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PREFACE TO THE

SIXTH EDITION

has undergone significant updating, reorganiza-

tion, and refocusing. Several global changes have
been made with the goal of making the information
more accessible and improving cohesiveness and read-
ability of the text. First, we grouped topics within estab-
lished disciplines in hematology. Secondly, we
introduced informative chapter outlines at the begin-
ning of each chapter and extensively refer the reader to
other chapters within the text. Finally, we edited the
text in an attempt to make the presentation as clear and
uniform as possible.

In addition to organizational changes, we added two
new sections; Hematotoxicity and Quality Control and
Laboratory Techniques. The Hematotoxicity section
was thought necessary because of the large number of
clinical pathologists now involved in preclinical safety
assessment and toxicology and because of present
concerns about environmental toxicants. In that regard,
we also expanded the laboratory animal hematology
chapter in the book. The Quality Control and Laboratory
Techniques section was added for several reasons. First,
this section acknowledges and supports the growing
group of veterinary laboratory technicians. Secondly,

The sixth edition of Schalm’s Veterinary Hematology

this section may help to standardize testing and quality
control in clinical and industrial laboratories. Thirdly,
this section may support and encourage research in
veterinary and comparative hematology.

We have also expanded other sections in the book.
The Hematologic Neoplasia section was extensively
reorganized using the World Health Organization clas-
sification system as the basis for classification of leuke-
mias and lymphomas. This expansion reflects the
dramatic progress made in this discipline in recent
years. The Species Specific Hematology section has also
been expanded by increasing the number of photo-
graphs of blood cells and by adding discussions of bone
marrow where appropriate. This should be helpful
when veterinary clinical pathologists encounter blood
or bone marrow preparations from species with which
they are not familiar.

We hope that you will find the many changes made
in this edition to be beneficial. We thank the previous
editors, section editors, and authors for their wisdom,
knowledge, time, and commitment.

Douglas ]. Weiss
K. Jane Wardrop
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CHAPTER 1

Embryonic and Fetal Hematopoiesis

KELLI L. BOYD and BRAD BOLON

Basic Principles of Hematopoietic Development
Cell Structure and Function

Primitive Hematopoiesis
Erythroid Cells
Other Cells

Definitive Hematopoiesis

Hemoglobin Switching

Molecular Mechanisms Regulating Hematopoietic
Development

Acronyms and Abbreviations

AGM, aorta-gonad-mesonephros; Bmp, bone morphogenetic protein; 2,3-DPG, 2,3-diphosphoglycerate; E#, day of
embryonic development, where the number indicates age of the embryo in days after conception; EPO, erythro-
poietin; fL, femtoliter; Gatal, 2, and 4, GATA-binding proteins 1, 2, and 4; HSC, hematopoietic stem cell; Ihh, Indian
hedgehog; IL, interleukin; P#, day of postnatal development, where the number indicates age of the neonate in
days after delivery; pg, picogram; PU.1, purine box-binding transcription factor; Scl/Tal-1, stem cell leukemia / T-cell

acute leukemia factor.

ment have been highly conserved throughout ver-

tebrate evolution. Understanding the embryonic
and fetal origins of hematopoiesis provides important
insights regarding the function of the adult hematopoi-
etic system. Hematopoiesis in embryonic and fetal
animals has been studied intensively for several decades
as a model for hematopoietic progression in humans.
Recent technical advances have allowed researchers to
characterize the spatial and temporal relationships as
well as the cellular and molecular mechanisms of hemat-
opoietic development.

This chapter reviews the basic biology of hematopoi-
etic development in the mouse (Mus musculus). This
appraisal will emphasize hematopoietic events during
the embryonic and fetal stages of development, but also
will cover selected features of neonatal hematopoiesis.

The complexities of hematopoietic system develop-

BASIC PRINCIPLES OF HEMATOPOIETIC
DEVELOPMENT

Cell Structure and Function

Blood cells produced at different stages of development
differ in morphology and function. Thus, primitive
(“fetal”) cells fabricated early in gestation have mark-

edly different properties from their definitive (“adult”)
counterparts produced during late gestation and in
postnatal life. This principle has been characterized
most completely in erythroid lineage cells. Primitive
erythrocytes (RBCs) are formed in the yolk sac, whereas
definitive RBCs are produced by the liver and later
spleen and bone marrow. Primitive RBCs are nucleated
in circulation until approximately day 12.5 (E12.5) of
gestation, after which nuclei gradually become con-
densed before being shed between E14.5 to E16.5.%
Enucleated primitive RBCs retain their large size and
can remain in circulation until as late as postnatal day
5 (P5). Both primitive and definitive RBCs are released
during most of the latter half of gestation (E10 to E18),
although the ratio shifts as time progresses from mainly
primitive to mainly definitive RBCs.

Primitive and definitive RBCs can be distinguished
by their size. The volume of primitive RBCs varies from
465 to 530 femtoliters (fL) which is approximately six
times larger than that of definitive RBCs.*® The hemo-
globin content of primitive RBCs, 80 to 100 picograms
(pg)/cell, also is nearly six times the amount found
in definitive RBCs.* Both primitive and definitive
RBCs have basophilic cytoplasm when first produced
due to abundant rough endoplasmic reticulum, but
basophilia recedes as maximal hemoglobin content is
achieved.
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4 SECTION I: HEMATOPOIESIS

Other hematopoietic lineages also differ in cell struc-
ture and function during the course of development.
Primitive megakaryocytes from the yolk sac contain
fewer nuclei of lower ploidy, are about half the size, and
respond differently to cytokine stimulation relative to
definitive megakaryocytes.”” Primitive macrophages
that originate in the yolk sac* lack certain enzyme activ-
ities, are capable of division, and survive for extended
periods compared to definitive monocyte-derived mac-
rophages. These functional differences are related to the
roles that the two cell populations appear to play.
Primitive macrophages are the source for many tissue
macrophages in embryonic through juvenile stages of
development, whereas definitive macrophages are the
source for circulating monocytes and resident macro-
phages characteristic of the adult immune system.

PRIMITIVE HEMATOPOIESIS

The processes that drive primitive and definitive stages
of hematopoiesis as well as the events that regulate
transition between the two stages are mediated by a
constellation of factors.'**#*% Cell adhesion factors,
growth factors, and transcription factors that partici-
pate in this process often support differentiation of mul-
tiple hematopoietic cell types,'*** and the dependence
of a given cell lineage on any particular molecule may
differ between primitive and definitive hematopoiesis.

Erythroid Cells

Hematopoiesis occurs at multiple sites within the
embryo and in extraembryonic tissues. The first phase
of blood cell production, referred to as primitive hemato-
poiesis, is responsible for producing blood elements
during the earliest stage of embryogenesis. Primitive
hematopoiesis takes place in the visceral yolk sac begin-
ning at approximately E7.0.">* Thus, primitive hemato-
poietic cells are among the earliest distinct tissues to
differentiate in the embryo. Formation of primitive cells
declines rapidly after E11. The visceral yolk sac or
extraembryonic splanchnopleure (the term for a struc-
ture in which mesoderm and endoderm are directly
apposed) arises from the migration of extraembryonic
mesoderm streaming from the caudal primitive streak
along the inner surface of the visceral endoderm. The
mesodermal cells committed to initiate and support
hematopoiesis have been termed hemangioblasts because
the contiguity of primitive hematopoiesis and vasculo-
genesis in both space and time suggests that primitive
hematopoietic and endothelial cells in the yolk sac
share a common ancestor."” Hemangioblasts arise as
undifferentiated cells at the primitive-streak stage and
commit to producing a g)articular cell lineage before
blood island formation.*** These pluripotent cells
also can differentiate into other mesenchyme-derived
tissues.

Between E7.5 and E9.0, hemangioblasts form multi-
ple aggregates termed blood islands. Each blood island
contains a central core of unattached inner hemangiob-

lasts (hematopoietic progenitors) surrounded by a rim
of spindle-shaped outer hemangioblasts (endothelial
progenitors)."”” Nucleated erythroid cells are first recog-
nized in the cores of the blood islands at E8.0 and are
evident circulating in the cardiovascular system start-
ing at E8.25."° At this stage embryonic erythroblasts
enter the circulation, where they continue to divide
until approximately E13.0.

The majority of cells produced during primitive
hematopoiesis are of the erythroid lineage. Committed
erythroid colony-forming cells arrive in the yolk sac at
approximately E7.25. These cells expand until E8.0 and
then differentiate into primitive erythroblasts; all col-
ony-forming cells have regressed completely by E9.0,*
which corresponds approximately to the earliest phase
of definitive erythropoiesis. Primitive erythroblasts
serve as the sole source of RBCs in the early embryo
from E8.0 to approximately E10.5** and remain an
important source of RBCs until E13. Thus, embryos
with a developmental age between E8.0 and E11 that
are anemic suffer from a defect in primitive erythropoi-
esis.**® Interestingly, seemingly profound defects in
primitive hematopoiesis leading to persistent functional
defects in adulthood may not elicit an aberrant hema-
tologic profile in the embryo.

Other Cells

Recent studies suggest that other hematopoietic cell
lineages also are generated in the yolk sac during
this primitive stage of hematopoietic development.
Primitive lymphoid precursors and even some adult
stem cells evolve at E7.5 and subsequently seed other
sites of hematopoiesis, including the aorta-gonad-
mesonephros region (AGM), umbilical vessels, and
liver.*” Primitive macropha%es have been identified in
the yolk sac by E8.0* to E9.0.* In vitro experiments have
demonstrated that E7.5 yolk sac cells can give rise to
functional megakaryocytic precursors by E10.5.¥ Many
hemangioblasts actually serve as bi- or oligo-potent
progenitors, including those capable of commitment
to erythrocytic/myeloid,* erythrocytic/megakaryo-
cytic,” granulocyte/macrophage,® and lymphoid (B
cell and T cell)/myeloid lineages. Stem cells for mast
cells have also been reported to arise in the yolk sac
during primitive hematopoiesis.*

DEFINITIVE HEMATOPOIESIS

The second stage of blood cell production, termed defin-
itive hematopoiesis, is thought to arise primarily from the
AGM.>” The AGM is an amorphous band of intraem-
bryonic splanchnopleure that encompasses the dorso-
medial wall of the abdominal cavity. The AGM domain
is the main source of mesenchyme-derived, definitive
hematopoietic stem cells (HSCs) that will serve the
developing animal during late gestation and post-
natal life. Initiation of definitive hematopoiesis ranges
between E8.5 and E9.25, with definitive HSCs evident
in the AGM by no later than E10. Peak production of



HSCs in the AGM occurs between E10.5 and E11.5, at
which time they comprise almost 10% of all AGM cells.
Although controversial, some AGM-independent HSCs
may also arise from the allantois, chorion, definitive
placenta, umbilical arteries, and yolk sac. The actual
contribution of these secondary sites to the overall HSC
population has yet to be defined. However, the placenta
appears to serve a particularly important role. The yolk
sac also appears to be an essential secondary site because
it is a source of multiple progenitor cell lineages and
remains for at least a day after the AGM has halted HSC
production.®®

Regardless of their original site of de novo synthesis,
HSCs migrate to seed other locations that support
definitive hematopoiesis: embryonic liver, followed by
embryonic thymus, fetal spleen, and bone marrow (in
that order). These latter destinations do not produce
HSCs de novo but rather contain niches suitable for
expansion of newly arrived HSCs.* The suitability of
such niches is controlled by specific characteristics of
their stromal support cells.”” The embryonic liver is
colonized first, apparently because it shares many
molecular and functional similarities with the yolk
sac.’ It provides the major locus for definitive hemato-
poiesis from E12 to E16.” The HSCs enter the embry-
onic liver in several succeeding waves between E9.0 or
E10.0 and E12."* The first HSCs to enter the liver are
pluripotent and can form any type of hematopoietic
cell. Their first step in intra-hepatic maturation is to
commit to a more limited range of lineage options,
typically as either an erythromyeloid progenitor or a
common myelolymphoid progenitor.” Definitive eryth-
roid precursors mature and become enucleated within
erythroid islands in the liver before entering the circula-
tion”” Liver-derived myelolymphoid progenitors
subsequently develop into bi-potent cells (B cell and
myeloid, or T cell and myeloid) before committing to
produce a single cell lineage.” Some T cell progenitors
have a bi-potent commitment to NK cell lineage. T cell
precursors destined for transfer to the embryonic
thymus are produced even in athymic mice, indicating
that the fetal liver may play a role in promoting early T
cell differentiation.”?

Embryonic thymus and fetal spleen are seeded either
from the liver or AGM, or both, beginning about E13
for thymus and E15 for spleen. The thymus typically
accepts only those HSCs that are committed to make T
cells, whereas other multi-potent myelolymphoid ele-
ments are directed to other sites.”” The number of T cell
precursors in liver is abundant at E12 but decreases
thereafter, whereas the population of intra-hepatic B
cell progenitors exhibits a reverse trend."” Most types of
definitive hematopoietic cells in the spleen arise from
precursor cells that commit to a specific lineage before
leaving the liver. Multi-potent HSCs entering the
spleen cease proliferating and differentiate into mature
macrophages. These cells may regulate intra-splenic
erythropoiesis.

The bone marrow first receives HSCs from hepatic
depots at about E16.** Thereafter, the allocation of
colony-forming hematopoietic precursors shifts from a
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primarily hepato-centric localization at E18 through a
more dispersed distribution (bone marrow, liver, and
spleen in approximately equal numbers) at P2 to a
profile favoring bone marrow and to a lesser extent
spleen at P4 and after.*” Thus the bone marrow, liver,
and spleen function cooperatively to regulate definitive
hematopoiesis. While cooperating, each organ sup-
ports a molecularly distinct subset of hematopoietic
progenitors.

