer from columns"
| "CVs for removing stripping buffer from columns®
e N
| Set Variable s e

I "Set name for aspiration liquid class used in stripping columns"
[ "Set name for aspiration liauid class used in strippina columns”



150 Shaleem |. Jacob et al.

| |

[ Variabl ApRaLgne
| e able "Set name for aspiration liquid class used when flushing columns to remove the strip :
| solution” |
| "Set name for aspiration liquid class used when flushing columns to remove the strip |
:279 solution” I
|
e e e e e R &
I End If |
|2DD |
= |
l If - Then CIP = False |
QBT e v e et s S D AT i SO T I S B SRS e skeeasizscd]

. |
: Set Variable CIPQ =0 |
T o
f |
| Set Variable RCIPQ = 0 |
'233_ _____________________________________________________ _4

. |
| SetVariable CIPCV = 0 |
B oo i e g e S e _4

. |
| SetVariable RCIPCV = 0 |
- I B SRS S SRR D o

. |
: Set Variable AspCIPLgClass = No column regeneration |
B -

. |
: Set Variable AspRCIPLqClass = No column flushing to remove the regeneration solution |

TS E
f |
| Else |
288

: CIPQ |
: Set Variable “Insert Flowrate for CIP (uL/s)" :
| "Insert Flowrate for CIP (uL/s)", 0.9 - 55.6 i
e o

2 RCIPQ |
: Set Variable "Insert Flowrate for removing CIP (uL/s)" :
| "Insert Flowrate for removing CIP (ul/s)", 0.9 - 55.6 |
T i

CIPCV |
| i
| Set Variable "CVs for CIP solution” !
| "CVs for CIP solution" |
I i
[

. RCIPCV |
| Set Variable "CVs for removing CIP solution” :
| "CVs for removing CIP solution” |
B e e i R .
| 4 AspCIPLqClass |
| Set Variable "Set name for aspiration liquid class used in regenerating columns” :
| "Set name for aspiration liquid class used in regenerating columns® |
9y J

|
I 2 AspRCIPLgClass
| Set Variable "Set name for aspiration liquid class used when flushing columns to remove the I
| regeneration solution” |
I "Set name for aspiration liquid class used when flushing columns to remove the |
: regeneration solution” I
B -
|’ 1
|
| EndIf |
1295
= |
| If-Then Store = False |
1296 J
R e i B s e e |
|
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| Set Variable StoCV = 0
208
e S it i sty s iy it gt eyt e e i’ S S s i i iy Y . i’ e e e i g i S g i . g’ p—
r )
:zmset Variable AspStoLgClass = No column fluyshing with storage solution to store the columns
N o s s e e e e s e e . e et e e s et S s S e e et e e . S e st -
: Else
%
: S
: Set Variable "Insert Flowrate for storage (uL/s)"
| "Insert Flowrate for storage (ul/s)", 0.9 - 55.6
|
o e e -
i StoCvV
I
| Set Variable "CVs for storage solution”
| "CVs for storage solution”
Ffz
| i AspStoLqClass
| SetVarmbie "Set name for aspiration liquid class used when flushing the columns with storage
| solution to store the columns”
I "Set name for aspiration liquid class used when flushing the columns with storage
:303 solution to store the columns”
I End If
la04
e e e L e e iy
-
| Group End Questions for Chromatography
305
r e e e e o o o e e e o o o o e o e e e e e e e e e e e e e e e e e e o T T . —
l Group End Part 1.2: Inputs
306
=2
: Group Part 1.3.1: Confirm volume determination technique and volume of blanks
207
=2
| If-Then VolCalcF <> True
o e e S o o e A e i e s T B =
| set variable il
| r "Liquid detect fractions?"
| "Liquid detect fractions?"
|
= 2L L e e e i ]
| Else
I e e e s e s e e e S e e o s e s |
T
| Set Variable LDF = False
311
- e e e e  a e e rr  r a L ri
: End If
1 _
]
| If-Then VolCalcB <> True
O s 5 5o il 4 e i e e -
T i LDB
| SetVariable “Liquid detect fractions?"
| "Liquid detect fractions?"
l314
[E]
| Else
S e e e e e e e e e e e e e e e e e e e e e e e e e et e e e e e e e e e e e e e e e e e e -
| Set Variable LDB = False
316 e e e
-
: End If
L O -
E]
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[
| : LgDetLgClass

| Set Variable "Set name for of liquid class used when liquid level detection is used"

: "Set name for of liquid class used when liquid level detection is used”

|
| : nDet

| Set Variable "Number of liquid detections per fractions or blanks"
|

|

"Number of liquid detections per fractions or blanks"

| SanVolLD

I "Volume for NaOH sanitization during fraction LD (uL)"
: "Volume for NaOH sanitization during fraction LD (ulL)"
|

| . SanWasteLD
| Set Variable "Inside Sanitization LD wash (mL)"
: "Inside Sanitization LD wash (mL)"

| 2 SanCleanerLD
| Set Variable "Outside sanitization LD wash (mL)"
! "Outside sanitization LD wash (mL)"

(T e Sl o o i g Dt L i R i e LA ek gt Y A P L o O A 10 et Sty e e =20
P
| Else
1326
I
| Set Variable LDFB = B
e e e e e e e e e o i s s -
| EndIf
1328
Else
= E
| If-Then LDF = True
0 oy it == e = e
|
| . LgDetLqClass
| Set Variable "Set name for of liquid class used when liquid level detection is used"
| "Set name for of liquid class used when liquid level detection is used"
It e 45 B 3 A 5 AR .
I . nDet
| SetVariable "Number of liquid detections per fractions or blanks"
| "Number of liquid detections per fractions or blanks"
= T |
|
| . SanVolLD
| Set Variable "Volume for NaOH sanitization during fraction LD (uL)"
: "Volume for NaOH sanitization during fraction LD (uL)"
338 -
IF_ . SanWastelD
| Set\Variable "Inside Sanitization LD wash (mL)"
: “Inside Sanitization LD wash (mL)"
F%‘L._._..._._....._._.........—.-.-.-..-_.-.-—.-.-._—.-.-.-.-—.-.-.-..--.-..-.--——--—-——--———-—-—--———-—«
| . SanCleanerLD
| Set Variable "Outside sanitization LD wash (mL)"
| "Qutside sanitization LD wash (mL)"
I
r3_3-"_ _____________________________________________________ -
| Set Variable LDFB =
e o e e o e e e i i i s i i e R S — -
=]

' Flee
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T T T T T T T =
: Set Variable LqDetLqClass = Not Used
1338
B e e
'l Set Variable nDet = 0
e e o o e e e . e s e e s e e e e et e e e e —
I
| Set Variable SanVollD = 0
e b
| Set Variable SanWastelD = 0
B e e -
| Set Variable SanCleanerlD = 0
S — -
| Set Variable LDFB = Neither
B 5
: End If
344
-
: End If
345
E ————————————————————————————————————————————————————————— —_
I If - Then VolCalcF = True
o e e e e A e S e S e i e S i =]
| If - Then VolCalcB = True
(347
e ST,
| Set Variable VolCalcFB = Both
r_‘ew_ _____________________________________________________ o
=
: Else
\349
T
| Set Variable VolCalcFB = F
L e O R J
.
| EndIf
|’_ 351
=
: Else
352
= TE_ ——————————————————————————————————————————————————————— -
| If-Then VolCalcB = True
1353
T’WWWM
| Set Variable VolCalcFB = B
e o
=
| Else
1355
T
| Set Variable VoICaIcFB = Neither
I e e e e e i e it o e -
(
| EndIf
|’_ 357
| End I
%‘5_ ________________________________________________________ -
: If - Then BP = True
@_59.[. ________________________________________________________ -
. BlankVol
Set Variable "Set volume used to prepare the blanks"

"Set volume used to prepare the blanks"
2o
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"PUT YOUR WINDOWS USERNAME HERE"

= 15 i
: Else |
1361 |
________________________________________________________ -
| Set Variable BlankVol = 0 I
'3&2

r |
: End If |

363
e i e e e e '4|
: Group End Part 1.3.1: Confirm volume determination technique and volume of blanks |
384 S|
. |
: Export Variable 161 variable(s) ==> ~Dir~Inputs.txt |
B T e rray
= |
I Else |
e - -
|
Set Variable WindowsUserName i
|
|

"PUT YOUR WINDOWS USERNAME HERE"

OF |
|

| "Only measure and/or determine volumes of fractions?" I
: "Only measure and/or determine volumes of fractions?" |
|

| Set Variable Dir = C:\Users\~WindowsUserName~\Desktop\RoboColumnOperati |
L =C: ~ ~ p' oColumnOperations\ I
) 160 variable(s) <== ~Dir~Inputs.bdt i
Im Import Variable start in LINE [1], COLUMN [2] |
=]
|
I Group Reset measurement options |
1371
] |
: If - Then MOAFB = Both |
O A S &
: Set Variable MOAF = True I
373
i |
| Set variable MOAB = True |
374
fé |
| Else |
375
D et '4|
| If - Then MOAFB = Neither I
378
. |
| Set Variable MOAF = False |
377
P -
| Set Variable MOAB = False |
378
Tt '4'
| Else |
\are
e |
| If-Then MOAFB = F |
O s -
: Set Variable MOAF = True |
- T f
| Set Variable MOAB = False |
382

o
m
w
™
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s -——-——F"F""F"FF-F""""F"""F""F""""—-"F"""""""""= 2 |
: If - Then MOAFB = B I
384 |
T I """M__“W_""l
! Set Variable MOAF = False |
i385_ __________________________________________________ _4
| Set Variable MOAB = True |
386
T e e e T e e e e e o e e e T e e e o e e e '4'
: Else i
387 J
[ S R R 1I
. EndIf |
!383
r |
{ End If |
e e e ——— o
| EndIf |
G 0 e B B E e ey S i ]
| |
: End If |
381
R T e T e e e ‘4'
I Group End Reset measurement options |
392
=
I Group Reset volume determination options :
'Ls_ea J
: If - Then LDFB = Both I
- I — o
| Set Variable LOF = True I
395
| Set Variable LDB = True I
o S A
@ |
: Else |
BT s e e s g e R R s A s
I _4'
| If-Then LDFB = Neither |
398 e e srac]
| Set Variable LOF = False I
399
A 4
| Set Variable LDB = False |
b %
| Else |
B e e ]
e |
| If-Then LDFB = F |
402
D ettt '4'
| Set Variable LDF = True |
403
| Set Variable LDB = False :
!404 il e -—-—-—-—-—-—--—-—--—-—-—--—-—-—-—-—-—-—-—-—-—-—-—-—-—-—4
=] |
| Else |
405
D e ittt '4|
| If - Then LDFB = B |

! Set Variable LDF = False |
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: Group Part 1.3.3: On the fly calculation and worklist generation I
1423
=2
I
: Group Part 1.3.3.1: 1st Tip sanitization |
=)

=

| Begin Loop 2 times "Sanitization” |
1429

SanVol i Tip Sanitization |

| Aspirate % "Sanitiser” (Col. 1, Rows 1-8) !

e e e o e o e e i e e e -

H J| SanVol ul Tip Sanitization |

Dispense "Canitiear” (Cal 1 Rews 1-R) I
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: End Loop "Sanitization"
432
T -—
| Wash Tips H SanWaste + SanCleaner ml
433 18
:
| Wash Tips H 1+1ml
434 1-8
|
: Group End Sanitization
k.11_3
l-— ———————————————————————————————————————————————————————————— "
I Else
la3s
[
: End If
o 437
|
: Group End Part 1.3.3.1: 1st Tip sanitization
iy P T T M ot el el et B S P e o NSO S o SOl oo P S R L o e M eSSt L8 et =)
=2
l Group Part 1.3.3.2: RoboCoumnApplication exe, variable import, user queries
B0 e e s e e e e e =
[
| Comment ~Dir~RoboColumnApplicationv2.exe

440
O e e s s e e s e i e S e s e
| Execute Application C:\Users\Spyridon K\Desktop\RoboColumnOperations\RoboColumnApplicationv3_Robust.exe

L wait
o ST S R ope B s e s e e P e S e S s
| 1 variable(s) < Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat,bxt
i . == wDlfais A :
|mImP°'t Variable start in LINE [2], COLUMN [2]
s
[
| " 1 variable(s) <== ~Dir~~RunMame~\Calculations and Inputs\CalcsAndInputsTableFormat.txt
|MI""'P°”5 Variable start in LINE [3], COLUMN [2]
[=. Sy S .
|
| : 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat.txt
|mlmp°'t Variable start in LINE [4], COLUMN [2]
s
[
| . 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat. txt
|«51“"P°"t Variable start in LINE [5], COLUMN [2]

B s P S P R R e s e e s s s s e ez o]
i s 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat, bt
lmlmport Variable start in LINE [6], COLUMN [2]
[
| i 1 variable(s) <== ~Dir~~RunMame~\Calculations and Inputs\CalcsAndInputsTableFormat.txt
|mImP°’t Variable start in LINE [7], COLUMN [2]
I 5 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat. txt
|4"al""'|:’°"t Variable start in LINE [8], COLUMN [2]
| : 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat.txt
|4491“"P°'t Variable start in LINE [9], COLUMN [2]
I
| : 1 variable(s) <== ~Dir~~RunMame~\Calculations and Inputs\CalcsAndInputsTableFormat.txt
| Import Variable start in LINE [10], COLUMN [2]
iﬂmwwmw"“"wmmww"mw"_"mw uuuuuuu ———
i & 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat, bt
* Import Variable start in LINE [11], COLUMN [2]
| . 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat.bet
|mI""P°"t Variable start in LINE [12], COLUMN [2]
s
| . 1 variable(s) <== ~Dir~~RunMame~\Calculations and Inputs\CalcsAndInputsTableFormat.txt
| Import Variable start in LINE [13], COLUMN [2]

453

e e ]

|
| = 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndInputsTableFormat.txt
| Import Variable start in LINE [14], COLUMN [2]
_ < i
|

. ! == ~Dir~~RunNamen I ;
| Import Variable 1 variable(s) <== ~Dir~~RunName~\Calculations and Inputs\CalcsAndinputsTableFormat. bt
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: If - Then TotalFP+TotalBP > TotalPC
[ I S R B -
i
"The number of total plates is greater than ~TotalPC~; Rework script to reduce the number of
I
| User Prompt factians; else be around to Switch plates.”
I sound : no
g R
: Else
458
[
: End If
F‘E?W___W
=]
l If - Then NEF > TotalEPC*EIP_nC
480
==
"You use a number of elution buffer plates which is greater than ~TotalEPC~. Be around to
|
| User Prompt replenish the elution plates!!”
| sound : no
il e e s e e e s s g ]
I Else
@_WWWW
: End If
1453
|
I User Prompt "You generate ~TotalF~ fractions and you need ~TotalFP~ fraction plates and ~TotalBP~ blank
I plates, if prepared. Put the fraction plates in the Hotel!" sound : no
|
B
: Group End Part 1.3.3.2: RoboCoumnApplication exe, variable import, user queries
( B B L Bl i ot )
I Group End Part 1.3.3: On the fly calculation and worklist generation
485 e e e e e e e —————————————
=
| GI’OUD Part 1.3.4: Engage waste and move Te-Shuttle to Transfer position
-
= - i
: If - Then OF = False
@GT ___________________________________________________________ %
: Infinite Reader Close()
ﬁ_mmm_mmmm
: Move ROMA Move to home position (ROMA 1)
470
%"mﬁmﬂﬂ‘m e e e e e e el e~ el el el il ™l
: Te-Chrom Shuttle MoveToTransfer()
471
=
I If - Then RoMa = True
472
| Source: Grid '35,' Site '1"; Destination: Grid '15', Site '2';
| Transfer Labware Narrow (ROMA 1)
<1 PO .5 ek« N RO R
: Move ROMA Move to home position (ROMA 1)
T o o B 5 ] i -
=
| Else
1475
"Put plate to transfer position of Te-chrom"
I
| User Prompt sotind g
T e i i S s e 5 e e e S
: End If
47T
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Load Worklist "~Dir~~RunName~\Remove

I
: Worklist storage\RSto_~LOOP_RmvStorage~.gwl"
488 18
i
' Worklist Execute loaded worklist(s)
ldBQ
-
: End Loop “"RmvStorage"
F‘_” _________________________________________________________ o
I Wash Tips % 1+2ml
e e e e o =
=
: Else
4592 e e e e e e e e e e i e b e
I End If
|493
-
: Group End Part 2.1: Remove storage solution
I -
L e e
: Group Part 2.2: Equilibrate columns
i i e 5 e 5 S 5 e S 1 e S =
|
: If - Then Eq = True
(496
|
: Begin Loop EqL times "Equilibration”
BT |
. Load Worklist "~Dir~~RunName~\Column
| Worklist equilibration\EqCol_~LOOP._Equilibration~.qw!"
498 1-8
: Worklist Execute loaded worklist(s)
499
-
: End Loop "Equilibration”
00 .|

%
I Wash Tips E 1+2ml
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|
O _4
B
|
: Group Part 2.3: Load columns I
O e -
B |
: Group Part 2.3.1: Disengage waste and move Te-Shuttle to Start position |
=
|
l Move ROMA Move to home position (ROMA 1) I
T R er =
[
|
: Te-Chrom Shuttle MoveToStart() |
B oo o e et e SR e e e e P L e R R s e T i i s _J
|
: Te-Chrom Shuttle SetSlowSpeed() I
e e e S 2|
|
I Group End Part 2.3.1: Disengage waste and move Te-Shuttle to Start position |
510
(=]
|
: Group Part 2.3.2: Dispense load into columns |
51 |
=) ﬂl
: If - Then Load = True I
I e
I . |
| Begin Loop nLF times "Load" |
513
, |
: Worklist Load Worklist "~Dir~~RunName~\Column loading\LCol_~LOOP_Load~.gwl" |
lé.’.“i.----..-..--...-..-.....‘. .....................................
; |
: Worklist Execute loaded worklist(s) I
B o e e e e s e i s e e S S s e i i s _4
|
| Wash Tips H 1+2ml —Jl
1-8
3 |
: Set Variable nF = nF+1 |
51::_ _____________________________________________________ _4
” |
| Set Variable nFt = nFt+1 |
518_ _____________________________________________________ _4
|
: If - Then nF =12 |
518
D i -4'
{ Set Variable nF=0 |
520
: —
| Set Variable nP = nP+1 |
521
|
| Te-Chrom Shuttle MoveToTransfer() |
522
|
l' If - Then RoMa = True |
523 J
!’ a1
| Source: Grid '15," Site '2'; Destination: Grid '35, Site 'nP-1'; I
Ly Transfer Labware Narrow (ROMA 1) . € |
e N e e S G i S i M A S S S e e AN il ' iy S AN G e S Ay W S i M it g St it g Wt S i S iy i S G i St G Wt S i
@ .
H |
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"Remove and store old plate and put new plate to shuttle”
E User Prompt sound : no
| End If
A
== 2t =
: If - Then nP > TotalPC
e
1 " ~ o 1 "
| User Prompt Refill with ~TotalPC~ new plates in hotel
lsag sound : no
s e e e e e e e e e e e e e e e e e e e e
| Set Variable nP=
- e S SN
e R e e S =
| Set Variable PR = PR+1
1531
— -~ -~~~ -~~~ - -
I Else
T
I End If
e
e e e e e e e e S s e e =
I~ If - Then RoMa = True
5_34
[l
1 Source: Grid '35,' Site 'nP'; Destination: Grid '15', Site '2';
lese Transfer Labware Narrow (ROMA 1)
R e R e L e B s o e e e iy = )
e e e e e
' Move ROMA Mave to home position (ROMA 1)
T |
= R e e e e e e s e =
I Else
8T
. ‘
! End If
S8
e ——————— S
: Te-Chrom Shuttle MoveToStart()
B e e e e e s e e e s S e e e e o]
e ——————————— —
: Te-Chrom Shuttle SetSlowSpeed()
= B e e e e S
: Else
B e e e i e e
B
| EndIf
e e e e T e S e e S s it
! End Loop "Load"
l54_3____‘_m____'_n‘_”_-mﬂmmﬂm“mmwﬁmnﬁﬂmmmmmmﬂﬁﬂ
]
: Group Sanitization after loading
S
e S
: Wash Tips H SanWaste + SanCleaner ml
S48 e e e e e ]
B e =
| Wash Tips “ 1+1ml
F?:i,m_..__n_"...m__m‘i _____________________________________ -
E .
: Begin Loop 2 times "Sanitization”
AT
I G
. SanVol pl Tip Sanitization
| Aspirate H “Sankiser” (Col 1, Rows 1-8)
| :

! Dispense

SanVol pl Tip Sanitization

"Caniticar” (Cal 1 Rowe 1-8Y
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T L e T e R D I oy
: End Loop "Sanitization" :
l550 |
e "l
: Wash Tips # SanWaste + SanCleaner ml |
FS_SL _______________ e —————————— e e e e |
| Wash Tips # 1+1ml :
[ e -

.
: Group End Sanitization after loading :

553
= T - T |
: Else |
B _4
. EndIf I
e e e e -
|
: Group End Part 2.3.2: Dispense load into columns I
- A Sise s |
: Group End Part 2.3: Load columns I
- .
= |
I Group Part 2.4: wash columns |
B s SR s B i =
= |
: If - Then Wash = True |
1558 J
=) !
: Begin Loop nWF times "Wash" I

1560

Load Worklist "~Dir~~RunName~\Column washing\WCol_~LOOP_Wash~.gwl" Water_{

>
I Worklist ﬁ free |

561 1-8
: Worklist Execute loaded worklist(s) :
\562
| Wash Tips ﬁ 1+2ml :
563 1-8
| Set Variable A = nF+1 :
O oSS s
| Set Variable nFt = nFte1 I
565
a8 |
: If - Then nF =12 I
@T——_4
| Set Variable nF =0 |
567
e -
| Set Variable nP = nP+1 |
B8 d
: Te-Chrom Shuttle MoveToTransfer() :
569
B oo -
| If-Then RoMa = True |
\S_NT _____________________________________________________ .
| Source: Grid '15," Site '2'; Destination: Grid '35, Site 'nP-1; [
I Transfer Labware Narrow (ROMA 1) |
fa
|
| Else |
1572 |

| User Prompot :EET,?\EEM store old plate and put new plate to shuttie" l
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B N N R R . =
| End If
574
e e e e e e e e ]
: If - Then nP > TotalPC
L _
“Refill with ~TotalPC~ new plates in hotel”

[m User Prompt i re

F—mm—m—w—mm——m“——mm—mm—w

{ Set Variable nP=1

577

WWWWMW

| Set Variable PR = PR+1

Is78
=
I Else
Is7a
: End If
580
E ------------------------------------------------------ -
I If - Then RoMa = True
lse1

e It =
Source: Grid '35," Site 'nP'; Destination: Grid '15', Site '2';

I[mTransfer Labware Narrow (ROMA 1)

P—mm—“—m—m—m—mmm—m—mm—m—m

| _Move ROMA Move to home position (ROMA 1)

583
g S S S
=]

: Else
584
F— ———————————————————————————————————————————————————————
: End If
585
?— —————————————————————————————————————————————————————— a—y
'l Te-Chrom Shuttle MoveToStart()
B e L ad
F..
: Te-Chrom Shuttle SetSlowSpeed()
T e e e s e e
=
: Else
1588
: End If
588
-
: End Loop "Wash"
e e e e =
F—
| Wash Tips ﬁ 1+2ml
i i o e e 0 o S e S e |
=
: Else
582
: End If
593
-
I Group End Part 2.4: wash columns
594
B o i e i i e e A 8 e e o
I Group Part 2.5: Elute columns
0 e e e e e e e e e e e e e e e o e o e e e o 2 e o o -
: If - Then Elute = True
1596

| Set Variable nEIPC = 0
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|
: Begin Loop nEF times "Elute" |
BB |
=] "‘l
: If - Then nEIPC = TotalEPC*EIP_nC |
1559
: User Prompt ;ﬁﬁ m to put new plates in starting from the first elution plate position” :
B 4
. |
: Set Variable NEIPC = 0 |
601
L e ———
& ~
| Else '
e e P e B gy P R B e Aoty |
[
|
: End If |
603 |
. |
| Worklist # Load Worklist "~Dir~~RunName~\Column eluting\EICol_~LOOP_Elute~.gwl" |
604 Water free di
| e e e e S S i i
| Worklist |
505 Execute loaded worklist(s) {
[
|
| Wash Tips ﬁ i
606 1+2ml

. ’ |
| Set Variable |
607 NEIPC = nEIPC+1
B R e iy

. |
| Set Variable |
608 nF = nF+1
[

. |
| Set Variable |
509 nFt = nFt+1 |
= |
| If-Then |
1610 nf = 12

. |
| Set Variable |
T, s o s i A i o s e o e S S S S d

- |
|  Set Variable |
g'z________________""_iﬂ_"tl __________________________________ -

|
| Te-Chrom Shuttle |
A =
|
: If - Then |
B s i I s i e P -
|
|

lmTransfer Labware Source: Grid '15," Site '2'; Destination: Grid '35', Site 'nP-1'; '
e e Sl T einciiecee]
|
| Else !
L ")
|
}517 User Prompt "Remove and store old plate and put new plate to shuttle" |

, ;
|
: End If |

618

: 1
| If-Then |
OO MP>TOtAPC e |
|
DUSP-I' Prompt “Refill with ~TotalPC~ new plates in hotel” I

52| .
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| Set Variable PR = PR+1
l622
s e R A |
IE Else
o
: End If
624
E ______________________________________________________ -
: If - Then RoMa = True
G e e e e o e e e o e e e e e e P e e e e e e e e e e
Source: Grid '35,' Site 'nP’; Destination: Grid "15', Site '2';
{mTransfer Labware Narrow (ROMA 1)
ety S S s g ot e Mg Lo M S Ly e o et s M Sy s ety oy it
| Move ROMA Move to home position (ROMA 1)
827
e
=
: Else
B L R e s |
: End If
|i29=======================================================
: Te-Chrom Shuttle MoveToStart()
fim _______________________________________________________
| Te-Chrom Shuttle SetSlowSpeed()
B e s ons LB s e o s s oo e e
[ R e e e e e et
| Else
T — o
e e
I End If
633
-
: End Loop "Elute”
B e e e e e R s e L e e e e g o]
e
| Wash Tips H 1+2ml
ol o i e L S e S T e A v e L s S e (et ]
=5
: Else
1636
: End If
- T P O S P o I PR Ie g e e R e S O R S
: Group End Part 2.5: Elute columns
B e e e G e i
e e e e e e e e e
: Group Part 2.6: Strip columns
O o e i e a7 e i .
I
: If - Then Strip = True
|§“40"r——l————"|'—'l— ——————— SRR SR SR R SR SR SR e T T T R T R T R R R R R R R R S R R S SR R SR S SR R SR S SR SR SR SR SR SR SR SR R R
| Begin Loop nSF times "Strip"”
L
P e e o -
: Worklist % Load Worklist "~Dir~~RunName~\Column stripping\StrCol_~LOOP_Strip~.gwl"
542
F_.-m.— ™)
| Worklist Execute loaded worklist(s)
e O A e A S T e A R e A i A s i
[
| Wash Tips % 1+2ml
544

| Set Variable nF = nF+1



166

Shaleem |. Jacob et al.

T e _‘l
Set Variable nFt = nFt+1 '
e J
= I
I If - Then nF=12 |
£ ]
| Set Variable F=0 !
648
e 7
: Set Variable nP = nP+1 I
649
e e ——— 5
| Te-Chrom Shuttle MoveToTransfer() |
2 J
E |
: If - Then RoMa = True |
S B
T e R R e U :
Source; Grid '15,' Site '2'; Destination: Grid '35', Site 'nP-1'; |
:ﬁszTransfer Labware Narrow (ROMA 1) |
L R
e ]
: Else |
B e o e pupinny papss e col e s s g we 5
| User Prompt "Remove and store old plate and put new plate to shuttle' I

sound : no

. R

R T Nl M ey P L T _4|
I If - Then nP > TotalPC |
O o v e e e e s e e e e e i s s S s o g
"Refill with ~TotaPC~ new plates in hotel” |
:WUser Prompt ird o |
A —— ]
| Set Variable =1 l
LA N EOPIETR——
| Set Variable PR = PR+1 I
{eso |
5 ]
: Else |
OB o e e i e e e _4
| EndIf I
OB oo S A 0 e oS s 5 e S S S G S0 o S =|
I If - Then RoMa = True I
O _4
T T T T T T T
:mTransfer Labware i‘.’;‘,’r‘;‘hﬁ?g Ms;,l)sme nP'; Destination: Grid '15', Site '2'; JI
r 1
: Move ROMA Move to home position (ROMA 1) I
b A el S e A5
= |
: Else |
e _Jl
: End If |
e -
I Te-Chrom Shuttle MoveToStart() |
I667 _____________________________ _4
R |
: Te-Chrom Shuttle SetSlowSpeed() |
O e e e e e e e e e e e e e e e e -
|
Else |
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: End If
(670
" End Loop "Strip"
Fi"_ ________________________________________________________ -
| Wash Tips ﬁ 1+2ml
672 1-8
e e e e e e o e e e e e e e e e e e e e e B S B B T B T T T T T T T T T T T i i i s -
"
: Else
rL5_73
: End If
674
—
I Group End Part 2.6: Strip columns
675
T =i
: Group Part 2.7: CIP columns
Ls_“".l.. ___________________________________________________________ = |
=
: Group Part 2.7.1: Store last fraction plate and engage waste
677
l Te-Chrom Shuttle MoveToTransfer()
678
E ————————————————————————————————————————————————————————— —
| If-Then RoMa = True
e T |
}mTransfer LabivaE Sr?:rﬁw %Egmlfl )srue '2'; Destination: Grid '35', Site 'nP';
I Move ROMA Move to home position (ROMA 1)
1681
E]
| Else
@Er ________________________________________________________ _
| User Prompt TN S0 MO
1683
| EndIf
f_&‘_ ________________________________________________________ s
=
| If-Then M=1
685 al
L_r ________________________________________________________
| Set Variable nP = nP-1
686
@ il
| Else
f_‘“_ ________________________________________________________ o
| EndIf
688
r— ————————————————————————————————————————————————————————— —
| Wash Tips % 142ml
F..B?.. _______________ e e S et -
} Move ROMA Move to home position (ROMA 1)
O o -
I Group End Part 2.7.1: Store last fraction plate and engage waste
891
=}
| Group Part 2.7.2: Start CIP procedure
1892

I If - Then CIP = True
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[ R S N s RN
: Group Part 11: Remove Strip with water
@_‘-“‘r
= .
lls Begin Loop RStrL times "RemoveStrip"
95
e e s, . S S S S S A S S —
. Load Worklist "~Dir~~RunName~\Calumn
! G%Workllst Stripping\RStr_~LOOP_RemoveStrip~.gwl"
|
-
| Worklist Execute loaded worklist(s)
ET
-
I End Loop "RemoveStrip"
698
:mWash Tips % 1+2ml
e —p— -
r
: Group End Part 11: Remove Strip with water
700
=
l Group Part 12: CIP
701
L
=
: Begin Loop CIPL times "CIP"
702
L i
e e e e T e e e e e P e =
. Load Worklist "~Dir~~RunName~\Column
:mWorkhst @ regeneration\CIP. ~LOOP_CIP~.gwl"
: Worklist Execute loaded worklist(s)
704
: End Loop "CIp’
705
I Wash Tips % 1+2ml
s .
l Group End Part 12: CIP
707
=
: Group Part 13: Remove CIP with water
L’_°“r_
: Wash Tips % 10 + 10 m
f_"*‘_ _____________________________________________________ -
l Wash Tips % 1+2ml
710 #
E —————————————————————————————————————————————————————— -
:m Begin Loop RCIPL times "RemoveCIP"
e e e e Yt il i i i
T ————————————————— - —_—— R S —_
. Load Worklist "~Dir~~RunName~\Column
:”2W0rkllst regeneration\RCIP_~LOOP_RemaoveCIP~.gwl"
: Worklist Execute loaded worklist(s)
713
B et S ———
-
| End Loop "RemoveCIP"
FH" _____________________________________________________ -
: Wash Tips % 1+2ml
o i e e s e e e e i S i e e b e e St -
(
l Group End Part 13: Remove CIP with water
716
@ Lk
l Else
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DR e e e R e aa e e _‘l
| EndIf |
PV e e e S e A -
{ Group End Part 2.7.2: Start CIP procedure I
719 J
" 7
: Group End Part 2.7: CIP columns |
720
f——— :
I Group Part 2.8: Store columns |
T2
= -4'
} If - Then Store = True |
22 1
=] ﬁl
: Begin Loop Stol. times "Storage” |
R .
: Worklist ﬁ Load Worklist "~Dir~~RunName~\Column storing\Sto_~LOOP_Storage~,gwl" I
724 18
r |
: Worklist Execute loaded worklist(s) |
725 J
" 1
| End Loop "Storage" |
726
e .
: Wash Tips # 1+2ml |
727 18
e '4|
t Else |
728 J
! i
| EndIf '
729
r |
I Group End Part 2.8: Store columns |
I e i S B J
l Else I
731
: Set Variable =0 I
L. |
| EndIf I
733
Group End Part 2: Chromatography :
734 I
e ———————— -
Group Part 3: Measure fraction plates |
123 J
BTt T T T T
I Group Part 3.1: Optical absorbance measurements I
[
736
: If - Then MOAF = True :
. — J
| Set Variable PRME = True I
738
= e
| Else |
e e e e e e e
5 _4'
ll If - Then VolCalcF = True |
40 %
| Set Variable PRMF = True |
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S —
=
I If - Then PRMF = True
746
l——ra— —————————————————————————————————————————————————————————— —_
I If - Then TotalFP > TotalPC
747
"put the fraction plates in the hotel in the correct order and refill whe "
:?HUSEermpt sound:Em n plates in the in [=e] order and n ‘WhNen necessary
r[a_\_ __________________________________________________________
: Else
749
I End If
750
| Wash Tips # 1+1ml
1751 18
L
| Set Variable nSite = 1
752
E -
I Begin Loop TotalFP times "FPM"
1753
=
I Group Measure fraction plate
3_5“T_ _________________________________________________________
{ Infinite Reader Open()
755
]
| If-Then RoMa = True
\756
| Transfer Labware s;:m ?Q&fﬁl )Site 'nSite'; Destination: Grid '53', Site '1;
N e e e S B I =
;
: Else
1758
T =
"Put plate in the reader"
| User Prompt saiirid s na
e e e e 5 S S S i s
[
| EndIf
1760
u
'[ Infinite Reader Close()
781
f -
. Load Worklist
:?SZWorkilst % "~Dir~~RunName~\PlateReaderMethodsResults\Method_F_~LOOP_FPM~.gwl"
| Worklist Execute loaded worklist(s)
763
lr
| Infinite Reader Open()
764
=]

| If-Then RoMa = True
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______________________________________________________ =
|

| Move ROMA Move to home position (ROMA 1) |
O e ————————————— _4

| Transf N Source: Grid '3, Site '1'; Destination: Grid '35, Site 'nSite’; |
ML Labware Narrow (ROMA 1) _j

"Take plate from the reader and store” |

I User Prompt ;
L M _j
| EndIf I
770 |
o 1
| Infinite Reader Close() i
771
| Set Variable nSite = nSite+1 :
72 J
=] ﬁl
: If - Then nSite > TotalPC I
e
I Set Variable nSite = 1 I
B e e e .
"Put new plates in Hotel!" |
:?75 User Prompt sound : no I
R e D S T R R R '4|
| Else |
776
. —
| EndIf |
777
r |
| Group End Measure fraction plate |
T8 e e e e -
| End Loop "FPM" I
’_“ \779 ﬁJ
- '
I7E“)Else |
00— -
| EndIf |
781
[ e ‘4'
| Group End Part 3.1: Optical absorbance measurements J|
782
B I
| Group Part 3.2: Volume measurements (Liquid Detection) |
1783 |
2 1I
| If-Then LDF = True |
e e e e
78 tes _{
| If - Then TotalFP > TotalPC |
8 |
i "Put the fraction plates in the hotel in the correct order and refill when necessary” [
o User Prompt soundis 6o I
SR, D e e e
¢ :
| Else |
787
|
| EndIf

|
- _— :
H Load Worklist "~Dir~~RunName~\Fraction liquid detection scripts and |
results\FractionLDDetails.gwl" |
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r ___________________________________________________________ i |
| Worklist Execute loaded worklist(s) :
{790 )
r 1
| Set Variable Ste = 1 I
791
= ) |
l Begin Loop TotalFP times "FPM" |
e Ny
=
: If - Then RoMa = True I
e e e T 4
Source: Grid '35," Site 'nSite'; Destination: Grid '9', Site '2'; |
:?94 Transfer Labwal'e Narrow (ROMA 1) |
| Move ROMA Move to home position (ROMA 1) I
795 J
=3 =
: Else |
e e s e 4
i "Put a plate in grid 9 site 2" |
ImUser Prompt ey |
r |
: End If |
Bor s o s e e s Y
. |
: Set Variable nPlateLDLoops = FractionPlate~LOOP_FPM~NoLoops |
1, WP ST, S R .
ré Lo,o N ) " !
| Begin Loop nPlateLDLoops times "LDloap |
Ui i s s B A A RSB B
|
|  Begin Loop nDet times "LDrep" |
@1 J
.
. |
| Set Variable nPlateL DLoopsnSublLoop = Plate~LOOP_FPM~Loop~LOOP_LDLoop~NoSubloops |
802
e 2
: Begin Loop nPlateLDLoopsnSubloop times "LDsubloop” |
Sy e -
| : TipNumber = |
lao Set Variable Plate~LOOP_FPM-~Loop~LOOP._LDLoop~Subloop~LOOP_LDsubloop~NoTips '
8o |
| Begin Loop TipNumber times "LDset" |
& 4
| ; TipID = Plate~LOOP_F PM~Loop~LOOP_LDLoop ~Subloop~LOOP_LDsub I
. Set Variable loop~Tip~LOOP_LDset ~TipID '
e -
| Set Variable detected_volume_~TipID~ = 0 I
807
[ T e ‘4'
| End Loop " Dset" |
(808 J
i 3
| Worklist % Load Workist *~Dir ~~RunName~\Fraction liquid detection s cripts and |
I
|

18 results\ LqDetScriptFraction plate~LOOP_FPM~Loop

laog ~LOOP_LDloop~Subloo p~LOOP_LDsubloop~.g wi"

| Worklist Execute loaded worklist(s) |

=]

{ g

lay Begin Loop TipNumber times "LDexport”
o

- TipID = Plate~LOOP_F PM~Loop~LOOP_LDLoop ~Subloop~LOOP_LDsub
Set Variable l0Op~Tip~LOOP_LDEXp ort~TipID.
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: Set Variable VDE = detected_volume_~TipID~
813
; 1 variable( s) ==> ~Dir~~RunName~\Fraction liquid detection scripts and
|, PXport Variable results\LqetResLt_Fraction_plate_~LOOP_FPMw~.bxt
I End Loop “LDexport”
lg1s
: End Loop "L Dsubloop”
816
r e e e e e e e e e e e = —
I End LOOp "LDrep"
la17
=]
:s BGrOUP Sanitization
1
| St
-~
| Wash Tips % SanWastelLD + SanCleanerLD ml
FEQ
| Wash Tips % 1+1ml
lazu_ _____________________________________________________ N
= :
: Begin Loop 2 times "Sanitization"
@_2‘1. ..................................................... =
. SanVolLD pl Tip Sanitization
:mAsplrate % "Sanitiser” (Col. 1, Rows 1-8)
. SanVolLD pl Tip Sanitization
:lespense % "Sanitiser” (Col. 1, Rows 1-8)
-
| End Loop "Sanitization"
Fa.zi. _____________________________________________________ =
: Wash Tips % SanWasteLD + SanCleanerLD ml
f_“_ _____________________________________________________ o]
| Wash Tips % 1+1ml
&26
r e ———————————————————————————————————————————————————————— —
| Group End Sanitization
=
: End Loop "LDloop"
823_ ________________________________________________________ =
El
I If - Then RoMa = True
e |
| Source: Grid '9,' Site '2'; Destination: Grid '35', Site 'nSite’;
| Transfer Labware Narrow (ROMA 1)
1830
g
: Move ROMA Move to home position (ROMA 1)
831
=
| Else
&2 i
T R
"Take plate f grid @ o
| User Prompt il
1833
: End If
B |
| Set Variable nSite = nSite+1
f_35_ ________________________________________________________ -
=
I If - Then nSite > TotalPC
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"Put new fraction plates in hoptel"
I
bt User Prompt irds g
| Set Variable nSite = 1
lazs
T TP PP A B B B B A WS
| Else
O e -
: End If
840
e e e e e e e e e e S e S S —————————————————————— ———— ——— T —— [ — —— p—
(
| End Loop “FPM"
B e A T e e e A A e b e
: Else
F’:‘"’_ ___________________________________________________________ -
: End If
843
R o S b i S e 8ot e s A e s O ek RSO i e bt =
[
: Group End Part 3.2: Volume measurements (Liquid Detection)
844
-
: Group End Part 3: Measure fraction plates
845
E --------------------------------------------------------------- -
: Group Part 4: Preparation,optical absorbance measurement, volume determination of blanks
L T R L T L DT U S W QU =
T
l Wash Tips % 1+2ml
847
=]
| If-Then NEF > TotalEPC*EIP_nC
&:‘5[_
"Put the elution buffer plates in the deck using their correct order (i.e. start from ElPlate1 to ElPlate
|
| User Prompt N). "
: sound : no
e e e e =
[E]
: Else
850
| EndIf
851
| Set Variable P = nP+1
852
e—— ~
: Begin Loop TotalBP times "BPPM"
L 853
=]
| Group Prepare blank plate
i i o e 5 5 e i A e 5 e ad
IE]
| If-Then BP = True
=
: If - Then RoMa = True
\5_5°_r ________________________________________________________ -
| Source: Grid '35," Site 'nP'; Destination: Grid '9', Site '2';
|35? Transfer Labware Narrow (ROMA 1)

! Move ROMA Move to home position (ROMA 1)
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T = e T T T e e B
"Put new plate in microplate carrier at grid 9 site 2"
:m User Prompt i i
I End If
lg61
i . Load Worklist "~Dir~~RunName~\Blank
| Fi."Z\J't"{'.lrkllst preparation\BlankPrepScriptPlate_~LOOP_BPPM~.gw"
?_ ________________ 1 —— -
: Worklist Execute loaded worklist(s)
R = e -
|’
I Else

-
: Group End Prepare blank plate
F’_“; ___________________________________________________________ =
|E Transfer plate to reader for measurement and then back to the microplate carrier for liquid detection
Jgp AP or Hotel
= T e e T e e e e e e e e e e e e e e e e —
: If - Then MOAB = True
868
-
I Set Variable PRMB = True
@_as
e ——————————— - =
| Else
B70
= T_E___ ——————
: If - Then VolCalcB = True
B oo s o e nisen aimen e e eoutni s eisen eeyiue T B s e e v s o v =
T
: Set Variable PRMB = True
872
=
: Else
L"-‘_’?r ________________________________________________________ =|
: Set Variable  PRMB = False
874
I End If
e e e il
¢
| EndIf
1876
[E]
| If-Then PRMB = True
877
T“mﬂmmmmmmm
I Infinite Reader Open()
873_ ________________________________________________________ -
| If-Then RoMa = True
BT e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e et e et e e e e -
| If-Then BP = True
1880
| Source: Grid '9,' Site '2'; Destination: Grid '53', Site '1";
L Transfer Labware Narrow (ROMA 1)
| Move ROMA Move to home position (ROMA 1)
8 e e e e e e e e e e e e e e e e e e e e e e e e e e e e o e -
=
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e
Source: Grid '35, Site 'nP'; Destination: Grid '53', Site '1';
:mTransfer Labware Narrow (ROMA 1)
| Move ROMA Move to home position (ROMA 1)
. -
I EndIf
Isss
Lr
I Infinite Reader Close()
a7
f
Worklist o L

"~ Dir~~RunName~\PlateReaderMethodsResults\Method_B_~LOOP_BPPM~.gwl"

F'E';m_mm_mmm___mm
:m Worklist Execute loaded worklist(s)
[,
;
I Infinite Reader Open()
lac0
=]
I If - Then LDB = True
leat
| Source: Grid '53," Site '1'; Destination: Grid '9', Site '2';
lmTransfer Labware Narrow (ROMA 1)
F— —————————————————————————————————————————————————————— -
: Move ROMA Move to home position (ROMA 1)
893
E —————————————————————————————————————————————————————— —_
Il If - Then LOOP_BPPM = 1
&9-1
| s e - R e e e e = e e e B
. Load Worklist "~Dir~~RunName~\Blank liquid detection scripts and
| Worklist resuits\BlankLDDetails. gwi"
&95
-
: Worklist Execute loaded worklist(s)
896
=
I Else
'aar_ _____________________________________________________
: End If
gt"_*’“_ _____________________________________________________ =
I Else
lsgo
| Source: Grid '53," Site '1'; Destination: Grid '35, Site 'nP";
lngransfer Labware Narrow (ROMA 1)
: Move ROMA Move to home pasition (ROMA 1)
e S S -
: End If
a02
I Infinite Reader Close()
|903
[E]
: Else
904
ke SO PSPPI il
: User Prompt sr:lﬁ@r;; plate in Plate reader
905 ’
l Infinite Reader Close()
906
[
r .
. Load Worklist
| Worklist M "~Dir~~RunNamer\PlateReaderMethodsResults\Method_B_~LOOP_BPPM~.gwl"
- .
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r ________________________________________________________ i |
: Worklist Execute loaded worklist(s) I
ot J
r 1
I Infinite Reader Open() I
B e —————
=
= If - Then L6 = True |
& !
r_ |
: User Prompt ;I;t]:;(rjn.e.:?red plate in microplate carrier at grid 9 site 2" I
o1 »
T T T ——— =
I If - Then LOOP_BPPM = 1 |
o -
EMWOrklist Lrggldl .:"\&Ta"ﬁﬁ "~Dirri-;;gR:?|Name~\Blank liquid detection scripts and I
| Worklist Execute loaded workist(s) I
s J
= R
: Else |
915
e R R &
I End If |
916
s e s -
: Else |
&7r .
"Put measured plate in Hotel" |
:&a User Prompt Soird s _4|
" EndIf |
919
| Infinite Reader Close() I
= .
| EndIf '
|521 |
G T T T T T T T T T T T T T T T T T T T T e ‘4'
| FElse '
1922
= |
| If-Then RoMa = True |
e e -
| If-Then LDB = True !
24 SRS
|
}QZEII' - Then BP = True [
e -
| Else |
\9_261. _____________________________________________________ -
| Source: Grid '35,' Site 'nP'; Destination: Grid '9', Site '2'; '
- Transfer Labware Narrow (ROMA 1) J|
r |
fm Move ROMA Move to home position (ROMA 1) I
r |
| EndIf |
929
e iR q
| If-Then LOOP_BPPM = 1 '
e e -
I Worklist Lrgga]c:t\;\{gal‘c‘l:ﬁ "~Dirﬁ;;§&r|]!\iame~\ﬁank liquid detection scripts and I
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I Worklist Execute loaded worklist(s)
liSZ
=
I Else
lgaz
I End If
lg3q
rE_ ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ —_—
: Else
&5
g
E If - Then BP = True
&“T _____________________________________________________ -
| Source: Grid '9,' Site '2'; Destination: Grid '35', Site 'nP";
I937Transfer Labware Narrow (ROMA 1)
I
: Move ROMA Move to home position (ROMA 1)
938
@ g
I Else
T T o
lr End If
e e e =
: End If
941
@ Bl ek R
I Else
R e e e e e e o e i e e |
=
I If - Then LDB = True
&13
=
I If - Then BP = True
o
e =
E Else
e L U Sy S e ey Sy S TR e S EO Ty SR |
I User Prompt z:r:l geu; gla’oe in microplate carrier at grid 9 site 2"
946 .
I End If
ooy B
=]
{ If - Then LOOP_BPPM = 1
0 e e e e e e e e e e e e e e e e e e e e e e e e e 1 e e e o e ol
- Load Worklist "~Dir~~RunName~\Blank liquid detection scripts and
: Worklist results\BlankLDDetails.gwI"
&49
F
: Worklist Execute loaded worklist(s)
as50
=
I Else
T .
; End If
952
rQ—‘-— —————————————————————————————————————————————————————— —
I Else
l9_5‘3
{ If - Then BP = True
. -
T "Put plate to Hotel"

I User Prompt ind T
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l‘g_w ______________________________________________________
: -
: End If
( L -
| EndIf
958
: End If
- -
¢
: End If
960
T o S SO e St O D S s SO S e S S Ot SO S eSS D OO O O ot s (O O O S e e g e s |
-
I G d Transfer plate to reader for measurement and then back to the microplate carrier for liquid detection
. Group En or Hotel
f_ﬁ‘_ ___________________________________________________________ -
=
: Group Liquid detect plate
Py =
[E]
: If - Then LDB = True
1963
=
| Group LD routine for plate
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______________________________________________________ =
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End If ﬁ
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Production of Zika Virus Virus-Like Particles

Atichat Kuadkitkan, Suwipa Ramphan, Suchin Worawichawong,
Wannapa Sornjai, Nitwara Wikan, and Duncan R. Smith

Abstract

Zika virus (ZIKV) is a mosquito-transmitted virus that has caused major outbreaks of disease around the
world over the last few years. The infectious ZIKV consists of a structural protein outer shell surrounding a
nucleocapsid. Virus-like particles (VLP) consist of the outer structural protein shell, but without the
nucleocapsid, and are hence noninfectious. VLP, however, are structurally equivalent to the native virus
and thus present a similar antigenic profile. These properties make them good candidates for vaccine
development. ZIKV VLP can be generated on a laboratory scale by cloning the relevant structural proteins
into a eukaryotic expression vector and transfecting the construct into mammalian cells. The secreted VLP
can be harvested from the culture medium and purified by sucrose cushion ultracentrifugation. Validation
of the VLD is achieved through western blotting and electron microscopy.

Key words Flavivirus, Structural proteins, Eukaryotic expression vector, Transfection, Centrifuga-
tion, Zika, Virus-like particles, Vaccine

1 Introduction

Mosquito transmitted viruses impose a significant public health
burden in many tropical and subtropical countries [1]. While
human pathogenic mosquito transmitted viruses belong to several
tamilies, the largest health burden worldwide results from viruses
belonging to the family Flaviviridae, genus Flavivirus. A total of
53 viral species are recognized in this genus [2], and the genus
includes viruses such as dengue virus, yellow fever virus, Japanese
encephalitis virus, and West Nile virus. Over the last few years, one
member of the genus Flavivirus, Zika virus (ZIKV), has garnered
considerable public attention as a result of the rapid emergence of
this virus and its transmission around much of the world. ZIKV was
first isolated in 1947 [3], although following the original identifi-
cation of ZIKV there were only a handful of reported cases of
human infection from Africa and Asia over the next 60 years (as re-
viewed elsewhere [4]). A large outbreak of ZIKV infections in
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French Polynesia in 2013 [5] was followed by the rapid spread of
the virus to South, Central and North America where transmission
was associated with millions of cases of infection [6]. The majority
of cases of ZIKV infection are asymptomatic, but infection can be
associated with a range of manifestations including rash, fever,
headache, and muscle and joint pain [7]. While ZIKV infection is
normally self-limiting and is often resolved without medical inter-
vention, in some cases more serious consequences can arise, includ-
ing Guillain—Barre syndrome in adults and major birth defects in
the fetuses of woman infected while pregnant [8]. The significant
effects of ZIKV on fetuses of women who become infected while
pregnant is perhaps the single most important public health aspect
of ZIKV infection and will shape future vaccine development for
this virus.

Vaccine development to protect against infection with mem-
bers of the genus Flavivirus has been uneven. While there are
excellent vaccines against yellow fever virus [9] and Japanese
encephalitis virus [10], vaccine development against dengue virus
has been much slower and recently the first commercial dengue
vaccine (Dengvaxia) has been associated with adverse effects in
certain vaccinees [11]. A number of approaches toward vaccine
development are available. The most successful approaches to date
have been the development of live attenuated vaccines, as used for
yellow fever virus and Japanese encephalitis virus vaccines and
whole inactivated viruses as used previously in some Japanese
encephalitis vaccines [10]. However, both of these approaches
have some drawbacks, including potential reversion to wild type
for live attenuated viruses and underinactivation for whole inacti-
vated virus vaccines. In particular, neither type of vaccine approach
is desired for use with ZIKV given the association with neonatal
birth defects. Virus-like particles (VLP) are an attractive approach
to vaccine development for Flaviviruses [12]. VLP consist of the
structural proteins of the virus in a native form but without the
associated genetic element. The lack of a genetic element makes
VLP a safer choice than either live attenuated or inactivated vac-
cines. This protocol can be used to prepare laboratory scale pre-
parations of purified ZIKV VLP for vaccine development through
expression of the VLP in a mammalian cell culture system and
subsequent purification through buoyant density centrifugation.

2 Materials

2.1 Zika VLP Plasmid
Construction
and Preparation

1. The sequence of capsid (C), premembrane/membrane (prM/
M), and envelope (E) genes of a Cambodian isolate of Zika virus
(isolate FSS13025) Genbank number AFD30972.1 was taken
from the NCBI database and commercially synthesized (see
Note 1).
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. The forward and reverse primers are Nhel-19CprME-Zika-Fw

(5'-GAGCTAGCCACCATGGGAAGAGGGACCGATACAA
GC-3') and 19CprME-Zika- EcoRI-Rw (5'-CGGAATTCTTA
TGCGGACACTGCGGTGGACAGAAAA-3'),  respectively.
The plasmid construction has been briefly described in a previ-
ous study [13].

. Phusion High-Fidelity DNA polymerase DreamTaq DNA

polymerase.

4. 10 mM dNTPs.

. T4 DNA ligase enzyme.

6. 50x TAE buffer: 2 M Tris—HCI, 1 M acetic acid, 0.1 M EDTA.

10.

11.

Weigh 242 g of Tris base and 37.2 g of ethylenediaminetetraa-
ceticacid (EDTA) disodium salt, dihydrate (EDTA - Na, - 2H, O,
MW 372.24 g/mol) into a glass beaker and dissolve in 500 mL
of deionized water using a magnetic stirrer. After all the che-
micals have completely dissolved, add 57.1 mL of glacial acetic
acid (see Note 2) to the solution and adjust the volume to 1 L
with deionized water. The stock buffer can be kept at room
temperature.

. 1x TAE buffer: add 20 mL 50x TAE buffer to a 1 L measuring

cylinder and add deionized water to 1 L.

. 1% agarose gel in 1 x TAE buffer. Weigh 1 g of agarose (molec-

ular biology grade) and add 100 mL of 1x TAE buftfer into a
glass bottle then heat the agar in a microwave oven (sec Note 3)
until it is completely melted. Let the melted agarose cool down
to 42 °C followed by pouring into a gel setting chamber and
leave at room temperature for 30 min before use.

. 0.5 pg/mL ethidium bromide (EthBr) DNA staining solution.

Take 15 pL of 10 mg/mL stock ethidium bromide solution in
water and mix with 300 mL of deionized water in a plastic
chamber (see Note 4).

100 mg/mL (w/v) ampicillin stock. Weigh 1 g of ampicillin
powder into a glass beaker and dissolve in 8 mL of deionized
water using a magnetic stirrer. After the ampicillin has
completely dissolved, add deionized water to a final volume
of 10 mL. Then filter the ampicillin stock solution through a
0.22 pm PES membrane filter and aliquot into 1.5 mL tubes
for storage at —20 °C.

LB broth. Weigh 4 g of tryptone powder, 4 g of sodium
chloride and 2 g of yeast extract into a glass bottle and add
400 mL of deionized water and mix thoroughly before auto-
claving. Add 200 pL of stock ampicillin to a final concentration
of 50 pg/mL before use (se¢ Note 5) and keep the
LB-ampicillin broth at 4 °C.
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12.

13.

14.

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.

LB agar. Weigh 4 g of tryptone powder, 4 g of sodium chlo-
ride, 2 g of yeast extract, and 8 g of bacteriological agar into a
glass bottle, add 400 mL of deionized water, then mix thor-
oughly before autoclaving. After sterilization, let the melted
agar solution cool down to 42 °C and then add 400 pL of stock
ampicillin to a final concentration of 100 pg/mL (see Note 6).
Then pour 10 mL of the melted agar into a Sterilin single-use
plastic plate; let the agar set and keep at 4 °C.

0.1 M CaCl,. Weigh 5.88 g of CaCl, powder into a glass bottle
and add 400 mL of deionized water; then mix thoroughly
before autoclaving and keep at 4 °C.

1 M CaCl,. Weigh 58.81 g of CaCl, powder into a glass bottle
and add 400 mL of deionized water; then mix thoroughly
before autoclaving and keep at 4 °C.

15% glycerol with 0.1 M CaCl,. Measure 60 mL of 100%
glycerol into a 500 mL measuring cylinder, add 40 mL of
1 M CaCl, and 300 mL of deionized water, then mix thor-
oughly before transferring into a glass bottle glass followed by
autoclaving and storage at 4 °C.

0.22 pm polyethersulfone (PES) membrane filter.
Sterilin Single-use plastic plates.

Gel electrophoresis chamber.

Microwave oven.

FavorPrep™ GEL/PCR Purification Mini Kit.
FavorPrep™ Plasmid Extraction Mini Kit.
NanoDrop™ 2000 spectrophotometer.

1.7 mL microcentrifuge tubes.

0.2 mL nuclease-free microcentrifuge tubes.

Microcentrifuge capable of centrifuging 0.2 mL and 1.7 mL
microcentrifuge tubes.

Methylene blue.

Nbel FastDigest restriction enzyme with provided buffer.
EcoRI FastDigest restriction enzyme with provided buffer.
Escherichin coli (E. coli) strain DH5a.

Autoclaved (sterile) toothpicks.

250 mL bacterial culture flask.

Corning 50 mL centrifuge tubes.

Shaking incubator.
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1. 2.5 M calcium chloride. Weigh 36.755 g of calcium chloride

(CaCl, - 2H,0) into a glass beaker and dissolve in 80 mL of
deionized water using a magnetic stirrer. After the CaCl, has
completely dissolved, adjusted to a final volume of 100 mL
with deionized water. Filter the solution through a 0.22 pm
PES membrane filter and aliquot into 0.65 mL tubes for stor-
age at 4 °C.

. 2x HBS: 274 mM sodium chloride, 10 mM potassium chlo-

ride, 1.4 mM disodium hydrogen phosphate, 42 mM HEPES,
11 mM glucose. Weigh 8 g of sodium chloride (NaCl), 0.38 g
of potassium chloride (KCI), 0.1 g of disodium hydrogen
phosphate (NayHPOy), 5 g of HEPES and 1 g of glucose
(C6H120¢) into a glass beaker and dissolve with 400 mL of
deionized water using a magnetic stirrer. After all the chemicals
have completely dissolved, adjusted the final volume to 500 mL
with deionized water using a measuring cylinder. Filter the
solution through a 0.22 pm PES membrane filter and aliquot
into 1.5 mL tubes for storage at 4 °C.

. Opti-MEM® media (see Note 7). Pour 13.6 g of Opti-MEM®

media powder into a beaker and dissolve it with 600 mL deio-
nized water using a magnetic stirrer. In parallel, weigh 2.4 g of
sodium hydrogen carbonate (NaHCO3) into a glass beaker and
dissolve it with 100 mL of deionized water using a magnetic
stirrer. After both solutions have dissolved completely, mix the
sodium hydrogen carbonate solution with the Opti-MEM®
media. Adjust the final volume to 1 L with deionized water.
Filter the solution through a 0.22 pm PES membrane filter and
aliquot into 500 mL bottles and store at 4 °C.

. 1x Dulbecco’s Modified Eagle’s Medium (DMEM). Pour

13.5 g of DMEM media powder into a beaker and dissolve it
with 600 mL deionized water using a magnetic stirrer. In
parallel, weigh 3.7 g of sodium hydrogen carbonate
(NaHCO3) into a glass beaker and dissolve it with 100 mL of
deionized water using a magnetic stirrer. After both solutions
have dissolved completely, mix the sodium hydrogen carbonate
solution with the DMEM media. Adjust pH to 7.2 with con-
centrated hydrochloric acid (HCI) (see Note 8). Adjust the final
volume to 1 L with deionized water. Filter the solution
through a 0.22 pm PES membrane filter and aliquot into
500 mL bottles and store at 4 °C.

. HEK293T /17 cells cultured in 1x DMEM supplemented

with 10% fetal bovine serum in an incubator with 5% CO, at
37 °C.

6. 0.22 pm nitrocellulose membrane.
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2.3 Zika VLP
Detection by
Western Blot

1. 1.5 M Tris-HCI pH 8.8. Weigh 27.26 g of Tris base into a glass

beaker and dissolve with 80 mL of deionized water using a
magnetic stirrer until completely dissolved. Adjust the pH to
8.8 using concentrated HCI (see Note 8). Transfer the solution
into a measuring cylinder then add deionized water to make
the final volume of 150 mL and store at room temperature.

. 1 M Tris-HCI pH 6.8. Weigh 12.1 g of Tris base into a glass

beaker and dissolve with 50 mL of deionized water using a
magnetic stirrer until completely dissolved. Adjust the pH to
6.8 using concentrated HCl (see Note 8). Transfer the solution
into a measuring cylinder then add deionized water to adjust
the final volume to 100 mL and store at room temperature.

. 10% SDS (w/v). Weigh 10 g of sodium dodecyl sulfate (SDS)

(see Note 9) into a glass beaker and dissolve with deionized
water using a magnetic stirrer. The solution can be heated to
68 °C to improve the solubility. After the SDS has dissolved
completely, adjust the volume to 100 mL with deionized water
and mix thoroughly. The solution can be kept at room
temperature.

. 10% ammonium persulfate (APS) (w/v). Weigh 0.1 g of APS

into a 1.5 mL tube and dissolve with 1 mL of deionized water
by vigorously vortex. The solution should be freshly prepared
and can be kept at 4 °C for 1 week.

. 40% acrylamide-bis solution (29.1:0.9).
6. N,N,N, N -tetramethyl-ethylenediamine (TEMED).
. 5x nonreducing sample buffer: 0.3 M Tris-HCI pH 6.8, 5%

SDS, 50% glycerol, 0.015% bromophenol blue. Weigh 1.5 g of
SDS into a glass beaker and dissolve with 9 mL of 1 M Tris-
HCI pH 6.8 using a magnetic stirrer. The solution can be
heated to 68 °C to improve the solubility. Then add 15 mL
of 100% glycerol into the solution and continue mixing. In
parallel, weigh 4.5 mg of bromophenol blue into a 5 mL tube
and dissolve with 2 mL of deionized water by vortexing. After
the solution is completely solubilized, add the bromophenol
blue solution into the Tris-HCl/SDS/glycerol solution and
adjust the volume to 30 mL with deionized water and mix
thoroughly. The solution can be kept at room temperature.

. 10x SDS-PAGE running buffer: 0.25 M Tris-HCI pH 8.3,

1.92 M glycine, 1% SDS. Weigh 30.2 g of Tris base, 141.4 of
glycine and 10 g of SDS into a glass beaker and dissolve with
500 mL of deionized water using a magnetic stirrer. The pH of
the buffer should be 8.3, and pH adjustment is not normally
required. After all the chemicals have dissolved completely,
adjust the volume to 1 L with deionized water and mix thor-
oughly. The solution can be kept at room temperature.



10.

11.
12.

13.

14.
15.
16.

17.

18.

19.
20.
21.
22.
23.

24.

Zika Virus-Like Particles 189

1x SDS-PAGE running buffer: 25 mM Tris-HCI pH 8.3,
192 mM glycine, 0.1% SDS. Measure 100 mL of 10x
SDS-PAGE butffer into a 1 L measuring cylinder, add 900 mL
of deionized water, and then mix thoroughly.

10x transfer buffer: 250 mM Tris—-HCI, 2 M glycine. Weigh
30.0 g of Tris-base and 144.1 g of glycine into a glass beaker
and dissolve with 500 mL of deionized water using a magnetic
stirrer. After all the chemicals have dissolved completely, adjust
the volume to 1 L with deionized water and mix thoroughly.
The solution can be kept at room temperature.

Methanol (analytical grade).

1x transfer buffer: 25 mM Tris—-HCI, 200 mM glycine, 20%
methanol. Measure 700 mL of deionized water into a 1 L
measuring cylinder, then add 100 mL of 10x transfer buffer
followed by 200 mL of methanol and then mix thoroughly.

This solution must be freshly prepared and cooled to 4 °C
before use.

10x TBS buffer: 200 mM Tris—-HCI, 1.4 M NaCl. Weigh
24.2 g of Tris base and 80 g of NaCl into a glass beaker and
dissolve with 800 mL of deionized water using a magnetic
stirrer. After the chemicals have dissolved completely, adjust
the pH to 7.6 with concentrated HCI (see Note 6) followed by
adjusting the volume to 1 L with deionized water and mixing
thoroughly. The solution can be kept at room temperature.
0.1% Ponceau S (w/v) in 5% (v/v) acetic acid.

Plastic box with a lid.

1x TBS-T: 20 mM Tris—-HCI, 140 mM NaCl, 0.05% Tween
20. Measure 100 mL of 10x TBS bufter into a 1 L. measuring
cylinder, then add 900 mL of deionized water and 500 pL of
Tween 20 and mix thoroughly.

5% skim milk: 20 mM Tris—HCI, 140 mM NaCl, 0.05% Tween
20, 5% dry skim milk. Weigh 5 g of skim milk powder into a
glass beaker and dissolve with 100 mL of 1x TBS-T bufter
using a magnetic stirrer. The solution can be kept for 1 week at
4°C.

Precision Plus Protein™ All Blue Prestained Protein
Standards.

Immobilon® Forte Western HRP Substrate.

Azure C400 imaging system.

100% isopropanol.

Mouse monoclonal antibody HB112 (see Note 10).

Goat anti-mouse IgG horseradish peroxidase (HRP) conju-
gated secondary antibody (see Note 11).

3MM Chr cellulose chromatography paper.
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2.4 Zika VLP
Purification by
Discontinuous Sucrose
Gradient
Centrifugation

w N

. 0.22 pm PES membrane filter.
. 100 kDa cutoft column.
. 1 M Tris—-HCI pH 7.5. Weigh 12.11 g of Tris base into a glass

beaker and dissolve with 60 mL of deionized water using a
magnetic stirrer. After the Tris base has dissolved completely,
adjust the pH to 7.5 with concentrated HCI (see Note 8).
Transfer the solution into a measuring cylinder and adjust the
volume to 100 mL with deionized water and then mix thor-
oughly. The solution can be kept at room temperature.

. 2.5 M NaCl. Weigh 29.22 g of NaCl into a glass beaker and

dissolve with 150 mL of deionized water using a magnetic
stirrer. After the chemical has completely dissolved, transfer
the solution into a measuring cylinder and adjust the volume
to 200 mL with deionized water and then mix thoroughly. The
solution can be kept at room temperature.

. 0.5 M EDTA. Weigh 186.12 g of EDTA - Na, - 2H,0 into a

glass beaker and dissolve with 800 mL of deionized water.
Adjust pH to 8.0 with sodium hydroxide (NaOH) (see Note
12). After the chemical has dissolved completely, transfer the
solution into a measuring cylinder and adjust the final volume
to 1 L with deionized water and then sterilize by autoclaving.
The solution can be kept at room temperature.

. TNE buffer: 10 mM Tris—HCI, 140 mM NaCl, 1 mM EDTA.

Measure 10 mL of 1 M Tris-HCI pH 7.5 solution, 56 mL of
2.5 M NaCl solution and 2 mL of 0.5 M EDTA solution into a
measuring cylinder. Adjust the final volume to 1 L with deio-

nized water and then sterilize by autoclaving. The solution
should be kept at 4 °C.

. 10% sucrose (w/v). Weigh 10 g of sucrose into a glass beaker

and dissolve in 80 mL of TNE butffer using a magnetic stirrer.
After the sucrose has dissolved completely, transfer the solution
into a measuring cylinder and adjust the final volume to
100 mL with TNE butffer and then sterilize by autoclaving.
The solution should be kept at 4 °C.

. 30% sucrose (w/v). Weigh 30 g of sucrose into a glass beaker

and dissolve in 80 mL of TNE buffer using a magnetic stirrer.
After the sucrose has completely dissolved, transfer the solu-
tion into a measuring cylinder and adjust the final volume to
100 mL with TNE buffer, then sterilize by autoclaving. The
solution should be kept at 4 °C.

. 60% sucrose (w/v). Weigh 60 g of sucrose into a glass beaker

and dissolve in 60 mL of TNE butffer using a magnetic stirrer.
After the sucrose has dissolved completely, transfer the solution
into a measuring cylinder and adjust the final volume to
100 mL with TNE buffer, then sterilize by autoclaving. The
solution should be kept at 4 °C.
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Ultra-Clear Tubes 944 % 3l5in. (14 x 89 mm) (Beckman
Coulter, Brea, CA).

Tomy MX-301 centrifuge.
Beckman Optima XL-A centrifuge, SW 417Ti rotor.

. Formvar-coated grids with evaporated carbon film on

400 mesh nickel grid.

. 2% Uranyl acetate. Weigh 0.4 g of uranyl acetate into a brown

glass bottle then add 10 mL of methanol and 10 mL of deio-
nized water (se¢e Note 13). Warm the solution at 70 °C for
40 min then store at 4 °C. The solution should be filtered
through two layers of 8 pm filter paper (Whatman® paper
Grade 40 Ashless) before use.

. Glass funnel.

. Dumont Tweezer, style N3 Dumont Tweezer, style N7.
. Clear glass microscope slides.

. Quorum SC7620 Sputter Coater.

. Transmission electron microscope (TEM).

. Whatman® paper Grade 40 Ashless.

3 Method

3.1 Construction
of Zika VLP Expression
Plasmid

Perform all procedures at room temperature, except where stated
otherwise.

Good aseptic technique is required for this experiment to avoid
contamination between samples. Importantly, working with
recombinant plasmid and bacteria must be undertaken carefully to
avoid spread to the environment.

1.

The 19 amino acids at the C-terminal end of the capsid (C)

along with the premembrane/membrane (prM/M) and envelope

(E) gene of Zika virus will be amplified.

(a) Step 1: Add the following components into a 0.2 mL
nuclease-free microcentrifuge tube (prepare the reaction
on ice (see Note 14)):

13 pL 5x HEF buffer (se¢ Note 15)
1.625 pL NbheI-19CprME-Zika-Fw forward primer (10 pM)

1.625 pL 19CprME-Zika- EcoR I-Rw reverse primer (10 pM)

1.3 pL 10 mM dNTPs

0.65 pL Phusion DNA polymerase

Up to 50 pL nuclease-free water
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(b) Step 2: Take 10 pL from the master mix as a negative
control.

(c) Step 3: Add 1 pL template plasmid (dilution 1:100).

(d) Step 4: Mix and spin down the PCR solution in a 0.2 mL
microcentrifuge tube.

(e) Step 5: Perform the PCR condition using the following
conditions: denature template at 98 °C for 30 s, followed
by 25-30 cycles of 98 °C for 10 s, 60 °C for 30 s, and
72 °C for 2 min. Then incubate at 72 °C for 5 min to
complete  amplification. =~ The  negative  control
(no template) should be subjected to PCR in parallel
with the experimental sample.

. Examine the PCR product by duplicate -electrophoresis

through 1% agarose gels in 1x TAE butffer, followed by stain-
ing one gel with EthBr (see Note 4) and one with methylene
blue (sec Note 16).

. Excise the PCR product band from the methylene blue stained

gel and perform gel purification using the FavorPrep™
GEL/PCR Purification Mini Kit following the manufacturer’s
protocol.

. Digest the purified PCR product and pcDNA™ 3.1(+) plasmid

vector with restriction enzymes to get sticky end overhangs as
follows:

(a) Step 1: Add the following components into a nuclease-
free microcentrifuge tube (prepare the reaction on ice (see

Note 14)):
1 pL 10x Fast Digest buffer (sec Note 17)
0.5 pL Nbel Fast Digest enzyme
0.5 pL EcoRI Fast digest enzyme
XpL purified PCR product OR plasmid vector (5 pg of plasmid
vector)
Up to nuclease-free water
10 pL

(b) Step 2: Mix the constituents and briefly spin down the
reaction in a microcentrifuge.

(c) Step 3: Incubate at 37 °C for 1 h.

5. Examine the digested PCR product and plasmid vector by

electrophoresis through a 1% agarose gel in 1x TAE buffer
and perform gel purification on the product bands as described
above (step 2).
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6. Measure the concentration of the digested PCR product and
plasmid vector using a NanoDrop™ 2000 spectrophotometer.

7. Ligate the digested PCR product into the purified digested
pcDNA™ 3.1(+) plasmid vector at a ratio of 1:3 (vector—
insert) as follows:

(a)

Step 1: Add the following components into a nuclease-

free microcentrifuge tube (prepare the reaction on ice (see
Note 14)):

2 uL 10x T4 ligase buffer

XuL insert

XpL vector (50 nyg)

0.2 L T4 DNA ligase enzyme (5 U/pL)
Up to 20 pL nuclease-free water

(b)
(c)

Step 2: Mix the components and briefly spin down the
reaction in a microcentrifuge.

Step 3: Incubate at 16 °C overnight.

8. Prepare competent E. coli strain DH5a as follows (se¢ Note

18):

(a)
(b)

Step 1: Steak E. coli strain DH5a onto an LB agar plate
and incubate at 37 °C for 16 h.

Step 2: Pick a separated single colony using a sterile
toothpick or loop and inoculate into 5 mL LB broth and
incubate at 37 °C with vigorous shaking at 220 rpm for
8-12 h to generate a bacterial starter culture.

Step 3: Transfer 1 mL of bacterial starter culture into
50 mL LB broth in a 250 mL bacterial culture flask and
incubate at 37 °C with vigorous shaking at 220 rpm for
2-3 h.

Step 4: Monitor the bacterial number by measuring the
optical density (OD) at 600 nm (ODggg) every 20 min
until ODggg = 0.3-0.4 (this ODgg value is reached in the
mid log phase of E. coli strain DH5a growth).

Step 5: When the desired ODggq is reached, cool the
bacterial culture down by placing the growth flask on ice
for 10 min.

Step 6: Pellet the bacteria aseptically by transferring the
bacterial culture into a 50 mL centrifugation tube and
centrifuge at 3000 x g for 10 min at 4 °C.

Step 7: Discard the culture media and resuspend the

bacterial pellet in 10 mL of chilled 0.1 M CaCl, and
incubate on ice for 10 min.
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(h)

(i)

()

Step 8: Remove CaCl, by centrifugation at 3000 x 4 for
10 min at 4 °C and resuspend cells in 2 mL 15% glycerol in
0.1 M CaCl,.

Step 9: Aliquot 100 pL competent cells into each 1.7 mL
microcentrifuge tube and immediately soak in liquid
nitrogen.

Step 10: Store the competent cells at —80 °C until use.

9. Transform the recombinant plasmid into competent Escheri-
chia coli (E. colz) strain DH5a as follows:

10.

Step 1: Add 10 pL of ligation reaction mixture to 100 pL
of competent cells.