Committed hematopoietic progenitors necessary to
foster all lineages observed in adult animals arise during
definitive hematopoiesis. The AGM-derived HSCs con-
tribute to all major hematopoietic cell lineages. The
HSC population from the placenta reportedly supports
the genesis of erythroid, lymphoid (both B cell and T
cell lineages), and myeloid elements. By comparison,
the lineages sustained by yolk sac-derived HSCs are
limited to lymphoid and myeloid cells.*” Whether or not
progenitors for a given definitive cell lineage arising
from distinct HSC populations exhibit different func-
tional and molecular properties during late fetal and/
or postnatal life has yet to be determined.

Late-stage embryos (E13 to E15), fetuses (E16 to
birth), and neonates which present with anemia are
afflicted with a defect in definitive erythropoiesis.
Abnormalities associated with this presentation include
the total absence of definitive hematopoiesis,”*' and an
inability of progenitor cells to properly colonize intra-
embryonic sites of hematopoiesis. Multiple cell lineages
may be affected; such a combined effect suggests that
the hematopoietic defect occurs in a bi- or multi-potent
stem cell rather than in one committed to forming
a specific cell lineage.” Presentation with late-stage
anemia also might result from a general delay in growth
and development rather than a focused anomaly in the
erythrocytic lineage.”

Young animals have circulatin§ blood cell numbers
is that are different from adults.*” RBC numbers more
than double between birth and young adulthood.
Circulating leukocyte counts at birth are approximately
20% of adult levels before increasing to adult numbers
by 6 to 7 weeks of age. Platelet counts in neonates are
approximately one-third numbers.

HEMOGLOBIN SWITCHING

Primitive and definitive RBCs bear a battery of seven
o- and PB-globins, the mix of which varies with the
developmental stage. The a-globins are encoded by
three genes ({, oy, and o0,), whereas [B-globins are
encoded by four main genes (ey, BH1, Bmin, and Pmaj).
The globins of a given type (e.g. o- or B-globins) typi-
cally exist as a series of closely linked homologous
genes and related pseudo-genes located on the same
chromosome;'** mouse globin genes are carried on
chromosomes 7 (3-globins) and 11 (a-globins). All seven
mouse globin genes are transcribed during erythroid
development, but the production of three—{, €y, and
BH1—is limited to primitive RBCs.”® A consequence of
this limitation is that mouse B-globin genes, although
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closely related to human globins in most respects, do
not follow the human pattern of up-regulation in the
sequence of their chromosomal arrangement.”*

The extent of individual globin gene expression and
the blend of globin genes that are expressed vary over
time. For example, enucleated primitive RBCs contain
relatively more Bmin than do definitive RBCs. At E11.5,
Bmin constitutes approximately 80% of the -globin in
circulation. This level is reduced by approximately 60%
at birth. Primitive RBCs express increasing levels of
adult globins as gestation progresses, whereas defini-
tive RBCs harbor only the adult protein variants. This
evolution indicates that the pattern of globin expression
switches as the primitive RBCs are replaced by defini-
tive RBCs. Molecular mechanisms which regulate the
switching process are complex.”” The timing of this
switch, between E10.5 and E12.5, coincides with the
initial escalation in definitive erythropoiesis. Perturbed
timing of this switch is a feature of some murine models
of hematopoietic disease.®

Successful maintenance of the developing conceptus
depends on preferential capture of oxygen in embry-
onic and fetal tissues. Therefore, primitive RBCs gener-
ally have a higher affinity for oxygen than do maternal
RBCs, although domestic cats are an exception. This
sequestration of oxygen is mediated by two primary
mechanisms. The mechanism pertinent to the early
embryonic period is the greater affinity of embryonic
hemoglobin in primitive RBCs for oxygen relative to
that of adult hemoglobin.® Alternatively, definitive
RBCs in the late embryo and fetus possess a lower con-
centration of 2,3-diphosphoglycerate (2,3-DPG) than do
maternal RBCs. Higher levels of 2,3-DPG facilitate
oxygen release into tissues. After birth, levels 2,3-DPG
content of RBCs rise to adult levels within 10 to 15 days.

MOLECULAR MECHANISMS REGULATING
HEMATOPOIETIC DEVELOPMENT

A wide spectrum of growth factors, hormones, and
transcription factors are required to specify the various
stages of hematopoietic development in mammals. The
entire meshwork responsible for directing any given
event has not been completely characterized. Shifting
levels of several transcription factors have been shown
to modify blood cell production. Insufficiencies in many
of these molecules act by forestalling primitive hemato-
poiesis in the yolk sac. For example, genesis of eryth-
roid precursors is impacted by deficits in GATA-binding
protein 1 (Gata-1),"” shown in vivo to prevent erythroid
maturation; Gata-2,*® demonstrated in vivo to abort pre-
cursor expansion; and Gata-4,” for which an in vitro
shortage thwarts hemangioblast-mediated specification
of blood islands and their associated vessels. These
effects occur because the GATA consensus elements are
critical regulatory regions in many erythroid-specific
genes. All cell lineages are affected by stem cell
leukemia/T-cell acute leukemia factor 1 (Scl/Tal-1).*
Abnormal levels of transcription factors can also act
later in gestation to disrupt definitive hematopoiesis.

For example, purine box-binding transcription factor 1
(PU.1) is required for production of definitive (mono-
cyte-derived) macrophages but not their primitive (yolk
sac-derived) counterparts. This disparity in response is
intriguing in that PU.1 is highly expressed during early
hematopoiesis but fluctuates in various cell lineages as
time progresses.”’ Normal genesis of many progenitor
cells, including bi-potent erythroid/megakaryocytic
progenitors as well as B cell and T cell progenitors,
requires that PU.1 levels be reduced, whereas produc-
tion of myeloid progenitors necessitates an increase
in PU.1."°

Secreted molecules also are important regulators of
hematopoietic development during gestation. For
example, erythropoietin (EPO) sustains both primitive
and definitive erythropoiesis by stimulating prolifera-
tion and differentiation of immature primitive and
definitive RBCs.” Reduction in EPO activity within the
yolk sac greatly reduces the number of colony-forming
cells and erythroblasts via excessive apoptosis.
Thrombopoietin fulfills a similar function for meg-
akaryocytes, although other cytokines (interleukin-3
[IL-3], IL-6) and growth factors (granulocyte-colony
stimulating factor, stem cell factor) also are required.”
Other ligand/receptor signaling pathways shown to
affect hematopoietic development include the endo-
derm-derived molecule Indian hedgehog (Thh)* and
bone morphogenetic protein 4 (Bmp4)," both of which
participate in blood island production and vasculogen-
esis in the yolk sac. In general, secreted molecules act
via their interaction with a specific transcription factor.

Cell adhesion molecules of the integrin family are
essential for the proper migration of hematopoietic pre-
cursors. For instance, Bi-integrins are essential if HSC
are to reach the embryonic liver, and later the fetal
spleen and bone marrow, at the appropriate develop-
mental stages.”” A loss of f-integrins prevents adhesive
interactions between HSCs and endothelial cells,
thereby stranding the HSCs within vessels.”” Some
integrins have functions in addition to their targeting
role. For example, B,-integrins are required not only for
correct homing but also for expansion and differentia-
tion of erythroid and B cell precursors in liver, spleen,
and bone marrow. As with secreted factors, the activi-
ties of some integrins relate more to late gestation and
neonatal stages rather than earlier stages of hematopoi-
etic development. This chronology has been docu-
mented for B,-integrin with respect to lymphoid and
myeloid differentiation."
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Structure of Bone Marrow
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Supporting Structures
Vasculature and Sinus Architecture
Innervation
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Cellular Organization
Megakaryocytes
Erythroblastic (Rubriblastic) Islands
Granulocytes
Lymphoid Cells and Macrophages
Stem Cell Niches

HSC, hematopoietic stem cell; RBC, red blood cell; WBC, white blood cell.

adults, and a primary lymphoid organ. Bone

marrow is a diffuse organ which constitutes
approximately 3% of the body mass in rats, 2% in dogs,
and 5% in humans.”” Marrow tissue is present in the
central cavities of axial and long bones, and consists of
a sinusoidal system, hematopoietic cells, adipose tissue,
supporting reticular cells, and extracellular matrix. The
complex vasculature and rich innervation of the marrow
reflect the multiplicity of signals contributing to the
control of hematopoiesis. Bone marrow is a dynamic
organ capable of structural and functional remodeling
in response to nutritional factors, endocrine signals, and
variations in demand for the production of red blood
cells (RBCs), white blood cells (WBCs), and platelets.
This chapter will review the structure of bone marrow
with a brief conceptual framework for structural and
functional relationships among the different compo-
nents of bone marrow. For a more thorough discussion
of the biochemical and molecular control of hematopoi-
esis and the hematopoietic microenvironment, the
reader is referred to Chapters 1 and 5.

Bone marrow is the major hematopoietic organ in

SUPPORTING STRUCTURES

Hematopoietic tissue resides within a rigid boney
cortex, and is further supported by a meshwork of
trabecular bone that serves as a partial scaffold for addi-
tional structural components including adipose, reticu-
lar cells, and extracellular matrix. In addition to
providing physical support, each of these structures
contributes to the biochemical microenvironment of
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hematopoietic tissue, either directly or via vascular
connections.

A one to two cell thick layer of flat endosteal cells
with a thin layer of connective tissue lines all of the
boney surfaces within the medullary cavity. This layer
is punctuated with occasional osteoblasts and osteo-
clasts, and may be traversed by endosteal blood vessels
connecting the hematopoietic space with bone.
Osteoblasts contribute to bone production and are
derived from multipotent mesenchymal stromal pro-
genitor cells that also §ive rise to bone marrow stromal
cells and adipocytes.”’ Osteoclasts are multinucleated
cells derived from fused monocyte-macrophage precur-
sors under the influence of numerous signals, including
those from osteoblasts.” Osteoblasts and osteoclasts
remodel bone within the marrow space, influencing the
endosteal environment and probably contributing to
regulation of hematopoietic stem cell proliferation and
trafficking.” Osteoblasts and osteoclasts also produce
hematopoietic cytokines, and interplay between bone
and hematopoietic cells can influence bone turnover
and remodeling.***

Fine, spindloid to stellate stromal cells extend from
endosteal regions into the parenchyma of hematopoi-
etic tissue. These cells probably derive from fibroblasts
in the bone marrow, and form a supporting meshwork
for hematopoietic cells, adipose tissue, and blood
vessels. Stromal cells produce soluble factors that con-
tribute to regulation of hematopoiesis, and communi-
cate with hematopoietic precursors via direct cell to cell
contact. Bone marrow stromal cells produce structural
fibrils such as collagen, reticulin, laminin, and fibronec-
tin, and ground substance composed of water, salts,



glycosaminoglycans, and glycoproteins, which collec-
tively are called the extracellular matrix. Like the
supporting cellular structures of the marrow, the extra-
cellular matrix participates in both the structural and
biochemical support of hematopoiesis.”

Bone marrow contains predominantly types I and III
collagen, which take their final form after secretion into
the extracellular space, where they undergo enzymatic
modification. Reticulin is distinguished from collagen
in the marrow by the presence of fine argyrophilic
fibers, which are composed of a core of type I collagen
surrounded by type III collagen fibrils embedded in a
matrix of glycoproteins and glycosaminoglycans.®
Although the fine connective tissue structure of bone
marrow is not prominent on routinely processed histol-
ogy sections, special stains can enhance its visualiza-
tion. Collagen can be visualized with Mallory’s or
Masson’s trichrome stains, whereas Gomori’s silver
stain highlights the presence of reticulin. This can be
important in pathologic conditions in which production
of excess matrix material contributes to disease.
Differentiation of collagen and reticulin fibrosis may
have diagnostic implications and influence the likeli-
hood of reversibility of the lesion. Expanded extracel-
lular matrix characterizes other bone marrow disorders
beyond classical syndromes of myelofibrosis.**'

Adipose tissue interspersed with hematopoietic
tissue is enmeshed in the same supporting structures.
The relationship between formation of bone and adipose
tissue is not clearly understood.” Adipocytes probably
are derived from the same mesenchymal progenitors
that produce stromal cells and osteoblasts, and there is
some evidence for interconversion of cells originating
from committed osteoblastic and adipogenic lineages

Cross section of
marrow
in long bone

Cortical bone

Trabecula

Central vein
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derived from the mesenchymal progenitor population.’
Adipocytes are the most numerous stromal cells in bone
marrow. In health, adipose tissue takes up approxi-
mately 25% to 75% of the bone marrow space, depend-
ing on the age of the animal. Adipose tissue also contains
other cell types that are less visible than adipocytes on
routine histologic sections. These cells also contribute to
the structural and functional roles of adipose tissue in
hematopoiesis, and include endothelial cells, macro-
phages, and adipocyte progenitor cells.** Both brown
and white adipose tissue are present in bone marrow;
differences in biological function of these types of fat are
not fully understood. Bone marrow adipose tissue tends
to be relatively resistant to lipolysis during starvation
compared with adipose tissue elsewhere in the body.
In addition to providing structural support, adipose
tissue also may participate in the hematopoietic micro-
environment. Cells derived from bone marrow adipose
tissue are capable of supporting differentiation of
hematopoietic progenitors in vitro.*’ The endocrine
and paracrine functions of adipose tissue also are
important.”>” Adipokines, which are biologically active
substances produced by adipose tissue, include regula-
tors of hematopoiesis and the immune response.'%***%%

VASCULATURE AND SINUS ARCHITECTURE

The nutrient artery provides the major blood supply to
bone marrow (Fig. 2.1). Nutrient arteries enter the med-
ullary cavity via one or more nutrient canals, which also
may contain one or two nutrient veins. There often are
two nutrient arteries for long bones, and flat bones may
contain several.”” Once the vessels have penetrated the

FIGURE 2.1 Organization of the venous
vasculature of the marrow of a long bone.
Thin-walled vascular sinuses originate at
the periphery from termination of
transverse branches of the nutrient artery
(not shown). The vascular sinuses run
transversely toward the center to join the
CV. Hemopoiesis takes place in the space
between the vascular sinuses. Adventitial
processes project into the hematopoietic
space, producing partial
compartmentalization. (Reproduced from
Lichtman MA. The ultrastructure of the
hemopoietic environment of the marrow:
a review. Exp Hematol 1981;9:391-410, with
permission.)