Step 2: Incubate on ice for 10 min.

Step 3: Immediately incubate at 42 °C for 45 s (heat
shock).

Step 4: Immediately transfer the tube onto ice and incu-
bate for 5 min.

Step 5: Add 900 pL of LB broth (without antibiotic) to
the competent cell mixture.

Step 6: Incubate the transformants at 37 °C for 1 h with
shaking at 220 rpm.

Step 7: Spread the transformants on the LB agar plates
containing 100 pg/mL ampicillin, allow to dry, and then
incubate inverted at 37 °C for 16 h.

Step 8: Make a master plate by randomly picking isolated
transformants using a sterile toothpick and streaking the
transformants in an orderly manner (se¢ Fig. 1) onto a new
LB agar plate containing 100 pg/mL ampicillin, then
incubate inverted at 37 °C for 16 h.

Screen for positive clones that contain the recombinant plas-
mid by colony PCR as follows:
(a) Step 1: Add the following components into a 0.2 mL

nuclease-free microcentrifuge tube (prepare the reactions
on ice (see Note 14)):

1 pL

0.25 uL
0.25 pL

0.3 uL
0.5 pL

10x DreamTaq buffer

NheI-19CprME-Zika-Fw forward primer (10 pM)
19CprME-Zika- EcoR I-Rw reverse primer (10 pM)
10 mM dNTPs

DreamTaq DNA polymerase

Template colony (see Note 19)

Up to 10 pL nuclease-free water
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Fig. 1 Colony PCR screening. An ordered array of putative transformants. Each
grid square contains one randomly selected transformant that will be screened
by colony PCR

11.

12.

13.

14.
15.

(b) Step 2: If screening multiple colonies, prepare a reaction
master mix by multiplying by the number of colonies to
be screened plus negative and positive controls (Example:
19 +1 + 1 =21 + 10% volume pipetting error).

(c) Step 3: Spin down and aliquot the master mix ina 0.2 mL
microcentrifuge tube.

(d) Step 4: Perform the PCR reaction as follows, denature the
template at 95 °C for 3 min, followed by 35 cycles of
95 °C for 30 s, 55 °C for 30 s and 72 °C for 2 min. Then
incubate at 72 °C for 5 min to complete the reaction.
Negative control (no template colony) and positive con-
trol (an aliquot of the original purified PCR product)
should be run in parallel.

Examine the PCR products by gel electrophoresis with 1%
agarose in 1x TAE buffer.

Select a positive colony containing the recombinant plasmid
and inoculate in 5 mL LB broth containing 100 pg/mL ampi-
cillin. Then incubate at 37 °C with constant agitation at
220 rpm for 16 h.

Extract the plasmid using FavorPrep™ DPlasmid Extraction
Mini Kit by following the standard manufacturer protocol
and measure the concentration wusing a NanoDrop
spectrophotometer.

Dilute the plasmid to 100 ng/pL using nuclease-free water.

Perform restriction enzyme digestion to determine the correct
clone as follows.
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3.2 Expression

of Zika VLP

in HEK293T/17 Cells
(See Note 21)

(a) Step 1: Add the following components into a nuclease-
free microcentrifuge tube (prepare the reaction on ice):

1 pL 10x FastDigest green buffer (se¢ Note 17)
1 pL plasmid (100 ng/uL)

0.5 pL Nhel Fast Digest enzyme

0.5 pL EcoR1I Fast Digest enzyme

Up to 10 pL nuclease-free water

16.

17.

(b) Step 2: If screening multiple colonies, prepare a reaction
master mix by multiplying by the number of plasmids to
be screened plus a negative control (plasmid vector)
(Example 10 + 1 = 11 + 10% volume pipetting error).

(c) Step 3: Aliquot 9 pL of the master mix into a microcen-
trifuge tube followed by adding 1 pL of each diluted
recombinant plasmid into each tube, mix and briefly spin
down the reaction.

(d) Step 4: Incubate at 37 °C for 1 h.

Examine the digested plasmid by gel electrophoresis. It is
necessary to load the undigested plasmid onto the gel in paral-
lel with the digested plasmid.

Select the correct clone and sequence (see Note 20).

. Seed the HEK293T /17 cells at a density to allow cells to reach

80% confluency within 24 h in a 100 mm cell culture dish in a
total volume of 10 mL (see Note 22).

. Warm all solutions to room temperature including the plasmid

solution.

. Before transfection, remove the DMEM culture media from

the cells and then replace with 6 mL of prewarm at 37 °C Opti-
MEM® media.

. Transfect the Zika VLP expression plasmid into the cells as

follows (a no plasmid and an only plasmid vector transfection

as mock and transfection controls are required):

(a) Step 1: Dilute 9 pg of Zika VLD expression plasmid in a
final volume of 360 pL sterile deionized water in a
nuclease-free microcentrifuge tube.

(b) Step 2: Add 360 pL of 2x HBS buffer into the plasmid
mixture and then vortex.

(c) Step 3: Add 36 pL of 2.5 M CaCl, solution into the
mixture followed by immediate vigorous vortexing.

(d) Step 4: Briefly spin down the solution inside the
microcentrifuge tube.



3.3 Zika VLP
Collection

and Purification by
Discontinuous Sucrose
Gradients

10.

11.
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(e) Step 5: Incubate the plasmid—calcium phosphate complex
at room temperature for 20 min with no movement.

(f) Step 6: Gently drop the plasmid-calcium phosphate com-
plex solution onto the surface of the media (see Note 23)
and gently rock the cell culture dish 2—3 times.

. Incubate the transfected and control cells under 5% CO, at

37 °C for 3 days.

. Collect and pool (see Note 22) the Zika VLP-enriched Opti-

MEM® media (~40 mL) into a 50 mL centrifuge tube and
centrifuge at 1000 x g for 5 min to remove floating cells.
Collect the media from the mock transfection and treat in
parallel.

. Filter the Zika VLP-enriched media through a 0.22 pm filter

(see Note 24).

. Transfer the Zika VLP-enriched media into a 100 kDa cut off

column and centrifuge at 5000 x g for 10 min at 4 °C to
concentrate the Zika VLP. The final volume will be about
1.5 mL of concentrated Zika VLP in Opti-MEM® media.
Reserve 200 pL for subsequent western blot analysis (Subhead-
ing 3.4).

. Add 4 mL of 60% sucrose into an Ultra-Clear Tube.

. Gently overlay 4 mL of 30% sucrose onto the 60% sucrose in

the Ultra-Clear Tube (Avoid disruption of the surface between
the two layers) (see Note 25).

. Mix 1.3 mL of concentrated Zika VLP in Opti-MEM® media

with 2 mL of 10% sucrose then gently overlay onto the two
layers of 30% and 60% sucrose in the Ultra-Clear Tube, again
avoiding disruption between the surface layers.

. Gently put the Ultra-Clear Tube containing the three layers

into an ultracentrifugation bucket and fill with 10% sucrose
onto the upper layer until full and close the lid (see Note 26).

. Perform the centrifugation at 134,434 x gfor 2 h at 4 °C with

no brake (sec Note 27).

. Collect the visible band (concentrated Zika VLP) between the

30% and 60% sucrose layers by side puncture and put into a new
Ultra-Clear Tube (Fig. 2).

Add TNE butffer into the collected visible band in the Ultra-
Clear Tube until full then mix by inverting the tube and
centrifuge at 134,434 x gfor 1 h at 4 °C with brake.

Discard the TNE bufter by pouring from the tube until no
excess liquid is left, the Zika VLP can be observed as a white
opaque pellet. Then add 50 pL of new TNE butffer onto the
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A
kDa
75
50
B

Fig. 2 ZIKV VLP purification and analysis. Zika VLP enriched media was concentrated and (a) a small portion
was examined by western blot analysis using a pan-specific anti-flavivirus envelope protein monoclonal
antibody. A control lane of purified dengue virus is also shown; M marker, Z Zika, D dengue. (b) Zika VLP
enriched media was subjected to discontinuous sucrose gradient centrifugation. Zika VLP band at the interface
of the 30% and 60% sucrose cushions (arrowed). The ZIKV VLP were collected by side puncture of the tube.
(c, d) Examination of a TNE buffer control and purified Zika VLP, respectively

Zika VLP pellet and gently pipette to dissolve the pellet fol-
lowed by aliquoting and storage at 4 °C (see Note 28).

3.4 Detection of Zika  Acrylamide solution can cause acute toxicity to the skin, eyes,

VLP by Western Blot respiratory and reproductive organs, and is a probable neurotoxin
and human carcinogen. Work with acrylamide must be undertaken
carefully, and personal protective equipment (PPE) such as a lab
coat, gloves and goggles are required when handling acrylamide.
The toxicity is significantly reduced when acrylamide is polymer-
ized, but some unpolymerized solution might remain, with the
associated potential risk. The following protocol is for one
SDS-PAGE gel (8.3 cm x 7.3 cm x 1.5 mm)

1. Clean the glass plates with 70% ethanol and assemble the glass
plate sandwich to the gel casting component. Mark the level
between separating and stacking gels with a marker pen.

2. Prepare a 10% separating gel by mixing 4.275 mL of water,
2.25 mL of 40% acrylamide, 2.25 mL of 1.5 M Tris-HCI pH
8.8, 90 pL of 10% SDS, and 135 pL of 10% APS in a 25 mL
glass beaker and mix by swirling.
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. Add 10 pL of TEMED into the acrylamide mixture, immedi-

ately mix by swirling and pour the acrylamide gel solution into
the glass plate sandwich. Overlay the top of the acrylamide gel
surface with 1 mL of 100% isopropanol and let stand for 10 min
for gel polymerization.

. Remove the 100% isopropanol by pouring and use tissue paper

to absorb the excess isopropanol.

. Prepare a 5% stacking gel by mixing 1.446 mL of water, 250 pL

ot 40% acrylamide, 254 pL of 1 M Tris—HCI pH 6.8, 20 pL of
10% SDS, and 30 pL of 10% APS in a 25 mL glass beaker and
mix by swirling.

. Add 5 pL of TEMED into the acrylamide mixture and imme-

diately mix by swirling. Pour the acrylamide gel solution on top
of the separating gel in the glass plate sandwich, insert the
comb to the gel, and then let the gel polymerize for 10 min.

. Remove the glass plate sandwich from casting component and

assemble in the core electrophoresis apparatus. Add 1x run-
ning buffer to the top and bottom reservoirs and make sure
that the bottom of the gel is submerged in the running buffer
and there is no buffer leakage.

. To prepare the samples for protein loading, mix 44 pL of the

reserved filtered Zika VLP in Opti-MEM® media or media
from the mock transfection (see Subheading 3.3, step 1) with
11 pL of 5 x nonreducing sample buffer. Boil samples for 5 min
and immediately place on ice before a short spin down and load
50 pL into each well of the acrylamide gel. Load 4 pL of
molecular weight protein marker into one well as a reference
for protein size.

. Assemble the lid and power supply to the gel chamber. Run the

gel at a constant 100 V until the marker dye front (bromophe-
nol blue) has reached the end of the gel (approximately 2 h).

Turn off the power and remove the acrylamide gel from the
running chamber and transfer the separated protein on to
nitrocellulose membrane by blotting. Soak all components
required for transfer in 1x transfer buffer before assembly of
the blotting cassette. Place the transfer system fiber pad onto
the dark side of the blotting cassette followed by two layers of
chromatography paper, the acrylamide gel, a 0.22 pm nitrocel-
lulose membrane, two layers of chromatography paper and a
fiber pad, respectively. All components should be soaked in 1 x
transfer buffer before assembly of the transfer sandwich. Place
the blotting cassette into the protein blotting transfer chamber
and then pour 1 x transfer buffer to cover the blotting cassette.

Assemble the lid and power supply and transfer with a constant
300 mA for 1 h.
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3.5 Detection of Zika
VLP by Electron
Microscopy

11.

12.

13.

14.

15.

1.

Remove the nitrocellulose membrane containing the trans-
ferred proteins from the blotting cassette and examine the
transferred protein by staining with Ponceau S solution for
10 s and wash with deionized water for 3 times.

Block the membrane with 5 mL of 5% skim milk for 1 h at
room temperature and then incubate the membrane with pri-
mary antibody HB112 at a 1:500 dilution overnight.

Wash the membrane 3 times with TBS-T for 5 min each time.
Incubate the membrane with a HRP-conjugated goat anti-
mouse IgG secondary antibody at a 1:5000 dilution for 1 h
at room temperature.

Wash the membrane 3 times with TBS-T for 5 min each time
before developing the signal by incubating the membrane with
an HRP substrate for 5 min in the dark (follow the manufac-
turer’s protocol).

Observe the signal using an Azure C400 signal detector or
other suitable detection equipment (Fig. 2).

Place a formvar-carbon film nickel grid onto a glass slide and
attach a small area of the grid to the slide using Scotch Brand
masking tape. Put the grid into a Quorum SC7620 Sputter
Coat machine and glow discharge at 18 mA for 120 s.

. Directly drop 3 pL of purified Zika VLP in TNE buffer onto

the grid and incubate at room temperature for 1 min. Remove
the excess purified Zika VLP solution from the grid by applying
filter paper at the edge of the grid to absorb excess solution.

. Directly drop 3 pL of 2% uranyl acetate onto the grid and

incubate at room temperature for 2 min (se¢ Note 13). Remove
the excess uranyl acetate by filter paper and let the grid dry for
2 min at room temperature.

. Wash the grid 1 time with deionized water followed by remov-

ing the excess water with filter paper and dry for 5 min at room
temperature.

. Examine the Zika VLP under a transmission electron micro-

scope (Fig. 2).

4 Notes

. We purchased a commercially synthesized construct with

codon optimization for mammalian expression in vector
pUCS57, as described in a previous publication [13]. pUC57
is a standard prokaryotic cloning vector and the insert requires
transfer to a mammalian expression vector (in this case the
pcDNA™ 3.1(+) plasmid vector). Expression of the insert in
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the pcDNA™ 3.1(+) plasmid vector is under control of the
cytomegalovirus (CMV) enhancer promoter.

. Glacial acetic acid is skin corrosive and can cause serious eye

damage. Working with glacial acetic acid requires personal
protective equipment (PPE) and all handling to be performed
in a fume hood.

. Loosen the lid to prevent the accumulation of steam inside the

bottle and wear heat protective gloves to prevent scalding.

. Ethidium bromide is a carcinogen which causes DNA muta-

tion; the user must wear PPE and work carefully. Disposal of
used ethidium bromide solution should be in accordance with
institutional regulations. Stock ethidium bromide should be
stored at room temperature, protected from the light.

. Cool LB broth after autoclaving to room temperature or 4 °C

before adding ampicillin to prevent degradation of ampicillin
from the heat. Due to the E protein of flaviviruses being toxic
to bacterial cells, a reduction of ampicillin from the normal
concentration (100 pg/mL) to 50 pg/mL is useful for bacterial
growth.

. After adding ampicillin, immediately mix the solution by swir-

ling and quickly pour the agar before it sets.

. Opti-MEM media is required to remove the requirement of

adding fetal bovine serum (FBS) to the cell growth media, as
FBS can significantly affect the subsequent purification and
detection of the VLP.

. Concentrated HCI is a strong corrosive substance that can

cause serious skin, eye, and respiratory damage. The solution
preparation must be performed in a fume hood with PPE.

. SDS is acutely toxic via oral and dermal exposure and by

inhalation and can cause skin and eye irritation. The user
must wear a face mask to prevent inhalation of SDS while
weighing the powder. Some protocols recommend weighing
SDS inside a fume hood; however, the user should be aware
this will cause significant air currents that may distribute SDS
around the working environment.

This protocol uses a panspecific anti-flavivirus envelope protein
monoclonal antibody that is purified in house from hybridoma
HB112 [14]. Both monoclonal and polyclonal antibodies to
Zika E protein are commercially available.

Other suitable secondary antibodies such as a HRP-conjugated
rabbit anti-mouse IgG polyclonal antibody can be substituted
as desired.

NaOH is a strong corrosive reagent that can cause skin and eye
irritation. PPE is required.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.
28.

Do not breath directly onto the uranyl acetate solution, as this
can cause turbidity in the solution. This solution will be used
for negative staining for electron microscopy.

To prevent premature enzyme activity.

There are two types of buffer for Phusion DNA polymerase.
For this experiment, use only the 5x HF bufter.

Methylene blue is used to stain the DNA band on the prepara-
tive gel to reduce DNA damage.

Restriction enzymes are normally supplied with the appropriate
buffer.

Competent cell preparation requires aseptic technique to avoid
contamination.

A colony (or part of the master plate streak) can be used
directly as a template in PCR by using a toothpick to touch
the colony (or streak) and then swirling the toothpick in the
PCR solution, followed by starting the reaction.

Plasmid verification should be undertaken by sequencing the

entire insert using an in house or commercial sequencing
service.

Transfection into HEK293T /17 cells is effective using the
calcium phosphate method.
The protocol describes the conditions for one transfection. In

practice, we generated seven transfections per preparation and
pool the media.

To avoid cells detaching from the culture plate.

To remove cell debris and other small components from the
culture media. Filtration must be performed gently to avoid
membrane shearing.

Gently release each concentration of sucrose onto the wall of
the UC tube to make sure the layers do not mix.

The 10% sucrose must fill to the top of the tube with no air
bubbles inside the tube to prevent the tube from cracking.
Balancing the UC tube with a counter weight is essential.

Do not set the brake for this step to prevent band disruption.

For determination of Zika VLP by EM, the purified VLP must
be stored at 4 °C. If stored at —20 °C, there might be damage
to the VLP structure by ice crystal formation.
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Biosynthesis of Glycoconjugate Virus-like Particles (VLPs)

Kathryn K. Oi, Tom A. Kloter, and Timothy G. Keys

Abstract

The outermost surface of bacterial pathogens consists primarily of complex carbohydrate structures—
polysaccharides, glycolipids, and glycoproteins. To raise a long-lasting and effective immune response
against carbohydrate antigens, they generally require covalent attachment to an immunogenic carrier
protein—a so-called glycoconjugate vaccine. One hurdle to the development of glycoconjugate vaccines
is that carbohydrate antigens remain inaccessible to recombinant production. Thus, the carbohydrate
antigen is typically purified from the pathogen and then chemically conjugated to an immunogenic protein.
Recent developments in the field of bacterial glycoengineering have opened the opportunity for total
recombinant production of glycoconjugate vaccines. In this method, we describe the production of
proteinaceous, virus-like particles (VLDPs) bearing the conserved N-glycan of Actinobacillus pleuropnenmo-
nine, the causative agent of porcine pleuropneumoniae.

Key words Actinobacillus pleuvopnenmonine, N-glycosylation, Virus-like particle, Glycoconjugate,
Vaccine

1 Introduction

The rise of antibiotic-resistant bacterial pathogens threatens the
global health system. The root of this problem lies in our reliance
on antibiotics to control and prevent infection in clinical and agri-
cultural settings. Vaccines play an important role in reducing the
demand for antibiotics; however, the design, production, and dis-
tribution of effective and economically viable vaccines still presents
significant technical challenges. Simple methods for producing
effective antibacterial vaccines at large-scale and low-cost are
urgently needed.

Actinobacillus plewropnenmoniae is the causative bacterial agent
of porcine pleuropneumonia—a disease underlying widespread
antibiotic use and economic losses in the pork industry. A range
of attenuated, inactivated, and subunit vaccines has been developed
against A. pleuropneumoniae [1]. However, due to their variable
surface structures (including lipopolysaccharide, capsular polysac-
charides, and outer membrane proteins), none of the available

Blaine A. Pfeifer and Andrew Hill (eds.), Vaccine Delivery Technology: Methods and Protocols, Methods in Molecular Biology,
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vaccines has succeeded in providing broad protection against infec-
tion with different serotypes and biotypes of A. pleuropnenmonine.
The most important component of current vaccines are the Apx
toxins; neutralizing antibodies raised against these major virulence
factors are effective in reducing the burden of disease but do not
prevent infection or spread of the pathogen. The recent discovery
of a highly conserved protein N-glycosylation system in
A. plewropnenmonine represents a new target antigen with the
promise to confer broad protection [2—4].

The cytoplasmic N-glycosylation system of A. pleuropnenmonine
modifies asparagine residues of autotransporter adhesins with short
dextran oligosaccharides. The N-glycan biosynthetic pathway con-
sists of two enzymes. The first is an asparagine glucosyltransferase
(NGT) that transfers a single glucose in p-linkage onto asparagine
residues in the Asn-X-Ser/Thr sequon (X # Pro). The second is an
al,6-glucosyltransferase (a6GIcT) that synthesizes short, linear glu-
cose oligosaccharides (oligoGlc) on the priming glucose [3]. Two
proteins modified by this system have been identified. They are
autotransporter adhesins with a high-density of target sequons [5],
suggesting that they are likely to be modified at multiple sites with
the dextran oligosaccharide. Given that the NGT and a6GIcT appear
to be constitutively expressed, that both genes for this glycosylation
system are absolutely conserved in all available genome sequences,
and that NGT activity contributes to adhesion to lung epithelial cells,
the dextran oligosaccharide may be an important and unvarying
feature of the A. plenropnenmonine surface [4]. In this chapter, we
outline a simple method for the recombinant production of glyco-
conjugate virus-like particle (VLP) vaccines presenting 180 copies of
this conserved N-glycan structure on their surface.

The N-glycosylation system of A. pleuropnenmonine has been
functionally reconstituted in Escherichia coli [5]. Recombinant pro-
teins can be targeted for glycosylation by incorporation of the
Asn-X-Ser/Thr sequon on a flexible loop or tag [6]. The VLP
scaffold that we chose for presenting the N-glycan is formed by
the coat protein from the ssRNA phage AP205 (AP205¢cp) [7,8]. A
unique feature of the AP205 VLP is that the N- and C-termini of
the coat protein are exposed on the surface of the capsid and are
tolerant to genetic fusions, enabling the display of diverse peptide
and protein antigens [9]. To generate an AP205 VLP presenting
the asparagine (N)-linked dextran antigen, we genetically fused a
short peptide tag including a single glycosylation site to the
C-terminus of the AP205cp and coexpressed this construct with
NGT and a6GIcT (Fig. 1). Assembly into complete AP205 VLPs is
verified by native agarose gel electrophoresis and transmission elec-
tron microscopy. Glycosylation of the coat protein is verified by
intact protein mass spectrometry and by gel shift assays.
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[i]or
self-

Fig. 1 Schematic of glycoconjugate VLP biosynthesis. The asparagine (N) residue of each coat protein is
modified with a single p-linked glucose (blue circle) by the asparagine glucosyltransferase (NGT). The priming
N-linked glucose is then extended by the o1,6-glucosyltransferase («6GIcT) with up to eight further glucose
residues. Coat proteins self-assemble into 180mer icosahedral VLPs. Note that the sequence of events is
unclear, it is likely that glycosylation continues after particle assembly

2 Materials

2.1 Expression
of Glycoconjugate
AP205 VLPs

2.2 Purification
of Glycoconjugate
AP205 VLPs

. Antibiotics: Antibiotic stock solutions are listed in Table 1. For

strains carrying one or two plasmids, the stocks are used at
1000-fold dilution in culture medium. Antibiotics are used at
2000-fold dilution for cultivation of strains carrying three
plasmids.

. Inducing agent: A 1 M stock of isopropyl p-D-1-thiogalacto-

pyranoside (IPTG) is prepared in water and sterile filtered prior
to use. The stock is stable for at least 1 year at —20 °C. Protein
expression is induced by addition of 1 mM IPTG to the culture
medium.

. Plasmids: Plasmids used in this study are listed in Table 2.
. Luria-Bertani (LB) medium: 0.5% (w/v) Bacto yeast extract,

1.0% (w/v) Bacto tryptone, 0.5% (w/v) NaCl. Dissolve in
water and autoclaved immediately. Store at room temperature.

. Terrific Broth (TB) medium: 2.4% (w/v) Bacto yeast extract,

1.2% (w/v) Bacto tryptone, 0.4% (v/v) glycerol, 72 mM
K;HPOy, 17 mM KH,PO,. Dissolve nutrients (Bacto yeast
extract, Bacto tryptone, and glycerol) and potassium salts sep-
arately in water and autoclave prior to mixing. Store at room
temperature.

. Lysis Solution: 50 mM Tris-HCI pH 6.8, 150 mM NacCl,

1 mM MgCl,, 0.5 mg/mL lysozyme, 5 pg/mL DNase 1.

. Binding/Wash Buffer: 50 mM Tris-HCI pH 6.8, 150 mM

NaCl, 2 mM EDTA.

. Elution Buffer: 50 mM Tris-HCl pH 6.8, 150 mM NaCl,

2 mM EDTA, 5 mM desthiobiotin.
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Table 1
Antibiotics
Concentration in media Concentration in media
Antibiotic Stock (strains with 1 or 2 plasmids) (strains with 3 plasmids)
Chloramphenicol 30 mg/mLin 50% 30 pg/mL 15 pg/mL
(Cm) Ethanol (v/v)
Kanamycin (Kan) 50 mg/mLin H,O 50 pg/mL 25 pg/mL
Spectinomycin 50 mg/mLin H,O 50 pg/mL 25 pg/mL
(Sp)
Table 2
Plasmids
Plasmid name Backbone Promoter Protein product (MW) Antibiotic Inducing agent
pRSE_AP205cp-GS pRSF PT5 AP205¢cp-GS (16.4 kDa) Kan IPTG
pACYC_NGT pACYC lacUV5 NGT (72.0 kDa) Cm IPTG
pCDF_a6GIcT pCDF T7 a6GlcT-6xHis (38.1 kDa) Sp IPTG
4. Freezing Buffer: 50 mM Tris-HCI pH 6.8, 150 mM NaCl,

® N o>

10% glycerol, 2 mM EDTA.

1 L Erlenmeyer flasks.

1 mm electroporation cuvettes (CellProjects).
Fritted filtration columns (ISOLUTE).
Strep-tactin Superflow beads (IBA).

3 Methods

3.1 Production Strain 1.

Glycosylation competent Escherichia coli: We use E. coli BL21-
Gold(DE3) for glycoconjugate VLP production. However, in
principle, any E. coli strain can be used. To modity target
proteins with the glucose oligosaccharide structure requires
coexpression of two enzymes (the NGT and a6GIcT) together
with the protein substrate. We find that expression of the NGT
behind a weak lacUV5 promoter [10] from a medium—low
copy plasmid (pACYC_NGT, see Table 2) provides sufficient
activity to modify 100% of a highly expressed protein substrate.
In this method, we include the a6GlcT ORF under the control
of'a T7 promoter on a separate plasmid (pCDF_a6GlIcT). It is
also possible to include both NGT and a6GlcT ORFs in a
bicistronic arrangement on a single plasmid (sec Note 1).
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2. Design of a glycosylation competent VLP: In this protocol, we

target the coat protein of the AP205 bacteriophage for glyco-
sylation. This is achieved by genetic fusion of a short polypep-
tide tag including a glycosylation site (GS) to the C-terminus of
the AP205cp. The tag provides a spacer of 9 amino acids
between the native C-terminus of the coat protein and the
glycosylation site (see Note 2). The tag includes an extended
glycosylation site (ANATA) based on a consensus sequence
determined for the NGT [5]. Finally the tag includes a Strep-
tag II sequence (WSHPQFEK) for affinity purification [11] (see
Note 3).

Day 1: Transformation

1.

For each strain, dilute approximately 50 ng of each plasmid into
2 pL ddH,0. Mix with 50 pL of electrocompetent E. coli
BL21-Gold(DE3) and transfer to a cold 1 mm electroporation
cuvette on ice. Proceed immediately to electroporation.

(a) Strain A: pRSE_AP205cp-GS.
(b) Strain B: pRSE_AP205cp-GS + pACYC_NGT.

(c) Strain C: pRSF_AP205cp-GS + pACYC_NGT + pC
DF_a6GIcT.

. Electroporate cells using the following parameters: 1800 V,

200 Q, 25 pF.

. Directly transfer electroporated cells to 1 mL of LB and allow

to recover for 1 h at 37 °C.

. Pellet cells at 8000 x g for 3 min, discard 950 pL of superna-

tant, resuspend cells in the remaining media.

. Plate cells on LB agar with the necessary antibiotic(s) and

incubate overnight at 37 °C.

Day 2: Precultures

. Inoculate 10 mL of LB medium with antibiotic(s) with multi-

ple colonies and grow overnight at 37 °C.

Day 3: Protein Expression Cultures

. Transter 200 mL of TB medium, containing necessary antibi-

otic(s), into a 1 L Erlenmeyer flask and inoculate with precul-
ture to an ODggg of 0.05.

. Place the expression culture in 37 °C incubator with shaking at

180 rpm and measure ODggq at half-hourly intervals.

. When ODyggg reaches 0.6-1.0, cool the cultures to below

28 °C, then induce protein expression by addition of
1 mM IPTG.
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3.3 Purification
of Glycoconjugate
AP205 VLPs

10

11.

12.

13.

14.

15.

16.

. Following induction, continue incubation at 28 °C, with
shaking at 180 rpm overnight (18-22 h) prior to harvest.

Day 4: Harvest Cells

Place cultures on ice and measure ODgqy.

Transfer the cooled cultures into centrifuge tubes and spin
down the cells at 8000 x g, at 4 °C, for 20 min. Discard the
supernatant.

Resuspend the cells in 40 mL of cold PBS and transfer the
cells into new tubes.

Spin the cells at 4000 x g at 4 °C for 15 min. Discard the
supernatant.

Determine the approximate wet weights of the cell pellets by
weighing against an empty tube.

Proceed to cell lysis or freeze the pellets in liquid nitrogen and
store them at —20 °C.

Day 5: Cell lysis by sonication and lysozyme treatment

1

10.

. Resuspend the cell pellets in lysis solution (approximately 5 mL

per 1 g of pellet).

. Incubate at 37 °C with mixing for 2 h.
. Cool the lysates on ice.

. Disrupt the cells by sonication using a 4 mm tip, total process

time of 90 s (10 s pulse, 5 s pause), and amplitude 40 (see Note

4).

(a) Take a sample of each lysate as whole cell extract (WCE)
for denaturing SDS-PAGE evaluation.

. Pellet unlysed cells and cellular debris by centrifugation at

25,000 x g for 30 min, 4 °C.

. Transfer supernatant to new tube (pellet can be discarded).

(a) Take a sample of each supernatant as soluble fraction
(S) for denaturing SDS-PAGE evaluation.

. Proceed to protein purification or freeze lysates in liquid nitro-

gen and store at —20 °C.

Day 6: Protein purification

. Preequilibrate 5 mL of Strep-Tactin Superflow beads per sam-

ple; wash the beads twice with 10 column volumes (CV) of
binding buffer.

. Spin down beads at 300 x g for 2 min and discard supernatant.

Add the soluble protein lysates to the Strep-Tactin Superflow
beads, and incubate at 25 °C for 60 min on a rotator.
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11.

12.

13.

14.

15.

16.

17.

18.
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Load the beads onto fritted filtration columns attached to a
vacuum manifold system.

Allow the supernatant to pass through the column under

gravity.

(a) Take a sample of the flow through (FT) for denaturing
SDS-PAGE evaluation.

Wash beads with 20 CV of wash buffer.
(b) Take a sample of the wash (W) for denaturing SDS-PAGE
evaluation.

Elute protein with 4 CV of elution buffer under slow gravity

flow (see Note 5).

(a) Take a sample of the eluate (E) from each strain for
denaturing SDS-PAGE evaluation.

Record the absorption spectrum from 200 to 350 nm and
determine the concentration of AP205 VLPs taking into
account the protein and nucleic acid concentration according
to the algorithm of Porterfield and Zlotnick [12].

Concentrate and buffer exchange the purified proteins into
freezing buffer using 100 kDa MWCO centrifugal filters for
an approximate final concentration of 1-2 mg/mL (see Note
6).

After protein recovery from concentrators, centrifuge samples
at 20,000 x g for 15 min to remove aggregates. Discard pellet.

Purified protein is stable at 4 °C for at least 6 months or at
—80 °C for years.

. AP205 VLPs can be evaluated for particle assembly by native

electrophoresis on a 0.6% TAE-agarose gel (see Note 7). Fully
assembled particles are observed as distinct bands which stain
for both nucleic acids and protein (Fig. 2a).

. Particle purity and glycosylation status can be qualitatively

evaluated by SDS-PAGE with Coomassie staining (Fig. 2b)
(see Notes 8 and 9).

. Intact protein mass spectrometry can be used to semiquantita-

tively evaluate glycosylation of the coat proteins (Fig. 3).

. Transmission electron microscopy can be used to visualize the

particle structure (Fig. 4) (see Note 10).

4 Notes

. In the A. pleuropnenmonine genome, ORFs encoding the NGT

and a6GlcT are arranged sequentially as part of a polycistronic
operon. Previous studies have demonstrated that it is possible
to amplify these two ORFs and express them in a bicistronic
arrangement under the control of a single promoter [4].
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A Native electrophoresis B Denaturing electrophoresis
AP205cp-GS + + + AP205cp-GS + +
NGT - + + NGT - + +
abGleT - - + abGlcT - = +
- kDa[—==
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0.6% TAE agarose 13% Tricine SDS-PAGE
ethidium bromide Coomassie stain

Fig. 2 Native and denaturing electrophoresis of purified VLPs. The AP205¢p-GS
construct was expressed alone, or in combination with the NGT and/or a6GIcT
(as indicated above the gel images), then purified by affinity chromatography. (a)
10 ng of each purified protein was loaded on a 0.6% TAE agarose gel, containing
0.5 pg/mL ethidium bromide. Samples were electrophoresed for 40 min at 120 V
in a TAE bath. The gel was imaged under UV illumination. Ethidium bromide
binds to nucleic acids encapsulated in the VLPs. (b) Samples of each purified
protein were denatured at 95 °C in reducing Laemmli buffer, then 3 pg of each
was separated on 13% tricine SDS-PAGE and proteins were visualized by
Coomassie staining

2. We found C-terminal tags with less than a nine-amino acid
spacer to be less efficiently glycosylated, because the VLD sur-
face sterically hinders NGT access to the glycosite.

3. The affinity tag, Strep-tag II, is not necessary for glycosylation
and may be removed if purification via precipitation or size-
exclusion chromatography is desired.

4. Settings apply to Qsonica Sonicators. Alternatively, cells can
also be lysed using a French pressure cell press. We observed
efficient lysis with three passages through the cell press at
800-1200 PSIG without lysozyme treatment.

5. Allow proteins to unbind from the Strep-Tactin beads with a
10 min incubation in elution buffer before eluting. Yields may
be improved by eluting with 1 CV and repeating it four times.
Pool the eluate fractions.
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Fig. 3 AP205cp-GS is glycosylated by the NGT and a6GIcT. Purified VLPs were reduced with DTT, desalted
using a C4 ZipTip, and analyzed by electrospray-TOF mass spectrometry. Spectra were acquired in positive-
ion mode. The m/z data were deconvoluted into mass spectra with a resolution of 0.5 Da/channel

AP205 VLP AP205VLP-Glc____ __AP205 VLP-oligoGlc _

Fig. 4 Glycosylated AP205cp-GS assembles into 30 nm VLPs, as shown after expression without glycosyl-
transferases (left panel), coexpression with the NGT (middle panel) and with the NGT and o6GIcT (right panel).
Purified VLP samples were adsorbed onto carbon-coated copper grids and stained with 2% (w/v) uranyl
acetate (pH 4). Grids were examined with a transmission electron microscope fitted with a 100 kV tungsten
emitter and 1376 x 1032 pixel CCD detector

6. As a step-wise alternative, one could first buffer exchange by
dialysis overnight and concentrate the proteins using 100 kDa
MWCO centrifugal filters the next day.

7. AP205 VLDPs can be electrophoresed on agarose gels with the
same buffers, reagents, and gel documentation system used for
nucleic acid analysis. In our experience, separation of 5-10 pg
of purified VLD, on a 0.6% agarose gel, with TAE bufter,
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supplemented with 0.25 pg/mL ethidium bromide, is ideal for
separation and visualization of VLPs. Ethidium bromide labels
nucleic acids encapsulated within the VLPs. The protein com-
ponent of VLPs can subsequently be stained by placing the
agarose gel in Colloidal Coomassie Staining solution (see
Note 8).

. Increased sensitivity and reduced background staining of aga-

rose and polyacrylamide gels, is achieved with the Colloidal
Coomassie Staining and Destaining Solutions developed by
Kang and colleagues [13].

To separate different glycoforms of AP205¢cp-GS, we recom-
tricine SDS-PAGE gels as described by

8
9.
mend 13%
Schiagger [14].
10.

For best results, 400-mesh carbon-coated copper grids are
negatively charged in an oxygen plasma, then placed face-
down on a 5 pL droplet of 20 nM VLP for 60 s. Adsorbed
particles are stained with 2% (w/v) uranyl acetate (pH 4) for
30 s, then imaged.
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Upstream and Downstream Processes for Viral Nanoplexes
as Vaccines

Keven Lothert, Gregor Dekevic, Daniel Loewe, Denise Salzig,
Peter Czermak, and Michael W. Wolff

Abstract

The increasing medical interest in viral nanoplexes, such as viruses or virus-like particles used for vaccines,
gene therapy products, or oncolytic agents, raises the need for fast and efficient production processes. In
general, these processes comprise upstream and downstream processing. For the upstream process, effi-
ciency is mainly characterized by robustly achieving high titer yields, while reducing process times and costs
with regard to the cell culture medium, the host cell selection, and the applied process conditions. The
downstream part, on the other hand, should effectively remove process-related contaminants, such as host
cells/cell debris as well as host cell DNA and proteins, while maintaining product stability and reducing
product losses. This chapter outlines a combination of process steps to successfully produce virus particles in
the controlled environment of a stirred tank bioreactor, combined with a platform-based purification
approach using filtration-based clarification and steric exclusion chromatography. Additionally, suggestions
for off-line analytics in terms of virus characterization and quantification as well as for contaminant
estimation are provided.