Vascular sinus

Adventitial process

Hematopoietic space
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cortex, ascending and descending branches bifurcate
from the main vessels, coiling around the main venous
bone marrow channel and central longitudinal vein.
These branches form numerous arterioles and capillar-
ies that penetrate the endosteal surface of the bone to
communicate with cortical capillaries derived from
arteries that supply surrounding muscle tissue (Fig.
2.1). These interactions facilitate communication and
reciprocal regulation between hematopoietic cells and
bone.* Capillaries derived from the nutrient artery
extend as far as the Haversian canals before coursing
back to the bone marrow and opening into the venous
sinuses.

Periosteal arterioles penetrate cortical bone to form a
second arterial system for the bone marrow. These
vessels form branching networks of medullary venous
sinuses. Medullary venous sinuses collect into the large
central venous sinus from which blood enters the sys-
temic circulation via the emissary vein, which exits
through the nutrient foramen.'

Hematopoiesis occurs in the extravascular spaces
between the venous sinuses, and has a close morpho-
logic and functional relationship with the cells that line
the venous sinuses. Venous sinuses are lined by a com-
plete luminal layer of broad, flat endothelial cells and
an incomplete outer layer of abluminal reticular cells
(Fig. 2.2). Reticular cells maintain close physical rela-
tionships with the hematopoietic cells close to the sinus
walls, frequently wrapping around or otherwise con-
tacting hematopoietic precursors. The basement lamina
between the sinusoids and the hematopoietic space is
thin and interrupted to facilitate release of mature
hematopoietic cells into the circulation.” Sinus endo-
thelial cells may regulate translocation of cells and
other substances into the systemic circulation.

FIGURE 2.2 Scanning electron micrograph
of a rat bone marrow showing developing
cells in hematopoietic spaces (HSs),
anastomosing venous sinusoids (VS), and
central vein (CV). 290x. (Prepared with
assistance of Dr. Prem Handagama.)

Ultrastructurally, sinus endothelial cells have distinct
cell junctions that are not tight, and egress of hemato-
poietic cells through migration pores in endothelial
cells has been observed. Other particulate matter may
traverse sinus endothelial cells by the process of
endocytosis.”

INNERVATION

Primary innervation of the bone marrow is via myeli-
nated and more numerous non-myelinated fibers. These
fibers originate in the spinal nerve corresponding to the
location of the nutrient foramen, although some inner-
vation may originate from the epiphyseal and metaphy-
seal foramina.®”” Once inside the medullary cavity, the
mixed myelinated and non-myelinated nerve bundles,
surrounded by a thin perineurium, divide to parallel
the arterial vasculature of the bone marrow.® The main
branches of the arterial vessels are surrounded by
several nerve bundles, whereas arterioles and capillar-
ies may be accompanied by only a single fiber, with
nerve endings contacting vascular smooth muscle cells
or periarterial adventitial and reticular cells.”

The sinusoidal system is less richly innervated than
the arterial vasculature, with nerve endings frequently
contacting the walls of sinusoids. Other nerve fibers
appear to terminate within the hematopoietic paren-
chyma or along the endosteum.*" It is not clear if there
is shared or separate innervation of bone and hemato-
poietic tissue, although at least some nerve fibers
in the bone marrow appear to originate from mineral-
ized bone.”* Bone marrow contains efferent noradren-
ergic and peptidergic sympathetic and presumptive
sensory nerve fibers.”** There is some evidence that




signals from the sympathetic nervous system may con-
tribute to regulation of hematopoiesis, immune func-
tion, and hematopoietic stem cell trafficking.>>****7%%

CELLULAR ORGANIZATION

An intricate three-dimensional complex of hematopoi-
etic cells forms cords or wedges between vascular
sinuses within the medullary cavity (Fig. 2.3). Different
cell lineages occupy specific locations: granulocytes,
lymphocytes, and macrophages are concentrated near
the endosteum and arterioles, and megakaryocytes and
erythroid cells are located near venous sinuses."'**
Hematopoietic cells are derived from a common
pluripotent stem cell which gives rise to lymphoid and
myeloid progenitor cells. Lymphoid progenitor cells
generate lymphocyte progeny, whereas the myeloid
progenitor cells generate erythroid cells, megakaryo-
cytes, basophils, eosinophils, and a common granulo-
cyte-macrophage cell that produces neutrophils and
macrophages. Each cell line exhibits a pyramidal pro-
gression of cell numbers with the least mature cells
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present in the smallest numbers and cells in subsequent
stages of development present in increasing
proportions.

Megakaryocytes

Megakaryocyte development begins with the meg-
akaryoblast, progresses to promegakaryocytes and
basophilic megakaryocytes, and culminates with for-
mation of mature megakaryocytes. Megakaryocyte pre-
cursors progressively enlarge as they differentiate to
become the largest cell in the bone marrow.*'® Their
nuclei mature from a single nucleus to a large multi-
lobulated nucleus through a process termed endomito-
sis, which is replication of DNA without cellular
division.*'® The cytoplasm of early megakaryocytic pre-
cursors is scant and deeply basophilic, becoming more
abundant, lightly basophilic, and filled with numerous
eosinophilic granules as the cell matures.'®

As megakaryocytes mature, they migrate toward
the venous sinuses and may compose part of the
endothelial cell layer."*'*'71%3940 Thig location enables

Adventitial
Reticular Cell

Basement
Membrane

Endothelial
Cells

Erythroid
Island
(Macrophage)

FIGURE 2.3 Schematic depiction of the hematopoietic compartment of the medullary cavity. Hematopoiesis occurs in cords composed of
differentiating hematopoietic cells, stromal cells, adventitial reticular cells, adipocytes, and endothelial cells. Megakaryocytes (Mega) reside
near the sinuses, shedding platelets directly into the sinus. Erythropoiesis occurs around macrophages, termed erythroid islands. Some
evidence suggests structural variation in the location of primitive versus differentiated cells, with more primitive cells located nearer the
bone surface. (Reproduced from Sieff C, Williams D. Hemopoiesis. In: Handin R, Lux S, Stossel T, eds. Blood: Principles and Practice of

Hematology. Philadelphia: JB Lippincott, 1995, with permission.)
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cytoplasmic processes to extend through endothelial
gaps and discharge of proplatelets directly into the
lumen of the sinus. Platelets are released from proplate-
let processes into the peripheral circulation (see
Chap’fer 9)’13,17,19,39

Erythroblastic (Rubriblastic) Islands

Stages of erythropoiesis include rubriblasts, prorubri-
cytes, rubricytes, metarubricytes, reticulocytes, and
mature RBCs (see Chapter 6).*'*” As erythroid precur-
sors mature, the cells become smaller, the nuclear to
cytoplasmic ratio decreases, the cytoplasm becomes less
basophilic and more polychromatophilic, and the
nuclear chromatin becomes condensed. In mammals,
the nucleus is extruded before maturation to a mature
RBC.""" Erythropoiesis occurs in distinct erythroblastic
islands (Fig. 2.3), which are clusters of cells that occa-
sionally can be observed in cytologic samples of bone
marrow."”*”* Erythroblastic islands form around a
central macrophage that projects membranous proc-
esses to assist erythropoiesis by providing iron and
probably other nutrients and hematopoietic cytokines.
These macrophages also phagocytize extruded nuclei
and defective cells."”"* Erythroid progeny are found in
concentric circles surrounding the central macrophage
with younger forms closer to the macrophage.' Central
macrophages are recruited from a subset of resident
macrophages derived from monocyte precursors.
Erythroblastic islands are located near venous
sinuses."*”* A recent study of erythropoiesis in rat bone
marrow suggests that erythroblastic islands are motile
and migrate towards sinusoids as they mature, and that
erythroblastic islands are composed of cells in similar
stages of erythroid development.”*

Granulocytes

Neutrophils, eosinophils, and basophils develop in a
parallel fashion from myeloblasts, promyelocytes, mye-
locytes, metamyelocytes, and band forms, to mature
cells. Granulocytes, like RBCs, decrease their cellular
size and nuclear to cytoplasmic ratio as they mature.
Secondary specific granules appear in the myelocyte
stage and allow differentiation of the various granulo-
cytic lineages.'*'” At the metamyelocyte stage, the round
nucleus elongates and indents to form a bean-shaped
nucleus before ultimately forming segmentations at full
maturation. The location of granulocytic cells is depend-
ent on their stage of maturity. Immature forms are
located near arterioles and boney trabeculae. As matu-
ration proceeds, precursors migrate toward venous
sinusoids, where they access the peripheral circulation
by diapedesis."">**

Lymphoid Cells and Macrophages

Lymphoid progenitors produce B cells, which develop
further in the bone marrow, and T/NK progenitors,
which leave the bone marrow for further development

in the thymus and other tissues. Immature lymphoid
cells and macrophages are located near the endosteum
and arterioles,"'** whereas mature lymphocytes are
relatively uniformly distributed with the bone marrow
parenchyma."'** Morphologic changes in lymphoid
cells during maturation are relatively minimal com-
pared to other lineages and include decreasing cell size,
decreasing cytoplasmic basophilia, and increasing con-
densation of nuclear chromatin.

Stem Cell Niches

Hematopoietic stem cells (HSCs) are morphologically
indistinct, and evaluation of surface proteins is required
for definitive identification (see Chapter 3). HSCs reside
in the bone marrow within stem cell niches, the special-
ized microenvironments created by supporting cells
that provide the necessary signals for stem cell mainte-
nance and function.”* Current evidence indicates that
there are two niches: an endosteal or osteoblastic niche
and a vascular niche.”** The endosteal niche is located
adjacent to the endosteal surface of the bone marrow,
in a location influenced by osteoblastic activity, and it
promotes HSC quiescence and trans-marrow migra-
tion.* The vascular niche is located near the sinusoi-
dal endothelium and is involved in HSC expansion and
egress into the circulation.”” The relationship between
the two stem cell niches is still under investigation.”*

REFERENCES

1. Abboud CN, Lichtman MA. Structure of the marrow and the hematopoi-
etic microenvironment. In: Lichtman MA, Beutler E, Kipps TJ, Seligsohn U,
Kaushandky K, Prchal JT, eds. Williams” Hematology, 7th edn. New York:
McGraw-Hill, 2006;29-59.

2. Afan AM, Broome CS, Nicholls SE, et al. Bone marrow innervation regu-
lates cellular retention in the murine hematopoietic system. Br ] Haematol
1997,98:569-577.

3. Anjos-Afonso F, Bonnet D. Flexible and dynamic organization of bone
marrow stromal compartment. Br ] Haematol 2007;139:373-384.

4. Battinelli EM, Hartwig JH, Italiano Jr JE. Delivering new insight into the
biology of megakaryopoiesis and thrombopoiesis. Curr Opin Hematol
2007;14:419-426.

5. Broome CS, Whetton AD, Miyan JA. Neuropeptide control of bone
marrow neutrophil production is mediated by both direct and indirect
effects on CFU-GM. Br ] Haematol 2000;108:140-150.

6. Calvo W. The innervation of the bone marrow in laboratory animals. Am
J Anat 1968;123:315-328.

7. Chasis JA, Mohandas N. Erythroblastic islands: niches for erythropoiesis.
Blood 2008;112:470-478.

8. Corre J, Barreau C, Cousin B, et al. Human subcutaneous adipose cells
support complete differentiation but not self-renewal of hematopoietic pro-
genitors. ] Cell Physiol 2006,208:282-288.

9. Dénes A, Boldogkoi Z, Uhereczky G, et al. Central autonomic control of
the bone marrow: multisynaptic tract tracing by recombinant pseudorabies
virus. Neuroscience 2005;134:947-963.

10. DiMascio L, Voermans C, Uqoezwa M, et al. Identification of adiponectin
as a novel hemopoietic stem cell growth factor. ] Immunol
2007;178:3511-3520.

11. Felten DL, Felten SY, Carlson SL, et al. Noradrenergic and peptidergic
innervation of lymphoid tissue. ] Immunol 1985;135:755-765.

12. Fischer-Posovszky P, Wabitsch M, Hochberg Z. Endocrinology of adipose
tissue-an update. Hormone Metab Res 2007;39:314-321.

13. Fry MM, McGavin MD. Bone marrow, blood cells and lymphatic system.
In: McGavin MD, Zachary JE eds. Pathologic Basis of Veterinary Disease,
4th edn. St. Louis: Mosby, 2007,743-750.

14. Gasper PW. The hemapoietic system. In: Feldman BF, Zinkl JG, Jain NC,
eds. Schalm’s Veterinary Hematology, 4th edn. Philadelphia: Lippincott,
Williams & Wilkins, 2000;63—69.

15. Gimble JM, Zvonic S, Floyd ZE, et al. Playing with bone and fat. J Cell
Biochem 2006;98:251-266.



16.

17.
18.
19.

20.

21.

22.

23.

24.
25.
26.
27.
28.

. Lichtman MA. The ultrastructure of the hemopoietic environment of the

30.

Grindhem CB, Tyler RD, Cowell RL. The bone marrow. In: Cowell RL,
Tyler RD, Meinkoth JH, DeNicola DB, eds. Diagnostic Cytology and
Hematology of the Dog and Cat, 3rd edn. St Louis: Mosby, 2008;422-450.
Harvey JW. Atlas of Veterinary Hematology: Blood and Bone Marrow of
Domestic Animals. Philadelphia: Saunders, 2001;87-91.

Hermans MHA, Hartsuiker H, Opstelten D. An in situ study of B-
lymphocytopoiesis in rat bone marrow. ] Immunol 1989;142:67-73.
Italiano Jr JE, Patel-Hett S, Hartwig JH. Mechanics of proplatelet elabora-
tion. ] Thrombosis Haemostasis 2007;5(Suppl 1):18-23.

Iverson PO, Hjeltnes N, Holm B, et al. Depressed immunity and impaired
proliferation of hematopoietic progenitor cells in patients with complete
spinal cord injury. Blood 2000;96:2081-2083.

Kaplan RN, Psaila B, Lyden D. Niche-to-niche migration of bone marrow-
derived cells. Trends Mol Med 2007;13:72-81.

Katayama Y, Battista M, Kao WM, et al. Signals from the sympathetic
nervous system regulate hematopoietic stem cell egress from bone marrow.
Cell 2006;124:407-421.

Kiel MJ, Morrison SJ. Uncertainty in the niches that maintain hematopoi-
etic stem cells. Nat Rev Immunol 2008;8:290-301.

Kilroy GE, Foster SJ, Wu X, et al. Cytokine profile of human adipose-
derived stem cells: expression of angiogenic, hematopoietic, and pro-
inflammatory factors. ] Cell Physiol 2007;212:702-709.

Kollet O, Dar A, Lapidot T. The multiple roles of osteoclasts in host
defense: bone remodeling and hematopoietic stem cell mobilization. Annu
Rev Immunol 2007;25:51-69.

Kuter DJ, Bain B, Mufti G, et al. Bone marrow fibrosis: pathophysiology
and clinical significance of increased bone marrow stromal fibers. Br ]
Haematol 2007;139:351-362.

Lago F, Dieguez C, Gémez-Reino J, et al. Adipokines as emerging media-
tors of immune response and inflammation. Nat Clin Pract Rheumatol
2007;3:176-724.

Lam QL, Lu L. Role of leptin in immunity. Cell Mol Immunol 2007;4:1-13.

marrow: a review. Exp Hematol 1981;9:391-410.
Lorenzo J, Horowitz M, Choi Y. Osteoimmunology: interactions of the
bone and immune system. Endocr Rev 2008;29:403-440.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

CHAPTER 2: STRUCTURE OF BONE MARROW 13

Mach DB, Rogers SD, Sabino MC, et al. Origins of skeletal pain: sensory
and sympathetic innervation of the mouse femur. Neuroscience
2002;113:155-166.

Meéndez-Ferrer S, Lucas D, Battista M, et al. Haematopoietic stem cell
release is regulated by circadian oscillations. Nature 2008;452:442-447.
Naito K, Tamahashi N, Chiba C, et al. The microvasculature of the human
bone marrow correlated with the distribution of hematopoietic cells: a
computer-assisted three-dimensional reconstruction study. Tohoku ] Exp
Med 1992;166:439-450.

Nance DM, Sanders VM. Autonomic innervation and regulation of the
immune system (1987-2007). Brain Behav Immun 2007;21:736-745.

Payne MWC, Uhthoff HK, Trudel G. Anemia of immobility: caused by
adipocyte accumulation in bone marrow. Med Hypoth 2007;69:778-
786.

Porter RL, Calvi LM. Communications between bone cells and hematopoi-
etic stem cells. Arch Biochem Biophys 2008;473:193-200.

Sethi JK, Vidal-Puig AJ. Adipose tissue function and plasticity orchestrate
nutritional adaptation. J Lipid Res 2007;48:1253-1261.

Shepherd AJ, Downing JEG, Miyan JA. Without nerves, immunology
remains incomplete-in vivo veritas. Immunology 2005;116:145-163.
Travlos GS. Normal structure, function, and histology of the bone marrow.
Toxicol Pathol 2006;34:548-565.

Valli VEO. Normal and benign reactive hematopoietic tissues. Veterinary
Comparative Hematopathology, Ames: Wiley-Blackwell, 2007;98-102.
Weiss DJ. 2008;Bone marrow pathology in dogs and cats with non-regen-
erative immune-mediated haemolytic anaemia and pure red cell aplasia. J
Comp Pathol 2007;138:46-53.

Wilson A, Trumpp A. Bone-marrow haematopoietic-stem-cell niches. Nat
Rev Immunol 2006;6:93-106.

Yamazaki K, Allen TD. Ultrastructural morphometric study of efferent
nerve terminals on murine bone marrow stromal cells, and the recognition
of a novel anatomical unit: the “neuro-reticular complex.” Am ] Anat
1990;187:261-276.

Yokoyama T, Etoh T, Kitagawa H, et al. Migration of erythroblastic islands
toward the sinusoid as erythroid maturation proceeds in rat bone marrow.
J Vet Med Sci 2003;65:449-452.



CHAPTER 3

Stem Cell Biology

JED A. OVERMANN, JAIME F. MODIANGQ, and TIMOTHY 0. O'BRIEN

Defining Stem Cells
Characteristics
Tests and Markers
CD34
Stem cell antigen
Dye efflux
c-Kit
Lin™
Transcription factors
Bone Marrow-Derived Stem Cells
Stem Cell Biology
Regulation of Survival and Pluripotency
Niche

Acronyms and Abbreviations

Molecular mechanisms
Leukemia inhibitory factor
Bone morphogenic protein and fibroblast growth
factor
Wnt
Tyrosine kinase with immunoglobulin-like and
EGF-like domains 2 and angiopoietin-1
Other cytokines
Transcription factors
Microribonucleic acids
Regulation of Differentiation
Stem Cell-Associated Diseases
Stem Cell Failure
Stem Cells and Proliferative Disorders

ABC transporter, ATP-binding cassette transporter; BMP, bone morphogenic protein; CD, cluster of differentiation;
EPC, endothelial precursor cell; EPO, erythropoietin; ERK, extracellular signal related kinases; ESC, embryonic stem
cell; FGF, fibroblast growth factor; GM-CSEF, granulocyte/macrophage colony stimulating factor; HSC, hematopoi-
etic stem cell; IGF-2, insulin-like growth factor 2; IL, interleukin; JAK/STAT, Janus kinase/signal transducers and
activators of transcription; LIF, leukemia inhibitory factor; Lin~, lineage negative; miRNA, microribonucleic acid;
MSC, mesenchymal stem cell; PE, phycoerythrin; PI3k, phosphoinositide-3 kinase; Sca-1, stem cell antigen 1; SCEF,
stem cell factor; SCID, severe combined immunodeficiency; SP, side population; Tie, tyrosine kinase with immu-

noglobulin-like and EGF-like domains 1; TNK, T cell and natural killer cell progenitor; TPO, thrombopoietin.

DEFINING STEM CELLS

Characteristics

Stem cells are a population of unspecialized precursor
cells that have capacity for self-renewal and the ability
to differentiate, leading to formation of mature cells and
tissues. This latter function is clearly evident in embry-
onic stem cells (ESCs), as they lead to the establishment
of the numerous different cells and tissues of the mature
organism. Small numbers of stem cells are retained
throughout life as adult stem cells and are a reservoir
for replacement of short-lived cells or regeneration of
damaged tissues. Hematopoietic stem cells (HSCs) are
the reservoir for replacement of blood cells and are
present in a frequency of 1 in every 10,000 to 100,000
blood cells.’ (Fig. 3.1; see Chapters 6-10).

14

Two general functional characteristics are used in
defining stem cells. The first of these is the ability of
long term self renewal. Stem cells have the capability,
through mitotic cell division, to maintain a population
of undifferentiated cells within the stem cell pool for
months to years, and over many cycles of cell division.
As stem cells divide, on average, one daughter cell is a
replica and remains in an undifferentiated state, while
the second daughter cell is programmed to differenti-
ate. This production of two daughter cells with different
properties is termed asymmetric cell division. The
second characteristic of stem cells is the capacity to form
differentiated or specialized cell types.

Potency is a term that is used to describe the degree
or extent to which multiple functional cell lines can be
formed. Totipotent stem cells are those cells that have
the ability to form entire organisms, including extra-
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FIGURE 3.1 Hematopoietic progenitor cells in the peripheral circulation. Hematopoietic progenitor cells can be defined by expression of
specific cell surface markers such as CD34, c-Kit, and CD133. In this case, such cells are detectable in blood from a normal dog using flow
cytometry. Each panel shows a two-dimensional dot plot of FL2 (fluorescence channel-2 set to detect wavelength emission maxima at

575 + 13nm) vs. right angle side scatter. Cells were stained using routine protocols; dead cells were excluded using a vital dye. The left panel
shows cells stained using an isotype control antibody. The right panel shows cells stained using a mix of antibodies against CD34, c-Kit, and
CD133, each labeled with phycoerythrin (PE). In this healthy adult dog, approximately 0.25%, or ~2/1,000 viable leukocytes expressed one or
more of the progenitor markers. While the frequency is almost 20-fold greater than that seen in most healthy dogs, this case serves to
illustrate the presence of hematopoietic progenitor cells in circulation with no associated pathology. (Analysis and figure courtesy of Megan

Duckett, Masonic Cancer Center, University of Minnesota.)

embryonic tissues (e.g. placenta). This type of stem cell
can be derived from the zygote or early blastomere.
Pluripotent stem cells are able to form all cell types of
the body (e.g. ESCs). Multipotent stem cells generate all
differentiated cells of a particular lineage (e.g. HSCs),
and will be of particular interest to the topics in this text.
Finally, unipotent stem cells give rise to only a single
cell line (e.g. spermatogonial stem cells).”

Tests and Markers

Functional assays to demonstrate the pluripotent or
multipotent nature of stem cells have been achieved
through in vitro formation of embryoid bodies, in vivo
generation of teratomas in mice with severe combined
immunodeficiency (SCID) after grafting of ESCs, and,
in the case of HSCs, repopulation of the hematopoietic
system of lethally irradiated mice following transplan-
tation of unpurified bone marrow derived cells.'>**
The ability to identify and isolate stem cells, however,
relies largely on the use of a variety of markers such as
surface molecules, transcription factors, and dye efflux.
Numerous markers are available, and frequently are
used in combination, to identify pluripotent cells and
stem cells within certain types of tissue. While some
markers and tests are used more universally to recog-
nize stem cells, special attention will be paid to those
used in identifying bone marrow-derived stem cells.

Cluster of Differentiation (CD)34

CD34 is a cell surface glycoprotein that has traditionally
been used in identification and purification of HSCs

and progenitor cells.! This marker appears to be highly
conserved among mammalian species. Experimental
evidence suggests that CD34 may be involved in cell
adhesion of hematopoietic cells to stromal cells in
the bone marrow microenvironment.!° More recently,
however, CD34-negative HSCs called side population
(SP) cells were identified. SP cells are thought to be
some of the most primitive HSCs because of their high
proliferative potential and extreme efficiency at homing
to sites of hematopoiesis when injected into recipient
mice."” CD34 expression on HSCs may thus be related
to the degree of activation of these cells, with CD34-
negative cells being the most primitive and quiescent.'

Stem Cell Antigen

Stem cell antigen-1 (Sca-1) is a cell surface protein often
used in identification of murine HSCs. This molecule
may play a role in lineage determination.’

Dye Efflux

The ability of some primitive HSCs to efflux florescent
dye allows for identification of this population, termed
SP cells, by flow cytometry.*" This ability appears to be
due to increased number or activity of membrane
pumps (e.g. ATP-binding cassette transporter [ABC-
transporter]), a hypothesis supported by the finding of
blockage of dye efflux by the dru§ verapamil, a known
inhibitor of these efflux pumps.® SP cells lack CD34
expression and have been described in multiple species.’
As stated earlier, these CD34-negative cells have been
proposed to be some of the most primitive HSCs.
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c-Kit

c-Kitis a transmembrane tyrosine kinase receptor found
on HSCs of multiple species. It binds the ligand stem
cell factor (SCF, also called Steel factor), and is impor-
tant in the maintenance, proliferation, and differentia-
tion of HSCs.?®

Lin~

As an adjunct to the presence of certain markers (e.g.
CD34, c-Kit, Sca-1), the absence of markers present on
differentiated cells has been used to isolate and purify
HSCs. A lineage negative (Lin") classification generally
indicates that cells are negative for a combination of
anywhere from 6 to 14 different lineage markers of
mature blood cells.

Transcription Factors

Transcription factors that appear to be important in
regulation of stem cell pluripotency and their undif-
ferentiated state have been identified. Most notable are
the transcription factors Oct-4, Nanog, and Sox-2, which
have been used as markers of embryonic and adult stem
cells.®

BONE MARROW-DERIVED STEM CELLS

Within the bone marrow, there appear to be at least
three different types of stem cell. HSCs are multipoten-
tial stem cells that give rise to the mature cellular ele-
ments of the blood (e.g. RBCs, neutrophils, monocytes,
platelets, etc.). The stromal components of bone marrow
such as bone, cartilage, fat, and fibrous connective
tissue are derived from mesenchymal stem cells (MSCs),
also termed marrow stromal cells. Finally, endothelial
precursor cells (EPCs) are a population of bone marrow-
derived cells that function in angiogenesis. EPCs are
mobilized from the bone marrow into the peripheral
blood, where they home to sites of neovascularization
such as those present in areas of inflammation, tumor
vascularization, or wound repair (see Chapter 11)."

STEM CELL BIOLOGY

Regulation of Survival and Pluripotency
Niche

The niche concept is important to the discussion of stem
cell survival and differentiation. Niches are local tissue
microenvironments that function to support, maintain,
and regulate stem cells. These microenvironments are
found in various tissues throughout the body, for
example the bulge region of the hair follicle, near the
base of crypts in the gastrointestinal tract, and, in the
case of HSCs, adjacent to endosteum and bone marrow

sinusoids.” Regulation of stem cells by their niche
occurs through physical contact and cell-cell interac-
tions with adjacent cells, as well as elaboration of soluble
factors.”” Evidence also indicates that stem cells have
the ability to influence the cellular elements of their
niche. For example, HSCs from mice subjected to an
acute hematopoietic stress have an increased ability to
direct bone marrow mesenchymal cells toward osteob-
lastic differentiation as a result of HSC-derived bone
morphogenic proteins (BMPs)."

Molecular Mechanisms

What are the factors that cause stem cells to go down a
pathway of self-renewal and remain undifferentiated
versus progression toward lineage differentiation and
mature cell phenotypes? The answer to this question is
constantly evolving as specific molecular mechanisms
are elucidated. Several factors important in the mainte-
nance of stem cell survival, self-renewal, and pluripo-
tency have been revealed in murine ESCs. These factors
have been divided into extrinsic factors (e.g. cytokines)
and intrinsic factors (e.g. transcription factors).