Key words Upstream processing, Downstream processing, Viral nanoplexes, Virus, Virus-like parti-
cles, Mammalian cells, Stirred tank bioreactor, Polyethylene glycol, Membrane chromatography, Steric
exclusion

1 Introduction

Viruses, membrane fractions of viruses, viral surface proteins, or
virus-like particles are frequently used in modern medicine as ingre-
dient in prophylactic vaccines [1-3]. Most recently, viruses have
also been used as gene therapy vectors to treat patients with genetic
deficiencies or cancer [4, 5]. For the latter, oncolytic viruses which
selectively infect and eliminate cancer cells are also used [6-
9]. Viruses and virus-like particles are commonly produced in
cukaryotic host cells (mammalian, avian- and insect cells)

Keven Lothert and Gregor Dekevic shared first authorship.

Blaine A. Pfeifer and Andrew Hill (eds.), Vaccine Delivery Technology: Methods and Protocols, Methods in Molecular Biology,
vol. 2183, https://doi.org/10.1007/978-1-0716-0795-4_12, © Springer Science+Business Media, LLC, part of Springer Nature 2021

217


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-0795-4_12&domain=pdf
https://doi.org/10.1007/978-1-0716-0795-4_12#DOI

218 Keven Lothert et al.

Dielectric
Spectroscopy

Carriers, cells,
cell debris
; T PEG HCP, DNA
; : =
Carriers, cells, cell HCP, DNA, ‘firal nanoplex
debris, HCF, DNA, viral nanoplex

SXC

viral nanoplex  Depth filtration ’ ~fes
o 4
e

Fig. 1 Overview of the individual steps for the upstream and downstream process. Cultivation and infection of
the host cells in a stirred-tank bioreactor, including the monitoring of critical process parameters, such as pH,
temperature, dissolved oxygen, and the impedance via the dielectric spectroscopy. The downstream process
comprises a primary clarification, to remove larger particles, such as cells and cell debris, and a chro-
matographic purification step, to remove host cell protein and DNA

1.1 Upstream
Processing of Viral
Nanoplexes

[10]. Typical examples for these cells are primary cells, diploid cells,
or continuous (transformed) cell lines like: chicken embryo fibro-
blast cells (CEF), epithelial kidney cells from an African green
monkey (Vero cells), Madin-Darby canine kidney cells (MDCK),
retina cells from a Muscovy duck (AGE1.CR® cells), transformed
cells lines from a human fetus (PER.C6® cells), duck embryonic
stem cells (EB66), and human embryonic kidney cells (HEK 293).
Each cell line, each virus, and every pharmaceutical preparation
requires the specific design of an integrated upstream and down-
stream process [10]. The target for these processes is to achieve a
maximum volumetric viral yield, taking into account the upstream
requirements and the resources to be used as well as the efficiency of
the subsequent downstream process. For this, the cell culture
medium with the required supplements, the production vessels,
the cultivation conditions, the infection conditions (time and mul-
tiplicity of infection), the time of harvest, as well as the modes of
operation have to be selected.

Here, we describe a commonly applicable initial method for the
development of a process to produce enveloped virus particles,
using eukaryotic host cells cultured under controlled conditions
in a stirred tank bioreactor. In addition, we depict a generally
employable chromatographic method for nanoplex purification
and the critical process parameters for the optimization of the
procedures in terms of its economics, safety, and robustness are
defined (Fig. 1).

In the past, viral nanoplexes have been produced in different
host cells and cultured in specific medium adapted to the process
requirements as listed in Table 1.

The general trend in biotechnology for cellular production
systems moves to the application of suspension cell lines cultivated
in fully defined media at high cell densities and to a continuous
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Culture conditions for selected viral nanoplexes and achieved yields

Virus

MVA—Modified
vaccinia Ankara
virus

Lentivirus

Influenza virus

MeV—Measles
virus

Cells Medium Cultivation type Virus titer References
AGEL.CR.pIX, CD-U3  Suspension, 1L 1.0 x 10'° 1U/mL [11]
suspension (chem. bioreactor,
Def.)
HEK 293 T DMEM  Adherent, 2.0 x 10 TU/mL [12]
(transfection) 24-well plate
AGEL.CR.pIX, CD-U3  Suspension, 1 L 3.8 x 10'% virions/ [11, 13]
suspension (chem. bioreactor mL
Def.)
MDCK EpiSerf,  Hollow fiber 1.8 x 10 virions/ [13]
(adherent), Smif8 bioreactor mL
MDCK.
SUS2
(suspension)
Vero DMEM-  Microcarrier in >10'° TCIDso/  [9, 14]
HG 0.5 L stirred- mL

tank reactor

IU infective units, TU transduction units, TCID5, tissue culture infective dose

1.2 Downstream
Processing of Viral
Nanoplexes

virus production. However, many viruses only replicate to high
titers in anchorage-dependent cells [10]. Also, the infection of
cells commonly leads to cell lysis during the production process,
releasing intracellular components to the supernatant. As these can
affect the product enzymatically (proteases, glycosidase, lipases,
etc.), the infectivity of viral products might be compromised. Addi-
tionally, it has to be considered that the released host cell compo-
nents increase the load of contaminants, which have to be removed
in the subsequent downstream process. This can affect the neces-
sary filtration area, column volumes, buffer consumptions, and the
required equipment utilization, impacting the process economics.
Furthermore, viral nanoplexes are frequently sensitive to chemical,
physical and environmental stress [ 15]. Particularly, typical cultiva-
tion temperatures for the host cells can affect their infectivity.
Therefore, the parameters in USP must be well chosen to avoid a
damage of the virus. Critical parameters that need to be considered
during a viral nanoplex production are, for example, cell concentra-
tion at infection (CCI), the time of infection (TOI), the time of
harvest (TOH), the multiplicity of infection (MOI), the process
temperature, the pH value, as well as the aeration and the shear
stress (Table 2).

The downstream process includes the clarification for the removal
of remaining cells and cell debris, concentration, inactivation if
noninfectious virus particles are required, nuclease treatment,
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Table 2

Parameters for the optimization of the USP of viral nanoplexes

Parameter Value References

Physical-chemical

T lhtol6h [16-19]

(32°Cto 37 °C) several days

pH 7-9 [20, 21]

Additives (e.g., salt) Example: MgSO4 [21]
Example: CaCl, [21,22]

System-related

Aecration strategy Continuous aeration (0.02 vvm), [14, 23],

Shear stress

head-space aeration

Peristaltic pump, roller pump, [13, 14, 24, 25]
agitator in STR (>0.25 N/m?)

Specific for virus production

TOI (time of infection)

TOH (time of harvest)

After completion of cell attachment [9]
and spreading to the microcarrier

~40 h after the global permittivity [9]
maximum of dielectric spectroscopy

MOI (multiplicity of infection) Typically 0.001-10 [9, 26, 27]

purification, polishing, and sterile filtration (depending on the virus
size) [3, 28].

The cell culture-derived supernatant is a highly complex sus-
pension comprising the target nanoplexes as well as the contami-
nants, such as cells, cell debris, host-cell DNA and proteins, and
medium components. In consequence, the downstream process
must ensure, according to the regulatory guidelines, a sufficient
nanoplex purity and concentration, for which, generally, process
trains of different unit operations have to be established. For this
purpose a variety of methods and techniques are currently applied
along the lines of the general purification schemes for biotechno-
logical products, that is, clarification, concentration, intermediate
purification, and polishing [ 3, 28]. These methods include, among
others, centrifugation, micro- and ultrafiltration for clarification,
and concentration, as a first process step. For final purification and
polishing, chromatography is usually the method of choice [ 3, 29—
31]. It is worth to note, that for the chromatography of viral
nanoplexes, such as vaccines and viral vectors, membrane-based
systems offer certain advantages in contrast to resins, due to their
convective flow properties [5, 32]. This eliminates the limitations
of pore diffusion and pore exclusion resulting in a reduced pressure
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Critical process parameters influencing the SXC performance

Critical process

parameter Recommended Notes
Polymer Polyethylene Other crowding agents, for example, dextranes are feasible.
glycol

Polymer 6-12% For virus particles, higher concentrations could induce
concentration precipitation [58].

PEG molecular 4000-12,000 g/ Too large polymers might cause solubility problems and
weight mol increase viscosity, thus limiting the flow

pH during loading pH 5-9 SXC works best close to the isoelectric point of the nanoplex
and washing [44 ], however, virus stability must be maintained.

Salt amount during 0-1 M Salts reduce the retention, but should not affect virus stability
elution or infectivity [44].

Membrane Regenerated Other hydrophilic membranes with varying pore sizes have
composition cellulose been applied successfully [58].

Number of 10-15 To increase membrane’s capacity, the diameter should be
membrane layers adjusted.

drop, possible higher flow rates, and improved binding capacities.
For the membrane chromatography-based purification of viruses
and virus particles, mainly ion exchange membranes [33-35] but
also affinity [36] and pseudoaffinity [30, 31, 37-40] matrices have
been applied [41]. For a broad applicability and a robust process
performance, platform technologies largely independent on specific
surface properties of the product should be selected. Virtually all
viral nanoplexes can easily be distinguished from contaminating
process components by their size. In literature, two chro-
matographic methods are described, that build upon this principle:
the size exclusion chromatography (SEC) [42, 43] and the steric
exclusion chromatography (SXC) [44]. The drawback of the SEC is
the high dilution of the product and the low column capacities. The
SXC enables a circumvention of these drawbacks. Therefore, and
due to its general applicability for nanoplexes, this method was
chosen to be described in this chapter (Table 3). However, depend-
ing on the intended product application and purity requirements,
additional unit operations might be necessary. The SXC employs
the mutual spatial exclusion of molecules in a solution of polyeth-
ylene glycol (PEG). This mechanism is shown in Fig. 2. In brief, a
crude cell culture supernatant is mixed with a polymer-rich solution
and, afterward, applied to a hydrophilic stationary phase. Depend-
ing on the size and concentration of the PEG, polymer-deficient
zones develop on the surface of the nanoplexes in solution and on
the stationary phase. These areas are not accessible for the PEG,
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Fig. 2 Principle of steric exclusion chromatography using a hydrophilic stationary phase and polyethylene
glycol (PEG) as a crowding agent. After PEG addition, zones with lower (PEG deficient zones) and higher (bulk
solution) PEG concentration are formed around macromolecules in solution and on the stationary phase.
Depending on the molecular weight and concentration of the PEG, these zones may also include smaller
impurities. (a, b) By adjusting and maintaining the desired PEG concentration, macromolecules associate to
each other and to the stationary phase, thus reducing the surface between areas of different PEG concentra-
tions and the system’s free energy. (¢) Unaffected molecules, such as smaller impurities, are washed out. (d)
Elution is achieved by removing the PEG from the system and subsequently dissociating the retained
particles (e)

due to its hydrodynamic radius, resulting in a thermodynamically
instable system. Due to the association of the nanoplexes with one
another and to the stationary phase, the surface between PEG-rich
and PEG-deficient zones as well as the systems’ free energy is
reduced. Under these conditions, a retention of excluded nano-
plexes is possible, whereas smaller process contaminants, such as
DNA and proteins, can be removed. The reduction of the PEG
concentration in the mobile phase releases the associated nano-
plexes and allows an elution. The whole method is based on molec-
ular crowding mechanisms, which have already been described in
the last century [45—48]. Later on, the principle was used in many
applications, for example for the precipitation of proteins [49-51],
viruses [52], and extracellular vesicles [53], only to name a few.
During SXC, precipitation is an unwanted effect, thus, in general,
lower polymer concentrations are used. The application of the
method has already been described for large proteins and bacter-
iophages using cryogel OH-monoliths and starch-coated magnetic
nanoparticles [44, 54-56]. The method’s specificity is mainly
dependent on the size of the target molecule, making it a conve-
nient alternative to purify nanoplexes, such as virus particles and
extracellular vesicles. The applicability for viruses has already been
shown for Influenza A virus particles employing regenerated cellu-
lose membranes with recoveries above 99% [57], and for baculo-
virus purifications with an average yield of 91% [58].
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Analytical techniques for the evaluation of product properties and purity

Determination

of Method (-s) References Notes
Particle size Resistive pulse sensing [61,62] + Information on physical
distribution  (Dynamic) light scattering [63-65] characteristics and particle
Nanoparticle tracking analysis  [66-68] concentration
Transmission electron [69-71] — No information on infectivity or
microscopy antigens
Antigens Enzyme-linked [72-74] + Antigen concentration
immunosorbents assay — No information on infectivity
(ELISA)
Genotype Quantitative (real-time) [75,76] — No information on infectivity
polymerase chain reaction — Knowledge of RNA/DNA sequence
(qPCR) is required for primer selection
Infectivity Plaque assay [77-79] + Knowledge of infective particle
Tissue culture infection dose [14, 80] concentration
assay — Long incubation times (depending
Flow cytometric titration [81, 82] on the assay)
Host cell DNA  Quant-iT™ PicoGreen™ DNA [37, 38, — Distinction between viral and host
assay 40] cell DNA only possible using qPCR
Threshold assay [37, 38]
qPCR [83]
Host cell Bradford assay [84, 85] — No distinction between viral and host
proteins Bicinchonic acid (BCA) assay ~ [85] cell protein

1.2.1 Evaluation
of the Purification Process
Performance

In order to ensure the required product quality, appropriate analyt-
ical methods have to be established. Depending on the target
nanoplex, the process-related contaminants and the intended appli-
cation, there is a broad range of possible assays available. Parameters
to be evaluated include nanoplex concentration, morphological
appearance and aggregation as well as antigen presence and infec-
tivity (Table 4). Furthermore, contaminants, such as host-cell DNA
and protein levels, need to be monitored, according to the regu-
latory demands for the product. For instance, cell culture-derived
vaccines should contain final levels of less than 100 pg total protein
per strain and dose, and less than 10 ng DNA per dose [3, 59,
60]. Additionally, DNA fragments need to be smaller than 200 base
pairs, often resulting in the need for an additional nuclease treat-
ment. Table 4 lists possible approaches to evaluate product proper-
ties and impurity concentrations. Due to the vast amount of
available applications, this overview is not exhaustive.
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2 Materials

2.1 Upstream
Processing Based
on an Example

of Vero Cells

2.1.1  Thawing Cells

2.1.2 Cell Passaging

All materials should be understood as examples. Equipment of
similar function, and reagents with an appropriate purity of a dif-
ferent manufacturer might be used as well.

1.

N O\ O

O oo

10.
11.

12.

N gk

10.

11

Cells (Vero cells in defined low passage number, # CCL-81,
ATCC, Manassas, VA, USA) in cryovial.

. Water bath (37 °C) (WNB 22, Memmert GmbH + Co. KG,

Schwabach, Germany).

. Growth medium DMEM-HG (Biochrom, Berlin, Germany)

(see Note 1).

. 10 mM HEPES buffer (Biochrom, Berlin, Germany).

. 4 mM r-glutamine (Biochrom, Berlin, Germany).

. 70% (v/v) ethanol (AppliChem GmbH, Darmstadt, Germany).
. Sterile serological 2 mL pipette (Sarstedt, Nimbrecht,

Germany).

. 15-mL centrifuge tube (Sarstedt, Niimbrecht, Germany).
. Centrifuge (Heraeus Megafuge X1R, Thermo Fisher Scientific,

Darmstadt, Germany).
T-25 flask (Sarstedt, Niimbrecht, Germany).

37 °C incubator (HeraCell 240, Thermo Fisher Scientific,
Waltham, MA, USA).

Sterile workbench (NuAire CellGard ES NU-480, MN, USA).

Deionized water (Milli-Q Academic, Q-Gard® 1, Merck
KGaA, Darmstadt, Germany).

DMEM-HG (Biochrom, Berlin, Germany).

FBS (Biochrom, Berlin, Germany).

10 mM HEPES butffer (Biochrom, Berlin, Germany).
4 mM r-glutamine (Biochrom, Berlin, Germany).
75-175 cm? T-flasks (Sarstedt, Niimbrecht, Germany).

Phosphate-buffered saline (PBS), w/o Ca’* and Mg**
(#L1825, Biochrom, Berlin, Germany) (PBS composition:
NaCl—8000, KCl—200, Na,HPO,—1150, KH,PO4,—200,
MgCl,-6H,0—100, CaCl,—100, all values in mg/L).
Trypsin (Biochrom, Berlin, Germany).

70% (v/v) ethanol (AppliChem GmbH, Darmstadt, Germany)

Sterile serological and aspiration pipettes (Sarstedt, Niim-
brecht, Germany).

1.5 mL tubes (Eppendorf, Hamburg, Germany).



2.1.3 Cell Counting
and Cell Viability
Determination via
a Counting Chamber

2.1.4 Cell Counting
and Cell Viability
Determination via Crystal
Violet

2.1.5 Bioreactor
Preparation

12.

13.
14.

15.

16.
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15-mL and/or 50-mL centrifuge tube (Sarstedt, Niimbrecht,
Germany).

Aspiration system (Vacusafe, Integra, Biebertal, Germany).

Centrifuge (Heraeus Megatuge X1R, Thermo Fisher Scientific,
Darmstadt, Germany).

Incubator at 37 °C (HERAcell® 240i CO, Incubator, Thermo
Fisher Scientific, Waltham, USA).

Incident light microscope (DM1i, Leica, Wetzlar, Germany).

. Hemocytometer/counting chamber, Neubauer improved

(Marienfeld, Konigshofen, Germany).

. PBS (#1.1825, Biochrom, Berlin, Germany).

. Incident light microscope (DM1i, Leica, Wetzlar, Germany).

. Pipette and pipette tips (Sarstedt, Niimbrecht, Germany).

. 0.4% trypan blue solution (Sigma-Aldrich, Hamburg,

Germany).

. Centrifuge (Heraeus Megafuge X1R, Thermo Fisher Scientific,

Darmstadt, Germany).

. 1.5 mL tubes (Eppendorf, Hamburg, Germany).
. 0.1% (w/v) crystal violet staining solution (Carl Roth, Karls-

ruhe, Germany).

4. 0.1 M citric acid (Carl Roth, Karlsruhe, Germany).

. Hemocytometer/counting chamber, Neubauer improved

(Marienfeld, Konigshofen, Germany).

. Incident light microscope (DM1i, Leica, Wetzlar, Germany).

. 1-L glass STR, working volume: 0.5 L (Z611000110; Appli-

kon, Biotechnology, Delft, Netherlands).

. Software: Process control (BioPAT® MFCS SCADA, Sartorius

AG, Gottingen, Germany).

. Reactor control unit (BIOSTAT® B-DCU Twin, Sartorius

Stedim Biotech GmbH, Gottingen, Germany).

. 3 x 45° pitched-blade impeller, diameter: 4.5 cm (Sartorius

Stedim Biotech GmbH, Gottingen, Germany).

. Sparger for aeration (Sartorius Stedim Biotech GmbH, Géttin-

gen, Germany).

. Sensors for monitoring;:

(a) pH sensor (Z001023551, Applikon Biotechnology, JG
Delft, Netherlands).

(b) PT100 temperature sensor (Sartorius Stedim Biotech
GmbH, Gottingen, Germany).
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2.1.6  Cell Expansion
and Nanoplex Production
in the STR

10.

11.

12.

13.

14.
15.

16.
17.
18.

(c) Oxygen probe (VisiFerm DO, Hamilton, Bonaduz,
Switzerland).

(d) Biomass monitoring: online permittivity (ArcView,
Hamilton, Hoechst im Odenwald, Germany & Futura,
Aber Instruments, Aberystwyth, UK).

. Water bath at 37 °C (WNB 22, Memmert GmbH + Co. KG,

Schwabach, Germany).

. Centrifuge tubes, 15- and 50-mL (Sarstedt, Nimbrecht,

Germany).

. Silicon tubes 3-5 mm inner diameter (Carl Roth GmbH,

Karlsruhe, Germany).

Air filters, 0.2 pm poresize (Midisart 2000® PTEE, Sartorius
AG, Goettingen, Germany).

Glass bottle with connector caps for base, harvest and bottom
drain (medium and inoculation).

Sterile syringe 10 mL, 20 mL (B. Braun, Melsungen,
Germany).

15- and 50-mL centrifugation tubes (Sarstedt, Niimbrecht,
Germany).

1.5 and 2 mL reaction tubes (Sarstedt, Niimbrecht, Germany).

Male and female luer lock adapter and lids (Sarstedt, Nim-
brecht, Germany).

Y-tube connector (Biirkle GmbH, Bad Bellingen, Germany).
1 M NaOH (Carl Roth GmbH, Karlsruhe, Germany)

Pressurized air, O, and CO, for aeration and pH control.

. Preculture of, for example, Vero cells (# CCL-81, ATCC,

Manassas, VA, USA).

. Prewarmed (37 °C) DMEM-HG growth medium, supplemen-

ted with 10% (v/v) FBS, 10 mM HEPES, and 4 mM 1 -gluta-
mine (Biochrom, Berlin, Germany).

. Sterile bottles (2 x 0.5 L) with silicon tubes and Luer lock

adapters.

4. Microcarrier (Cytodex 1, GE Healthcare, Uppsala, Sweden).

. Infectious recombinant Measles virus strain (e.g., MVvac2

GEFP (P): Paul-Ehrlich-Institute, Langen, Germany).

. 10-mL single-use syringes (B. Braun, Melsungen, Germany).



2.2 Downstream
Processing

2.2.1 Harvest of the Viral
Nanoplex-Containing
Supernatant, and Primary
Clarification

2.2.2 Preparation
of Buffers and Membranes
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. 1-L glass STR, working volume: 0.5 L (model number

7611000110; Applikon, Biotechnology, Delft, Nether-
lands)—filled with microcarriers, cell culture medium, Vero
cells (grow on microcarrier) and viral nanoplexes in
supernatant.

. SciPress Sensors (Parker Hannifin Manufacturing Ltd., Dur-

ham, England).

. Balance (TE4101, Sartorius Stedim Biotech GmbH, Gottin-

gen, Germany).

. WinWedge software (Tal Technologies Inc., Philadelphia,

PA, USA).

. Peristaltic pump (Sartorius Stedim Biotech GmbH, Goéttingen,

Germany) with Tandem 1082 pump head, with a Masterflex
Pharmed #15 (Cole Parmer GmbH, Wertheim, Germany)
tube and transparent silicon tubes (VWR International, Rad-
nor, PA, USA) with sterile Luer lock connections (Sarstedst,
Nimbrecht, Germany).

. Opticap XL 1 Capsule with Polygard®-CR 5.0 pm (Nomi-

nal)—sterile (Merck KGaA, Darmstadt, Germany).

. 1 L PBS—Sterile (#L.1825, Biochrom, Berlin, Germany).

. Sodium hydroxide (Carl Roth GmbH, Karlsruhe, Germany).

. Sterile bottles (0.5 L, Schott AG, Mainz, Germany).

. Sterile workbench (ESCO Infinity Class II, Esco Lifesciences

GmbH, Friedberg, Germany).

. PBS (#1825, Biochrom, Berlin, Germany).
. Deionized water (Milli-Q Academic, Q-Gard® 1, Merck

KGaA, Darmstadt, Germany).

. PEG 8000 (biotechnology grade, VWR International, Radnor,

PA, USA).

4. Sodium chloride (Sigma-Aldrich, Hamburg, Germany).

. Sodium hydroxide 1 M NaOH (Carl Roth GmbH, Karlsruhe,

Germany).

. 100-mL, 250-mL, and 1-L glass beakers (Carl Roth GmbH,

Karlsruhe, Germany).

. 100-mL, 250-mL, and 500-mL measuring cylinders (Carl

Roth GmbH, Karlsruhe, Germany).

. Analytical scale (Kern & Sohn GmbH, Balingen-Frommern,

Germany).

. Magnetic stirring bar (Carl Roth GmbH, Karlsruhe,

Germany).
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2.2.3 Preparation
of the Sample

2.2.4 Performing
the SXC

10.

11.

12.

13.

14.

15.

16.

17.
18.

Thermomixer (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany).

0.22 pm  bottle-top  filters  (Corning,  Corning,
New York, USA).

Vacuum pump (#181-0067P, VWR International, Radnor,
PA, USA).

500-mL, 250-mL, and 100-mL glass bottles (Carl Roth
GmbH, Karlsruhe, Germany).

Ultrasonic bath (Ultrasonic cleaner (VWR International, Rad-
nor, PA, USA).

Regenerated cellulose membranes, 1 pm pore size (Whatman
RC60, 50 mm circles, GE Healthcare Life Sciences, Uppsala,
Sweden).

13 mm puncher (hardware store).
Rubber hammer (hardware store).

Petri dish (between 5 and 10 cm diameter, Sarstedt Niim-
brecht, Germany).

Clarified virus harvest (from Subheading 2.2.1).

PBS supplemented with 16% (w/v) PEG 8000 (from Subhead-
ing 2.2.2).

. 50-mL centrifuge tubes (Sarstedt, Niimbrecht, Germany).
. 2-mL reaction tubes (Sarstedt, Niimbrecht, Germany).

. Sterile single-use pipette tips (Serological pipettes, Sarstedt,

Nimbrecht, Germany).

. Pipette holder/rubber bulb (Pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

. 10-mL single-use syringes (B. Braun, Melsungen, Germany).

. Single-use cannulas, blunt with Luer lock attachment

(B. Braun, Melsungen, Germany).

. Luer lock syringe cap male/female (B. Braun, Melsungen,

Germany).

. 10-mL superloop (GE Healthcare Life Sciences, Uppsala,

Sweden)

. FPLC system (e.g., Akta Pure 25; GE Healthcare Life Sciences,

Uppsala, Sweden).

. Buffers prepared in Subheading 2.2.2.
. 15-mL centrifuge tubes (Sarstedt, Niimbrecht, Germany).

. Inline filter holder device 13 mm (Pall Life Sciences, Port

Washington, NY, USA).



2.2.5 Quantification
and Characterization
of the Purified Virus
Particles by Flow
Cytometry
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. 24-well adherent cell culture plate (Nunc™ Thermo Fisher

Scientific, Waltham, MA, USA).

. Host cells, infectable by the virus (Vero cells, ATCC, Manassas,

VA, USA).

. Cell culture medium (DMEN, Sigma-Aldrich, Hamburg,

Germany).

4. PBS (Biochrom, Berlin, Germany).

92

10.
11.
12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

. Pipette tips 100, 1000 pL (Sarstedt, Nimbrecht, Germany).
. Piston-operated pipettes 100 and 1000 pL. (Eppendorf, Ham-

burg, Germany).

. Sterile single-use pipette tips (serological pipettes, Sarstedst,

Niimbrecht, Germany).

. Pipette holder/rubber bulb (Pipetus, Hirschmann Labor-

gerite, Eberstadt, Germany).

50-mL centrifuge tubes (Sarstedt, Niimbrecht, Germany).
2-mL reaction tubes (Sarstedt, Niimbrecht, Germany).

Virus standard at 1E+8 infective particles (in-house standard).

CO;-incubator (HeraCell 240, Thermo Fisher Scientific, Wal-
tham, MA, USA).

Trypsin—-EDTA solution (0.25%,/0.02%, Merck, Darmstadt,
Germany).

Fetal calf serum (FCS) (Merck, Darmstadt, Germany).

96-well U-bottom plate (Nunc™ Thermo Fisher Scientific,
Waltham, MA, USA).

Centrifuge with plate rotor (Multifuge 3L-R, Heraeus, Hanau,
Germany).

Flow cytometer (Guava® easyCyte, Millipore Merck, Darm-
stadt, Germany).

Deionized water (Milli-Q Academic, Q-Gard® 1, Merck
KGaA, Darmstadt, Germany).

Guava instrument cleaning fluid (ICF, Merck, Darmstadt,
Germany).

0.5-mL and 1.5-mL tubes for waste, water and ICF (Sarstedyt,
Nimbrecht, Germany).

Zetasizer Nano ZS890 (Malvern Panalytical, Malvern, United
Kingdom).
Semi-micro cuvettes, polystyrol (Sarstedt, Ntmbrecht,
Germany).

PBS (Biochrom, Berlin, Germany).
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2.2.6 Quantification
of the Total Protein

and DNA (Process
Contaminant Estimation)

. 50-mL centrifuge tubes (Sarstedt, Nimbrecht, Germany).
. 2-mL reaction tubes (Sarstedt, Niimbrecht, Germany).

3. Pipette tips 10, 100, 1000 pL (Sarstedt, Niimbrecht,

10.

11.

12.

Germany).

. Piston-operated pipettes 10, 100, and 1000 pL (Eppendorf,

Hamburg, Germany).

. Pierce™ BCA protein assay kit (Thermo Fisher Scientific, Wal-

tham, MA, USA).

. PBS (Biochrom, Berlin, Germany).

. 96-well flat bottom microplate without surface modifications

(Nunc™ Thermo Fisher Scientific, Waltham, MA, USA).

. Incubator (Binder, Tuttlingen, Germany).
. Plate reader (BioTek™ Cytation™ 3, BioTek, Winooski,

VT, USA).

Deionized water (Milli-Q Academic, Q-Gard® 1, Merck
KGaA, Darmstadt, Germany).

Quant-iT™ PicoGreen® dsDNA kit (Thermo Fisher Scientific,
Waltham, MA, USA).

Black 96-well, flat bottom microplate (Corning, Corning,
New York, USA).

3 Methods

3.1 Upstream
Processing Based
on an Example

of Vero Cells

3.1.1  Thawing Cells

All methods described using the equipment and reagents stated
above. Application of comparable devices and chemicals from alter-
native different manufacturers is possible.

1.

Prepare prewarmed (37 °C) DMEM-HG growth medium,
supplemented with 10% (v/v) fetal bovine serum (FBS),
10 mM HEPES, and 4 mM r-glutamine.

. Thaw cells in the cryovial rapidly in a 37 °C water bath (see

Note 2).

. Sterilize the cryovial with 70% (v/v) ethanol and work under

aseptic conditions from this point on.

. Using a 2 mL pipette, transfer 1 mL prewarmed complete

growth medium into the cryovial and gently mix the cells
thoroughly by pipetting up and down.

. Transfer the 2 mL cell suspension into 9 mL prewarmed com-

plete growth medium in a 15 mL centrifuge tube.
Centrifuge the cells at 300 x g, 5 min, RT.
Remove and discard the supernatant (residual DMSO).



3.1.2  Cell Passaging

3.1.3 Cell Counting
and Cell Viability
Determination via
a Counting Chamber

Viral Nanoplex Vaccine Production 231

8. Resuspend the cell pellet in the prewarmed complete growth
medium.

9. Transfer the cell suspension into a 75 ¢cm? T-flask. The pre-
ferred cell density is 5 x 10 /cm?.

10. Place the T-flask into an 37 °C incubator and grow the cells to
80-90% confluency before passaging.

Subculture cells when confluency reaches 80-90% respectively at
the log phase, or 2—3 per week. Work under aseptic conditions.

1. Prepare prewarmed (37 °C) DMEM-HG growth medium,
supplemented with 10% (v/v) fetal bovine serum (FBS),
10 mM HEPES and 4 mM 1 -glutamine.

. Cool PBS (w/o Ca** and Mg**).
. Remove and discard the used medium.
. Wash cells 2x with 0.3 mL/cm? PBS.

. Detach cells with 0.012 mL/cm? 0.25% (w/v) trypsin at 37 °C
for 8 min. Verify the detachment of the cells with an incident
light microscope (see Note 3).
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6. Resuspend the detached cells in 0.12 mL/cm? complete
growth medium (se¢ Note 4).

7. Take a 100 pL cell-sample in a 1.5 mL tube and determine the
cell concentration (see Subheading 3.1.3).

8. Centrifuge cell suspension at 300 x g, 5 min, RT in a 15 or
50 mL centrifugation tube.

9. Remove and discard the supernatant (residual trypsin).

10. Resuspend the pellet in the appropriate volume of fresh pre-
warmed complete growth medium.

11. Seed out cells in an initial cell concentration of 5 x 10° cell /
cm? into 75-175 ¢cm? T-flask.

12. Incubate cells in an incubator at 37 °C.

1. Use manufacturer’s instruction to prepare the Neubauer
counting chamber.

2. Take a 200 pL sample from your culture in a 1.5 mL tube.

3. Prepare an appropriate dilution of the cell suspension with PBS
to obtain a final cell count of approx. 150 cells.

4. Mix 50 pL of cell suspension with 50 pL trypan blue 0.5%
solution. Wear protective gloves, clothing and eye and face
protection when working with trypan blue.

5. Rapidly transfer the stained cells to the prepared Neubauer
counting chamber and count the cells using the inverse light
microscope.
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3.1.4 Cell Counting
and Cell Viability
Determination via Crystal
Violet

3.1.5 Bioreactor
Preparation

6.

Calculate the cell concentration and viability according the
manufacturer’s  instructions.  Dispose  trypan  blue-
contaminated equipment according to local, state and federal
regulations.

The cell numbers attached on the microcarrier are determined by
the counting of nuclei [86].

1.

Centrifuge 1 mL of microcarrier cell suspension sample at
300 x g for 5 min, RT.

. Discard 0.9 mL of the supernatant.
. Incubate the pellet with 0.9 mL 0.1% crystal violet in 0.1 M

citric acid at RT for at least 24 h (alternatively: 30 min, 37 °C,
500 rpm in a thermomixer).

. Determine the dyed nuclei by means of the Neubauer counting

chamber under the incident light microscope.

. Calculate the cell density according to the manufacturer’s

instruction of the Neubauer counting chamber.

. Install and connect the following tubes and probes to the STR:

(see Note 5).

(a) pH probe: calibrate (before autoclaving) according to the
manufacturer’s instructions.

(b) pO, sensor: calibrate (after medium fill-up) according to
the manufacturer’s instructions.

(c) Dielectric spectroscopy: connect to amplifier and signal
transformation box.

(d) Temperature sensor.
) Exhaust condenser including sterile filter.
(f) Connect the sterile air filter to the gas inlets.
Acid and base tubes.
Tubes for sampling.

(i) p.sparger for oxygen supply.

. Calibrate the pumps for acid and base, if necessary, according

to the manufacturer’s instructions.

. Cover all probes and plastic parts (e.g., sterile air filter) with

aluminum foil.

. Autoclave the STR (see Note 6) and prepared bottles (1 x

medium, 1 x inoculation, 1 x base).

. Let the STR cool down to RT after autoclaving (see Note 7).

. Fill the medium into the reactor under the sterile working

bench:

(a) Prepare a sterile medium bottle with a bottom drain tub-
ing with Luer lock lids.



3.1.6 Cell Expansion
inthe STR

3.1.7 Nanoplex
Production in the STR

3.2 Downstream
Processing

3.2.1 Harvest of the Viral

Nanoplex-Containing
Supernatant and Primary
Clarification

7.

8.
9.
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(b) Use a peristaltic pump to fill the medium into the STR (see
Note 8).

Fill up the thermal jacket with VE water and start heating the
medium to 37 °C via the external loop (see Note 9).

Start stirring at 110 rpm.

Fill up the base tube (dead volume) manually with 1 M NaOH
(see Note 10) and start pH regulation.

Microcarrier (e.g., Cytodex 1) may provide the growth surface
required for the adherently growing cells in the STR.

1.

Prepare and sterilize the microcarrier Cytodex 1 (3 g/L)
(GE Healthcare, Uppsala, Sweden) according to the manufac-
turer’s recommendations.

. Split the DMEM medium:

(a) for conditioning in the bioreactor vessel (350 mL),
(b) for cell inoculation (150 mL).

. Harvest cells from T-175 flask as described in Subheading

3.1.2.

4. Inoculate at the following cell density: 5 x 10° cell /cm?.

. Allow cells to adhere to the microcarrier (4-7 h) at 70 rpm

constant agitation rate.

. A stable conductivity signal from the dielectric spectroscopy

indicates the time point at which the cells (e.g., Vero) com-
pleted their attachment and spreading on the microcarrier. This
represents the initial time point of infection.

. To ensure a single infection cycle, infect the cells with a high

MOI: ~30 TCIDgp/cell. Lower MOIs may lead to several
infection cycles (see Note 11).

. Optimal TOH is reached ~40 h after a global maximum of the

permittivity signal, which represents the detachment of the
cells from the microcarrier, rather than a maximum of syncytial
abundance. Stop the reactor run and start harvesting.

Before starting to harvest, make sure you have prepared the follow-
ing steps 1-10 to have the clarification equipment ready at the
point of harvest (step 11).

1.

Connect the tubes to the Schott flasks (with outlet for the feed;
min. Volume 1 L) and place the depth filter capsule with the
correct orientation (flow direction is indicated on the capsule)
into the closed system.

Steam-sterilize the capsule, tubes, flasks and liquids at 121 °C
for 20 min (autoclaving).
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3.2.2 Preparation
of Buffers and Membranes

10.
11.

12.

13.

14.

. Place pressure sensors under the sterile workbench and rinse

the flow channel of the sensors with 1 M NaOH (e.g.,
3 x 10 mL with a serological pipette). Rinse the flow channel
with 20 mM Tris bufter (pH 7.4) afterward.

. Set up equipment under a sterile workbench.

(a) Connect pump and balance to the power outlet of the
bench.

(b) Place pump tubing into the pump head.

(c) Clamp the depth filter capsule to a tripod rod with flow
direction from top to bottom.

. Clamp one pressure sensor in front of the entrance and one

behind the outlet of the capsule.

. Connect balance and pressure sensors to the ports of the peri-

staltic pump. Additionally, connect the pump to a PC with the
appropriate software (WinWedge and Microsoft Excel).

. Place the permeate flask on the balance and set the pressure

sensors equal to zero.

. Equilibrate the capsule with at least 1 L of 20 mM TRIS buffer

(pH 7.4) and fill the buffer into the feed vessel.

. Start the pump (filtration rate of 150 mL /min), monitor the

pressure, and record the permeate weight.
Discard the permeated buffer.

Connect a flask (e.g., 1 L) sterilely to the sampling tube of the
bioreactor and transfer the content of the bioreactor to the
flask, by closing the exhaust air connection with a clamp and
the activation of the aeration of the bioreactor (pneumatic
conveyance). Important: The pressure equalization must be
guaranteed in the flask (see Note 12).

Disconnect the flask (sterilely) from the bioreactor and connect
it to the filtration system inside the clean bench.

Switch on the pump with a flow rate of 150 mL/min to pump
the cell culture supernatant through the capsule.

Keep the filtrate in sterile bottles /tubes and store it intermedi-
ately at —80 °C, or proceed directly with the chromatographic
purification (see Note 13).

. Prepare ca. 500 mL PBS solution with 8% (w/v) PEG 8000 to

be used as the running buffer A. Dissolve the PEG using the
magnetic stirring thermomix device at 30-40 °C and gently
mix (250 U/min) (se¢ Notes 14 and 15).

. Prepare ca. 50 mL PBS solution with 16% (w/v) PEG 8000 to

be used as the sample dilution bufter.
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Chromatographic Feed

3.2.4 Steric Exclusion
Chromatography
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. Prepare ca. 200 mL of a PBS solution supplemented with

0.5 M NacCl for use as the running bufter B.

. Prepare ca. 500 mL of deionized water.
. Prepare 500 mL of 0.5 M NaOH and 1 M NaCl in water for

use as the cleaning buftfer.

. Filter all bufters using the 0.22 pm bottletop filter connected to

a vacuum pump into fresh glass bottles.

. Degas all buffers by placing the bottles in an ultrasonic bath for

at least 10 min with the cap loosely placed on top (see Note
16).

. Prepare membranes of 13 mm diameter to be used as stationary

phase as follows:

(a) Use 13 mm puncher and rubber hammer to punch discs
of appropriate size from the 50 mm cellulose sheets.

(b) Prepare about 12 discs per chromatographic run.

(c) Place the punched discs into a petri dish filled with PBS
until use (see Notes 17 and 18).

Depending on the volume to be purified, slightly different para-
meters have to be applied. In the following, the method is
described for an initial method testing. Further information on a
potential scale-up are found in the respective notes. Always prepare
the sample directly before performing the SXC. Longer storage
times of the sample—-PEG mixture might change the sample com-
position due to an enhanced virus aggregation.

1.
2.

Add 6 mL of the clarified virus harvest to a fresh tube.

Let 6 mL of the 16% PEG solution slowly run in PBS while
gently shaking the tube (see Note 19).

. Soak up 10 mL of the sample directly into a syringe using a

blunt cannula (see Note 20).

. Remove and discard the cannula and close the syringe using a

Luer-lock syringe cap (see Notes 21 and 22).

. Assemble the filter device according to the respective manufac-

turer’s instructions. Usually, the set-up is as follows from bot-
tom to top: lower part of the filter holder, sealing ring, support
screen, sealing ring, upper part of the filter holder (see Notes

23 and 24).

. Place ten layers of the cellulose membranes on top of the

support screen and top them with the sealing ring (see Note

25).

. Close the filter holder device and insert it into the flow path at

the usual column position (see Note 26).
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3.2.5 CQuantification
of the Purified Virus
Particles by Flow
Cytometry

4.

10.

Flush the system and the membrane stack with the running
Buffer A for at least 60 column volumes (se¢ Note 27).

. Load the sample from the syringe to the 10 mL sample loop (see

Note 28).

. Perform the actual SXC runs comprising the following steps:

(a) Equilibration with at least 5 mL of buffer A (se¢ Note 29).
) Sample application using the sample loop (se¢ Note 30).
(c) Washing with at least 5 mL buffer A (se¢e Note 31).
)

Elution with 5-10 mL eclution buffer B (se¢ Notes 32—
34).

. Fractionate the entire volumes for step 6b-d for oft-line

analytics.

. Clean the system using cleaning buffer and flush system after-

ward with water.

. (a) Start next SXC purification or

(b) Fill system with 20% ethanol in water for storage.

Discard the used membranes and store the virus samples at
—80 °C until performing the offline analytics (se Notes 35-39).

. Prepare standard calibration range by diluting the virus stock

7 times with subsequent 1:2 dilutions in cell culture medium
(e.g., use 350 pLL medium +350 pL preceding virus standard)
(see Notes 40 and 41).

. Seed host cells at 1E+07 cells mL with 1 mL per well into the

24-well plate. For each standard and sample prepare three wells
of cells (see Note 42).

. Infect the seeded cells directly with 100 pL of the virus suspen-

sion (100 pL/well for standards and samples).

4. Incubate at 37 °C and 8% CO, for 16 h.

11.

. Discard the supernatant and wash all wells twice with

1 mL PBS.

. Add 200 pL of trypsin—EDTA solution and allow incubation

for 3-5 min at 37 °C.

. Add 50 L ECS.

. Carefully resuspend the cells and transfer the content of each

well into a new well on the 96-well U-bottom plate.

. Centrifuge the plate for 5 min at 500 x g.
10.

Discard the supernatant and resuspend cells in 100 pLL PBS (see
Notes 43 and 44).

Measure the samples in the flow cytometer as follows.



3.2.6 Size Determination
Using Dynamic Light
Scattering

3.2.7 Quantification
of Total Protein Amounts
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(a) Adjust settings and gates by using blank and highest
standards to optimally differentiate between infected
(fluorescing) and noninfected cells.

(b) Plot the amount of fluorescing cells against the virus
concentration and calculate sample concentration from
the linear range of the curve.

(¢) Determine the total infective virus content in each frac-
tion using the sample volume of the SXC.

(d) Calculate the recovery in % by comparing the total infec-
tive virus amount in the individual fractions with the feed
solution (se¢ Note 45).

. Transter 500 pL of the samples into individual semi-micro

cuvettes (see Note 46).

. Start a new manual measurement in the Zetasizer Nano ZS90

software with the following conditions:
(a) Dispersant refractive index: 1.45.

(b) Viscosity of the dispersant: 0.954 cP.
(c) 90°angle

(d) Number of measurements: 3.

(e

) Data processing: multiple narrow modes.

. Afterward, check the detected size populations and record the

mean values and standard deviations.

. If necessary, prepare different sample dilutions in PBS to

exclude buffer effects, and repeat the measurement (see Note
47).

. Prepare the standard calibration samples according to the man-

ufacturer’s instructions (see Note 48).

. Mix working reagent A and B in the ratio 50:1 (A:B) in a fresh

50-ml centrifuge tube. Use that solution within 1 h.

. Transfer 25 pL of each sample and standard into a clear 96-well

flat bottom microplate using two wells per sample (duplicate
measurements).

. Add 200 mL of the reaction mix to each well, gently shake

plate, and cover it with a lid.

. Incubate the plate at 37 °C for 30 min (se¢ Notes 49 and 50).
6. Use a plate reader to detect the absorbance at 562 nm.

. Calculate the mean for each duplicate measurement after blank

subtraction.

. Prepare the standard calibration curve by plotting the blanked

absorbance versus the protein concentration, and use it to
calculate the concentration of your samples (see Notes 51-53).
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3.2.8 Determination
of the Total dsDNA Amount

9.

10.

Determine the total protein content in each fraction using the
sample volume, and calculate the recovery in % by comparing
the total protein amount in the individual fractions with the
total protein amount in the feed solution.

. Prepare 1 x TE-buffer in a 50-mL reaction tube, by diluting the

kit-contained 20 x buffer with deionized water. For the above
performed chromatographic run with four samples, about
12 mL should be prepared.

. Prepare the standard calibration samples using the lambda-

DNA stock solution contained in the kit, as described in the
instructions.

. Dilute the Quant-iT™ PicoGreen® dsDNA reagent 1:200 with

1x TE-buffer in a fresh 50-mL reaction tube. Prepare enough
reagent to apply 100 pL of the mix per well, and consume
within 1 h.

. Pipet 100 pL of each standard and blank (duplicates) into a

black 96-well microplate.

. Transfer 20 pL of each chromatographic sample in duplicates

(see Note 54).

. Add 80 pL 1x TE buffer to each 20 pL sample.
. Add 100 pL working reagent to all wells (standards, blanks and

samples).

. Shake the plate gently and let it incubate in the dark for 5 min.

. Measure the emission at 520 nm after fluorescence excitation at

480 nm in a plate reader.

Prepare the standard calibration curve and calculate DNA con-
centrations and recoveries as described in Subheading 3.2.7 for
the total protein amount (se¢ Note 55).

4 Notes

Upstream processing

Thawing cells

. Use up to 10% FBS (Biochrom, Berlin, Germany).

. Ensure the thread of the cryovial is above the warm water when

thawing the cells to avoid a contamination risk.

Cell passaging

. Apply the shake-off technique, if cells don’t detach. Use the

heel of your hand to gently knock via the side of the T-flask,
until the cells detach. Check the detachment under the light
microscope.
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. FBS in the medium neutralizes /inhibits the trypsin’s activity. It

is crucial to remove the remaining trypsin from the cells.

Bioreactor preparation

. The tips of electrodes (e.g., oxygen electrode) may have a

concave form which can lead to the entrapment of air/oxygen
bubbles. Make sure, that the tip of the electrode is installed
below the stirred bubbles in the bioreactor.

All sampling tubes are to be connected with Luer lock
adapters, including all bottles (acid, base, medium, inoculum,
etc.).

. (a) Do not autoclave the amplifier of the dielectric

Spectroscopy.

(b) Open tubing clamps during autoclave so that the hot steam
reaches all surfaces.

(c) Add 10-20 mL PBS into the 1 L bioreactor to prevent a
drying-out of the pH electrode.

. Do not autoclave the medium, or any of the medium supple-

ments, as essential components will denature irreversibly due to
heat and pressure exposure.

. Fill up the medium under the clean bench to avoid the risk of

contamination.

. Set the maximum heating temperature in the thermal loop to

39-40 °C to avoid a denaturation of medium components
(e.g., proteins) by overheating when warming up the medium
to a temperature of 37 °C.

Prepare a 1 M NaOH solution, and sterilize it with a 0.2 pm
filter. Use a sterile filter in the lid, and attach silicon tubes. Set
up the silicon tube end with a Luer lock adapter to connect
these to the bioreactor.

Nanoplex production in the STR

Start the cell infection after the cells have completed their
attachment to the microcarrier.

Downstream processing
Initial sample clarification

An immediate clarification of the complete harvest is highly
recommended. A storage of the harvest can lead to an addi-
tional cell disruption, releasing enzymes that modify the target
an increase the product contact time to these enzymes. This can
potentially affect virus infectivity and stability.

Membrane-based filtration (depth and tangential flow filtra-
tion) is the method of choice for the clarification of larger
volumes. However, for small scale samples, centrifugation
might be considered.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Preparation of buffers and membranes

Instead of using a PBS butffer, theoretically any buffer of choice
may be used depending on the requirements of the virus to be
produced. Be aware of the buffer osmolarity and ionic strength
to avoid virus aggregation.

PEG can be dissolved by slightly heating up the solution. Over-
heating must be avoided.

All solutions and buffers need to be filtered and degassed, in
order to increase the shelf life of the buftfers and to prevent the
gassing-out of the liquids during the chromatographic run.

Cellulose membranes can be autoclaved in the respective bufter
without PEG, shortening the swelling process of the cellulose
membranes and, thus, improving the process robustness.

Store unused membranes in 20% ethanol and at 4 °C.
Preparation of the sample

In order to prevent virus dilution during sample preparation,
bufter stocks containing elevated PEG concentrations of up to
32% PEG 8000 are recommended.

When preparing the sample to be loaded onto the chromatog-
raphy column, the sample volume for the off-line analytics must
be considered.

Sample preparation should be done under slight constant stir-
ring in an appropriate beaker, and for larger scale processes an
inline preparation is recommended.

The PEG concentration and the PEG molecular weight must
be adjusted individually for each virus. As an initial condition,
8% PEG 8000 are recommended to test the principal applica-
bility of the method. However, for an optimal chromatographic
process, the critical process parameters must be optimized,
preferably by a Design-of-Experiment (DoE) approach. In
general, it can be said, that the smaller the nanoplexes to be
purified are, the higher is the required PEG concentration, or
PEG molecular weight. PEG concentrations above 14% should
not be used, in order to prevent the risk of virus precipitation.

Performing the SXC

The minimum requirements for the chromatographic system
are two independent pumps and a UV,g¢-detector. It is even
possible, to load the sample and sequentially push the appro-
priate buffers through the filter holder by a syringe, and to
collect the product in the final elution step. However, for a
better process control, the system pressure and the conductivity
should be monitored. An additional light scattering detection
increases the detection possibilities of nanoplexes significantly
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and allows a differentiation of the contaminating proteins and
virus particles. Furthermore, the system should contain a frac-
tion collector, to allow a robust and reproducible collection of
the chromatographic fractions.

Depending on the batch size of the virus to be purified, larger
membrane holder modules can be used to scale up the mem-
brane surface area (or volume) in relation to the viral load. For
an initial method development and optimization, a 13 mm
device will be sufficient.

Setting up the membrane stack within the membrane holder,
use forceps with rounded (not sharp!) edges and avoid air
bubbles between the individual layers.

If necessary, a layer of PTFE-band can be used to properly seal
the filter holder.

The chromatography system is commonly stored in 20% etha-
nol solution. Before flushing the system with bufter, the system
needs to be rinsed with water to remove the ethanol.

Loading the sample loop by a syringe can be challenging for
larger loop sample volumes. Thus, it might be easier to directly
prefill the loop under the bench for sample volumes between
50 and 150 mL. For sample volumes above 150 mL, an exter-
nal sample pump should be used.

Prior to the loading of the virus particles, the system needs to
be equilibrated with at least ten column volumes, until all
relevant signals are constant.

Directly before the sample is loaded onto the column, the
UV,g0-detector and the light scattering detector must be set
to zero.

After sample loading, the subsequent washing step should be
completed after five to ten column volumes, or once the detec-
tor signals reach the baseline.

Priming the system tubing with the elution buffer, allows for a
faster elution and higher concentrated product fraction.

Elution is usually completed after ten column volumes. How-
ever, for small column volumes, in relation to the system
volume, a small fraction of the virus particles may still be in
tubing of the system. Here, a decision must be made between a
complete virus elution and a higher virus concentration.

The buffer system for the virus elution does not have to corre-
spond with the sample buffer, allowing for a buffer exchange
within the chromatography run according to the requirements
of the subsequent unit operation.
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. Membranes are intended for a single-use application. However,
it is possible to reuse membrane stacks several times after
washing them with 0.5 M NaOH in buffer.

SXC works best near the isoelectric point of the virus particle.
Thus, the buffer’s pH may need an adjustment for an optimal
product recovery and purity. However, it is crucial to test the
virus stability of the respective virus for the applied pH, partic-
ularly in the case of'a pH below 7.

The virus recovery can be improved by increasing the ionic
strength (e.g., addition of NaCl) in the elution buffer. NaCl
concentrations of up to 1 M show a positive effect. However, as
for the pH above, the stability of the respective virus needs to
be confirmed for these conditions.

It is strongly recommended to evaluate the capacity of the
membrane stack for the respective nanoplex. This can be
done by using an online light scattering monitor, or by
performing offline virus quantifications from fractions during
sample loading.

A storage of the chromatographic samples should be done at
—80 °C. However, virus infectivity can be impaired by the
freezing step; hence, protective agents (e.g., sucrose) may be
added, or infectivity assays must be done directly after the
chromatographic experiment.

Quantification and characterization of the purified virus
particles

If the virus infectivity is not relevant for the anticipated prod-
uct, other quantification methods, such as qPCR, ELISA, or
particle counting techniques, are suitable alternatives.

For virus titration via the FACS assay, it is essential to have a
calibration standard based on an alternative quantification
method. The assay must be completely validated for each indi-
vidual type of virus, cells, and culture conditions.

The host cells for the assay must be chosen with regard to the
infectivity of the targeted virus. Furthermore, the virus must
carry either the genetic information of a fluorescent protein to
be subsequently expressed in the infected cells for a possible
detection, or the viral proteins on the surface of infected cells
must be labeled by fluorescently tagged antibodies.

Before removing the supernatant from the centrifuged plate,
visually check for cell pellets. The supernatant may then be
removed by pipetting or by flipping the plate. This requires
practice, and the presence of pellets should be checked before
and afterward.
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The volume of PBS for the cell resuspension can be adapted on
the applied FACS equipment, to provide a sufficient cell
concentration.

If the sample virus concentration is beyond the linear range of
the calibration curve, a further dilution of the virus sample
must be analyzed with the assay.

For the size determination using light scattering detection, a
sample concentration above 1E+07 particles/mL is recom-
mended. Whether lower virus concentrations can be analyzed
by this method, depends on the sample composition, its purity
and most important the actual size of the nanoplex.

There are multiple ways to determine the size and shape of the
virus particles. Light scattering is only one possibility. Alterna-
tives include transmission electron microscopy, tunable resistive
pulse sensing, disc centrifugation and others. Each method has
advantages and drawbacks, and should be applied according to
the product’s requirements.

Quantification of process contaminants

As for most types of assays, the protein standards must be
dissolved in a buffer resembling your sample buffer the most,
or the buffer differences must be considered during assay
validation.

Incubation can be done at room temperature, if a heating
device is not available. However, in this case, the incubation
time needs to be adjusted.

Directly after mixing in the sample with the protein assay
reagent, a color change is observed. However, the reaction
does not have a true endpoint. After 30 min of incubation at
37 °C, the reaction is nearly completed, and the further color
development will be too slow to affect the measurement signit-
icantly. However, corresponding samples must be measured at
the same time point.

A new calibration curve should be prepared for each plate
measured. Although the assay is robust, deviations over time,
or differences in individual measurements, can be reduced by a
corresponding calibration curve on every plate.

Nonused standards can be stored at 4 °C for one week.

If sample concentrations are beyond of the validated calibration
range (absorbance higher than the highest calibration), a dilu-
tion must be prepared and remeasured. An extrapolation of
values is not valid.

If samples contain varying amounts of salts or assay-interfering
components, the samples must be dialyzed to ensure a valid
analysis. However, the molecular weight cut off (MWCO) of
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the dialysis tubing must be small enough so as to not alter the
concentration of the analytes. A MWCO of 5,000-14,000
(excluding molecules with molecular masses of 5 kDa to
14 kDa) can generally be recommended.

55. The DNA assay may cause problems when purifying
DNA-viruses. Damaged or ruptured virus particles can increase
the measured total DNA concentration.
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Whole-Cell Vaccine Preparation: Options and Perspectives

Punit Kumar, Sunita, Kashyap Kumar Dubey, and Pratyoosh Shukla

Abstract

Vaccines are biological preparations to elicit a specific immune response in individuals against the targetted
microorganisms. The use of vaccines has caused the near eradication of many critical diseases and has had an
everlasting impact on public health at a relatively low cost. Most of the vaccines developed today are based
on techniques which were developed a long time ago. In the beginning, vaccines were prepared from tissue
fluids obtained from infected animals or people, but at present, the scenario has changed with the
development of vaccines from live or killed whole microorganisms and toxins or using genetic engineering
approaches. Considerable efforts have been made in vaccine development, but there are still many diseases
that need attention, and new technologies are being developed in vaccinology to combat them. In this
chapter, we discuss different approaches for vaccine development, including the properties and preparation
of whole-cell vaccines.

Key words Vaccines, Diseases, Inactivation, Attenuation, Conjugated vaccines, Whole-cell vaccines

1 Introduction

As per the World Health Organization (WHO), a vaccine may be
described as a biological preparation that is used to improve immu-
nity against a particular disease. Vaccines contain live, weakened, or
killed forms of the microorganisms such as bacteria and viruses, its
toxins or one of its surface proteins which cause diseases (Fig. 1).
Vaccines are prepared for human and animal uses. The agents
present in vaccines provoke the immune system of the individual
to generate antibodies or required cellular responses and destroy
the foreign agent and remembers it so that the immune system can
recognize and eliminate the microorganism which may be encoun-
tered later [1]. Alternatively, there is one more category of vaccines
called subunit vaccines, and such vaccines contain specific compo-
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Fig. 1 Demonstration of different types of vaccines (vaccine against bacteria, virus, toxins, and cancer) and
constituents used to design a vaccine (microorganisms in living, killed, and attenuated forms, proteins, and

polysaccharides)

nents of pathogens instead of the complete microorganism to
trigger an immune response in the host.

Vaccination is a well-recognized cost-effective contribution to
quality and prolongation of life expectancy, mortality, child sur-
vival, morbidity, and disability [2—4]. Most of the countries in the
world have adopted an effective immunization program to deliver
particular vaccines to selected beneficiaries, mainly infants, chil-
dren, and pregnant women. It is supposed that vaccines are avail-
able against at least 27 causative agents, and more agents are being
identified for the development of vaccines. The number of targeted
antigens through immunization programs varies among different
countries; however, vaccines against diarrhea due to rotavirus,
diphtheria, hepatitis B, measles, pertussis, poliomyelitis, Streptococ-
cus pnewmonine, and tetanus are involved in immunization pro-
grams of most of the countries in the world [3, 5].

The success of a vaccine depends on many factors, and of them
some important factors are mentioned below [6]:

e Type and dose of vaccine.

e The use of adjuvant or excipients in the preparation of the
vaccine.

e The schedule of immunization.
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e The route of administration of the vaccine.

¢ The immune status of the individuals being vaccinated, age, and
disease.

2 History of Vaccine Development

The history of vaccines and vaccination belongs to human efforts in
the prevention against disease in society (Table 1). It is assumed
that smallpox and other infectious diseases were known to ancient
people. The initial efforts for vaccine development were made for
smallpox as it was found that people affected with smallpox were
further protected from future infection of disease [3]. Today, initial
developments in vaccinology are attributed to the result of Edward
Jenner’s efforts of prevention of smallpox through inoculation of
people with cowpox virus [33]. The period between 1930 and
1950 was considered the transitional era in vaccine development,
and during this period chick embryos and minced tissues were used
for in vitro growth of viruses and rickettsiae for vaccine preparation.
Past studies have contributed to the development of effective vac-
cines as the availability of more information through the study of
natural infections, animal models, and seroepidemiology has led to
the development of vaccines [34]. Modern vaccinology started in
about 1950 following the considerable advancements made prior
to and during World War II. Its quest has been dependent on
research and development in microbiology, molecular biology, cell
culture, and immunology, which have contributed to develop many
live, killed, and the recombinant-expressed vaccines [33].

Though the vaccines have been successfully created for infec-
tious diseases which are controlled by preexisting antibodies and for
other transmissible diseases, further immunological mechanisms
need to be developed for full protection. Nowadays, “new vac-
cines” are a particularly urgent requirement of society, where eco-
nomic development, globalization, and immigration of people are
causing the appearance or reappearance of old and new infectious
agents [2]. Modern techniques of growth and maintenance of cell
culture, development of efficient fermentation processes, isolation
of proteins, and formulation of vaccines have enabled manufac-
turers to maintain purity, safety, and specificity.

Researchers have used novel technologies for the development
of vaccines. It is clear that development of vaccines has been led by
advancements in immunology, microbiology, and cell biology to
identify the protection mediated by antibodies and lymphocytes,
and selection of attenuated mutants during cell culture. Included in
this are outcomes of the experiments conducted in animals where
immune responses exhibited against natural infection were ana-
lyzed, which successfully led the way to develop vaccines [35],
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Table 1
Development of vaccines though different approaches against some common diseases

Causative
Disease microorganism Development of vaccine References
Bacterial Neisserin Polysaccharide—protein conjugate, capsular [7]
meningitis Meningitidis polysaccharide-based vaccines, noncapsular antigens,
membrane proteins
Botulism Clostridinum Pentavalent vaccine against BONT serotypes A-E, [8-10]
botulinum monovalent vaccine against BONT serotype F, toxoid
vaccines, next-generation vaccines using synthetic
peptide, neurotoxic carboxy-terminal fragments
(rBoNT(HCQ))
Cholera Vibrio cholerae Subunit toxoid, live oral cholera vaccine, cholera toxin B [11, 12]
subunit vaccine, cholera toxin recombinant B subunit
vaccine
Diphtheria Corynebacterinm  Diphtheria toxoid vaccine, recombinant fragments of  [13, 14]
diphtherine diphtheria toxin (DT)
Plague Yersinia pestis Live attenuated and killed whole-cell vaccines, [15, 16]
attenuated mutants, subunit vaccines, recombinant
vaccine
Pertussis Bordetelln Haemagglutinins vaccine, pertussis toxin, acellular and [17, 18]
pertussis whole-cell vaccine,
Polio Poliovirus Inactivated Salk polio vaccine, Sabin oral polio vaccine, [19-21]
inactivated poliovirus vaccine,
Rabies Rabies virus Recombinant human adenovirus, edible vaccines in [22-24]
plants, oral vaccine, live modified rabies virus vaccine
strain SAG-2, live attenuated rabies vaccine, a
genetically modified rabies vaccine
Smallpox Variola virus Live animal poxvirus, subunit vaccine, second- and [25-27]
third-generation smallpox vaccines
Tetanus Clostridium Tetanus toxoid vaccine [28,29]
tetani
Typhoid Salmonelln typhi  Live attenuated bacteria, recombinant conjugate, [30-32]

and passive administration of antibodies towards particular antigen
to demonstrate that specific antigen must be present in vaccines
[36]. Different mechanisms of vaccine development have been
employed by researchers such as attenuation, cell culture, reassort-
ment, inactivation, subunit vaccines, and genetic engineering [ 37—
41].

Attenuation is the very basic mechanism of vaccine develop-
ment. Live attenuated vaccines are one of the most successful and
cost-eftective vaccines. Such vaccines protect against acute diseases
caused by human and veterinary viral and bacterial infections, but
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chronic infections like HIV are more challenging due to safety and
efficacy concerns [42]. This process had been used by Pasteur and
his colleagues to develop vaccines against the diarrheal disease-
causing agent in chickens, that is, Pasteurelin multocida [36], ani-
mal poxvirus (probably horsepox) against smallpox [43], bovine
tuberculosis bacteria against human tuberculosis [44, 45]. The
development of vaccines for measles, mumps, oral polio, rubella,
tetravalent dengue, and varicella was made by an in vitro selection
of clones by cell-culture passage [42]. The principle behind the
development of live, attenuated viral vaccines is that its virulence
may be sufficiently attenuated by successively subculturing while
retaining the required antigens to induce immune responses. It is
also suggested that passage in cell culture causes cells to grow in the
culture medium, and the mutants will grow comprising modified
harmful genes that control the infection of the organism in the host
[36]. This method enabled the selection and isolation of mutants
for the oral polio vaccine, which was not able to cause paralysis.
These mutations were at least moderately lost during the growth of
attenuated cells in the human intestine, and this causes infrequent
incidences of postvaccination paralysis [46].

Inactivation is an important method for vaccine development.
These are also recognized as killed whole-cell vaccines. Inactivation
of the agent is done by heat treatment, chemical treatment, forma-
lin treatment, p-propiolactone treatment, and so on so that infec-
tivity of the agent is eliminated and it loses its ability to replicate,
but its immunogenicity is retained [36, 47]. These vaccines gener-
ally ofter a shorter duration of protection and thus require booster
doses for long-term immunity [41]. This method has been used to
develop a large number of vaccines such as vaccines for cholera,
plague, typhoid, pertussis, polio, hepatitis A, influenza, and yellow
fever vaccine [47-49].

Reassortment is recognized as a key evolutionary mechanism
present in segmented RNA viruses [50]. This mechanism enables
the development of virus having RNA segments of two viruses by
cocultivation of two viruses. This method has enabled the develop-
ment of live and inactivated influenza and rotavirus vaccines [51].

Encapsulated bacteria cause diseases among infants, the elderly,
and immunocompromised persons. It was observed that antibodies
against the polysaccharide capsule increased phagocytosis, and this
property led to the development of capsular polysaccharide vac-
cines. The immune response triggered by polysaccharide antigens
protects against encapsulated bacteria. Polysaccharide vaccines have
been reported against Neisseria meningitidis, Salmonella typhi, and
Streprococcus pnenmonine. Capsular polysaccharides for vaccine pre-
parations have been reported for the development of the meningo-
coccal polysaccharide vaccine [30, 52, 53], pneumococcal
polysaccharides vaccines [54 ], and Haemophilus influenzae type b
capsular vaccine [55]. It was also found that such vaccines
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contributed little protective immunity to infants and young chil-
dren [56]. Moreover, investigators have used conjugates of capsular
polysaccharides and proteins to enhance immunogenicity. Conju-
gate polysaccharide vaccines have been developed against the dis-
eases caused by encapsulated bacteria such as Haemophilus
influenzae, Neisseria meningitidis, and Streptococcus pnewmonine.
These vaccines have reduced global childhood morbidity and mor-
tality, with their efficacy to induce long-lasting immunity in a range
of age groups [52, 57-60].

Adjuvants are used in conjunction with vaccines to induce a
fast, effective, and prolonged humoral or cellular immune response
against the antigen. The significance of adjuvants is increasing
because highly purified subunit and synthetic vaccines are more
specific, costly, but less immunogenic. So a potent adjuvant should
cause the use of fewer antigens to induce the desired immune
response. The some examples of adjuvants are biodegradable poly-
meric microspheres, liposomes, oil adjuvants, lipopolysaccharide,
and aluminum salts [61-63]. Some of the vaccine components are
mentioned in Fig. 1 that can be significantly used in the process of
developing vaccines.

Subunits are another category of vaccines developed by using
part of the antigen of the causative microorganism. Subunit vac-
cines use only part of antigen from a target pathogen to induce an
immune response. Thus, a specific antigen is isolated from a patho-
gen and presented as an antigen of its own [41]. Purified antigens
may be surface molecules, subcellular fragments, and toxoids which
require different carriers to be transported. Immune responses
raised by subunit vaccine are based on the type of antigen
[38]. The high levels of purity of subunit vaccines contribute to
enhancement in the specificity of a vaccine and a significant reduc-
tion in adverse effects. Such vaccines may be a capsular polysaccha-
ride  (Streptococcus  pnemmonine, Haemophilus  influenzae),
inactivated protein toxins (diphtheria, pertussis, and tetanus), and
viral coat proteins (hepatitis B vaccines). Sometimes capsular poly-
saccharide vaccines are chemically conjugating with protein com-
ponents and used as an antigen for the development of vaccines
[64-66]. Conjugated vaccines are also considered as a subclass of a
subunit vaccine, which contains a polysaccharide-based antigen
[67]. Such types of vaccines have been reported for influenza
virus using viral hemagglutinin (HA) protein, rabies vaccine using
rabies glycoprotein, a vaccine against Salmonella, and meningitis
and acellular pertussis vaccines using one to five proteins from the
pertussis bacillus [17, 18, 68-72].

Researchers have used the genetic engineering approach to
enhance the efficacy and increased the production of vaccines in
different hosts [73]. Investigators also have discussed the role of
gene editing tools for cost-effective production of antibodies and
therapeutic proteins [74, 75]. In this approach, the genes of
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pathogens which encode antigens to stimulate immune response
are expressed in microbial cells. Varieties of expression systems are
available with a variety of advantages and produce the required
antigens in large quantities [76]. Using this approach many types
of vaccines have been developed such as Ty21a vaccine for typhoid,
CVD103-HgR cholera vaccine, cholera toxin B, human papilloma
virus (HPV) vaccine using L1 protein, hepatitis B virus, bivalent
oral vaccine for typhoid fever and cholera-related diarrhea, and
Salmonelln enterica serovar Enteritidis antigens [77-79].

3 Whole-Cell Vaccines and Their Uses

The concept of whole-cell vaccines arrived more than 60 years ago.
According to a WHO report, the whole-cell vaccine design is based
on the strain selection, and it should be performed by knowing the
complete information about the characterization of the strain
[80]. The whole-cell vaccine can be cultured in various seed lot
systems; different media are also available, but synthetic media are
preferentially used for production purposes [81] as it is found that
synthetic media have defined components suitable for specific
microbial growth. In addition, there is a very low chance of con-
tamination of other types of microbes in synthetic media. In
designing whole-cell vaccines, the inactivation of the toxin is an
important factor, and it can be done by different methods such as
chemical treatment, acid treatment, and radiation [82]. The final
product must be analyzed to check that no heat-labile toxins are
present in it. WHO has developed the guidelines for quality con-
trol, standardization, and production of whole-cell vaccines. For
example, strains of B. pertussis used in vaccine production should be
well characterized and as more components than just the strain are
used in vaccines preparation, the bacterial content before detoxifi-
cation and killing must be determined by comparison with 10 IU of
WHO opacity standard. The concentration of bacteria in a single
human vaccine dose should not be more than 20 IU and not less
than 4.0 IU with a lower limit of the estimated potency not less
than 2.0 IU. The storage of whole-cell vaccines should be done at
2-8°C[83, 84]. The intracerebral mouse protection test (Kendrick
test) is also considered an effective assay to analyze the potency of
whole-cell pertussis vaccines and it is also assumed that this is the
only test showing a correlation with protection in children
[85, 86]. It has been reported that whole-cell vaccines can func-
tionally be used in infants and toddlers in several countries for a
long duration of periods depending on dose and the immune
reaction of individuals. Bacterial cell components must also be
analyzed for virulence and immunogenicity while designing the
whole-cell vaccines.
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There are different types of whole-cell vaccines available such as
pertussis, cholera, and meningitis [87]. Pertussis or whooping
cough is caused by Bordetella pertussis, which is a contagious dis-
ease. Whole-cell pertussis vaccines are one of the widely used vac-
cines for immunization and researchers are also analyzing the
potency of acellular pertussis vaccines. Whole-cell pertussis vaccine
is available, and it is considered as a part of the trivalent vaccine
consisting of diphtheria—tetanus—pertussis (DTP) [88].

The reoccurrence of multidrug-resistant (MDR) bacteria like
Acinetobacter bauwmannii, Pseudomonas acruginosa, and methicil-
lin-resistant- Staphylococcus anrens (MRSA), and the absence of any
licensed vaccines against these pathogens are responsible for the
increasing rate of mortality. Cabral et al. [89] reported that an
eftective whole-cell vaccine could be developed for D-glutamate
of the bacterial cell wall. Along with, they also tried this strategy to
develop vaccines against these MDR associated pathogens. It is very
promising as it does not need the identification of any specific
virulence factor, and it can be potentially applied for the designing
of live attenuated vaccines for other bacterial pathogens [90]. The
examples of different types of whole-cell vaccines are mentioned in
Table 2, and the mechanism of the whole vaccine to induce
immune cells is explained in the Fig. 2. Whole-cell vaccines, along
with antigens, can be sold at a lower price as compared to acellular
vaccines [100].

There is a lot of practice in the field of cancer therapeutics, yet it
is a deadly disease responsible for the death of many people. In
clinical trials, modified whole-cell cancer vaccines emerged as an
important form of immunotherapy [101]. It is more advantageous
as compared to a specific protein and peptide antigen as it exposes
all sources of antigens. Moreover, it removes the requirement for
the identification of the most optimal antigen that targets a specific
type of cancer [102]. Essentially, multiple tumor antigens can be
targeted at a time and generate broader immune responses more
than one tumor antigen. Additionally, the novel tumor antigen can
be identified by exploring the serologic response and immunized
lymphocytes. This will also help in categorizing the significance of'a
response to a specific tumor antigen by comparing immune
responses of pre- and post vaccination [103]. The modification of
the whole-cell vaccine can enhance the expression of cytokines,
chemokines, and costimulatory molecules that is responsible for
an immune response [104]. The approach was found to be safe in
the case of phase I and phase II trials in different cancer patients.
The assessment of vaccine induced immunity can be measured by
delayed-type hypersensitivity (DTH) to autologous tumor
cells [105].

In many developing countries, cholera remains an important
public health concern. Cholera is still a fatal disease in poor
countries and transmitted by contaminated food and water with
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Table 2
Development of whole-cell vaccines against various pathogens in pipeline

Pathogen Diseases Symptoms References
Chlamydin Ovine Abortion in sheep and goats [91]
abortus enzootic Birth of weak offspring

abortion Utero infections

Chlamydia felis Conjunctivitis Inflammation of feline conjunctiva, rhinitis, and [92]
respiratory problems

Chlamydin Pneumonia  Runny or stuffy nose, Fatigue, Low-grade fever, [93]
preumonine hoarseness or loss of voice, sore throat, slowly
worsening cough

Salmonelln Typhoid High fever, diarrhea, and vomiting [32]
typhi

Vibrio cholerae  Cholera Loss of fluid electrolytes and severe dehydration [94]

Yersinia pestis  Plague Abdominal pain, diarrhea, vomiting. Bleeding from [95]

mouth, nose or rectum, or under the skin. Blackening
and death of tissue (gangrene) in extremities.