Leukemia Inhibitory Factor (LIF) LIF is an interleukin
(IL) 6 class cytokine that prevents differentiation of
mouse ESCs in culture. Binding of LIF to its membrane
receptor results in activation of multiple molecular
signaling pathways such as Janus kinase/signal trans-
ducers and activators of transcription (JAK/STAT),
phosphoinositide-3 kinase (PI3K), and extracellular
signal related kinases (ERK). Although these pathways
are common downstream signals of many cytokines, in
this context, their activation tends to promote mainte-
nance of self-renewal and pluripotency. Activation of
ERK in this example, however, appears to favor differ-
entiation of mouse ESCs. Thus, LIF can activate signals
that either promote or inhibit maintenance of an undif-
ferentiated state, and it is the balance between these
downstream effects (generally favoring self-renewal
and pluripotency) that determines the outcome.’

Bone Morphogenic Protein 4 (BMP4) and Basic Fibroblast
Growth Factor (FGF) BMP4 and basic FGF are additional
examples of extrinsic factors that promote self-renewal
and pluripotency in mouse ESCs. In the case of BMP4,
it appears to work in a synergistic state with LIE°
Discovery of additional signaling pathways and factors
is likely, as factors important for mouse ESCs are not
universal when applied to human ESCs.

Wnt Specific extrinsic factors involved in self-
renewal of HSCs have been identified. The Wnt signal-
ing pathway stimulates self-renewal of HSCs while
concurrently inhibiting HSC differentiation. Inducing
B-catenin activation, a downstream component of the
Wnt signaling pathway, results in increased self-
renewal of murine HSCs and limits differentiation of
these cells. When inhibitors of the Wnt pathway are
added to murine HSCs and growth factors, HSC prolif-
eration is repressed.”



Tyrosine Kinase with Immunoglobulin-Like and Endothelial
Growth Factor-Like Domains 2 (Tie2) and Angiopoietin-1
Tie2/ Angiopoietin-1 signaling has also been implicated
in survival of HSCs. Tie2 is a receptor tyrosine kinase
expressed on some HSCs. Angiopoietin-1 is the ligand
for the Tie2 receptor and promotes quiescence and
increased adhesion of murine HSCs to bone marrow
stromal cells. Regulation of the quiescent state and main-
tenance within the HSC niche is thought to be important
in HSC survival through a protective effect against mye-
losuppresive stresses.”

Other Cytokines Other cytokines important in regu-
lation of HSC survival include SCF, thrombopoietin
(TPO), BMP, FGE, insulin-like growth factor 2 (IGF-2),
and interleukin (IL)-10. SCF and TPO are common com-
ponents of most cytokine combinations used in the
culture and propagation of HSCs. Although TPO is the
primary cytokine involved in megakaryocyte and plate-
let production, it also has been shown to have signifi-
cant effects on HSCs. In vitro, TPO promotes survival
and expansion of HSCs, and mice that have been geneti-
cally altered to lack TPO or its receptor have signifi-
cantly fewer stem cells.'**”

Transcription Factors The intrinsic factors governing
the undifferentiated state of ESCs consist primarily of
transcription factors. Most notable are Oct-4, Nanog,
and Sox-2. These factors are found in pluripotent cell
lines and, in general, down-regulation results in dif-
ferentiation of stem cells. Presence of Oct-4 and Sox-2
appears to be essential for pluripotency; however, the
target genes for these transcription factors have not
been completely characterized.® Several transcription
factors and cell cycle regulators governing self-renewal
of HSCs also have been described.

Microribonucleic Acids (miRNAs) miRNAs are an
additional intrinsic molecular mechanism proposed to
be involved in maintenance of pluripotent stem cells.
miRNAs are short, single-stranded RNA molecules that
regulate gene function by suppression of translation
through annealing and sometimes degradation of
mRNA. Novel miRNAs have been found that appear to
be expressed preferentially in undifferentiated ESCs. In
addition, evaluation of miRNA expression profiles from
ESCs of varying degrees of differentiation as well as
cells from mature tissues show repression or loss of
specific miRNAs as cells progress to a more differenti-
ated state."

Regulation of Differentiation

Differentiation of stem cells into specific lineages is con-
trolled or directed by factors including cytokines, niche
interaction, and regulators of self-renewal and pluripo-
tency. Cytokines influence and guide lineage determi-
nation of stem cells and many have been described in
the context of HSCs and hematopoietic progenitor cell
differentiation (Fig. 3.2; see Chapters 6-11).

Stromal cells that constitute the stem cell niche influ-
ence differentiation and lineage determination through
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physical cell-cell interaction and elaboration of soluble
or cell-bound factors (e.g. cytokines). Finally, as previ-
ously described, there are regulators that promote self-
renewal and the pluripotent state of stem cells. For
differentiation to occur, these regulators must be inhib-
ited or suppressed. Mechanistically, there may be two
general categories by which cells restrict lineage com-
mitment.” The first of these involves the spectrum of
surface receptors, adhesion proteins, and signaling
pathways expressed by a given cell. For example,
cytokines play an important role in lineage develop-
ment. However, if a stem or progenitor cell lacks a
cytokine receptor then that cytokine would have little
or no effect on its target. Gene silencing is a second
mechanism by which lineage restriction may occur. For
cells to differentiate, specific genes are activated or
silenced, guiding cells toward a particular lineage. This
may be accomplished through mechanisms such as
DNA methylation and histone modification, which
alter the transcriptional state of the chromatin.

STEM CELL-ASSOCIATED DISEASES

Stem Cell Failure

The hematopoietic system offers a clear illustration of
the effects of stem cell failure. HSCs are responsible for
the constant replacement of all cellular components of
blood, with HSC failure, cytopenias (e.g. anemia, leu-
kopenia, thrombocytopenia) and their associated clini-
cal manifestations (e.g. lethargy, infection, hemorrhage)
ensue. HSC failure can be the result of a number of
underlying pathologic processes, including toxic or
drug-mediated damage, immune-mediated damage,
infectious agents (e.g. parvovirus, feline leukemia virus,
and Ehrlichia spp.), insufficient stimulation by cytokines
and growth factors, and disruption of or damage to the
stem cell niche (e.g. myelophthisis, ischemia, inflamma-
tion).*”*? (See Section II.)

Stem Cells and Proliferative Disorders

Just as adult stem cells are responsible for replacement
of mature cells and tissues, there is strong evidence that
cells with stem cell properties underlie the pathology of
at least some types of cancer. The hypothesis of cancer
stem cells is based on a few basic observations. The first
of these is the observation of tumor heterogeneity.
Many tumors comprise cells with different morpholo-
gies and phenotypes that in some cases loosely resem-
ble the tissue of origin. This suggests a certain degree
of differentiation within a population of tumor cells,
leading to variability in structure and function. A more
primitive precursor cell (i.e. cancer stem cell) could pre-
sumably give rise to the different phenotypes within a
tumor. The second observation is that transplantation
of a tumor required relatively large numbers of cancer-
ous cells, an indication that only small numbers of cells
in a given tumor have the ability to form a tumor.
Cancer stem cells are present in small numbers within
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FIGURE 3.2 A general model of hematopoiesis. Blood cell development progresses from a hematopoietic stem cell (HSC), which can
undergo either self-renewal or differentiation into a multilineage committed progenitor cell: a common lymphoid progenitor (CLP) or a
common myeloid progenitor (CMP). These cells then give rise to more differentiated progenitors, comprising those committed to two
lineages that include T cells and natural killer cells (TNKSs), granulocytes and macrophages (GMs), and megakaryocytes and erythroid cells
(MEPs). Ultimately, these cells give rise to unilineage committed progenitors for B cells (BCPs), NK cells (NKPs), T cells (TCPs), granulocytes
(GPs), monocytes (MPs), erythrocytes (EPs), and megakaryocytes (MkPs). Cytokines and growth factors that support the survival,
proliferation, or differentiation of each type of cell are shown in red. For simplicity, the three types of granulocyte progenitor cells are

not shown; in reality, distinct progenitors of neutrophils, eosinophils, and basophils or mast cells exist and are supported by distinct
transcription factors and cytokines (e.g. interleukin-5 in the case of eosinophils, stem-cell factor [SCF] in the case of basophils or mast cells,
and G-CSF in the case of neutrophils). IL denotes interleukin, TPO thrombopoietin, M-CSF macrophage colony-stimulating factor, GM-CSF
granulocyte-macrophage CSF, and EPO erythropoietin. (Reprinted from Kaushansky K. Lineage-specific hematopoietic growth factors. New
Engl ] Med 2006;354:2034-2045, with permission. ©Massachusetts Medical Society 2006.)



a tumor, and thus relatively large amounts of tissue
would be needed to ensure the presence of these cells.
Just like normal stem cells, cancer stem cells share the
basic functional properties of self-renewal and the
ability to differentiate.

In humans, evidence for cancer stem cells has been
shown in hematopoietic, brain, breast, colon, prostate,
bone, and ovarian cancers, and there is some evidence
for the existence of cancer stem cells in animals.'*'"*
Support for the existence of cancer stem cells in humans
consists of identification of a subset of tumor cells that
express stem cell markers and have exclusive or
enhanced ability to form tumors in vitro or in vivo.
Evidence exists that cancer stem cells may arise from
normal stem cells and/or progenitor cells that have
reacquired the ability of self-renewal. The origins of
cancer stem cells continue to be explored.

The existence of cancer stem cells has clear implica-
tions for understanding cancer biology and treatment
in at least certain types of cancers. For example, many
chemotherapeutics target rapidly dividing cells.
However, cancer stem cells are relatively slowly cycling,
thus allowing them to persist with these conventional
treatments. Newer therapeutic modalities directed at
elimination of cancer stem cells will be important for
effective treatment of these types of neoplasia.
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CHAPTER 4

Cluster of Differentiation (CD) Antigens

MELINDA J. WILKERSON and CINZIA MASTRORILLI

Definition and History
Structure and Integration of Membrane Antigens
Transmembrane Proteins

Single Pass Type | Transmembrane Protein (I)

Multipass Transmembrane Protein (lll)
Glycosyl Phosphoatidylinositol Transmembrane
Protein (V)
Tissue Distribution

Single Pass Type Il Transmembrane Protein (I1)

Acronyms and Abbreviations

CD, cluster differentiation; CLAW, Canine Leukocyte Antigen Workshop; ER, endoplasmic reticulum; FIV, feline
immunodeficiency virus; GP, glycoprotein; GPI, glycolyl phosphatidylinositol transmembrane protein; Ig, immu-
noglobulin; IL, interleukin; Mab, monoclonal antibody; MDR-1, multidrug resistance transporter protein, MHC,
major histocompatibility antigen; NK, natural killer; PROW, The International Protein Reviews on the Web; VLA,

very late antigen.

DEFINITION AND HISTORY

Cluster differentiation (CD) nomenclature was first
introduced at an international conference in Paris (1982)
during the boom in monoclonal antibody (MAD) tech-
nology.* This nomenclature was established to stand-
ardize the classification of cell surface antigens and to
define the biological functions of molecules expressed
by various hematopoietic lineages. Several international
workshops have been held to exchange human and
other species-specific MAbs and to compare their
reactivii?l with cells and cell proteins from veterinary
species.””?%% Based on these workshops, MAbs that
have similar reactivity with tissues or cell types are
assigned to a cluster group. Therefore, an antigen that
is recognized by a cluster of MAbs is assigned a “cluster
of differentiation” (CD) number. If MAbs defining a
cluster of antigens are derived from the same labora-
tory, the suffix “w” is appended to the CD designation.
Only eight CD antigens are internationally accepted as
defined by the 1* Canine Leukocyte Antigen Workshop
(CLAW) and include the following homologues to the
human system: CD4, CD5, CDS8, CD11a/18, CDw41,
CD44, CD45, and CD45R. The final meeting of the
Human Leukocyte Differentiation Antigen 8-workshop
was held in December, 2004, in Adelaide, Australia, and
376 MAbs from various companies, mainly directed
against human leukocytes, were tested for their reactiv-
ity with cells from 17 different animal species. A special
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issue of the journal Veterinary Immunology and
Immunopathology described these efforts.”

Today there are over 339 CD molecules defined. This
explosion in CD molecules is the result of the use of
molecular biology techniques to identify new mole-
cules. The purpose of this chapter is to provide the most
current listing of CD antigens recognized by various
antibodies in veterinary species. Table 4.1 summarizes
the current knowledge of important veterinary CD anti-
gens, including MAb clones that react with dog, cat,
ruminant (cattle, sheep, and goats), pig, and horse CD
antigens; relative molecular size(s); topology in the
membrane; tissue distribution; known physiology; and
species reactivity of MAbs. Selected key references for
each CD antigen are included.

More in depth information is available for the cur-
rently described CD molecules on several websites,
including the taxonomic key program maintained by
Washington State University that is designed to provide
information of the specificity of MAbs specific for
leukocyte differentiation molecules intra- and cross-
species  (http:/www.vetmed.wsu.edu/tkp/). There
are links from this website to commercial companies
that are the major suppliers of veterinary-specific
MAbs, including Serotec (http://www.ab-direct.com/
antibodies/_-500.html) and  Veterinary = Medical
Research & Development (VMRD) (http: // www.vmrd.
com/). The International Protein Reviews on the Web
(PROW) (http:/mpr.ncinih.gov/prow/) provides an
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MAD reactivity
(primary
CD Antigen (MAb species in Selected
Clone) italic) Size (M) Topology Distribution Physiology References
CD1a Canine 49 | Thymocytes dendritic Nonpolymorphic CD1 family of 35, 26
(CA9.AG5) cells, Langerhans cells glycoproteins includes CD1a, b, c,
CD1a8.2 Canine 43 d, and e isoforms involved in 26
(CA13.9H11) presentation of foreign and self
CD1a6 Feline 49 lipid antigens and glycolipids; 43-49 26, 53
(Fe1.5F4) subunits interact with a 12kDa
CD1a Feline subunit (o,-microglobulin)
(Fel5.5C1)
CD1b Bovine 45 19
(CC20)
CD2 45-58 | T cells, NK cells Enhances adhesion between T cells 13, 23
(MCAB833F) Bovine and antigen presenting cells
(HB88A)P Equine
CD3 12, 16, | T cells A family of proteins that forms a 11, 50
(CA17.2A12) Canine 22, 32, signal transduction complex for T
(MM1A)® Bovine 44 cell receptor when it binds antigen)
CD4 | Receptor for MHC class Il, facilitates
(CA13.1E4) Canine 60 Neutrophil, T cells recognition of peptide antigens 7,34
(vpg34) Feline 55 T cells 51
CD5 Canine 67 | T cells Receptor for CD72, facilitates signals 3,7
(YKIX322.3), transduced by T cell receptor for
(DH13A)° antigen
(HB19A), Equine 21, 23
(HT23A)°
CDS8 alpha 32, 36 | Thymocytes, T cells Forms a heterodimer with CD8p;
(CA9.JD3) Canine receptor for MHC class [; facilitates 34
(Fe1.10E9) Feline recognition of peptide antigens 53
(73/6.9.1)° Equine 49
CD8 beta 39 | T cells Forms a heterodimer with CD8c. (see
(CA15.4G2) Canine above) 34
(vpg9) Feline 44
(HT14A)° Equine 49
CD9 Feline 24 1 Activated lymphocytes, Important for signal transduction, cell 18, 52
(vpg15) Human, monocytes, activation, adhesion, aggregation; 39, 41
(MM2/57) canine, lymphocytes, co-receptor for FIV; associates with
feline, granulocytes, platelets tetraspan superfamily (CD63, CD81,
bovine, CD82)
horse
(RHIA)® Bovine 30-45 47
CD11a Canine, feline 180,95 | Monocytes, granulocytes, Associates with CD18 to form a 9
(Ca11.4D3, lymphocytes heterodimner receptor to facilitate
Ca11.7H11) adhesion
CD11b Canine, 180 | Granulocytes, Associates with CD18 to form a 3,9, 10
(CCA16.3E10) ruminants, monocytes, heterodimer receptor to facilitate
porcine, lymphocyte subset adhesion
feline, mink,
human
CD11c Canine 150,95 | Dendritic cells, Associates with CD18 to form a 9
(Ca11.6A1, granulocytes, heterodimer receptor to facilitate
Ca11.7D1) macrophages, adhesion
lymphocytes
CD11d Canine 155 | CD8+ T cells, yd— T cells,  Associates with CD18 to form a 10
(Ca11.8H2) macrophages in heterodimner receptor to facilitate

splenic red pulp

adhesion
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MAD reactivity

(primary
CD Antigen (MAb species in Selected
Clone) italic) Size (M) Topology Distribution Physiology References
CD13 150 1l Aminopeptidase N, a metalopeptidase
(CVS19) Equine Granulocytes and in humans which removes NH, 22,23
monocytes terminal amino acids from peptides
(CC81) Bovine Dendritic cells in afferent 17, 20
lymph
CD14 (CAM36)* Ruminant, 53 \ Monocytes, myeloid cells Receptor for lipopolysaccharide that 3,31
canine, transduces signals, leading to
feline, oxidative burst and
porcine, proinflammatory cytokine synthesis
Illama
CD18 (CA1.E49) Canine 95 | All leukocytes Beta subunit of the integrin 33
Bovine heterodimer and combines with the 21
(H20A)° Equine alpha subunit of either CD11a, 41
CD11b, CD11¢c, CD11d; plays a role
in adhesion to endothelium
CD21 Canine 145-160 | B-cells, monocytes Receptor for C3d fragment and CD23; 3, 4
(CA2.1D6) Equine, feline, follicular dendritic cells enhances B cell antigen receptor 3,4
human signal transduction
(LB21) Feline 31
CD22 Human 130, 140 | Early B-cell stages, Binds sialoglyco-conjugates on some 16, 42, 47
(RFB-4) Canine mature B-cells CD45 isoforms to modulate B cell
(Mc64-12) Bovine signal transduction
CD23 Human 44 1l B-cells and monocytes Involved in the regulation of IgE 3
(M763)? Ruminants, 52 synthesis following binding to IgE
canine, Fc and IgE-containing immune
feline, complexes
porcine
CD25 50-55 | Mitogen stimulated T or  IL2-receptor-alpha subunit 36-38
(CACT116A, Ruminants B lymphocytes, LPS
CACT108A)° stimulated monocytes
(9F23) Feline
CD29 Human, 110 | Platelets Beta chain of VLA, platelet GPlla 42
(12G10, 3S3) canine
CD34 (1H®6) Canine 110 | Lymphohematopoietic Leukocyte-endothelial interactions 29, 30
stem cells and through binding with CD62L and
progenitors, CD62E
endothelial cells
CD35 (Tob)? Feline 190, 220 | B-cells,erythrocytes, Receptor for C3b and C4b (CR1) 31
granulocytes, bound to immune complexes
monocytes
CDM Canine 125 | Platelets, Integrin ollB CD41/CD51 complex, 3,7
(Canine 20-4), megakaryocytes receptor for fibrinogen
(CL2A)®,
(M7057)2
CD44 Canine 90 | Most cell types including Receptor for hyaluronate that 7
(YKIX337.8) epithelial cells, facilitates lymphocytic binding to
(BAG40A)° Feline, bovine activated T cells high endothelial venules 7, 47
CD45 Canine 180, | Pan leukocyte Membrane-bound tyrosine 4,6,7,50
(CA12.10C12) 200, phosphatase critical for antigen-
220 receptor-mediated activation of
leukocytes
CD45RA Canine 205, | Naive T/B lymphocytes Largest of the CD45 isoforms 4,6,7,50
(CA4.1D3) 220,
180-

240
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MAD reactivity
(primary
CD Antigen (MAb species in Selected
Clone) italic) Size (M) Topology Distribution Physiology References
CD47 Human 47-55 1] Lymphocytes, Associates with CD61 integrins to 39
(HUHB69A), Canine macrophages, form receptor for thrombospondin; 45
(HUH71A)® Bovine granulocytes role in chemotaxis and adhesive 47
interactions with leukocytes and
endothelial cells
CD49d Feline, canine, 180 | Lymphocytes, VLA binds with 39CD29; binds 3, 31
(Fe 2.9F2), bovine macrophages, fibronectin and mucosal addressin
(P4G9)? granulocytes
CD49%e Human, 155 | Macrophages, VLA antigen binds to CD29 and 42
(JBSbH) canine granulocytes together is the fibronectin receptor
and binds to RGD sequence of
fibronectin
CD56 Human, 175-220 lorV Subset of lymphocytes Homotypic adhesion and natural killer 42
(MOC-1), canine cell cytotoxicity
(T199)*
CD61 Human, 90 | Platelets, Associates with CD41 to form the 42
(Y2/51)2 canine megakaryocytes, GPllb-llla heterodimer that
monocytes facilitates platelet aggregation
CD79a Human, 44-49 | B lymphocytes Cytoplasmic molecule that mediates 16, 32
(HM57)? canine slg expression and B cell receptor
cell transduction
CD88 (S5/1) Human, 30-45 1] Monocytes, B cells, T-cell Cba receptor homolog; G-coupled 45
bovine subset receptor that triggers chemotaxis,
respiratory burst and degranulation
of granulocytes in humans
CD90 Canine, 18-44 \ Pro-thymocytes, T-cells, May contribute to formation of 3, 4,7
(CA1.4G8), equine monocytes; weak on neuron memory and to growth
(CA9.GA11) Porcine, mink 24 or 26 granulocytes, renal regulation of hematopoietic stem
Guinea pig 27 tubular cells cells
CD91 Human, 600 | Macrophages of liver, Member of low density lipoprotein 39, 42
(A2MR-2)P canine lung and lymphoid receptor family that binds to o,
tissues macroglobulin
CD94 Human, 30 1l Lymphocyte subset (NK) Binds to NKG2 and plays a role in 42
(HP-3D9)° canine recognition of MHC class |
molecules by NK cells and some
cytotoxic T cells; ligation of CD94
can inhibit or stimulate killing by
NK cells
CDw119 Bovine 90-100 | Monocytes, B cells, Interferon gamma receptor 47
(BB1E2) epithelial cells
CD134 Feline 43 | CD4+ activated T cells Tumor necrosis factor receptor 14, 43
(7D6) superfamily; regulator of T cell-
dependent immune responses;
receptor for FIV in conjunction with
CXCR4
CD163 Bovine 130 | Monocytes Scavenger receptor cysteine rich 47
(Ber MAC3) family
CD172a Bovine, 90 | Monocytes, granulocytes Member of the signal regulatory 12, 15,
(DH59b)P canine, protein family involved in negative 31, 39,
equine, regulation of receptor tyrosine 42
feline kinase-coupled signaling processes
CD235a Human 35 | Erythrocytes Glycophorin A, major 42
(JC159)? Canine 20 sialoglycoprotein on erythrocytes

Column 1: CD designation of the antigen with the monoclonal antibody (MAb) clone published to have primary reactivity shown below in parentheses.

Column 2: primary species of reactivity (italics) and those species with cross reactivity (all antibodies are commercially available; those with

superscripts are obtainable from Serotec, Inc.? and VMRD"). Column 3: relative molecular mass of the reduced CD antigen. Column 4: integration of
antigen to plasma membrane. Column 5: cell types and tissues known to express a CD. Column 6: proposed or known physiology of a CD antigen

based on studies in animals or humans. Column 7: key references concerning identification and characterization of the CD antigen and/or
characterization of the antibodies.
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exhaustive database of the complete listing of CD anti-
gens and links to primary nucleic acid and protein
sequences of human CD antigens.

STRUCTURE AND INTEGRATION OF
MEMBRANE ANTIGENS

CD antigens are principally membrane proteins defined
by their location within or at the surface of the phos-
pholipid bilayer. Membrane proteins are classified into
three categories: integral, lipid-anchored, and periph-
eral, depending on the nature of membrane-protein
interactions.” The CD antigens are grouped as integral
membrane proteins or transmembrane proteins and
consist of cytosolic, membrane spanning, and exoplas-
mic (luminal) domains. The cytosolic and exoplasmic
domains have hydrophilic exterior surfaces with
either C-terminus or N-terminus group endings. The
membrane-spanning domains usually contain hydro-
phobic amino acids and consist of one or more alpha
helix or multiple beta strands.” Most integral mem-
brane proteins fall into one of five classes, depending
on how they anchor themselves in the membrane.'
Type I and II proteins have a single transmembrane
region, whereas Types IIl and IV have multiple trans-
membrane regions also referred to as tetraspanins.
Type IV proteins (not shown in the table) are distin-
guished from type III proteins by the presence of a
water-filled transmembrane channel. Type V proteins
use lipid to attach to membranes. These lipids are either
a glycosyl-phophatidylinositol (GPI) anchor or lipid
moieties such as myristoyl groups, which include cyto-
plasmic signaling proteins that will not be described in
the this chapter."” Each class pertinent to CD antigens
used in veterinary medicine will be described briefly,
and examples of common CD antigens used in diagnos-
tic veterinary medicine will be highlighted in the text
and are listed in Table 4.1.

TRANSMENMBRANE PROTEINS

Single Pass Type | Transmembrane Protein (l)

Type I and II transmembrane proteins have only one
membrane-spanning o-helix containing 20-25 hydro-
phobic amino acids. Type I proteins have an N-terminal
endoplasmic reticulum (ER) signal sequence that is
cleaved after the molecule passes into the ER. This is the
most common mode of membrane integration among the
CD antigens listed in Table 4.1. The protein is glyco-
sylated in the Golgi apparatus if the protein has a glyco-
sylation site and then is expressed on the cell surface.
Type I proteins are anchored in the membrane with their
hyprophilic N-terminal region on the exoplasmic face
and their hydrophilic C-terminal region on the cytoplas-
mic face. These proteins commonly represent cell surface
receptors and/or ligands (like CD4), of which many
belong to the immunoglobulin (Ig) superfamily.'

Single Pass Type Il Transmembrane Protein (ll)

Type II transmembrane proteins lack a cleavable ER
signal sequence and are oriented with their hydrophilic
C-terminus on the exoplasmic face and the hydrophilic
N-terminus on the cytoplasmic face. These proteins
have an internal hydrophobic ER signal and membrane
anchor sequence. Because these proteins can be released
from the cell surface, they also can act as plasma pro-
teins with physiologic effect(s) on cells bearing the
counter ligands.! CD13, a zinc-binding metalloprotease
that acts to facilitate antigen presentation by trimming
the N-terminal amino acids from MHC Class II-bound
peptides, is an example of a type II protein.!

Multipass Transmembrane Protein (lll)

Type III transmembrane proteins cross the membrane
multiple (2, 3, 4, 5, 7, or 12) times and also are called
tetraspanins. The most frequently found tetraspanins
include those that span the membrane four and seven
times. Structural studies indicate that the transmem-
brane regions are alpha helices. If the type III protein
has an even number of transmembrane alpha helices,
its N- and C-temini are oriented toward the same side
of the membrane. Many of these cell surface molecules
function as receptors for soluble molecules such as
prostaglandins and chemokines. Examples of seven
transmembrane type III proteins are interleukin-8 (IL-
8) receptor (CD128) and Cba receptor (CD88). CD9 is
an example of a four multi-pass transmembrane
protein.! CD47 is an example of type III protein with
five transmembrane sequences. The multidrug resist-
ance transporter protein MDR-1 (CD243) has 12 trans-
membrane regions.'

Gpi Transmembrane Protein (V)

Type V transmembrane proteins utilize GPI anchors
attached to the C-terminal residue of the protein. GPI-
anchored molecules have a secretion signal sequence at
their N-terminus and C-teminus that is cleaved and
replaced by the GPI-anchor after synthesis of the mol-
ecule and entry into the ER.* CD14, a surface protein
involved in the clearance of Gram-negative pathogens
bound to lipid polysaccharide binding protein (Fig. 4.1),
is an example of a GPIl-linked glycoprotein. Other
examples of GPI-linked glycoproteins include CD56
and CD90."