Bordetella Whole-cell Mild coughing, sneezing, runny nose, low fever [96]
pertussis pertussis
Influenza virus Influenza High fever, runny nose, sore throat, muscle pains, [97]

headache, coughing, sneezing, and tiredness
Polio virus v Muscle weakness, loss of muscle, [98]

Hepatitis A Hepatitis A Yellow eyes and skin, dark urine, Pain in the belly, loss of [98]
virus appetite, nausea, fever, diarrhea, fatigue

Rabies virus Rabies Neurological problems and a fear of light and water [99]

tfeces. The risk of death can rise to 70% if there is no proper
treatment. There is an estimation of 1.3—4 million cases and
21,000-143,000 annual deaths globally [106]. There has been
good progress in the development of cholera vaccines. The killed
whole-cell cholera vaccine is now becoming an effective tool against
cholera. Currently two common vaccines for cholera which are
WHO prequalified are Dukoral and Shanchol. Dukoral comprises
inactivated whole-cell V. cholera with a recombinant B subunit of
cholera toxin. SANCHOL is a bivalent (Vibrio cholerae Ol and
0139) Indian whole-cell cholera vaccine [107]. Cholera becomes
more deadly during pregnancy and adversely affects the health of
pregnant women, and infection in pregnancy has been associated
with abortions and stillbirths. Cholera can be one of the reasons for
pregnancy loss, increasing the possibility 2-36% [108, 109]. There-
fore it is important to take the necessary steps to treat this disease.
The treatment and prevention of it is possible with the help of a
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Fig. 2 Demonstration of mechanisms eliciting immune cells through the whole-
cell vaccine

whole-cell killed oral cholera vaccine (OCV). Additionally, the
vaccine does not produce any adverse effects on the pregnancy
outcome as it cannot replicate in the gut and oral route intake. It
was also observed that no harmful effects on pregnancy were seen
during the mass vaccination in Tanzania. However, a clinical study
showed that OCV has no harmful effect on pregnant women thus
indicating that OCV is safe with no loss of fetal life in pregnant
women while they are suffering from cholera[110, 111]. Therefore,
it should be recommended that pregnant women take OCV when
they are at high risk of losing a fetus while suffering from cholera.

Malaria is also one of the common causes of morbidity and
mortality in tropical and subtropical regions. It can be controlled by
developing an efficient vaccine that should be cost-effective also
[112]. This infection is transmitted by the bite of female Anopheles
mosquito, which injects sporozoites in the skin. Researchers are
trying to develop a vaccine based on antigens of blood stage para-
sites [ 113]. Richards et al. reported that a whole killed blood lysate
vaccine could be significantly applied to protect against the liver-
stage as well as blood-stage malaria infections [114].
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4 Preparation of Whole-Cell Vaccines

There are different strategies to make bacterial and viral vaccines as
a whole-cell vaccine. Generally, the virus multiplies to cause infec-
tion; however, the vaccine virus multiplies fewer than 20 times to
induce memory B cells [115]. Different methods such as physical,
chemical, and radiation technology are mentioned for the attenua-
tion of the pathogens in Fig. 3. A vaccine virus does not multiply
rapidly, so it will not cause any diseases. Weakened or live vaccines
are advantageous as they are responsible for providing lifelong
immunity. The virus can be inactivated by killing via treatment
with chemicals [116]. Generally, formalin, glutaraldehyde, phenol,
and propiolactone are used to inactivate pathogens. The killing can
inactivate the virus so that it is incapable of multiplying and causing
disease in the human body. Different vaccines such as hepatitis A,
polio, influenza, and rabies are prepared by applying this technol-
ogy. Hypochlorous acid is produced in vivo by activated phagocytes
and is a potent oxidant. It is antibacterial in nature and targets
proteins [117]. It has a very high redox potential and destroys
bacteria by stealing electrons from it. Hakim et al. [ 118 ] mentioned
that slightly acidic hypochlorous acid water (SAHW) inactivates
bacterial cells below 2.6 log;o CFU/ml in the exposure of 5 s. A
high concentration of hypochlorous acid is present in SAHW,
which is a chlorine-based solution. Hypochlorous acid has a low
molecular weight and is uncharged so it can easily enter into the cell
wall. It reacts highly in both oxidative reactions as well as substitu-
tive reactions [119]. It has the potential to denature the essential
components of the cells like DNA, RNA, mitochondria, and
enzymes. Chiang et al. [120] reported that hypochlorous acid
could be used to enhance the immunogenicity of dendritic cells
by inducing primary necrosis in tumor cells.

Radiation sterilization is one of the techniques that are used to
develop different types of vaccines [121]. It can significantly
remove chemical contaminants and destroy nucleic acids through
penetration without damaging the antigens on the surface of the
pathogen. The development of a pneumococcal vaccine that is cost-
effective and serotype independent is a global challenge. Gamma
irradiations can be used to sterilize many biological products [122]
and thus probably it can be used as an inactivation technique to
generate a whole-cell vaccine. Chen et al. [84] reported that
un-encapsulated Streptococcus pnewmoniae strain Rx1 could be inac-
tivated with the help of y irradiations for the development of a
pneumococcal vaccine that is serotype independent and generate B
cells and IL 17 responses. Intranasal vaccination with y-irradiated
Streptococcus pneumoniae whole-cell vaccine provides serotype-
independent protection mediated by B-cells and innate IL-17
responses [123].
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Fig. 3 Demonstration of different techniques for the attenuation of pathogens in whole-cell vaccine

preparation

In consideration with safety and stability of the whole cell, the
vaccine should never cause any disease as it does not constitute any
living components and is more stable than live attenuated vaccines
[81]. However, attenuated vaccines can stimulate cytotoxic T cells
which are applied for the treatment of intracellular pathogens and
cancer. In inactivate vaccines, the pathogens cannot divide, but
some of the components of pathogens are left (polysaccharide
capsules of pneumococcus) which are then recognized by the
immune system and provoke an adaptive immune response
[124]. These vaccines are given in multiple doses as they are not
active, and the immune system does not require a response in the
first dose but usually responds after the second or third dose [125].

5 Conclusion and Prospects

Whole-cell vaccines have been used for 60 years, and these vaccines
are standardized to Opacity Units. It has been suggested that the
potency of whole-cell vaccines should be as per the standards set by
regulating agencies. In the preparation of whole-cell vaccines, many
factors influence the processing of vaccines such as strain selection,
type of culture medium for growth of strains, and inactivation of
the toxin. It is found that whole-cell vaccines are being admini-
strated to infants and toddlers in several countries for long dura-
tions. Researchers have reported the development of whole-cell
vaccines against many infectious agents with examples that include
whooping cough caused by Bordetelln pertussis as part of the
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trivalent vaccine comprising diphtheria—tetanus—pertussis (DTP),
D-glutamate of the bacterial cell wall to control MDR, cholera,
Streptococcus pnewmoniae, malaria, Hepatitis A, polio, influenza,
and rabies. The development of tools and techniques in molecular
biology, bioinformatics, cell biology, and immunology has signifi-
cantly contributed to the development of more potent vaccines.
Thus, by using these techniques (such as epitope prediction, devel-
opment of antimicrobial peptides, and protein engineering), novel
therapeutic proteins may be produced, and these proteins may have
the potential for future use in immunization.
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0-Antigen Extraction, Purification, and Chemical
Conjugation to a Carrier Protein

Francesca Micoli, Carlo Giannelli, and Roberta Di Benedetto

Abstract

A variety of bacterial infections have been tackled by glycoconjugates over the recent years, and more
vaccines are either under development at preclinical level or in clinical trials. So far, licensed glycoconjugate
vaccines have made use of capsular polysaccharides or derived fragments. Today, many glycoconjugates are
making use of other classes of sugars, in particular, the O-antigen portion of lipopolysaccharide molecules.
Here, we report a simplified method for O-antigen extraction and purification that avoids the step of
lipopolysaccharide isolation. Also, a selective chemistry for terminal linkage of O-antigen chains to a carrier
protein is described, together with analytical methods for intermediates and final conjugate
characterization.

Key words O-antigen, Polysaccharide, Glycoconjugation, Vaccine, Purification, Salmonelin

1 Introduction

Surface polysaccharides from bacteria have been used for many
years in vaccine applications, being both essential virulence factors
and targets for protective antibodies. Covalent conjugation to an
appropriate carrier protein was discovered to be an important
means to increase the immunogenicity of polysaccharides
[1, 2]. Glycoconjugates provide T cell-dependent immunogenicity
against the saccharide hapten. With the involvement of T cells,
immunological memory is invoked, and affinity maturation and
isotype switching occur. Differently from polysaccharides, glyco-
conjugate vaccines are effective in young infants [ 3, 4].

Licensed glycoconjugate vaccines are produced by chemical
conjugation of capsular polysaccharides to prevent meningitis
caused by meningococcus, pneumococcus and Haemophilus influ-
enzae type b. However, other classes of carbohydrates, including
the O-antigen portion of lipopolysaccharide (LPS) molecules in
gram-negative bacteria, represent attractive targets for glycoconju-
gates. O-antigen-based conjugate vaccines have been proposed for
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many human pathogens including Salmonelia [5], Shigella species
[6], Vibrio cholerae 7], and Escherichia coli [8].

Lipopolysaccharide (LPS) is the major component of the sur-
face of most gram-negative bacteria. It is constituted by a polysac-
charide chain of repeating units, the O-antigen, linked to a core
region containing 10-12 sugar units, that, in turn, is covalently
bound to lipid A through the 2-keto-3-deoxyoctonate (KDO).
Lipid A is highly conserved and exerts endotoxic activity, while
the O-antigen chain differs between serovars and is a major con-
tributor to the serological specificity of bacteria.

In most published protocols for producing O-antigen-based
vaccines, O-antigen purification is carried out after LPS extraction
and hydrolysis. Traditional methods for O-antigen extraction
involve sedimentation of the bacteria, inactivation of the culture
by formalin fixation, hot phenol extraction of the LPS [9], and
treatment of the extracted LPS with acetic acid or anhydrous
hydrazine [10] for LPS hydrolysis prior to O-antigen purification,
usually performed by treatments with enzymes and size-exclusion
chromatography to remove contaminants such as proteins and
nucleic acids. The traditional process for O-antigen isolation and
purification overall is complex and time consuming and involves
manipulation of large volumes of hazardous phenol and toxic
intermediate LPS.

Here, we describe a simplified method for O-antigen isolation,
which employs acetic acid hydrolysis taking place directly in the
bacterial culture, avoiding operator exposure to pathogenic bacte-
ria. This treatment cleaves the labile linkage between KDO, at the
proximal end of the core oligosaccharide, and lipid A, releasing the
O-antigen chain attached to the core sugars (Fig. 1). The hydro-
lyzed O-antigen chain and core sugars are indicated here as OAg for
simplicity. We also describe the steps for OAg purification. The
process described has been built based on the structural character-
istics of Salmonellan OAg [11] and can be generally applied to OAg
with neutral sugar chains. The extraction procedure is general and
applicable to any LPS.

We also describe a conjugation protocol for linkage of the OAg
to an appropriate carrier protein, based on the sequential insertion
of adipic acid dihydrazide (ADH) and adipic acid bis(N-hydroxy
succinimide) ester (SIDEA) as linkers, using the terminus KDO,
thus leaving the repeating units of the O-antigen chain unmodified
[12-14]. This protocol is generic and independent from O-antigen
chain structural features. The complete panel of analytical methods
for purified OAg, conjugate and intermediates characterization is
also described.



O-Antigen Purification and Conjugation 269
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Fig. 1 0-antigen isolation through mild acetic acid hydrolysis: the labile linkage
between KDO, at the proximal end of the core, and lipid A is cleaved releasing
the 0-antigen chain attached to the core sugars

2 Materials

2.1 0Ag purification

Prepare all solutions using ultrapure water (grade 1, >18 MQ-cm at
25 °C; prepared by purifying deionized water) and analytical grade
reagents. Prepare and store all reagents at room temperature (RT),
filter all the solutions using a 0.22 pm filtration system (e.g., Merck
Stericup), unless otherwise indicated.

1. NaCl 1 M: Add about 900 mL water in a 1 L graduated
cylinder equipped with a magnetic stir bar. Weigh 58.44 ¢
NaCl and transfer into the cylinder. Mix on a magnetic stirrer
(see Note 1) until all the powder is dissolved. Add water up to
1 L total volume and mix again.

2. Citrate buffer 200 mM pH 2.7 (see Note 2): Weigh 289 g
citric acid monohydrate and 13.3 g sodium citrate monobasic
and transfer into a cylinder filled with about 900 mL water. Mix
until the powder is completely dissolved; adjust the pH if
needed (see Note 3) and add water up to 1 L total volume.

3. Citrate buffer 20 mM pH 3: Weigh 2.3 g citric acid monohy-
drate and 1.9 g sodium citrate monobasic and prepare a 1 L
buffer solution, as described in item 2.
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4. Citrate buffer 20 mM pH 3, NaCl 1 M: Weigh 2.3 g citric acid
monohydrate, 1.9 g sodium citrate monobasic and 58.44 g
NaCl and prepare a 1 L bufter solution, as described in item 2.

5. Sodium phosphate monobasic (NaH,PO4) 500 mM: Weigh
60 g NaH,PO, and prepare a 1 L solution.

6. Calcium chloride (CaCl,) 5 M: Weigh 554.9 g CaCl, and
prepare a 1 L solution.

7. Tangential flow filtration (TFF) 30 KDa Sartorius Hydrosart
200 cm? membrane (stabilized cellulose-based membrane).

8. Sartobind S MA75 filter (housing polysulfone membrane
matrix stabilized cellulose, nominal pore size >3 pm strong
cation exchanger, membrane area 75 cm?).

2.2 0Ag Conjugation 1. Acetate buffer 100 mM pH 4.5: Withdraw 3.4 mL acetic acid

to Carrier Protein and 3.3 g sodium acetate (AcONa) and prepare a 1 L buffer
and Conjugate solution, as described in Subheading 2.1, item 2.
Purification 2. Citrate buffer 100 mM pH 3: Weigh 11.1 g citric acid mono-

hydrate and 10 g sodium citrate monobasic and prepare a 1 L
buffer solution, as described in Subheading 2.1, item 2.

3. Phosphate buffer 100 mM pH 7.2: Weigh 3.2 g NaH,PO,4 and
10.4 g sodium phosphate dibasic (Na,HPOy,) and prepare a
1 L bufter solution, as described in Subheading 2.1, item 2.

4. Phosphate buffer 50 mM pH 7.2, NaCl 150 mM: Weigh 1.8 g
NaH,P04, 4.9 g Na,HPO,, and 8.8 g NaCl and prepare a1 L
buffer solution, as described in Subheading 2.1, item 2.

5. 16/90 cm Sephacryl S-300 HR column.

2.3 Analytical 1. HiTrap desalting column, 5 mL, prepacked with Sephadex
Methods G-25 Superfine (GE Healthcare).

2. Phenol sulfuric colorimetric method.
(a) 5% Phenol solution.

e Weigh on technical balance a 100 mL glass bottle with
its screw cap and set it as tare.

e Under chemical hood transfer some phenol in the
bottle and close it.

e Weigh on the technical balance (tared with the empty
bottle and cap) the amount of phenol transferred in the
bottle.

¢ Repeat operations described in the previous sections in
order to reach a quantity close to 5 g.

e Calculate the quantity of water needed to obtain a 5%
(w/v) phenol solution using the following formula:

Water to add (mL) = phenol weight (g) x 20.
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e Under chemical hood add the required quantity of
water using a suitable graduated cylinder and mix the
bottle in order to dissolve the phenol.

(b) 0.5 mg/mL glucose (Glc) solution.

e Weight on analytical balance about 22 mg of Glc
monohydrate, transfer it into a glass bottle.

e Calculate the quantity of water needed to obtain a
0.5 mg/mL Glc solution using the following
formula:

Water to add (mL) = Glc weight (mg) x 1.82.

e Add the required quantity of water using a suitable
graduated cylinder and mix the bottle in order to
dissolve Glc.

3. High-performance anion exchange chromatography coupled
with pulsed amperometric detection (HPAEC-PAD).

(a) Rhamnose (Rha), galactose (Gal), glucose (Glc), mannose
(Man) sugars mix (neutral sugar) standard solution
11.25 pg/mL each.

e In different 2 mL vials, weigh accurately about 9 mg of
each standard and dissolve them in a suitable amount of
water added by weighting on balance, in order to
obtain solutions at 4.5 mg/mL. To calculate the
amount of water and sugar to be added to each vial
use the following formulas:

no hydrated sugar MW
hydrated sugar MW

pg sugar = weight pg x purity% X

(see Note 4).
(If the sugar is not in the hydrated form the last
ratio present in the formula is equal to 1)

pg sugar

pL water = 45

e Weigh an empty 500 mL glass bottle on the technical balance
and transfer 1 mL of each sugar solution prepared in previous
section; then add water up to achieve a total weight of 400 g in
order to obtain a solution with a concentration of 11.25 pg/mL
for each standard.

(b) N-acetylglucosamine (GlcNAc) standard solution 11.25 pg/
mL.

e Ina2 mL vial weigh about 9 mg of GIcNAc and dissolve it
in a suitable amount of water added by weighting on
balance, in order to obtain a solution at 4.5 mg/mL. To
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calculate the amount of water and sugar to be added, use
the following formulas:

pg sugar = weight pg x purity% X

no hydrated sugar MW
hydrated sugar MW

(see Note 4)
(If the sugar is not in the hydrated form, the last ratio present in
the formula is equal to 1)

pg sugar

pL water = 15

e Weigh an empty 500 mL glass bottle on the technical balance
and transfer 1 mL of the sugar solution prepared in previous
section; then add water up to achieve a total weight of 400 g in
order to obtain a solution with a concentration of 11.25 pg/mL
for GlcNAc.

(¢) Thermo Dionex CarboPac PA10 column (4 x 250 mm) cou-
pled with a PA10 guard column (4 x 50 mm).

(d) TFA 8 M solution.

e Under chemical hood, with the glass cylinder, measure
30 mL of TFA and transfer it into the glass bottle.

e With a pipette, add in the bottle 20.5 mL of water and
gently mix.
(¢) TFA 4 M solution.
¢ Dilute 10 mL of TFA 8 M adding 10 mL of water.

(f) Eluents.
¢ Sodium hydroxide (NaOH) 50 mM.

Fill the eluent bottle with 2 L of water using the volu-
metric flask.

Degas for 15 min by bubbling Helium.

With a pipette, add 5.2 mL of NaOH 50% (Baker, cod.
7067) to the bottle.

Degas for 10 min more.

e NaOH 500 mM.

Fill the eluent bottle with 2 L of water using the volu-
metric flask.

With a pipette, remove 26 mL of water from the bottle.
Degas for 15 min by bubbling Helium.
With a pipette, add 26 mL of NaOH 50% to the bottle.

Degas for 10 min more.
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e Sodium acetate (AcONa) 1 M NaOH 100 mM.
— Degas 1.5 L of water for 15 min by bubbling Helium.

— Add, directly in the AcONa container, about 500 mL of
degassed water and dissolve the whole content of
AcONa (Thermo Dionex, cod. 059326). Transter the
solution in the 1 L volumetric flask.

— Wash twice the AcONa bottle with about 100 mL more
of degassed water and add the solution to the 1 L
volumetric flask.

— Fill the 1 L volumetric flask with degassed water, up to
1 L of volume for the AcONa solution.

— Place a 0.22 pm vacuum-cup filter on an empty eluent
2 L bottle, connect it to the vacuum system and filter
the prepared 1 L solution.

— Degas the solution for 10 min by bubbling Helium.

— With a pipette, add 5.2 mL of NaOH 50% to the bottle.

— Degas with Helium for 10 min more.

4. Micro BCA.

(a) Thermo micro BCA Protein Assay kit (BSA calibration
curve range: 5-20 pg/mL).

5. Charles River Endosafe-PTS instrument cartridges for chro-
mogenic kinetic LAL (Limulus amoebocyte lysate).

6. Size-exclusion high-performance liquid chromatography
(HPLC-SEC).

(a) Tosoh TSK gel G3000 PWXL column (30 cm x 7.8 mm;
cod. 808021) with a Tosoh TSK gel PWXL guard column
(4.0 cm x 6.0 mm; cod. 808033).

(b) Tosoh TSK gel 6000 PW column (30 cm x 7.5 mm; cod.
805765) connected in series with a Tosoh TSK gel 5000
PW column (30 cm x 7.5 mm; cod. 805764 ) with Tosoh
TSK gel PWH guard column (7.5 cm x 7.5 mm; cod.
806732).

(¢) 0.1 M NaCl, 0.1 M NaH,POy,, 5% ACN, pH 7.2.
e Weigh 5.85 g of NaCl and put the powder inside the
1 L glass graduated cylinder.
e Weigh 3.22 g of NaH,POy4 and put the powder inside
the 1 L glass graduated cylinder.
e Weigh 10.37 g of Na,HPO, and put the powder inside
the 1 L glass graduated cylinder.

e Add water up to 850 mL in the 1 L graduated cylinder.
Put a magnetic stir bar inside the cylinder and solubi-
lize the powder placing the cylinder on a magnetic
stirrer.
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e Measure, in a 50 mL graduated cylinder, 50 mL of
acetonitrile (ACN) and add them in the 1 L cylinder
with buffer solution.

e Add water to bring the total volume to 1 L.

e Leave the cylinder on the stirrer until the solution is
completely homogeneous.

e Measure the pH with the electrode (7.20 £ 0.06).

e Filter by vacuum the solution with a 0.22 pm filter.

(d) A-DNA Molecular Weight Marker III 0.12-21.2 kb
(Roche; cod. 10528552001): dilute it 20x with HPLC
eluent before injection.

(e) Sodium azide (NaN3) solution (200 mg/L solution).

(f) Semicarbazide solution (100 mg semicarbazide hydro-
chloride + 90.5 mg of AcONa anhydrous in 10 mL of
water).

(g) 3-Deoxy-D-manno-oct-2-ulosonic acid (KDO) ammo-
nium salt 40 pg/mL solution (the concentration value is
referred to ammonium salt).

7. Nuclear magnetic resonance (NMR) spectroscopy.
(a) Sodium deuteroxide (NaOD 4 M).

e Weigh on the balance about 160 mg of NaOH and
transfer in a tube.

e Add the quantity of deuterium hydroxide (D,O)
needed to achieve 4 M solution:

mg NaOH

KL D20 =275

x 1000

¢ Close the tube and mix with vortex mixer. Keep the
tube closed until use in order to limit NaOH
carbonation.

8. 2,4 ,6-trinitrobenzene sulfonate (TNBS) colorimetric method.

(a) Sodium hydrogen carbonate 4% solution (1 g sodium
hydrogen carbonate dissolved in 25 mL of water).

(b) TNBS 0.1% solution (50 pL of TNBS 1 M solution in
14.6 mL of water).

(c) Adipic acid dihydrazide (ADH) 600 nmol/mL in water.

(d) ADH 100 nmol/mL in water (500 pL of ADH
600 nmol/mL diluted with 2500 pL of water).

9. Reversed-phase high-performance liquid chromatography
(RP-HPLC).

(a) Kinetex C18 column (Phenomenex, 2.6 mm 100A
15,064.6 mm, cod. 00F-4462-EO0).
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(b) Pyrene butyric acid (PBA) 2.5 mM.
e Weigh about 7.21 mg of PBA and transfer it in a tube.

¢ Calculate the volume of dimethyl sulfoxide (DMSO)
required to dissolve PBA with the following equation:
mL of DMSO = PBA weight (mg)/0.721.

(Where 0.721 = 2.5 mM x 288.34 (PBA MW)/
1000)

Add the calculated volume of DMSO into the
tube to dissolve PBA.

e Remark: measure DMSO volume only with pipettes
equipped with polypropylene tips.

(c) Pyridine 20% solution in DMSO (mix in a tube
0.348 mL of pyridine and 1.39 mL of DMSO).

e Remark: measure DMSO and pyridine volumes only
with pipettes equipped with polypropylene tips.

(d) Adipic acid dihydrazide (ADH) 10 mg/mL standard
solution (150 mg of ADH dissolved in 15 mL of water).

(e) ADH 50 pg/mL standard solution (dilute 100 pL of
ADH 10 mg/mL standard solution by adding 19.9 mL
of water).

(f) ADH 2 pg/mL standard solution (dilute 1000 pL of
ADH 50 pg/mL standard solution by adding 24.0 mL
water).

(g) 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) 2 M solution in water.

e Weigh 668 mg of EDC, transfer it in a 15 mL tube,
and store the tube at —20 °C. When the EDC solu-
tion will be needed to derivatize the samples add
1742 pL of water and dissolve by vortexing to obtain
the solution.

¢ Remark: EDC powder must be dissolved immediately
before its use.
(h) 65% ACN solution (add 26 mL of ACN to 14 mL of
water).
10. Free saccharide analysis.
(a) Deoxycholate sodium salt 1% solution.

e Weigh 1000 + 25 mg of deoxycholate sodium salt and
transfer the powder in a 250 mL glass bottle.

e With the graduated cylinder add to the bottle a total
amount of 100 mL of water.

e DPlace in the bottle the magnetic stirring bar and

homogenize all the content by mixing on a magnetic
stirrer.
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3 Methods

3.1 0Ag Extraction
and Purification

OAg extraction is performed directly on intact bacteria avoiding the
step of LPS extraction, hydrolyzing the OAg from the lipid A while
still attached to the bacterial membrane. The O-antigen chain plus
the core is released in solution, while the lipid A remains attached to
the bacterial membrane and pelleted by centrifugation. Here we
report the extraction, purification (Scheme 1), and analytical char-
acterization of S. paratyphi A OAg, as an example (Fig. 2). The
same procedure has been applied to OAg from S. #yphimurium,
S. enteritidis, and Shigella flexneri strains and can be applied with
modifications, for what concerns the purification steps, to OAg
from other strains.

1. Add acetic acid to the bacterial culture at a final concentration
of 1-2% (v/v), check the pH is in the range of 3.5-4.7, and
incubate at 100 °C for 6 h (see Note 5).

2. At the end of hydrolysis, add 28% NH4OH, under chemical
hood or directly in the bioreactor, based on the scale used, to
increase the pH to around 6 and collect the supernatant by
centrifugation. Indicate this solution as “post-hydrolysis
supernatant.”

3. Concentrate the “post hydrolysis supernatant” (see Note 6)
five- to tenfold by Tangential Flow Filtration (TFF) with a
30-kDa molecular weight cut-off (MWCO), 200-cm? Hydro-
sart membrane. After concentration, perform diafiltration
against 20 diavolumes of 1 M NaCl and another 10 diavolumes
of water (see Note 7). Collect the retentate and indicate this
solution as “TFF-1 retentate.”

e Remark: membrane with a different molecular weight
cut-off could be used according to the OAg size.

4. Add citrate buffer 200 mM pH 2.7 with continuous stirring to
the “TFF-1 retentate” to have a final citrate concentration of
20 mM. Check that pH of the OAg solution is around 3. Mix at
RT for 30 + 5 min. After this time, collect the supernatant after
centrifugation (12,000 RCF at 15 °C for 30 min) (se¢ Note 8).
Indicate this solution as “post-pH 3” (see Note 9).

5. To “post-pH 3” (se¢e Note 10) add, while stirring at RT,
500 mM Na,HPO,, absolute ethanol (EtOH), and 5 M
CaCl, to give 18 mM NaH,POy, 24% EtOH, (v/v), and
200 mM CaCl, concentrations in the final mixture. Perform
this addition within a chemical hood. Mix at room temperature
for 30 £ 5 min. After this time, collect the supernatant after
centrifugation (12,000 RCF at 15 °C for 30 min) (se¢ Note
11). Indicate this solution as “post-EtOH /CaCl,.”
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Scheme 1 Flowchart of 0-antigen purification process starting from the biomass
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OAg repeating unit core region

Fig. 2 Structure of S. paratyphi A 0-antigen chain linked to the core region, after acetic acid hydrolysis

6. Concentrate the “post-EtOH /CaCl,” tenfold using TFF with
a 30-kDa molecular weight cut-off (MWCO), 200-cm?
Hydrosart membrane. After concentration, perform diafiltra-
tion against 10 diavolumes of water (se¢ Note 7). Collect the
retentate and indicate this solution as “TFF-2 retentate.”

7. Filter “TFF-2 retentate” through a 0.22 pm PES Nalgene
filter, indicate the solution as “post 0.22 pm” and store at 4 °C.
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8. Characterize “post 0.22 pm” and all the intermediates by (see
Note 12):

(a) Phenol sulfuric acid assay [15] for quantifying total sugar
content and HPAEC-PAD analysis for sugar composition,
content and yields of purification steps.

(b) Calculate average molecular weight distribution based on
the molar ratio of Rha to GIcNAc, considering that Rha is
present per each OAg chain repeating unit and that
GlcNAc is a unique sugar of the core region (see Note 13).

(c) HPLC-SEC for molecular size distribution.

(d) micro-BCA for protein content. Express it as ratio per-
centage relative to sugar content (wW/w).

(e) Nucleic acids analysis by UV spectroscopy at wavelength
260 nm, assuming that a nucleic acid concentration of
50 pg/mL gives an OD260 of 1. Express it as a ratio
percentage relative to sugar content (w,/w).

9. Characterize “post 0.22 pm” also by:
(a) 'H NMR for OAg identity and O-acetyl content.
(b) Semicarbazide assay for KDO quantification (see Note
14).

(c) 2,4,6-trinitrobenzene sulfonate (TNBS) colorimetric
method for NH2 groups concentration [16].

e Express it as a molar ratio % NH, groups to GlcNAc.

NH, groups can be present in OAg samples as pyro-

phosphoethanolamine residues in the core region [13].

(d) Chromogenic kinetic LAL (Limulus amoebocyte lysate)
to measure endotoxin level.

3.2 0Ag Conjugation = Conjugation is performed by OAg activation at the terminus KDO

to Carrier Protein with ADH through its ketone group by reductive amination, fol-
and Conjugate lowed by reaction of OAg-ADH with SIDEA and conjugation with
Purification CRM ;. Here the conjugation of S. paratyphi OAg is reported as

an example (Scheme 2). The same method can be applied to OAg
from other strains.

3.2.1 0Ag Derivatization 1. Dry the desired amount of “post 0.22 pm” through rotating
evaporator (se¢ Note 15).

2. Solubilize dried OAg (“post 0.22 pm”) in 100 mM AcONa
pH 4.5 at a concentration of 2040 mg/mL. When OAg is
completely solubilized (se¢e Note 16), add ADH and then
NaBH3CN as solids, both with a ratio 1.2:1 by weight with
respect to the OAg. Perform this operation within a
chemical hood.

3. Mix the solution at 30 °C for 1 h.
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Scheme 2 Conjugation scheme. OAg is derivatized at the terminus KDO with ADH followed by SIDEA linkage
and conjugation to carrier protein

4. Purify the reaction mixture through desalting against water on
a G-25 column and designate the derivatized OAg as “OAg-
ADH.”

5. Characterize “OAg-ADH?” by:

(a) Phenol sulfuric acid assay for quantifying total sugar con-
tent and HPAEC-PAD analysis for sugar composition and
content.

(b) HPLC-SEC for molecular size distribution.

(c) TNBS colorimetric method and free ADH RP-HPLC
analysis for % activation with ADH linker.
e Calculate selective activation of the terminus KDO as
moles of linked ADH per mole of KDO %, indicating
the % of activated OAg chains.

e Correct total NH, groups by subtracting the number
of NH, groups eventually already present in under-
ivatized OAg and the number of free ADH detected
by RP-HPLC.
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6. Dry the “OAg-ADH” through rotating evaporator (se¢ Note
15).

7. Solubilize dried OAg-ADH in water/DMSO 1:9 (v/v) at a
concentration of 50 mg/mL. When the polysaccharide is
completely solubilized, add triethylamine (TEA) (molar ratio
TEA /total NH2 groups = 5) and then SIDEA (molar ratio
SIDEA /total NH2 groups = 12) (se¢e Note 17). Perform this
operation within a chemical hood.

8. Mix the solution at RT for 3 h.

9. Purify the reaction mixture through precipitation with
100 mM citrate buffer pH 3 and EtOH.

(a) Add to the reaction mixture 2x reaction mixture volume
of 100 mM citrate pH 3 and mix at 4 °C for 30 min.
Under these conditions, unreacted SIDEA precipitates
and is discarded after centrifugation (12,000 RCF at
4 °C for 30 min).

(b) Add to the supernatant absolute EtOH to have 80%
EtOH final concentration (v/v). The derivatized OAg
precipitates and is recovered after centrifugation (12,000
RCF at 4 °C for 30 min).

(c) Wash the pellet after centrifugation twice with 1.5
volumes of 100% EtOH with respect to the initial reaction
mixture volume.

11. Lyophilize the pellet and indicate it as “OAg-ADH-SIDEA.”
12. Characterize “OAg-ADH-SIDEA” (see Note 18) by:

(a) Phenol sulfuric acid assay for quantifying total sugar con-
tent and HPAEC-PAD analysis for sugar composition and
content.

(b) HPLC-SEC for molecular size distribution.

(c) Total active esters group quantification by A260,

RP-HPLC for free SIDEA quantification.

e Calculate % of derivatization with SIDEA as molar
ratio of linked active ester groups (subtracting the
moles of free active ester groups quantified by
RP-HPLC) to total NH, groups before derivatization
measured by TNBS. The ratio indicates the % in moles
of NH, groups activated with this reaction.

3.2.2 Conjugation 1. Solubilize “OAg-ADH-SIDEA” in phosphate buffer pH 7.2

to CRM; 4, and Conjugate and add CRM197 to give a protein concentration of 20 mg/

Purification mL and a molar ratio of active ester groups to CRM197 of
30 to 1.

2. Mix the reaction at RT for 2 h.
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3. Analyze the conjugation mixture by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and HPLC-
SEC to verify conjugate formation, comparing it with free
protein and free saccharide (Fig. 3).

. Purify the conjugate by size exclusion chromatography on

16/90 cm Sephacryl S-300 HR column eluting at 0.5 mL/
min in 50 mM phosphate buffer, 150 mM NaCl, pH 7.2 (see
Note 19).

. Characterize the conjugate by:

(a) micro-BCA for total protein content.

(b) Phenol sulfuric acid assay for quantifying total sugar con-
tent and HPAEC-PAD analysis for sugar composition and
content.

) OAg to protein w/w ratio.
(d) HPLC-SEC for molecular size distribution.
) 'H NMR for OAg identity and O-acetyl content.

(f) Free saccharide analysis (see Note 20).
¢ Conjugate precipitation with deoxycholate for separa-
tion from free saccharide.

e Quantification of free saccharide (e.g., through
HPAEC-PAD).

. Phenol sulfuric assay [15].

(a) Calibration curve preparation.
e Using water, prepare in labeled tubes, in duplicate, the
dilutions of the Glc standard solution (0.5 mg,/mL), as
indicated in Table 1.

e Label each tube with the corresponding standard
concentration.

(b) Sample preparation.

e Ensure that sample concentration is in the range of the
calibration curve. If not, dilute it with water (mix sam-
ples before dilution in order to homogenize the vial
content).

e Put 200 pL of each sample dilution in a tube. Label
each tube with the corresponding sample name. Each
sample is analyzed in duplicate.

(c) Sample/Standard treatment.
e Dut the standard and sample tubes in a suitable rack
which must remain within a chemical hood for all the
following procedure.
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Fig. 3 (a) SDS-PAGE analysis of conjugation mixture in comparison to unconjugated carrier protein: lane 1:
marker, lane 2: CRM, g7 (2 pg loaded), lane 3: Shigella flexneri 6 OAg-ADH-SIDEA-CRM; 47 (10 pg loaded). (b)
HPLC-SEC profiles (fluorescence emission detection) of Shigella flexneri 6 OAg-ADH-SIDEA-CRMyq7 (100 pg/
mL in protein) in comparison to free CRM4q7 (100 pg/mL) and free OAg. 80 pL of each sample was run on
Tosoh TSK gel 6000 + 5000 PW columns; eluent 0.1 M NaCl, 0.1 M NaH,PO,4, 5% ACN, pH 7.2; flow rate
0.5 mL/min. Free 0Ag is not detected by fluorescence emission

Table 1
Dilutions for preparing the Glc calibration curve for phenol sulfuric assay

Std conc. (ng/mL) Glc 0.5 mg/mL (pL) Water (pL)
0 0 200
62.5 25 175
125 50 150
187.5 75 125
250 100 100

e To each tube containing standards or samples add
200 pL of 5% phenol solution using the automatic
pipette equipped with a 10 mL disposable Combitips
syringe.

e Vortex each tube for few seconds.

e To each tube containing standards and samples, add
1 mL of sulfuric acid using the automatic pipette
equipped with a disposable 25 mL Combitips syringe
(avoid using normal pipettes because the sulfuric acid
vapor will damage their pistons) (sec Note 21).
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Dilutions for preparing the neutral sugars calibration curve for HPAEC-PAD analysis

11.25 pg/mL

pg/mL (each sugar) standards solution (pL) Water (pL)
0 0 450

0.5 20 430

1.0 40 410

2.5 100 350

5.0 200 250

7.5 300 150

10 400 50

92

o Neutral sugar standard at 5 pg/mL

GlcNAc

102 OAg sample
75
50

25

0

-15

min

688 800

T 900

Tq000 0 1100 1200 1300 14,00 14,64

Fig. 4 HPAEC-PAD profile of S. paratyphi A OAg sample compared to the monosaccharide standards

Wait 10 min keeping tubes at RT within a
chemical hood.

Vortex each tube for few seconds.

Wait 30 min keeping tubes at RT within a
chemical hood.

Start the analyses with instrument set as reported
below:

— Spectrophotometer wavelength set at 490 nm and
the lamp turned on at least 1 h prior of readings to
warm up.
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Table 3
Dilutions for preparing the GlcNAc calibration curve for HPAEG-PAD analysis

11.25 pg/mL

pg/mL (GlcNAc) standards solution (L) Water (pL)
0 0 450

0.5 20 430

1.0 40 410

2.5 100 350

5.0 200 250

7.5 300 150

10 400 50

¢ Read each tube UV ABS, using as blank for the spec-
trophotometer the 0 pg/mL standard.

e Calculate a linear regression between concentration
and ABS for the standards and calculate on it the total
sugar concentration of the samples.