TISSUE DISTRIBUTION

Cell surface antigens commonly used in immunophe-
notyping of hematologic neoplasia initially were deter-
mined by studies of hematopoietic cell differentiation
and maturation.*” Lineage-associated markers can be
broadly classified into groups that recognize B cell, T
cell, natural killer (NK) cell, myeloid /monocytic, and
erythroid lineages. Noncommitted hematopoietic stem
cells express CD34, a glycoslyated surface glycoprotein.
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This marker is frequently used to differentiate acute
immature leukemias of lymphoid or myeloid origin
from chronic lymphocytic leukemia or leukemic stages
of lymphoma.' Lineage-specific cell surface antigens
that are useful for delineating leukocyte cell lineages
include CD3, which is exclusively expressed on mature
T cells, and CD79a and B, which form part of the B cell
surface antigen receptor. Non-lineage restriction surface
antigens include antigens such as CD45, which is found
on all leukocyte lineages (myeloid and lymphoid).
Although the last CLAW was in 1993, it was an impor-
tant collaborative effort because anomalous expression
of the CD4 antigen was identified in dogs, which express
a high density of CD4 on neutrophils in addition to
helper T cells.** Many other differences in CD antigen
expression are unique among domestic animals com-
pared to humans (e.g. high expression of the yd T cell
receptor in pigs and ruminants™* and co-expression of
CD4 and CD8 on mature T cells in swine).*
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Angl, angiopoietin 1; BFU-E, burst-forming unit erythroid; CD, cluster of differentiation; CFC-S, splenic colony-
forming cell; CFU-E, colony forming unit erythroid; CFU-GEMM, colony forming unit granulocyte erythroid mono-
cyte megakaryocyte; CFU-GM, granulocyte-macrophage colony forming cell; CLP, common lymphoid progenitor;
CXCR4, CXC chemokine receptor 4; ECM, extracellular matrix; EDTA, ethylenediaminetetraacetic acid; EPO, eryth-
ropoietin; G-CSF, granulocyte colony stimulating factor; GM-CSEF, granulocyte macrophage colony stimulating factor;
GTPase, guanosine triphosphatase; HSC, hematopoietic stem cell; ICAM-4, intercellular adhesion molecule-4;
IL, interleukin; JAK, Janus tyrosine kinase; JH, Janus homology; NK cell, natural killer cell; PCR, polymerase chain
reaction; PI3K, phosphoinositol 3 kinase; PTH, parathyroid hormone; qPCR, quantitative polymerase chain reaction;
Racl and Rac2, Ras-related C3 botulinum toxin substrate 1 and 2; RBC, red blood cell; SCF, stem cell factor; SCID,
severe combined immunodeficiency; SDE-1, stromal derived factor 1 (CXCL12); SH, src homology; SOCS, suppressor
of cytokine signaling; STAT, signal transducers and activators of transcription; TGF-f, transforming growth factor
beta; Tie2, tyrosine kinase with immunoglobulin-like and EGF-like domains 2; TNFa, tumor necrosis factor alpha;
TPO, thrombopoietin; TRAIL, TNF-related apoptosis inducing ligand; VCAM-1, vascular cellular adhesion molecule
1; VLA-4, very late antigen 4.

and other species-specific hematopoietic diseases, has
added to our understanding of hematopoiesis, which is

system draws heavily from clinical observations
remarkably conserved across mammalian species.”

and research in humans and mice. Numerous
gene-deleted mice targeting transcription factors,
hematopoietic cytokines and their receptors, and extra-
cellular matrix (ECM) components and their receptors
are central to our knowledge of hematopoiesis at the

Current understanding of the hematopoietic

HEMATOPOIETIC STEM CELLS

molecular level.” More recent studies have contributed
information about the critical role of the bone marrow
microenvironment. In domestic animals, research on
spontaneous hematopoietic neoplasia, the roles of ret-
roviruses and viral oncogenes that mimic hematopoi-
etic tyrosine kinases, cyclic neutropenia of gray collies,

Hematopoietic stem cells (HSCs), which are considered
to have lost their potential for mesenchymal differentia-
tion, arise first in the embryonic yolk sac, then in fetal
para-aortic splanchnopleura, from which liver and
finally bone marrow are seeded (see Chapter 1). In the
conventional view of hematopoiesis, pluripotential
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FIGURE 5.1 Hierarchical scheme of hematopoiesis. This figure depicts the conventional view of human and murine hematopoiesis. Larger
block arrowheads indicate differentiation from pluripotent to oligopotent hematopoietic stem cells. Smaller block arrowheads indicate
lineage commitment of oligopotent stem cells driven by cytokines and the JAK-STAT pathway. Dotted line arrows illustrate the multiple
stages of differentiation that can be visually discriminated in Wright-Giemsa-stained bone marrow specimens. The figure has been modified
from human and murine illustrations to indicate the mouse-specific GM-lymphoid precursors. (Modified from Iwasaki H, Akashi K.
Hematopoietic development pathways: on cellular basis. Oncogene 2007,26:6687-6696 and Metcalf D. Hematopoietic stem cells and tissue
stem cells: current concepts and unanswered questions. Stem Cells 2007;25:2390-2395.)

HSCs with unlimited self-generative capacity progres-
sively differentiate to multipotent or oligopotent stem
cells with reduced self-replicative capacity, to lineage
committed progenitors with minimal ability to self
renew, to lineage-specific precursors with no self-regen-
erative ability, and finally to the mature cells of blood
(Fig. 5.1). In a recent modification in this scheme in
mice, hematopoiesis matures through a common gran-
ulocyte-monocyte-lymphoid oligopotent progenitor
that has not been identified in higher species.'® The
strict division of common granulocyte-monocyte-
erythroid-megakaryocytic progenitors and common
natural killer (NK)/B and T cell progenitors occurs for
human hematopoiesis, and likely applies to hematopoi-
esis in domestic species.

Lineage commitment typically follows expression
of lineage-restricted transcription factors (Table 5.1).
Induction of these transcription factors occurs through
a combination of specific cytokine receptor and ligand
interactions, less specific signal transduction pathways,

and an overlay of highly specific, permissive microen-
vironmental influences from stromal cells, endothelial
cells, adipocytes, osteoblasts, ECM proteins, adherent
cytokines, and trabecular bone.

Because of the short life-span of differentiated
hematopoietic cells, mature blood cell production is an
ongoing process; estimates suggest production of
1.5 x 10° cells/second in humans. It is unlikely that
HSCs supply a continuous flux of cells from left to right
as shown in Figure 5.1 because HSCs and multipotent
cells are non-dividing or very slowly dividing during
normal hematopoiesis. Newer evidence suggests that
information determined from experiments in lethally-
irradiated mice may not necessarily recapitulate normal
or physiologically accelerated hematopoiesis and that
there may be other homeostatic mechanisms that control
hematopoiesis.”

A somewhat confusing nomenclature has evolved
around early committed hematopoietic progenitors
based on in vivo experiments in mice. Splenic colonies
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Early hematopoietic development
SCL (TAL 1) (stem cell leukemia, T-cell acute lymphocytic
leukemia-1)
GATA-2
LMO2 (Rbtn-2) (Lim finger protein)
AML-1 (acute myeloid leukemia 1 protein)
Tel
Notch 1

Erythropoiesis
HIF-1 (Hypoxia-inducible factor-1)
GATA-1
EKLF-1 (erythroid kruppel-like factor 1)
p45/NF-E2 (nuclear factor erythroid-2)
STAT5a, STAT5b
CBP/p300 (CREB binding protein/p300)
SP1

Erythropoietic regulators
FOG-1 (friend of GATA-1)
TRAP220 (thyroid hormone receptor-associated protein 220)
BRG1 (Brahma-related gene 1)
CBP/p300 (CREB binding protein/p300)

Myelopoiesis
Notch
GATA-1
C/EBPa. (CCAAT/enhancer binding protein o)
STAT5a, STAT5b

Granulocytopoiesis
RAR (Retinoic acid receptor)
C/EBPo. and C/EBPe
CBF (core binding factor)
c-Myb
STAT3
NF«xB (nuclear factor of kappa B) — late precursor
AML1 - precursor

Monocytopoiesis
EGR-1, EGR-2 (early growth response genes 1 and 2)
Vitamin D receptor
c-Fos, c-Fos
PU.1
RAR (retinoic acid receptor)
C/EBPB and C/EBPe
MafB/c
PU.1

Osteoclast differentation from monocyte precursor
NFxB

Megakaryocytopoiesis
Notch
GATA-1
PU.1
Fli-1/NF-E2 (platelet production)
FOG
SCF (stem cell factor)
STAT5a, STAT5b

Lymphoid
PU.1
lkaros
STAT3, STAT5a, STAT5b, STAT4, STAT6

B-cell
E2A
EBF (early B-cell factor)
Pax 5
NFxB (progenitors and late maturation)

T-cell
HEB (TCF12 - T-cell factor 12)
Notch/HES-1 (Hairy Enhancer of Split-1)
NFAT (Nuclear Factor of Activated T cells) late maturation
GATA-3
TCF-1 (T cell factor 1)
NF«kB (progenitors and late maturation)

Mast cell
GATA-2*
EIf-1
MITF (microphthalmia-associated transcription factor)

Eosinophilopoiesis
STAT1, STAT3, STAT5a, STAT5b
GATA-1

?All transcription factors are involved in early lineage commitment and exert their effects on committed progenitors unless otherwise stated.

that appear in lethally irradiated mice reconstituted
with HSCs are called splenic colony forming cells
(CFC-Ss), which have limited capacity for self-renewal.
Whether similar cells occur in other species is unknown,
because CFC-Ss are defined by specific experimental
conditions in mice.

HEMATOPOIETIC PROGENITORS
AND PRECURSORS

The term progenitors typically refers to cells whose
presence is inferred from cytokine-driven differentia-

tion of colonies in culture, such as granulocyte-
macrophage colony forming cells (CFU-GMs) and
erythroid colony-forming units (CFU-Es), whereas the
term precursors refers to stages of hematopoietic dif-
ferentiation recognized by cytologic evaluation. HSCs,
oligopotent stem cells, and committed progenitors
appear similar to small lymphocytes, although they can

be separated by flow cytometry based on expression of

surface proteins.

Towards the right of Figure 5.1, clonigenic cell types
exist putatively without any capacity for self-
generation. However, mature cells types such as mac-
rophages and mast cells may have substantial
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self-generative properties. The initial model of hemato-
poiesis did not include the concept of plasticity.” In the
current model, the concept of plasticity suggests that
lineage fidelity and progressive restriction of prolifera-
tive capacity in the traditional model are not absolute.
Plasticity is recognized as a property of both prolifera-
tion and lineage commitment. How plasticity is regu-
lated under physiologic and pathologic conditions is
not well understood. It is clear though that neither
HSC nor any of the oligopotent progenitors have the
unlimited capacity for self-generation possessed by
embryonic stem cells.

SPECIES SPECIFICITY OF HEMATOPOIESIS

In contrast to detailed information about murine hemato-
poiesis,® there are few detailed descriptions about the
structure and function of the bone marrow in domestic
species. Stem cell function, the biochemical nature of
the bone marrow microenvironment, hematopoietic
cytokines and their receptors, and lineage specific and
non-specific transcription factors are assumed to apply
to species other than mice or humans.>* Studies have
confirmed some common czytokines between domestic
species and humans.'#*#% 303133 Regearch involving
animal models of human diseases, toxicology, or other
unique diseases such as cyclic hematopoiesis in dogs
has provided additional information about hematopoi-
esis in domestic animals.*""*** The gene sequences for
many hematopoietic cytokines, receptors, and tran-
scription factors for multiple species now are available
in publically accessible databases so they can be assessed
specifically by high density microarray or more broadly
by quantitative reverse transcription polymerase chain
reaction (qPCR)."*>*

Certain critical differences exist between human and
murine hematopoiesis. Human HSCs express Flt3, the
tyrosine kinase receptor for FLI3 ligand, whereas
murine HSCs do not.®® However, both murine and
human common lymphocyte progenitors (CLPs)
express Flt3. Such differences are important because
certain human acute myelogenous leukemias are asso-
ciated with constitutive activation of FIt3.® Whether
other species express similar mutations governs the
potential utility of therapy with Flt3-kinase inhibiting
drugs. Although the hierarchical relationships observed
in murine hematopoiesis are generally preserved in
other species (Fig. 5.1), expression of a number of
surface antigens at each developmental stage is differ-
ent between mice and humans, and these and other
differences may occur in other species. However,
important similarities also have been recognized. Based
on the recent molecular and genetic understanding
of cyclic neutropenia in gray collie dogs and cyclic
hematopoiesis in humans, some features of hemato-
poiesis appear similar. For example, allometric scal-
ing correctly predicts granulopoietic cyclicity in mice
(3 days), dogs (14 days), humans (19-21 days), and
elephants (60 days).**

THE BONE MARROW NMICROENVIRONMENT

The heterogeneous cellular elements in Figure 5.1 are
intimately associated with adipocytes, macrophages,
endothelial cells, nerves, osteoclasts, osteoblasts, ECM,
sinusoids, and cytokines, collectively termed the bone
marrow microenvironment. Cell-cell and cell-lECM
interactions are important in the regulation of cell prolif-
eration and differentiation of hematopoietic cells.” These
interactions involve receptors and integrins, which are
regulated by growth factors, cytokines, and transcrip-
tion factors. The ultrastructure of the interactions
between hematopoietic cells, stromal cells and non-
cellular components of the bone marrow microenviron-
ment were described in detail in 1978, but the molecular
mechanisms have more recently been characterized.