2. HPAEC-PAD for neutral sugars quantification: Rha, Gal, Glc
and Man, sugars of the OAg chain repeating unit, and GlcNAc,
present as a unique sugar in the core region, are estimated by
HPAEC-PAD after acid hydrolysis of unconjugated or conju-
gated OAg samples to release the monosaccharides. Commer-
cial monomer sugars are used for building the calibration
curves (see Note 22).

Paratose (Par), the other monosaccharide present in
S. parvatyphi A OAg chain, could not be determined by this
method as no commercially available standard exists, therefore
the presence and amount of Par is determined by '"H NMR.

(a) Calibration curve standard solutions.
e In 2 mL screw cap vials, prepare in duplicate the dilutions
starting from the 11.25 pg/mL neutral sugar standard mix,
as indicated in Table 2:
(b) Sample preparation.

¢ Dilute the sample with water to a suitable concentration to
fit the calibration curve.

e Prepare three (in triplicate) 2 mL screw cap vials containing
450 pL of the diluted sample.

(c) Sample/standard treatment.
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To each vial containing standards or samples add 150 pL
TFA 8 M (final concentration 2 M) (see Note 23), close
them and vortex each vial for few seconds.

Place all the vials in a rigid cardboard rack and incubate in a
preheated oven at 100 °C for 4 h.

After this time, allow all the tubes to cool at 2-8 °C for
30 min.

Remove the caps and dry the samples/standards overnight

in centrifugal evaporator at RT in order to remove sol-
vent/TFA.

Redissolve the content of each vial adding 450 pL of water
and vortex accurately for few seconds.

Filter the content of each vial in the sampler polypropylene
vials using 0.45 nylon syringe (4 mm) filters.

(d) Analysis setting for Thermo Dionex ICS series instrument.

Column System: Dionex CarboPac PA10 guard—Carbo-
Pac PA10 columns connected in series.

Column/detector compartment: 35 °C.
Autosampler compartment: 10 °C.

Electrochemical detector equipped with gold working elec-
trode, potential sets with standard carbohydrate waveform.

Chromatographic conditions:
— Sample injection volume: 25 pL, full loop mode.
— Run time: 50 min.
— Flow rate: 1 mL/min.
— FEluent program:
20 min, NaOH 18 mM (36% of eluent NaOH 50 mM)

10 min NaOH 28 mM, AcONa 100 mM (36% NaOH
50 mM; 10% AcONa 1 M with NaOH 100 mM).

20 min NaOH 18 mM (36% of eluent NaOH 50 mM).

— Remark: after the last chromatographic analysis is com-
pleted, store the column in 18 mM NaOH solution.

Per each sugar standard calculate a linear regression
between concentration and the peak area and calculate on

it the concentration of each sugar monomer in the samples
(Fig. 4).

3. HPAEC-PAD for GlcNAc (see Note 22).
(a) Calibration curve standard solutions.
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In 2 mL screw cap vials, prepare in duplicate the dilu-
tions starting from the 11.25 pg/mL GlcNAc standard
(Table 3):

Sample preparation.

Dilute the sample with water to a suitable concentra-
tion to fit the calibration curve.

Prepare three (in triplicate) 2 mL screw cap vials con-
taining 450 pL of the diluted sample.

Sample /standard treatment.

To each vial containing standards and samples add
150 pLL TFA 4 M (final concentration 1 M) (see
Note 23), close them and vortex each vial for few
seconds.

Place all the vials in a rigid cardboard rack and incu-
bate in a preheated oven at 100 °C for 6 h.

Allow all the tubes to cool at 2-8 °C for 30 min.

Remove the caps and dry the samples/standards over-
night in centrifugal evaporator at RT in order to
remove solvent/TFA.

Redissolve the content of each vial adding 450 pL of
water and vortex accurately for few seconds.

Filter the content of each vial in the sampler polypro-
pylene vials using 0.45 nylon syringe (4 mm) filters.

Analysis  setting for Thermo Dionex ICS series
instrument.

Column System: Dionex CarboPac PA10 guard—
CarboPac PA10 columns connected in series.

Column/detector compartment: 35 °C.
Autosampler compartment: 10 °C.

Electrochemical detector equipped with gold work-
ing electrode, potential sets with standard carbohy-
drate waveform.

Chromatographic conditions:

— Sample injection volume: 25 pL, full loop mode.
— Run time: 50 min.

— Flow rate: 1 mL/min.

— Eluent program:

Gradient from NaOH 10 mM to 18 mM in 20 min
(from 20% to 36% of NaOH 50 mM ecluent).
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10 min NaOH 28 mM, AcONa 100 mM (36%
NaOH 50 mM; 10% AcONa 1 M with
NaOH 100 mM).

20 min NaOH 10 mM (20% of eluent NaOH
50 mM).

— Remark: after the last chromatographic analysis is
completed, store the column in 18 mM NaOH
solution.

¢ Calculate a linear regression for GIcNAc standard
between concentration and the peak area and calcu-
late on it the concentration of the GlcNAc in the
samples.

4. HPLC-SEC.

HPLC-SEC analysis is used to estimate the molecular size
distribution of OAg samples. Samples are run, without any pre-
treatment, diluted with water at 100-200 pg/mL OAg
concentration.

1. System setting.

(a) Column System: TSK gel G3000 PWXL column with a
TSK gel PWXL guard column.

(b) Calculate void and bed volume calibration injecting
A-DNA and NaN3, respectively. For Kd determination,
the following equation was used: Kd = (1. — Ty)/
(T; — Ty) where: T, = elution time of the analyte, T = elu-
tion time of the biggest fragment of A-DNA and T; = elu-
tion time of NaN3.

(¢) Column compartment: 30 °C.
(d) Autosampler compartment: 4 °C.

(e) Detector: OAg peaks by differential refractive index
(dRI). UV detection at 214 and 260 nm for following
impurity reduction during the purification steps.

2. Chromatographic conditions:

(a) Mobile phase: 0.1 M NaCl, 0.1 M NaH,POy, 5% ACN,
pH 7.2.

(b) Flow rate: 0.5 mL/min.
(¢) Run time: isocratic for 30 min.

(d) Sample injection volume: 80 pL.

(see Note 24)

HPLC-SEC analysis is used to estimate the molecular size
distribution of the glycoconjugate, in comparison with free OAg
and free protein. Samples are run usually diluted in PBS at
50-100 pg/mL protein concentration.



288 Francesca Micoli et al.

Table 4
Dilutions for preparing the KDO calibration curve for semicarbazide/HPLC-SEC method

KDO
pg/mL nmol/mL KDONH, 40 pg/mL (uL) Water (pL)
4 15.7 10 90
8 314 20 80
14 54.9 35 65
20 78.4 50 50
40 156.8 100 0

0079 — OAg-SCA

0065 —— OAg blank

0060 — KDO-SCA

0.055

0.0504

0.045

0.0404

2 0.035;

0.0304

0.025

0.0204

0.0159

0.0104

0.005

0.000

11fsn12f001275013'.00133014ﬁ00143501550015f501670016f5hodjr3;001?.'50183001afso19?0019fsnzofoozufsoz1fuozﬂsozzfoozzfsu
Fig. 5 HPLC-SEC profiles (ABS 252 nm) of 0Ag and KDO standard after derivatization with semicarbazide (SCA)
and of underivatized OAg (blank). Each sample (80 pL) run on a Tosoh TSK gel 3000 PWXL column; eluent
0.1 M NaCl, 0.1 M NaH,P0,, 5% ACN, pH 7.2; flow rate 0.5 mL/min

HPLC-SEC can also be used to estimate the amount of uncon-
jugated protein in conjugate samples.

For example, the area of unreacted CRM;97 can be quantified
with respect to a calibration curve built with CRM 97 samples in the
range 5-50 pg/mL. The percentage of unconjugated CRM g7 is
calculated dividing the amount of free CRM9; detected by HPLC-
SEC by the total amount of protein quantified in the sample by
micro BCA.
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Table 5
Dilutions for preparing the ADH calibration curve for TNBS method

Amino groups (nmol/mL) ADH (nmol/mL) 1013[::':“?'(/1“1'- (L) Water (pL)
0 0 0 500
24 12 60 440
48 24 120 380
96 48 240 260
144 72 360 140
200 100 500 0

Table 6
Dilutions for preparing the ADH calibration curve for free ADH quantification by RP-HPLC

ADH

pg/mL nmol/mL ADH 0.4 pg/mL (L) Water (pL)
0.024 0.14 30 470

0.052 0.30 65 435

0.100 0.57 125 375

0.200 1.15 250 250

0.400 2.30 500 0

Table 7

Detailed chromatographic elution conditions for free ADH quantification by RP-HPLC

Time (min) Flow rate (mL/min) Water (%) ACN (%)
0.0 1 35 65
7.5 1 35 65
7.6 1 5 95
20.0 1 5 95
20.1 1 35 65
50.0 1 35 65

1. System setting.
(a) Column System: TSK gel G6000 PW column connected
in series with a TSK gel G5000 PW column and a TSK gel
PWH guard column.
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Table 8

Dilutions for preparing the SIDEA calibration curve for free SIDEA quantification by RP-HPLC

SIDEA (nmol/mL) SIDEA 15 puM (pL) Water/ACN 50% (L)
2.5 150 750
5.0 300 600
10 600 300
15 900 0
Table 9

Summary of volumes used to prepare sample, spiked sample, and spike solutions for free saccharide
quantification by deoxycholate precipitation

Conjugate solution at 100 pg/mL in NaCl OAg solution 700 ug/ NaCl 0.1 M

Sample 0.1 M (puL) mL (uL) solution (pL)
Conjugate 1440 = 60
Spiked 1440 60 -
conjugate
Spike - 60 1380

(b) Calculate void and bed volume calibration injecting
A-DNA and NaNgj, respectively. For Kd determination,
the following equation is used: Kd = (1. — 1p) /(T — Tp)
where: 1. = elution time of the analyte, T = elution time
of the biggest fragment of A-DNA and 7; = elution time
of NaN3.

(¢) Column compartment: 30 °C.
(d) Autosampler compartment: 4 °C.

(e) Detector: OAg peaks are detected by differential refrac-
tive index (dRI), while UV detection at 214 nm and
280 nm are used for free protein and conjugate detec-
tion. Protein and conjugate peaks are also detected using
tryptophan fluorescence (emission spectrum at 336 nm,
with excitation wavelength at 280 nm).

2. Chromatographic conditions:

(a) Mobile phase: 0.1 M NaCl, 0.1 M NaH,POy, 5% ACN,
pH 7.2.

(b) Flow rate: 0.5 mL/min.
(¢) Run time: isocratic for 30 min.

(d) Sample injection volume: 80 pL.
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Remarks: Perform system equilibration with elution buffer
before starting samples analysis. This equilibration step lasts
70 min if the column system must be equilibrated with a
different eluent; 60 min or more are needed also to warm up
the PDA lamps before the analysis. These steps can be skipped
if the system (HPLC and columns) is already equilibrated with
the buffer and lamps are on. After the last chromatographic
analysis, store the column in 0.02% NaN3.

5. 'H nuclear magnetic resonance (NMR) spectroscopy

(a) Experimental conditions.
e Sample preparation.
— Dry the OAg (unconjugated or conjugated) sample
(2.5 mg total sugar).
e Solubilize dried sample in 650 pL. D,O and transfer
into 5-mm NMR tubes.
System settings.

Acquisition temperature: 25 °C.

Fid acquisition time: 5 s.
— Relaxation delay: 15 s.

— Number of scans: 64.

(b) OAg identity.

NMR analysis on the liquid state is performed to
confirm the identity of the OAg samples by detecting
typical signals of the OAg chain, confirming the presence
of the characteristic sugars [17-19].

(c) OAg O-acetylation level.

A first "H NMR spectrum is recorded to ensure the
absence of impurities at the same chemical shift of the
acetate anion released after de-O-acetylation of the sample
that would interfere with the quantification of the
O-acetyl content. O-acetylation level is quantified by
comparing acetate signal (released after treatment with
NaOD, at 1.91 ppm) and a known signal of the OAg
RU structure (see Note 25).

Record two 1H NMR spectra as described before:

e the first one in D20O.

e the second one after de-O-acetylation adding sodium
deuteroxide (NaOD) to a final 200 mM concentration
(35 pLL. NaOD 4 M directly in the tube after having
recorded the first spectrum) and heat treatment (37 °C
for 2 h for complete de-O-acetylation).
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6.

KDO quantification by semicarbazide /HPLC-SEC method.

OAg samples are analyzed by HPLC-SEC after derivatiza-
tion with semicarbazide to quantify a-ketoacid present at the
reducing end. This reaction is performed as a slight modifica-
tion of the semicarbazide assay for a-ketoacid
determination [20].

(a) Calibration curve standard solution.

e Using water, prepare in labeled tubes, in duplicate, the
dilutions of KDO ammonium salt 40 pg/mL standard
solution as indicated in Table 4.

e Vortex all the standard dilution tubes for few seconds.
(b) Sample preparation.
e Each sample is analyzed in duplicate.

e Label two 1.5 mL Eppendorf tubes with sample name
and two 1.5 mL Eppendorf tubes with sample
name + “blank.”

¢ QGently mix the sample in order to homogenize the
content. Dilute the sample with water to an appropri-
ate concentration (to fit the calibration curve) and with
a pipette transfer 100 pL of the diluted sample in each
labeled Eppendorf tube.
(c) Sample/standard derivatization.

e With the automatic pipette add 100 pL of semicarba-
zide solution to each sample/standard tube. Close the
tubes. Vortex all tubes for few seconds.

e With the automatic pipette add 100 pL of water to each
blank sample tube. Close the tubes. Vortex all tubes for
a few seconds.

e Keep the tubes in a 50 °C preheated bath for 50 min.
 Chill the tubes in a 2-8 °C fridge for 15 min.
e Vortex all the tubes for few seconds.

e Transfer samples, blank samples, and standards in pre-
labeled HPLC vials.

e DPlace the vials in the HPLC autosampler prechilled at
4°C.
(d) Analysis setting.

¢ Column System: PW-XL guard—G3000 PWXL col-
umns connected in series.

e Column compartment: 30 °C.
e Autosampler compartment: 4 °C.

e UV detector acquisition channel: 252 nm ABS.
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¢ Chromatographic conditions:

— Eluent: 0.1 M NaCl, 0.1 M NaH,PO,, 5% ACN,
pH 7.2 (isocratic conditions).

— Flow rate: 0.5 mL/min.
— Run time: 35 min.

— Sample injection volume: 80 pL.

Remark: Perform system equilibration with elution
buffer before starting the analysis. This equilibration step
lasts 70 min if the column system must be equilibrated
with a different eluent; 60 min or more are needed also
to warm up the PDA lamps before the analysis. These
steps can be skipped if the system (HPLC and columns)
is already equilibrated with the buffer and lamps are
on. After the last chromatographic analysis is completed,
store the system in NaN3 0.02% preservative solution.

¢ Quantification of reactive carbonyl groups (nmol/
mL) in the samples.
— Correct the peak area corresponding to OAg in
samples derivatized with semicarbazide by sub-
tracting the area of the corresponding blank.

— Quantify the amount of KDO using the calibration

curve built with the peak areas of derivatized KDO
standard at 252 nm (Fig. 5).

7. Amino Groups Determination by Colorimetric TNBS
Method [16].

(a) Calibration curve standard solutions.
e In 5 mL glass tubes, prepare in duplicate the ADH
dilutions starting from 100 nmol/mlL, as reported in

Table 5.

(b) Sample preparation.
¢ Dilute the sample with water to a suitable concentra-
tion to fit the calibration curve. Prepare two 5 mL
tubes containing 500 pL of the diluted sample.

(c) Sample/standard treatment.
e To each tube containing standards and samples, add
500 pL of sodium hydrogen carbonate 4% solution and
vortex each tube for few seconds.

e To each tube, add then 500 pLL of TNBS 0.1% solution
and vortex each tube for few seconds.

e Cover tubes with aluminum foil and incubate in a
preheated thermostatic bath at 40 °C for 2 h.
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Allow all the tubes to cool at RT for 10 min and then
read each tube UV ABS at 335 nm, using as blank for
the spectrophotometer the 0 nmol/mL standard.

(d) Calculate a linear regression between concentration and

ABS for the standard and calculate on it the sample

amino groups concentration.

8. Free ADH quantification by RP-HPLC [21].
(a) ADH Calibration curve.

Prepare in labeled Eppendorf tubes the dilutions of
ADH 0.4 pg/mL standard solution as indicated in
Table 6.

Sample /standard derivatization.

The derivatization procedure is applied to calibration
curve solutions and to samples.

Per each standard/sample, transfer two 100 pL ali-
quots in different Eppendorf tubes, labeling them
with their content name.

In a 50 mL Falcon tube, add in the following order and
stir after each addition:
— 4.840 pL of PBA solution 2.5 mM.

— 1.210 pL of pyridine 20% solution.
— 1.210 pL of EDC 2 M solution.

This solution must be prepared just before use.

To each 100 pL of solution to be derivatized, add
300 pL of the solution prepared.

Close the Eppendorf tube and incubate at 40 °C for
60 min.

Dry them overnight (at least for 24 h) on centrifugal
evaporator at 60 °C in order to remove DMSO and
Pyridine.

Redissolve each tube content in 400 pL of ACN 65%
solution (the dissolution time is about half an hour)
and vortex.

Centrifuge all Eppendorf tubes for 30 min at
12,000 RCEF in order to remove insoluble salts.

Filter the upper liquid through a 0.2 pm nylon filter
into different HPLC vials labeling them with content
sample name.

System setting:

Column System: HPLC in line filter—C18 column
connected in series.
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e Column compartment: 30 °C.
e Autosampler compartment: 4 °C.

e Fluorimeter detector: excitation wavelength set at
345 nm; emission wavelength acquired at 480 nm
(photomultiplier gain level set at 1) (see Note 26).

¢ Chromatographic conditions:

— Separation performed in isocratic condition: elu-
ent 65% ACN and 35% water (mixture generated
by HPLC pump); after analyte peak elution, col-
umn cleaning step with 95% ACN and 5% water.
Detailed elution conditions are reported in
Table 7.

— Flow rate: 1 mL/min.
— Run time: 50 min.

— Sample injection volume: 100 pL.

(d) Calculate percentage of free NH, groups as molar ratio %
of free NH, groups (see Note 27) divided by total NH,
groups introduced after derivatization with ADH (quan-
tified by TNBS).

9. Total active ester group quantification by A260 [22].

(a) Solubilize OAg-ADH-SIDEA sample in water to a sugar
concentration of 5 mg,/mlL.

(b) Immediately after solubilization, add 250 pL of this solu-
tion to 500 pL of water and measure A260 (as blank).

(c) Add 250 pL of the OAg solution to 500 pL 0.1 M
NH4OH to release the N-hydroxy succinimide groups
and measure the absorption of the N-hydroxy succinimi-
date anion at 260 nm.

(d) Build the calibration curve with 20-200 nmol/mL N-
Hydroxy succinimide.

(e) DPercentage of derivatization with SIDEA is calculated as %
molar ratio of linked active ester groups (subtracting the
moles of free active ester groups quantified by RP-HPLC)
to total NH2 groups before derivatization measured by
TNBS. The ratio indicates the % in moles of NH2 groups
activated as esters.

10. Free SIDEA quantification by RP-HPLC.

(a) SIDEA Calibration curve.
¢ In prelabeled Eppendort tubes, prepare the dilutions
of the SIDEA 15 pM standard solution with Water/
ACN 50% and mix them by vortexing (Table 8).
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Remark: As with the samples, the calibration curve
solutions must also be prepared just prior to the assay.

e Filter the solutions through a 0.2 pm nylon filter into
different HPLC vials labeling them with content
standard name.

(b) Samples preparation.

e Weigh in an Eppendorf tube about 5 mg (total sugar)
of sample and dissolve it in the suitable quantity of
water/ACN 50% in order to obtain a 20 mg/mL
(total sugar) solution.

Water/ACN 50%to be added (mL)
: sample weight (mg) x purity (%)/20.

e For each sample:

— Label one Eppendorf tube with “sample name,” transfer
100 pL of sample and 100 pL of water /ACN 50% performing
a factor 2 dilution.

— Filter the samples through a 0.2 pm nylon filter into different
HPLC vials, labeling them with content sample name.

(c) System setting.

Column System: HPLC in line filter—Kinetex C18 column
connected in series.

Column compartment: 30 °C.

Autosampler compartment: 4 °C.

UV detector: wavelength set at 195 nm.

Chromatographic conditions:

Separation performed in isocratic condition: eluent 50%
ACN and 50% water (mixture generated by
HPLC pump).

Flow rate: 1 mL/min.
Run time: 8 min.
Sample injection volume: 25 pL.

Remarks: After the last chromatographic analysis store
the column in 65% ACN and 35% water.

(d) Calculation of free active ester groups.

Quantify the amount of free SIDEA using the calibration

curve built with the peak areas of SIDEA standard at 195 nm.

Calculate percentage of free active ester groups as molar

ratio % of free ester groups (se¢e Note 28) divided by total
active ester groups (determined by A260 after ammonia
treatment).
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11. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE).

(a)

Sample treatment (both, protein alone, and the conju-
gation mixture).

Use 5-20 pL of the samples with a protein content of
5-10 pg.

Mix the samples with 0.5 M dithiothreitol solution
(1/5 v/v) and NuPAGE LDS sample bufter (1/5 v/
V).

Spin them in the centrifuge in order to draw down all
the volume in the bottom of the tube.

Place the tubes in a 100 °C preheated block heater
and boil the samples for 1 min.

Spin again all samples in the centrifuge in order to
draw down all the volume in the bottom of the tube.

Buffer preparation and system setup.

Use a NuPAGE® Novex 7% Tris-Acetate Gel (see
Note 29).

Dilute 25 mL of Tris-Acetate running buffer 20x
with 475 mL of water in a graduate glass cylinder
and transfer into the middle part of the cell up to
cover the gel wells and more up to 2 cm from the
front bottom of the cell.

Insert the gel in the electrophoresis cell after having
removed the strip present in the bottom of the gel.

Sample loading.

Remove the wells protection from the gel.

Use the first well to load few microliters of an appro-
priate marker.

Place all the samples in the wells noting the
lanes used.

Electrophoresis run.

Close the cell and connect it to the power supply.

Set up the power supply at 200 Vand 45 mA and run
the gel.

Wait until the blue marker of the wells reaches the
bottom of the gel.

Gel Staining.

Open the cell and remove the gel from its holder
using the gel knife.
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12.

e Transfer the gel into the reservoir for staining con-
taining 30 mL of water. Put on the gyro-rocker and
leave it rocking for about 2 min.

e Remove water and add about 30 mL of Bio-Safe
Coomassie (mix the tank before use), being sure to
cover all the gel.

e Leave the gel on the gyro-rocker for about 30 min.

e Remove the stain solution and add 30 mL of water.
Rock the gel until bands are clear.

e Collect a picture of the gel with a camera or scanner.

(f) Data evaluation.
¢ Check conjugate formation by the presence of the
smear pattern typical of a glycoconjugate, in compar-
ison to free protein band (Fig. 3a).

Free saccharide quantification.

The separation of free saccharide from conjugate is
achieved by conjugate coprecipitation with deoxycholate
[23]. Deoxycholate is added as sodium salt to the conjugate
solution containing sodium chloride 0.1 M; then lowering
the pH with HCI, the surfactant becomes insoluble and
coprecipitates with the conjugate. The free saccharide is
then quantified, for example, using HPAEC-PAD preparing
calibration curves in NaCl 0.1 M solution to reproduce sam-
ple matrix (as it affects the detector response).

In parallel to the sample above, a sample spiked with a
known amount of free OAg is assayed each time in order to
verify the procedure (spike recovery needs to be in the range
80-120%)

(a) OAg solution 700 pg/mlL.
¢ Dilute OAg to about 700 pg/mL in NaCl 0.1 M.

(b) Sample solution at 100 pg/mL in NaCl 0.1 M.
e Prepare at least 4 mL of sample solution at about
100 pg/mL of saccharide (dilute it with water).

e Label a 15 mL flacon tube with “Sample name
100 pg/mL NaCl 0.1 M.”

¢ Weight inside the tube 24 4+ 1 mg of sodium chloride.

e Transfer in the tube 4 mL of the sample solution
diluted to 100 pg/mL and mix on vortex to dissolve
all the salt.

(c) Free saccharide separation.
¢ Initial Equipment preparation.
— Switch on the centrifuge and set the temperature
to 4 °C to let it cool.
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(d) Sample/spiked sample/spike preparation.
e Sample.
This solution must undergo deoxycholate precip-
itation described in the following sections.
— Label a 2 mL Eppendorf tube as “Sample.”
— Transfer 1440 pL of “Sample solution at 100 pg/
mL in NaCl 0.1 M” in the tube.
— Add to the tube 60 pL of “NaCl 0.1 M solution”
and homogenize its content by vortexing.
e Spiked sample.
This solution must undergo to deoxycholate pre-
cipitation described in the following sections.
— Label a 2 mL Eppendorf tube as “spiked sample.”
— Transfer 1440 pL of “Sample at 100 pg/mL in
NaCl 0.1 M” in the tube.
— Add to the tube 60 pL of “OAg solution 700 pg/
mL” and homogenize its content by vortexing.
¢ Spike.
This solution does not have to undergo the deox-

ycholate precipitation but will be assayed in HPAEC-
PAD to quantify the OAg spiked quantity.

— Label a 2 mL Eppendorf tube as “Spike.”
— Transfer 1380 pL of NaCl 0.1 M solution in
the tube.

— Add to the tube 60 pL of “OAg solution 700 pg/
mL” and homogenize its content by vortexing.

Summary of volumes in Table 9.
(e) Deoxycholate precipitation.

¢ Cool the two Eppendorf tubes “sample” and “spiked
sample” in ice for 30 min.

¢ Add to each Eppendorf tube 0.15 mL of deoxycho-
late solution, vortex them for some seconds and put
in ice for 30 min again.

Remark: cooling in ice is extremely important.

e Transfer 1 mL of hydrochloric acid (HCI) 1 M solu-
tion in a 2 mL Eppendorf tube and cool it in ice for at
least 10 min.

Remark: cooling in ice is extremely important.

¢ Add to each Eppendort tube 75 pL of cooled HCI
1 M solution, vortex them for some seconds and
centrifuge at 12,000 RCF for 30 min at 4 °C.
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Remark: make sure that the centrifuge has
reached 4 °C before use.

e Transfer the supernatant of each sample in 2.0 mL
Wheaton vials. Dry them overnight on centrifugal
evaporator at RT in order to remove HCL

e Redissolve the content of each Eppendorf tube in
1440 pL of water and vortex accurately.

(f) Analysis of samples.
Apply a method for saccharide quantification, for
example, HPAEC-PAD for S. paratyphi A OAg, to the
following samples:

e Sample post deoxycholate, typically undiluted. This
will give the amount of free saccharide in the
conjugate.

¢ Spiked sample post deoxycholate, typically diluted of
factor 2 using NaCl 0.1 M solution. This will be used
for the spike recovery.

¢ Spike, typically undiluted.

e Sample solution at 100 pg/mL in NaCl 0.1 M, typi-
cally diluted of factor 4 using NaCl 0.1 M solution.
This will give total amount of sugar in the conjugate
sample.

(g) % free OAg is calculated by dividing the amount of free
OAg in the sample post deoxycholate per the total sugar
content quantified in the untreated conjugate sample.

The procedure is valid if the calculated spike
recovery:

spiked sample — sample

: x 100 is between 75 and 125%.
spike

4 Notes

1. Add the powder slowly into the cylinder, allowing for a better
solubilization.

2. To prepare buffer solutions, it could be useful to consult online
buffer  calculators  (e.g., www.biomol.net/en/tools/
buftercalculator.htm).

3. Use few microliters of NaOH 4 M or HCl 4 M to reach the
required pH, if needed. If more volume of a strong acid or base
is required, prepare the buffer again being more accurate with
weighing.


http://www.biomol.net/en/tools/buffercalculator.htm
http://www.biomol.net/en/tools/buffercalculator.htm
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11.

12.

13.

14.

15.

16.
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. For calculating the amount of water to be added, consider the

real pg of sugar weighed taking account of purity and the
eventual hydration water.

. For a 2-mL scale, use 4-mL Wheaton glass vials, using either a

boiling water bath or an oven; for a 2-L scale, use a heat-
jacketed glass round-bottom flask connected to a condenser;
for a 30-L scale, perform the hydrolysis directly in the bioreac-
tor, maintaining the temperature constant at 100 £ 0.5 °C
through the double jacket and the closed loop thermostat
system.

. Purification process described for 1 L of “post-hydrolysis

supernatant.”

. During concentration and diafiltration steps, keep retentate

volume constant, maintaining input pressure (Pin) at
1.8-2.0 bar and transmembrane pressure (TMP) at
1.1-1.2 bar. Membranes with a different molecular weight
cut-off could be used according to the OAg size.

. The formed precipitate during this step can be discarded, con-

taining protein and nucleic acid impurities.

. Further purify “post-pH 3” by cation-exchange chromatogra-

phy, through a Sartobind S MA75 filter, if the residual protein
content after the precipitation at pH 3 is >3% (w/w respect to
total sugar content). Before proceeding with filtration, equili-
brate the Sartobind S cartridge with 20 mM citrate, pH 3.
Load the OAg sample and collect it in the flow through.
Indicate the solution as “post-Sartobind S.”

Or to “post-Sartobind S.”

The formed precipitate during this step containing nucleic
acids can be discarded.

“Post hydrolysis supernatant” and “post-EtOH /CaCl,” sam-
ples are analyzed after desalting against water on a HiTrap
desalting column, 5 mL, prepacked with Sephadex G-25
Superfine (GE Healthcare), to avoid interference from the
matrix in the colorimetric methods.

This is specific for S. pararyphi A OAg, related to its OAg chain
and core sugar composition. The same method can be applied
to S. typbimurinm and S. enteritidis OAg.

For S. paratyphi A OAg KDO quantification should be in good
agreement with GlcNAc quantification by HPAEC-PAD con-
firming the presence of one a-ketoacid per OAg chain.

Alternatively, Speedvac can be used or the product can be
lyophilized.

If necessary, the solubilization can be carried out at 30 °C or by
mixing overnight.
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17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

In some cases, the total NH, groups also include phosphoetha-
nolamine groups on the OAg.

Weigh a known amount of lyophilized OAg-ADH-SIDEA,
solubilize it in water and carry out all the characterization
using this solution.

Alternatively, other purification methods can be used (e.g.,
TFEF, hydrophobic interaction chromatography [HIC]) [24].

Alternative methods can be used for free OAg quantification,
for example, solid phase extraction (SPE) using a C4 cartridge
(Vydac Bioselect) followed by HPAEC-PAD for quantification.

This step is critical for the color development. The sulfuric acid
must be added quickly (automatic pipette with high drop
speed) keeping the tip end about 2-3 c¢cm above the sample
solution. Moreover, the dropped volume must reach the sam-
ple/standard solution without coming into contact with the
glass tube. In this way the sulfuric acid hydration is fast and
highly exothermic and generates the heat necessary to drive the
reaction. The color development fails if part of sulfuric acid
mixed in the tube forms a two-phase system: In this case, the
sample /standard tube must be discarded.

Note that this method can be applied on OAg containing these
monosaccharides, such as S. paratyphi A, S. typhimurinm, and
S. enteritidis OAg. For any other polysaccharide, appropriate
calibration curves and conditions of hydrolysis need to be
identified and optimized.

Use an electronic positive displacement pipette as the acid can
ruin a Gilson pipette.

Perform system equilibration with elution buffer before start-
ing sample analysis. This equilibration step lasts 70 min if the
column system must be equilibrated with a different eluent;
60 min or more are also needed to warm up the PDA lamps
before the analysis. This step can be skipped if the system
(HPLC and columns) is already equilibrated with the buffer
and lamps are on. After the last chromatographic analysis, store
the column in 0.02% NaN3.

For example, for S. paratyphi A (or S. typhimurium and S.
enteritidis) OAg, the H-6 of Rha or Paratose (or Abequose
and Tyvelose, respectively) can be used for comparison with
the acetate ester signal.

Fluorescence detector is set with excitation wavelength at
345 nm and emission wavelength at 480 nm to only see the
emission of the diderivatized PBA-ADH-PBA and not the
reactant PBA.

Amino group concentration is twice the ADH concentration.
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28. Free ester groups

concentration.
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concentration is twice the SIDEA

29. A different gel can be used based on the conjugate and carrier

protein used.
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Oligosaccharide Antigen Conjugation to Carrier Proteins
to Formulate Glycoconjugate Vaccines

Brittany R. Smith and Zhongwu Guo

Abstract

Conjugation, that is, covalent linkage, to immunological proteins is a common strategy to address the low
immunogenicity issue of carbohydrate antigens in vaccine development. This chapter describes an easy and
efficient method for oligosaccharide—protein conjugation employing dicarboxylic acid linkers. In this
regard, a free amino group is introduced to an oligosaccharide antigen to facilitate coupling with the
bifunctional linker upon reaction with its corresponding disuccinimidyl ester. The resultant monosuccini-
midyl ester of the oligosaccharide antigen then reacts with the free amino groups of a carrier protein to
provide the desired oligosaccharide—protein conjugate.

Key words Oligosaccharide, Carrier protein, Dicarboxylic acid linker, Conjugation, Glycoconjugate,
Vaccine

1 Introduction

Tumor-associated carbohydrate antigens (TACAs) are promising
target molecules for the development of therapeutic cancer vac-
cines since TACAs are overexpressed on the cancer cell surface
[1, 2]. However, on their own, TACAs are poorly immunogenic.
To overcome this limitation, TACAs are usually conjugated to an
immunostimulatory carrier molecule to improve their immunoge-
nicity [3-5]. The carrier molecule is usually a protein, such as
keyhole limpet hemocyanin (KLH), bovine serum albumin (BSA),
ovalbumin (OVA), or human serum albumin (HSA) [3-5]. Alter-
natively, it can be a synthetic small molecule, such as lipids (e.g.,
monophosphoryl lipid A [MPLA] [6]).

Many methods have been developed for conjugating TACAs to
carrier molecules [7, 8]. Among them, one of the most common is
through alkylation and acylation of the free amino groups of carrier
proteins. In this regard, the commonly utilized linkers include
alkylating diethyl squarate [9, 10] and acylating dicarboxylic anhy-
drides (succinic anhydride, glutaric anhydride) [11] or activated

Blaine A. Pfeifer and Andrew Hill (eds.), Vaccine Delivery Technology: Methods and Protocols, Methods in Molecular Biology,
vol. 2183, https://doi.org/10.1007/978-1-0716-0795-4_15, © Springer Science+Business Media, LLC, part of Springer Nature 2021
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esters of dicarboxylic acids in forms of p-nitrophenol [11, 12] or N-
hydroxysuccinimide (NHS) [13, 14], such as disuccinimidyl gluta-
rate (DSG) [15, 16], disuccinimidyl suberate (DSS), bis(sulfosuc-
cinimidyl) suberate (BS3), and di-(N-succinimidyl) carbonate
(DSC).

In this chapter, we are focused on the conjugation of synthetic
oligosaccharides to carrier proteins through dicarboxylic acid lin-
kers by using activated disuccinimidyl esters of dicarboxylic acids
(Scheme 1) because these linkers have been proven to be efficient
and cause less side effects [17]. Typically, an azido group, which is
stable to most reactions involved in carbohydrate synthesis, is
introduced to the reducing end of free oligosaccharides during
their synthesis as the azido group can be readily converted into a
free amino group to facilitate oligosaccharide conjugation to carrier
proteins. Thus, a detailed procedure for this conjugation method
starting with the reduction of the azido group in synthetic oligo-
saccharides [16, 18] is provided here (Scheme 1). The remaining
steps of this procedure include condensation of the amino deriva-
tive of an oligosaccharide with the dicarboxylic acid linker using a
bifunctional disuccinimidyl ester [15, 19], conjugation of the resul-
tant mono-activated ester of the oligosaccharide antigen to a carrier
protein, and finally analysis of the carbohydrate loading of the
oligosaccharide—protein conjugate [14-16, 19-21].

2 Materials

2.1 Reduction

of the Azido Group
in Oligosaccharide
Antigen

2.2 Coupling

of Amino Derivative
of Oligosaccharide
Antigen

with Disuccinimidyl!
Ester of Dicarboxylic
Acid Linker (See Note

1)

Dram vial.
Magnetic stir bar.
Spatula.

Stir plate.

Microliter syringe.

AR

Rotary evaporator.

Commercial 0.1 M phosphate-buffered saline (PBS).
Dram vial.

Magnetic stir bar.

Spatula.

Stir plate.

Syringes (1.0 mL).

Buchner funnel.

N g N

High vacuum pump.
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Scheme 1 Oligosaccharide antigen conjugation to carrier proteins via dicarboxylic acid linkers

2.3 Conjugation of 1. Dram vial.
Mono-activated Ester 2. Magnetic stir bar.
o3 i
Protein 4. Bio-gel A 0.5 m gel.

5. Separation column.

6. 0.1 M PBS.

7. Test tubes (13 x 100 mm).

8. Dialysis tube or bag (with molecular cut of 5-10 kDa).

9. Bicinchoninic acid (BCA).

10. 15% (v/v) H,SO4 in EtOH.
11. Freeze dryer.

2.4 Analysis 1. Commercial monosaccharides appropriate for the oligosaccha-
of Carbohydrate ride antigen (see Note 2).
Loading 2. Dry test tubes (10 mL).
of the Re§ultant 3. Cuvettes (1 mL).
Glycoconjugate ) ) ) )

4. Microliter pipette and tips.

5. UV-Vis spectrometer.

6. 96% H,SO4 (concentrated).

7. 4% phenol (aq. solution).

8. Blank carrier protein.
3 Methods
3.1 Reduction 1. Dissolve the azido derivative of oligosaccharide antigen
of the Azido Group (50 pmol) in distilled water (3.0 mL).
in Oligosaccharide 2. Add zinc powder (164 mg, 2.5 mmol) (see Note 3) to the

Antigen

above solution.

. Add acetic acid (29 pL).
. Stir the reaction mixture at ambient temperature for 24 h.
. Add N, N-diisopropylethylamine (DIPEA) (see Note 4) to neu-

tralize the reaction.
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3.2 Coupling

of Amino Derivative
of Oligosaccharide
Antigen

with Disuccinimidyl
Ester of Dicarboxylic
Acid Linker

3.3 Conjugation
of Mono-activated
Ester

of Oligosaccharide
Antigen to Garrier
Protein

3.4 Analysis
of Carbohydrate
Loading

of the Resultant
Glycoconjugate

3.4.1
Method

Colorimetric

6.

6.

Filter the reaction mixture through a Celite pad and wash the
pad with water.

. Combine the filtrates and concentrate them in vacuo.

. Use the resultant crude amine product in the next reaction

without further purification.

. Dissolve the above-obtained amino derivative of oligosaccha-

ride antigen (50 pmol) in a 4:1 mixture of N, N-dimethylfor-
mamide (DMF) and 0.1 M PBS (0.5 mL) (see Note 5).

. Add the disuccinimidyl ester of a dicarboxylic acid, such as

disuccinimidyl glutarate (DSG) (245 mg, 750 pmol) (see
Note 6).

. Stir the reaction mixture at ambient temperature for 4 h.
. Remove solvents in vacuo.

. Wash the resultant mono-activated ester with ethyl acetate ten

times (10 x 1.0 mL) (see Note 7).

. Dry the solid product under high vacuum.

. Use the mono-activated ester in the next step without further

purification (see Note 6).

. Dissolve the carrier protein (33 pmol) and the above-obtained

mono-activated ester of antigen (50 pmol) in 0.1 M PBS
(0.5 mL) (see Note 6).

. Stir the solution at ambient temperature for 3 days.

. Apply the solution to a Bio-gel A 0.5 column (1 x 15 cm) and

elute the column with 0.1 M PBS to separate the conjugate
from the unconjugated oligosaccharide (sec Note 8).

. Combine fractions that contain both the protein indicated by

the BCA assay (se¢ Note 9) and the carbohydrate indicated by
staining with 15% (v/v) H,SO,4 in EtOH (see Note 10).

. Dialyze the combined fractions against distilled water for

2 days.

Lyophilize the solution to atford the conjugate as a white solid.

Preparation of calibration curve

1.

Mix stoichiometric amounts of monosaccharides contained in
the oligosaccharide antigen (see Note 2).

. Use this mixture to prepare a standard stock solution (1.0 mg/

mL) in distilled water.

. Transfer the standard stock solution to ten different test tubes

in 5.0 pL increments, ranging from 5.0 to 50.0 pL.

. Add 500 pL of 4% phenol (aq. solution) and 2.5 mL of 96%

H,S0, in each test tube (see Note 11).
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5. Prepare a negative control containing the free carrier protein
(50-100 pg) (see Note 12) by the same protocol and use it to
blank the UV-Vis spectrometer.

6. Transfer the content in each test tube to a cuvette.

7. Measure the Ay9¢ value of each sample with a UV-Vis
spectrometer.

8. Use the Ao and sample weight (pg) data to plot calibration
curve.
Measurement of carbohydrate loading of glycoconjugate

1. Add 50-100 pg of accurately weighed conjugate, 500 pL of 4%
phenol, and 2.5 mL of 96% H,SO4 to a test tube (see Note 11).

2. Transfer the content of the test tube to a cuvette.

3. Measure the A49¢ value of the sample with a UV-Vis
spectrometer.

4. Use the calibration curve to determine the weight of carbohy-
drates in the conjugate sample.

5. Calculate the carbohydrate loading of the conjugate based on
the following equations:

weight (pg) of carbohydrates

weight (pg) of glycoconjugate sample x 100

%carbohydrate loading by weight =

weight (pg) of carbohydrates
[weight (pg) of glycoconjugate — weight (pg) of carbohydrates]
y protein MW (Da)
antigen MW (Da)

carbohydrate loading by glycans per carrier =

3.4.2 MALDI-TOF Mass For glycoconjugates of smaller proteins, such as OVA (42.7 kDa),

Spectrometric Method BSA (66.5 kDa), and HSA (66.5 kDa), MALDI-TOF MS can be
utilized to measure the molecular mass (M. mass) of the conjugate,
which is then used to calculate the carbohydrate loading or the
average number of antigens loaded onto each carrier protein using
the following equations:

[M.mass (Da) of glycoconjugate — M.mass (Da) of protein] o

M.mass (Da) of glycoconjugate 100

%carbohydrate loading by weight =

[M.mass (Da) of glycoconjugate — M.mass (Da) of protein]
M.mass (Da) of oligosaccharide antigen

carbohydrate loading by glycans per carrier =

3.4.3 FElectrophoresis The conjugation of carbohydrate antigens to carrier proteins,

Method including larger carriers such as KLH (390 kDa), can be further
confirmed by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis of the resultant glycoconjugate,
which shows an increased molecular size and mass compared to
the free protein (see Note 13).
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4 Notes

10.

. Dicarboxylic acid anhydrides can also be utilized in place of

disuccinimidyl esters. In this case, an additional step to trans-
form the resulting carboxylic acid derivatives into activated
esters is necessary before the conjugation to carrier proteins.

. The monosaccharide samples are used to prepare standard

stock solutions for obtaining the calibration curve in the analy-
sis of carbohydrate loading of the conjugate. The monosac-
charides used should be the same as those in the carbohydrate
antigen and in the same molar ratio equivalent. For example,
the Globo-H antigen is composed of one Fuc unit, three Gal
units, one GalNAc unit, and one Glc unit; thus the monosac-
charide mixture should be made of Fuc, Gal, GalNAc, and Glc
in a molar ratio of 1:3:1:1 [15, 20].

. Commercial zinc powder should be activated before use by

treatment with diluted HCI aq. solution (0.1 N), which is
tollowed by thorough washing with distilled water until the
washing becomes neutral.

. Other tertiary amines, such as trimethyl and triethyl amines,

can be used to neutralize the reaction. However, the use of
primary and secondary amines as bases should be avoided
because these compounds can interfere with the acylation
reaction [7].

. DMF is added as a cosolvent to help dissolve disuccinimidyl

dicarboxylic acid ester as it is not soluble in water or PBS.

. N-Hydroxysuccinimide esters can be hydrolyzed slowly in

water. Thus, they should be stored as dry solids before being
added to reaction solutions and the activated intermediates
should be applied to the next step as soon as possible.

. The product should be washed with ethyl acetate thoroughly to

remove any excessive dicarboxylic acid disuccinimidyl ester
because its presence can affect subsequent antigen conjugation
with carrier protein.

. The antigen—protein conjugate elutes much earlier from the

size-exclusion column than the unconjugated oligosaccharide
antigen because of the large difference between their molecular
sizes.

. A spectrophotometer in combination with a Pierce BCA pro-

tein assay kit can be used for the detection of proteins.

Staining of carbohydrates with 15% (v/v) H,SO4 in EtOH:
Apply the eluted fractions onto a silica gel TLC plate, and then
dip the plate in the 15% (v/v) H,SO4 in EtOH solution. Wipe
the back of the plate clean and char it on a hot plate until the
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plate background becomes slightly yellowish. Carbohydrates
are stained in dark brown or black color.

11. Addition of sulfuric acid to the aqueous solution will generate
heat. Allow the sample to cool gradually to ambient tempera-
ture. Wait 20 min or until complete color change is seen before
transferring samples to a cuvette.

12.

The addition of carrier protein in the blank aims to eliminate

the potential influence of protein on the carbohydrate analysis

of glycoconjugate.

13.
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Exploitation of Capsule Polymerases for Enzymatic
Synthesis of Polysaccharide Antigens Used
in Glycoconjugate Vaccines

Christa Litschko, Insa Budde, Monika Berger, and Timm Fiebig

Abstract

The exploitation of recombinant enzymes for the synthesis of complex carbohydrates is getting increasing
attention. Unfortunately, the analysis of the resulting products often requires advanced methods like
nuclear magnetic resonance spectroscopy and mass spectrometry. Here, we use the capsule polymerases
Cps4B and Cps11D from Actinobacillus plenvopnenmonine serotypes 4 and 11, respectively, as examples for
the in vitro synthesis of capsule polymers similar to those used in glycoconjugate vaccine formulations. We
demonstrate how substrate turnover in an enzymatic reaction can be analyzed by HPLC-based anion
exchange chromatography and provide the protocol for separation and detection of UV-active polymer.
Moreover, we describe how UV-inactive polymer can be separated and visualized using polyacrylamide gel
electrophoresis followed by combined alcian blue-silver staining.

Key words In vitro vaccine production, Capsule polymerase, Capsular polysaccharide, Enzymatic
synthesis, Glycoconjugate vaccine, HPLC, PAGE, Alcian blue-silver staining, Actinobacillus
plenropnenmonine

1 Introduction

Capsular polysaccharides belong to the main virulence factors of
bacterial pathogens by providing protection against host immune
defense mechanisms [1]. However, since they represent the outer-
most layer of the cell and thus the interface to the host immune
system, they can also be used as antigens in glycoconjugate vaccine
formulations. Glycoconjugate vaccines have been tremendously
effective in combatting diseases caused by various bacterial patho-
gens [2]. Through coupling of the saccharide antigen to a carrier
protein, a T-cell dependent immune response is achieved, including
immunologic memory, immunoglobulin M to immunoglobulin G
isotype switching, and protection of infants [3]. The conventional
production of glycoconjugate vaccines includes the purification of
the capsule polymer from pathogen cultures (Fig. 1). This
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Fig. 1 Conventional and enzymatic glycoconjugate synthesis. Traditionally, polymers are purified from
bacterial cultures based on their physicochemical properties. Enzymatic synthesis entirely avoids pathogen
culture and polymer synthesis starts from highly pure, nucleotide-activated monosaccharides using recombi-
nant enzymes as catalysts. Engineering the enzyme properties can facilitate the synthesis protocol by enabling
control over the product length or allowing the incorporation of functional groups necessary for saccharide-

protein coupling

biohazardous step essentially depends on the high-tech infrastruc-
ture of modern production plants, which require high biosafety
standards [4 ], making glycoconjugate vaccines expensive, not suffi-
ciently accessible to low-income countries, and, with regard to
animal husbandry, where they could reduce/avoid the exuberant
use of antibiotics, not sufficiently cost-eftective [5-7].

Alternative means for the provision of the polymer antigen are
chemical and enzymatic synthesis [8, 9]. With Neisseria meningiti-
dis serogroup X, we and other groups have shown that capsule
polymerases, the enzymes that generate the capsule polymer
in vivo, can be expressed as soluble constructs [10, 11], can be
engineered to produce tailored oligosaccharides [12], allow the
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introduction of functional groups in their substrates facilitating
downstream coupling of oligosaccharides to the carrier protein
[13, 14], and can be exploited for the generation of functional
glycoconjugates, using standard, low-cost lab equipment (Fig. 1)
[14, 15].

In the herein presented protocol, we use the capsule poly-
merases Cps4B and Cpsl1D of Actinobacillus plewropnenmonine
(App) serotypes 4 and 11, respectively, to illustrate how enzymatic
synthesis of capsule polymer can be achieved in vitro. App is a pig
specific pathogen that causes huge economic losses in animal hus-
bandry, and although effective glycoconjugate vaccines have been
generated using polymer from bacterial cultures [16, 17], presum-
ably the high costs for their production have hindered further
efforts to bring them to market [7]. Both Cps4B and Cps11D are
part of an ATP-transporter dependent assembly system in vivo, also
known as group 2 capsule biosynthesis complex [1]. Group 2 poly-
merases, though believed to be membrane associated, are not inte-
gral membrane proteins, allowing soluble expression and
purification of recombinant constructs with good yields. In addi-
tion, all group 2 polymerases generate negatively charged polymers
with good solubility in water, and most enzymes can initiate poly-
merization in vitro also in the absence of their priming acceptor
[18], solely requiring nucleotide activated substrates for polymer
production [19-21].

Cps4B and Cps11D belong to the recently described TagF-like
capsule polymerase family that consists of multidomain enzymes
generating phosphate-containing, teichoic acid-like capsule poly-
mers [20]. Cps4B assembles a [—6)-p-Glc-(1 — 3)-GalNAc-
(1-PO4 ] repeating unit using UDP-Glucose (UDP-Glc) and
UDP-N-acetylgalactosamine (UDP-GalNAc) as donor substrates,
whereas CpsllD requires UDP-galactose (UDP-Gal) and
CDP-glycerol  (CDP-Gro) for the generation of a
[—4)-a-Gal-(1 — 2)-Gro-(3-PO4 ] repeating unit (Fig. 2)
[22, 23]. Due to the fact that nucleotides absorb light at 260 nm

Cps4B 6. 83— q
UDP-@ + UDP-[J ——— {—.ﬁ—{ <P @ Glucose
@ - '}n [J  N-Acetylgalactosamine
UEP O Galactose
UMP P Phosphate
Gro Glycerol
UDP Uridine-5'-diphosphate
Cps11D CDP Cytidine-5"-diphosphate
UDP-Q + CDP-Gro — {ioa_2(;r0§p}n CMP Cytidine-5'-monophosphate
UDP
+
CMP

Fig. 2 Reactions catalyzed by the enzymes Cps4B and Cps11D



316 Christa Litschko et al.

o enzymatic

reaction
+
sample
preparation

subheadings 2.1, 3.1 analysis

HPLC analysis (280 nm)
Detection of — " subheadings 2.2, 3.2

___—substrate-turnover

> HPLC analysis (214 nm)

— f%\éliﬁjgf—* subheadings 2.2, 3.2
UV-inactive =
polymer ~» PAGE analysis

| subheadings 2.3, 3.3

Fig. 3 Flowchart showing the different steps and subsections described in this chapter

and carry negative charges introduced by phosphate groups, sub-
strate turnover in a group 2 capsule polymerase reaction can be
readily analyzed by high-performance liquid chromatography
(HPLC) coupled to UV-detection, using an anion exchange chro-
matography (AEC) resin as the basis for separation. UV-detection
of the polymer products is possible if UV-active groups (e.g.,
N-acetyl groups) are present; whereas, polymers lacking these
groups can be visualized using an alcian blue/silver stained PAGE.
This chapter is divided into three sections as follows:

Method 1: Enzymatic synthesis of capsule polymer.

Method 2: HPLC-AEC analysis of nucleotide substrates (280 nm)
and UV-active polymer (214 nm).

Method 3: Separation and visualization of UV-inactive capsule
polymer by high-percentage polyacrylamide gel electrophoresis

(Fig. 3).

2 Materials

2.1 Enzymatic
Activity Assays

Prepare all solutions with ultrapure water and analytical grade
reagents. Prepare and store all reagents at room temperature
(22 °C), unless indicated otherwise.

1. Incubator allowing a constant temperature of 37 °C (see
Note 1).

2. Purified proteins in a concentration ranging from 3 to 15 mg/
mL. Store at —80 °C.

3. 100 mM tris(hydroxymethyl)aminomethane (Tris) buffer
(pH 8.0). For a 10x stock solution (1 M TrissHCL pH 8.0),
weigh 60.57 g of Tris in a 500 mL volumetric flask and add
approx. 350 mL of water. After the salt is completely dissolved,
adjust the pH to 8.0 with HCI. Add water to a volume of
500 mL, sterile-filter (22 pm) the buffer and transfer it to a
500 mL flask for autoclavation. Prepare 1x working solution
from the 10x stock with water. For a 10 mL working solution,
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mix 1 mL of 1 M TrissHCL (pH 8.0) with 9 mL of water.
Gently mix.

4. 25 mM dithiothreitol (DTT) (see Note 2). For 10 mL of a 40x
stock (1 M DTT) dissolve 1.54 g of DTT in 10 mL of water.
Prepare 0.5 mL to 1 mL aliquots for storage at —20 °C. Dilute
25 pL of 1 M DTT with 975 pL of water to obtain a 25 mM
DTT working solution. Gently mix. Use the freshly prepared
DTT for the preparation of the assay buffer. Use it only once
and discard the solution after usage.

5. 100 mM nucleotide activated substrates. Weigh an appropriate
amount of nucleotide activated substrate and dissolve in an
appropriate amount of water to obtain a 100 mM stock solu-
tion (see Note 3). Prepare aliquots for the storage at —80 °C.
UDP-Gl¢/UDP-GalNAc and UDP-Gal/CDP-Gro are sub-
strates of Cps4B and Cps11D, respectively (see Fig. 2).

6. 50 mM magnesium chloride (MgCl,) (see Notes 4 and 5). For
100 mL of'a 20x stock solution (1 M MgCl,) weigh 20.3 g of
MgCl, (*6H,0) in a 100 mL volumetric flask and add water to
the graduation mark. Dissolve the salt, sterile-filter (22 pm) the
buffer and transfer it to a 100 mL flask for autoclavation. Dilute
50 pL of the 1 M MgCl, stock solution with 950 pL of water
for the preparation of 1x MgCl, (50 mM).

Prepare all solutions with ultrapure water and analytical grade
reagents. The method requires an HPLC system equipped with a
UV detector allowing wavelengths of 280 nm and 214 nm and
corresponding software for data analysis. The column oven needs
to be equipped with a column suitable for anion exchange chroma-
tography. Results were obtained with a Prominence UFLC-XR
(Shimadzu) equipped with a SPD-20AV detector (Shimadzu) (see
Note 6) and a CarboPac™ PA-100 column 2 x 250 mm + guard
column (Dionex™) (see Note 7).

1. 1 M TrissHCI (pH 8.0). Weigh 121.14 g of Tris in a 1 L
volumetric flask and add 600 mL of water. After the salt is
completely dissolved, adjust the pH to 8.0 with HCl. Add
water to a volume of 1 L. Filter the buffer and transfer it to a
1 L flask for autoclavation.

2. 5 M NaCl. Weigh 292.2 g of NaClin a 1 L volumetric flask and
add ~950 mL of water. Dissolve the salt using a magnetic
stirrer. Add water to a volume of 1 L after NaCl is completely
dissolved. Filter the buffer and transfer it to a flask for
autoclavation.

3. Preparation of mobile phase 1: 20 mM Tris—-HCI (pH 8.0).
Transfer 20 mL of the 1 M Tris—HCI buffer to a 1 L volumetric
flask and add water to the graduation mark. Filter the buffer
and transfer it to a flask for autoclavation (see Note 8).
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4. Preparation of mobile phase 2: 20 mM Tris-HCI (pH 8.0),
1 M NaCl. Transfer 20 mL of the 1 M Tris—HCI bufter and
200 mL of the 5 M NaCl solution to a 1 L volumetric flask and
add water to the graduation mark. Filter the buffer and transfer
it to a 1 L flask for autoclavation (see Note 8).

5. Prepare an HPLC instrument method for nucleotide analysis:
Nucleotides are separated using a linear elution gradient from
0% to 14% mobile phase 2 over 23 min and the column is
washed with 100% mobile phase 2 for 2 min. Allow pre- and
postequilibration of the column with 100% mobile phase 1 for
2-3 min (see Fig. 4). Set a flow rate of 0.6 mL/min and a
column temperature of 50 °C and record absorption at
280 nm (see Note 9).

6. Prepare an HPLC instrument method for the separation of
capsule polymer. Polymers are separated using a linear elution
gradient from 0% to 60% mobile phase 2 over 44 min and the
column is washed with 100% mobile phase 2 for 2 min. Allow
pre- and postequilibration of the column with 100% mobile
phase 1 for 2—-3 min (see Fig. 4). Set a flow rate of 0.6 mL /min
and a column temperature of 50 °C and record absorption at
214 nm.

7. Standards containing nucleotide substrates and products
(UDP-GalNAc, UDP, etc.) should be prepared using buffer
conditions and concentrations identical to those used in the
reaction mix.

The combined alcian blue and silver staining protocol is a sensitive
method for the detection of carbohydrate containing polymers and
based on a protocol published previously [24]. It requires no
labeling or pretreatment of sample. Densitometry of stained
bands is possible for quantitative analysis (shown in [24]) but not
routinely used in our laboratory and thus not part of this protocol.
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Prepare all solutions with ultrapure water and analytical grade

reagents. Prepare and store all reagents at room temperature
(unless indicated otherwise). Solutions containing volatile solvents
need to be prepared in a fume hood. Follow all waste disposal
regulations. The method requires a gel chamber that enables the
constant cooling of the system during electrophoresis and that
allows for the installation of gel cassettes of sufficient size (see
Note 10). Electrophoresis was performed using the vertical protein
electrophoresis chamber from Biometra with an included built-in
water-cooling system used in combination with the minichiller
from Huber.

1.

1x TBE (100 mM Tris, 100 mM boric acid, 2.5 mM EDTA).
For 1 L ofa 10x TBE stock solution (1 M Tris, 1 M boric acid,
25 mM EDTA), weigh 121.14 g of Tris, 61.85 g of boric acid,
and 9.3 g of EDTA in a 1 L volumetric flask. Add about
600 mL of water and dissolve the salts. Subsequently add
water to a volume of 1 L and autoclave the buffer. For 1x
TBE, dilute 10x TBE 1:10 with water.

. 40% acrylamide solution (commercially available). Store at

4°C.

. 2% bisacrylamide (commercially available). Store at 4 °C.

4. 10% ammonium persulfate (APS): Weigh 1 g APS in a 10 mL

volumetric flask and add water to the graduation mark. Store at
4°C.

. N,N,N, N -tetramethylethylenediamine (TEMED). Store at

4°C.

. Loading buffer: 2 M sucrose in 10x TBE. To obtain 50 mL,

dissolve 34.23 g of sucrose in 10x TBE.

. Polysaccharide marker (dissolved 1:2 in loading buffer): 0.05%

trypan blue (corresponds to polySia-DP100), 0.02% xylene
cyanol (corresponds to polySia-DP52), 0.02% bromophenol
blue (corresponds to polySia-DP19), 0.02% bromo cresol pur-
ple (corresponds to polySia-DP11), 0.02% phenol red (corre-
sponds to polySia-DP6) (see Note 11).

. Fixing solution: 40% ethanol, 5% acetic acid. For 100 mL of

fixing solution, mix 40 mL of ethanol and 5 mL of acetic acid
and add water to a volume of 100 mL. Should be prepared
freshly for each use (see Note 12).

. Alcian blue solution: 0.5% alcian blue, 3% acetic acid. Weigh

500 mg of alcian blue, add 3 mL of acetic acid, and add water
to a volume of 100 mL. Filter the solution. The staining
solution can be reused at least five to ten times (see Note 12).
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10.

11.

12.

13.

Oxidizing solution: 0.7% periodic acid, 40% ethanol, 5% acetic
acid. For 100 mL, weigh 0.7 g periodic acid, add 40 mL of
ethanol and 5 mL of acetic acid and fill with water to a volume
of 100 mL. Mix properly by shaking (sec Note 13).

Silver nitrate solution (se¢ Note 14): 0.6% silver nitrate, 0.4%
ammonia, 10 mM NaOH. To obtain a ~100 mL solution,
weigh 0.6 g of silver nitrate and properly dissolve the salt in

98 mL of water. After the silver nitrate is completely dissolved,
add 1.2 ml of 33% ammonia and 1 mL of 2 M NaOH.

Formaldehyde solution: 0.05% formaldehyde, 240 pM citric
acid. For a 100 mL solution, mix 135 pL of 37% formaldehyde
with water, add 5 mg of citric acid and water up to a volume of
100 mL (sec Note 14).

Stop solution: 5% acetic acid. Add 5 mL of acetic acid to a
100 mL volumetric flask and make up to 100 mL with water
(see Note 15).

3 Methods
3.1 Enzymatic The reaction mix is prepared at room temperature. The reaction
Activity Assays components are stored on ice during preparation. A standard reac-
tion mix has a volume of 75 pL and contains 0.1-0.3 nmol of
purified protein. The final concentration for nucleotide activated
substrates usually ranges from 2 to 10 mM, and MgCl, is added at
concentrations from 5 to 20 mM. Two examples are given in
Table 1.
Table 1
Reaction mixtures
Cps4B Cps11D
Component Stock con. Final con. pL Component Stock con. Final con. plL
Tris-HCIpH 8.0 100 mM 20 mM 15 Tris-HClpH 8.0 100 mM 20 mM 15
MgCl, 50 mM 10 mM 15 DTIT 25 mM 1 mM 3
DTT 25 mM 1 mM 3  UDP-Gal 100 mM 4 mM 3
UDP-Glc 100 mM 4 mM 3 CDP-Gro 100 mM 4 mM 3
UDP-GalNAc 100 mM 4 mM 3 CpsllD 0.047 mM 2.5 uM 4
Cps4B 0.047 mM 2.5 uM 4 H,O 47
H,0 32 Total vol. 75

Total vol. 75




3.2 HPLC Assay

3.3 Visualization
of Polymer

in a High-Percentage
PAGE
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1. Add all components of the reaction mixture to a tube, gently
mix. Start the reaction by adding the capsule polymerase (see
Note 16).

2. Incubate the reaction mixture overnight at 37 °C (see Notes 17
and 18).

3. Stop reaction by heat shock at 60 °C for 5 min (se¢ Note 19).

4. Centrifuge sample at 20,000 x g for 2 min to spin down
precipitated protein and potential aggregates prior to analysis
by HPLC.

When using substrate concentrations as shown in Table 1, 3-5 pL.
of sample is required for the detection of nucleotides at 280 nm and
40-50 pL for the detection of capsule polymer at 214 nm. The
samples are cooled to 15 °C in the autosampler to avoid spontane-
ous hydrolysis of sample ingredients and evaporation. The column
oven is heated to 50 °C and the flow rate is set to 0.6 mL/min.

1. Transfer the supernatant of the centrifuged sample to a tube
suitable for your HPLC device and autosampler. Leave some of
the supernatant in the tube to avoid unnecessary stirring of
precipitated protein. 65 pL of supernatant will suffice to per-
form the analysis. Cool the autosampler to 15 °C. Use tube
seals with precut slits to avoid evaporation of the sample in the
autosampler.

2. Heat the column oven to 50 °C (see Note 20).
3. Equilibrate the system and column with mobile phase 1.

4. Start the instrument method for the analysis of nucleotides
with an absorption wavelength of 280 nm. Load a sample
volume of 3-5 pL (see Subheading 2.2, item 5).

5. For the analysis of UV-active polymer, start the instrument
method with an absorption wavelength of 214 nm and load
40-50 pL of sample (see Subheading 2.2, item 6).

6. Analyze the chromatograms. Identify the sample constituents
by comparison with the standards (Figs. 5 and 6).

1. Prepare the acrylamide-bisacrylamide solution according to
the table below (Table 2). A separating gel is sufficient for
this method, no stacking gel is needed.

2. After the addition of TEMED, immediately pour the unpoly-
merized gel solution between the glass plates and insert a comb
without introducing air bubbles.

3. Allow the polymerization of the gel for a minimum of 30 min.

4. Insert the gel cassette into the gel chamber and fill the chamber
with 1x TBE.
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Fig. 5 HPLC-AEC analyses of (a) Cps4B and (b) Cps11D reactions. The assay allows the separation and
detection (280 nm) of nucleotide activated donor substrates and released nucleotide products. Substrates and
products were monitored without enzyme (t = 0) and at the indicated time points after the start of the reaction.
The chromatograms demonstrate that Cps4B consumes its donor substrates UDP-GalNAc and UDP-Glc and
simultaneously produces UMP and UDP. Cps11D consumes its donor substrates CDP-Gro and UDP-Gal and
produces CMP and UDP (see Fig. 2)
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Fig. 6 HPLC-AEC analysis of polymer synthesized by Cps4B (214 nm channel). The production of polymer was
monitored at time points 20, 50, and 70 min after the start of the reaction. The reaction mixture prior to the
addition of enzyme (¢ = 0) was analyzed as a control. The signal intensity of the polymer eluting after 38 min is
low if compared to the signal intensity of the nucleotides eluting during the first 15 min of the run

Table 2
Acrylamide mix

15% 25%

40% acrylamide 6 mL 10 mL
2% bisacrylamide 1 mL 1.6 mL
10x TBE 1.6 mLL 1.6 mL
H,O0 7.4 mL 2.8 mL
10% APS 80 pL 80 puL
TEMED 12 pL 12 pL
Total volume ca. 16 mL ca. 16 mL

5. Carefully remove the gel comb and control the wells and
remove polymerized gel fragments that block the sample wells.

6. Allow the chamber to cool down and the gel to equilibrate for
30 min at 4 °C and 300 V (see Note 21).

7. Prepare samples by mixing samples 1:1 with loading buftfer.

8. Slowly load samples into the wells (se¢ Note 22).
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10.
11.

12.
13.
14.

15.

16.

17.
18.
19.

20.

21.

. Load 5 pL of the polysaccharide marker or any other suitable
marker for your application.

Run the gel at 400 V and 4 °C (see Note 21).

Do not touch the gel from now on. Touching the gel might
cause marks that will be stained.

Stop electrophoresis. Carefully remove gel cassette and gel.
Incubate gel for at least 1 h in freshly prepared fixing solution.

Incubate gel for 30 min in alcian blue staining solution. The
alcian blue solution can be reused for staining up to ten gels.

To remove remaining alcian blue, wash the gel in water. Repeat
this step three to four times. Leaving the gel in water overnight
might reduce unwanted background staining.

Remove the water and gently shake the gel in oxidizing solu-
tion for 5 min.

Wash three times for 15 min with 500 mL of water.
Incubate for 10 min in silver nitrate solution.

Wash three times for 10 min with water to minimize the
aggregation of insoluble silver salts.

Gently shake the gel in 100 mL formaldehyde solution. Care-
fully observe the staining progress and stop the staining reac-
tion with stop solution when signal intensities are sufficient.

The gel can be stored in water or dried after incubation for at
least 4 h in drying solution.

4 Notes

. We recommend using an incubator instead of a heating block
to prevent the condensation of water inside the tube lid.

. Capsule polymerases are cytosolic enzymes and DTT is added
to mimic the cytosolic reducing environment.

. Nucleotide activated substrates are freeze-dried with different
counter ions depending on the method of preparation and the
supplier. Dissolve the substrates according to the molecular
weight given by the supplier. We recommend to either weigh
in amounts >5 mg or dissolve the entire batch of material to
get precise results.

. Cps4B consists of two domains. The N-terminal domain
adopts a glycosyltransferase A (GT-A) fold and the C-terminal
domain adopts a phosphotransferase fold similar to the glyco-
syltransferase B (GT-B) fold (details regarding the domain
organization, cloning, and purification of Cps4B and Cpsl11D
and the purification and NMR analysis of their reaction
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products can be found elsewhere [20, 23]). The active site of a
GT-A fold contains a conserved motif (DXD) that interacts
primarily with the phosphate groups of the nucleotide donor
through the coordination of a divalent cation [25]. Thus, diva-
lent cations are usually added to the reaction buffer. We
observed sufficient Cps4B activity in the presence of 10 mM
MgCl,. However, other cations (e.g., Mn>*, Co**, Fe**, Cu?",
and Zn?*) have been reported as essential cofactors for enzyme
activity of other GT-A folded or non-GT-A folded proteins
[10, 25, 26] and should be considered as additives in the
reaction.

. Itis of note that Cps4B and Cps11D synthesize the polymer de

novo in the absence of an acceptor substrate. However, many
polymerases need a priming acceptor (such as hydrolyzed poly-
mer fragments) to initiate polymer synthesis [1].

. The signals obtained in the HPLC-AEC assay result from the

absorption of light by the nucleobases (absorption maximum
approx. 260 nm) that are part of the nucleotides (e.g., CMP,
UMP, UDP) and nucleotide activated substrates (e.g.,
UDP-Gal, CDP-Gro). The signals obtained for (UV-active)
polymers result from the absorption of light by the N-acetyl
groups at 214 nm, which are present in the polymer generated
by Cps4B and lacking in the polymer generated by Cps11D (see
Fig. 2).

CarboPac™ columns are intended to be used for the separation
of charged and noncharged carbohydrates under high pH con-
ditions. However, the separation of negatively charged mole-
cules under neutral pH conditions is possible as well.

. The filtered and autoclaved buffer can be used for several

measurements. Please check the clarity and purity before
using the buffer in the HPLC assay.

Nucleotides and nucleotide sugars are detected at 280 nm,
which deviates from the wavelength of maximum absorption
(approx. 260 nm for most nucleotides), leading to a lower
UV-signal intensity and thus allowing a direct injection of
sample into the HPLC system without prior dilution of the
reaction mixture. If nucleotide concentrations far below 1 mM
are required in the enzymatic reaction, changing the detection
wavelength to 260 nm should be considered to increase the
signal intensity.

Since fragments of group 2 polymers have the same charge-to-
mass ratio, separation occurs on the basis of fragment size
[24]. Consequently, improved resolution can be achieved by
increasing the gel length. The gel shown in Fig. 7 measures
~13.5 cm (height) x ~11 cm (width). In addition, decreasing
the sample load also contributes to better resolution of single
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Fig.
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7 Separation of polymers generated by Cps4B and Cps11D using high

percentage PAGE (15%) followed by a combined alcian blue—silver staining.
The amounts of polymer (in pg) loaded are indicated above each well. The gel
illustrates nicely that the different composition and/or lengths of the analyzed
polymers affect their electrophoretic mobility. Thus, conclusions regarding the
lengths of the analyzed polymers should only be drawn when comparing
polymers of identical chemical composition

11.

species by minimizing band diffusion and overlap [24]. Because
the polymers shown in Fig. 7 are considerably long, achieving
single species resolution was beyond the scope of the experi-
ment, but example gels are shown in the original protocol [24]
and other publications [12].

Difterent tracking dyes can be used as markers. The electro-
phoretic mobility of a polymer is influenced by its chemical and
physical properties. The polysialic acid (PolySia) size marker of
defined degree of polymerization mentioned in this method
can be used to estimate the electrophoretic mobility of poly-
mers carrying one charge per monomeric repeating unit. If
necessary, experimentally compare the electrophoretic mobility
of different dyes with polymers of known length to establish a
suitable tracking dye mix for your application.
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Both acetic acid and alcian blue (a cationic dye for the staining
of acidic polysaccharides such as polysialic acid, glycosamino-
glycans, and phosphate-containing polymers) fixate the poly-
mers in the gel and prevent smaller species from diffusing from
the gel [24, 27]. In our experience, oligosaccharides >4 mono-
meric repeating units can be visualized using this protocol. Itis
recommended to use alcian blue in acetic acid rather than in
water, because acetic acid enhances the solubility of the dye,
prevents precipitation and thus allows the reuse of the staining
solution [24]. If the alcian blue solution is used without
subsequent silver staining, only large polymer fragments are
visualized.

The periodic acid oxidizes 1,2-diol groups of monosaccharide
subunits of the polymers to aldehydes that can be revealed by
silver staining performed in the following step [27].

Positively charged silver ions bind to negative groups in the
polymer (e.g., phosphate groups, carboxyl groups). Formalde-
hyde reduces the silver ions to silver, leading to the brown/
black colour.

The addition of acetic acid changes the pH which stops the
staining process.

The HPLC method for nucleotide separation allows the analy-
sis of substrate turnover. If the polymerase precipitates before
all substrates are used up, remove precipitates by centrifugation
(20,000 x g) and add additional polymerase to the reaction
until substrate consumption is completed and synthesis yield is
maximized. In the long run, buffer conditions should be opti-
mized for each individual polymerase and might deviate from
the conditions used in this protocol for Cps4B and Cps11D.

Some nucleotide activated substrates are less stable under cer-
tain conditions. In our experience, UDP-GIcNAc is stable in
the above-listed reaction buffer overnight at 37 °C, whereas,
for example, UDP-Gal quickly breaks down to UMP and
Gal-1P [21], especially when magnesium ions are replaced by
manganese ions. To minimize unwanted hydrolysis, reaction
time can be shortened or the enzyme concentration can be
increased to maximize substrate uptake.

The temperature optimum for most polymerases is 37 °C.
However, many polymerases are also active at room tempera-
ture. In some cases (e.g., upscaled reactions [15], solid-phase
coupling of enzymes [12]), decreasing the reaction tempera-
ture might facilitate the experimental setup.

If necessary, minimize the duration and temperature of the
heat shock since temperature-sensitive substrates or polymers
might degrade.
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20. The column oven is heated to decrease the viscosity of the
mobile phases and thus the backpressure of the column. This
enables higher flow rates, shorter run times and it results in
narrower peaks with higher separation efficiencies. Since the
column temperature finally influences the retention time of the
analyzed eluting components, make sure column temperature
is constant at all times. A non-preheated column oven and
varying temperatures during liquid chromatography result in
inconsistent elution times and thus inconclusive chromato-
grams. The CarboPac™ PA-100 column 2 x 250mm + guard
column (Dionex™) used in this protocol generates a back-
pressure of 200 bar at a flow rate of 0.6 mL/min.

21. Cooling is required because the high voltage applied during
electrophoresis generates considerable heat that might lead to
degradation of the sample. Since the analyzed polymers are
negatively charged, make sure that they migrate toward the
positive electrode. The runtime depends on the application.
The electrophoretic mobility of a polymer is dependent on its
physical and chemical properties (e.g., size, charge density) and
should be determined experimentally. The gel shown in Fig. 7
was run for approx. 2 h and was stopped when bromophenol
blue reached the bottom of the gel.

22. The sucrose solution is very viscous and hence difficult to
pipette. The loading buffer is colorless. To minimize mistakes
during loading, mark slots with a permanent marker on the gel
cassette. Cautiously load the samples to avoid contaminating
neighboring wells. It might be beneficial to only fill 50-75% of
the wells and to only load every sec