The best characterized integrin on HSC is very late
antigen 4 (VLA-4 or 04 B1) which binds to fibronectin
in the ECM as well as to vascular cellular adhesion
molecule 1 (VCAM-1) on adjacent stromal cells. The
binding of VLA-4 to fibronectin mediates adhesion of
HSC and progenitors to the microenvironment, homing
of circulating HSC and progenitors to specific areas
within the bone marrow, and signal transduction. The
Rho guanosine triphosphatases (GTPases), Ras-related
C3 botulinum toxin substrate 1 (Racl), and Rac2 also
are key regulators of adhesion and migration of cells in
the hematopoietic microenvironment.

The bone marrow microenvironment has highly spe-
cialized and integrated microanatomic functional units
called niches. The two most clearly elucidated hemato-
poietic niches are the HSC niche (see Chapter 3)
and the erythroblastic islands (Figs. 5.2 and 5.3; see
Chapter 6).!

The Hematopoietic Stem Cell Niche

Survival, proliferation, and differentiation of HSCs
depend on their spatial and functional relationships
with the cells and ECM of the microenvironment.”
HSCs are enriched at sites adjacent to the endosteal
surface of bone. A specialized subset of activated osteo-
blasts display ligands and receptors that facilitate
homing and transient docking of HSC, and regulate
slow cycling or rapid mobilization of HSCs as needed.'
The interaction between stromal-derived factor 1
(SDF-1 or CXCL12) elaborated by osteoblasts and CXC
chemokine receptor 4 (CXCR4), its cognate chemokine
receptor on HSC, is central to this HSC niche. SDF-1
recruits quiescent progenitors, participates in their
cycling and survival, and sensitizes them to further syn-
ergistic action of cytokines, thus contributing to hemato-
poietic homeostasis under both physiologic and stress
conditions. HSC function also is regulated by osteob-
lasts through parathyroid hormone (PTH), the Notch
signaling pathway, and interactions between angiopoi-
etin 1 (Angl) and its tyrosine kinase with immunoglob-
ulin-like and EGF-like domains 2 (Tie2) receptor.®
Disruption of this HSC niche may result in abnormal
cell mobilization and contribute to extramedullary
infiltration in leukemia.
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FIGURE 5.2 Hematopoietic stem cell niche
(reciprocal molecular interactions). The relationship
between a specialized subset of osteoblasts and the
hematopoietic stem cell is shown, with reciprocal
molecular interactions depicted between the two cell
types, and between these cell types and endosteal
bone.

FIGURE 5.3 The erythropoietic niche. The
erythroblastic island is illustrated with rubriblasts
of graded levels of maturity surrounding
macrophage (M) cytoplasm. Specific molecular

interactions between macrophages and rubriblasts,

¢ E-cadherin/Ca™
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The Erythropoietic Niche

Erythropoiesis occurs in distinct niches called erythro-
blastic islands that consist of a central macrophage sur-
rounded by a ring of developing erythroblasts in bone
marrow, fetal liver, and spleen, and even in long term
marrow cultures."” The macrophage contributes impor-
tant signals to developing rubriblasts, phagocytoses
expelled metarubricyte nuclei, and transfers iron to
developing rubriblasts. Unlike megakaryocytes that
localize exclusively to marrow sinusoids, erythroblastic
islands are located throughout the marrow.”

Adhesion molecules mediating important structural
and functional interactions between developing eryth-
roid cells and central macrophages include VCAM-1/
VLA-4, 04B1/VLA-4, intercellular adhesion molecule-4
(ICAM-4)/awv, and E-cadherin. For example, ICAM-4 is
postulated to enable reticulocytes to detach from central
macrophages, allowing them to enter the circulation.’
Laminin and fibronectin and their receptors expressed
on late-stage rubriblasts also are key components in
differentation of reticulocytes. VLA-4 and VLA-5 are

between the erythroblastic island and marrow
stromal cell(s), and of all these cellular elements
with marrow stroma are shown. Autocrine cytokine
loops involved in stimulation of erythropoiesis
(green bordered box) and in the negative regulation
of erythropoiesis (red bordered box) are shown.
Dotted lines indicate extracellular matrix
components. Arrow indicates factors elaborated by
macrophages that influence growth and maturation
of rubricytes.

= VCAM-1/VLA-4, ICAM-4

@® Erythrocyte-macrophage protein

involved in binding of erythroid burst forming units
(BFU-Es) to hematopoietic stromal cells. Expression of
these adhesion molecules is highest on BFU-Es and
erythroid colony forming units (CFU-Es) and is pro-
gressively lost during erythroid maturation. Hemonectin
and collagen type I support binding of BFU-Es in vitro,
and a role for tenascin-C has been inferred from knock-
out mice. Hemonectin is absent from anemic mice with
Kit ligand or c-kit deficiency.

The surface antigen cluster differentiation 44 (CD44)
is highly expressed on almost all hematopoietic cells in
bone marrow and is responsible for interaction of these
cells with collagen types I and IV, fibronectin, and
hyaluronate.* Reticulocytes express only low levels of
a few surface adhesion receptors, such a CD36 (throm-
bospondin receptor) and VLA-4. Thrombospondin
serves as an adhesive ligand for committed progenitors
including colony forming units-granulocyte erythroid
monocyte megakaryocyte (CFU-GEMM) and BFU-E.
Adhesion molecule interactions of reticulocytes with
bone marrow stromal cells and ECM may facilitate their
egress into bone marrow sinuses. Mature red blood
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cells (RBCs) do not express adhesion molecules under
normal conditions.

CYTOKINES AND CYTOKINE SIGNALING
IN HEMATOPOIESIS

Hematopoiesis is the cumulative result of intricately
regulated signaling pathways mediated by soluble
cytokines and their receptors (Table 5.2). Evaluation of
cytokine-receptor interactions in hematopoiesis has
largely been achieved through creation of gene-deleted
mice and conditional knock-out mice, the phenotypes
of which range from severe lethal embryonic, fetal, and
neonatal defects to redundant null phenotypes.” These
mice have provided much of our current insight into
the regulation of physiologic and pathologic alterations
in hematopoiesis.

Most hematopoietic cytokine receptors are multiple
subunit complexes, with the exception of those that
signal through a single chain, such as erythropoeitin
(EPO), granulocyte-macrophage colony-stimulating
factor (GM-CSF), and thrombopoietin (TPO).
Hematopoietic cytokines are approximately 200 amino
acids in length and carry a conserved sequence of
tryptophan-serine-X-tryptophan-serine (W-5-X-W-S) in
their extracellular domain, which functions as part of
the ligand binding domain.

Cytokine receptors contain docking regions for Janus
tyrosine kinases (JAK1, JAK2, JAK3, TYK2) in their
cytoplasmic termini, that when attached to the ligand-

Lineage/Function Key Hematopoietic Cytokine

Stem Cell Factor (SCF)

Interleukin 3 (IL-3)

Wnt ligands (Jagged) and
receptors

Kit ligand

SDF-1/FGF-4

Stem cell factor (SCF)
Thrombopoietin (TPO)

Erythropoietin (EPO)

Early hematopoiesis

Common myeloid progenitor/
myelopoiesis

Erythropoiesis

Megakaryocytopoiesis Thrombopoietin

Interleukin-6 (IL-6)

Lymphocytopoiesis IL-7
T cells IL-7, IL-2
NK cells IL-7, IL-15
B cells IL-4
Regulatory Transforming growth factor-f
(TGF-B)
Bone morphogenetic protein
(BMP)
Activin

“Note that this table oversimplifies the actions of these cytokines. With
further refined analyses of murine models it has become apparent that
even lineage restricted cytokines such as EPO exert pleiotrophic effects
within and external to the hematopoietic system.

bound form of the cytokine receptor, recruit JAKs which
then autophosphorylate. The JAK kinase then phospho-
rylates tyrosine residues on a specific signal transducer
and activator of transcription (STAT) protein, which is
STAT1, 3, or 5 for most hematopoietic cytokine recep-
tors. JAKs contain a catalytic Janus homology (JH) 1
domain and a JH2 catalytic-like but inactive domain
critical to the ability of JAKSs to regulate themselves and
to mediate cytokine-induced responses. Src kinase acti-
vation of STATs also is important for myeloid cell
proliferation.

In unstimulated cells, STATs are present as cyto-
plasmic monomers in the unphosphorylated state.
Phosphorylation by JAK kinases leads to dimerization
through reciprocal interactions of SH2 domains with
phosphotyrosine residues, and thereby activation of
STAT, which then translocates to the nucleus.!> STATs
are transcription factors that prevent apoptosis or posi-
tively regulate prosurvival genes of late progenitor and
early precursor cells."” Although there are numerous
STAT responsive genes in many different cell types,
STAT regulation of hematopoietic precursors occurs in
a cell-type restricted manner.

Lineage-committed colony-forming cells respond to
cytokines in an absolute lineage-restricted fashion. The
specificity of hematopoietic cytokines is determined by
progenitor and precursor cell expression of their cognate
receptors. For example, rubriblasts express EPO recep-
tors but myeloblasts do not, which is different from the
relatively promiscuous expression of JAK/STAT path-
ways. Given the importance of JAK-phosphorylation
events in driving proliferation of hematopoietic precur-
sors, it is not surprising that mutations leading to con-
stitutively active JAK2 result in myeloproliferative
disorders and leukemia. In addition to the prominent
role of JAK-STAT interactions in hematopoiesis, the
functional involvement of Ras and phosphoinositol 3
kinase (PI3K) pathways also has been shown following
interleukin (IL)-3/IL-5 and GM-CSF stimulation of
bone marrow cultures in vitro.?

Negative Regulation of JAK-STAT
Signal Transduction

Suppressors of cytokine signaling (SOCSs) are a family
of proteins that regulate the strength and duration of
the hematopoietic cytokine-driven signaling cascade.”
They are transcriptionally induced by JAK-STAT sign-
aling. SOCS proteins contain src homology (SH) 2
domains and a SOCS-box which mediate binding to
cytokine receptors and associated JAKs, and attenuate
signal transduction directly. In addition to their tran-
scriptional induction by hematopoietic cytokines and
subsequent self-limiting stimulation of hematopoiesis,
other cytokines including tumor necrosis factor-o
(TNF-o), IL-1, and Toll-like receptor ligands (e.g.
lipopolysaccharide) also induce SOCS expression,
providing negative regulation for granulocyte colony
stimulating factor (G-CSF) signaling.

Another level of regulation is provided by phos-
phatases. The signaling and subsequent hematopoiesis



induced by phosphorylated dimers of STAT proteins is
terminated by removal of phosphates from STAT tyro-
sines by three specific protein tyrosine phosphatases.

Transforming growth factor-§ (TGF-) is perhaps the
most potent endogenous negative regulator of hemato-
poiesis.”” TGF-B suppresses expression of the SCF
receptor, the response of progenitors to SCF, and cell
cycle progression of progenitors. The expression of
receptors for TGF-B on primitive hematopoietic pro-
genitors and subsequent stages of maturation suggests
a broad role for this cytokine. Negative regulation of
erythropoiesis by TNF-o, TNF-related apoptosis induc-
ing ligand (TRAIL), IL-6, and TGF-B occurs when
chronic inflammatory disease increases systemic and
local bone marrow concentrations of these cytokines
(see Chapter 37).°

EVALUATION OF HEMATOPOIETIC FUNCTION

Hematopoiesis is studied to gain insight into mecha-
nisms of cytopenias, leukemias, and other pathophysio-
logic responses. Evaluation of hematopoiesis begins with
careful examination of peripheral blood and is comple-
mented by cytologic or histologic assessment of bone
marrow. Short and long term in vitro culture of bone
marrow-derived cells, genetically modified mice, animal
models of retarded and accelerated hematopoiesis, syn-
geneic and xenogeneic hematopoietic stem cell trans-
plantation, retroviral-mediated gene transfer, and gene
therapy also have been used to study hematopoiesis.*

Gene-deleted and transgenic mice provide a special
challenge to the hematologist because these mice fre-
quently die during the embryonic, fetal, or early neona-
tal period. Peripheral blood examination may still
provide valuable information. A 3uL volume of heart
blood obtained with a fine gauge needle is sufficient to
prepare a blood smear; as little as 20l of heart blood
may be diluted with 2mg/mL ethylenediaminetetraace-
tic acid (EDTA) in saline and analyzed with an elec-
tronic counter. Potential artifacts of dilution of small
quantities can be overcome by comparing results from
treated or genetically altered mice with similarly diluted
volumes from control or wild type mice.

Bone Marrow Evaluation in Mice

Direct examination of bone marrow complements infor-
mation gained from assessment of blood. The technique
of bone marrow collection and analysis in mice is
described in Chapter 132. In fetal mice, which lack
developed medullary hematopoiesis, cytologic exami-
nation of liver imprints for hematopoietic precursors is
useful in assessing early hematopoietic function.

Evaluation of Hematopoiesis with Bone
Marrow Culture

Hematopoietic interactions are best evaluated in vitro
where culture systems permit evaluation of effects of
individual cytokines, growth factors or their regulators,
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and combinations of factors (see Chapter 133). Target
gene expression may be transiently induced by gene
transfection or inhibited by transfection with antisense
RNA. The significance of in vitro studies must be con-
firmed in vivo. For example, deficiency of hematopoietic
cytokines or growth factors which would predictably
have severe phenotypes based on in vitro work, such as
IL-2 and GM-CSE, have much milder hematologic phe-
notypes than expected (i.e. failure to develop lymphope-
nia and neutropenia), underscoring the redundancy and
pleiotrophy which characterize many of these factors.

Bone marrow cells can be cultured from aspirates or
core samples obtained from diseased or healthy animals.
These cells are cultured in semisolid methylcellulose-
based media with cocktails of cytokines, EPO, transferrin,
bovine fetal serum, and albumin. Whereas EPO is active
across species and has been cloned from a variety of
species, other cytokines have more limited cross-species
effects. When a species-specific cytokine is not available,
conditioned spleen cell media obtained from phytohe-
maglutinin, endotoxin, or phorbol ester-stimulated cells
may serve as a useful source of cytokines. Conditions for
culture of bone marrow progenitors from dogs, cats,
sheep, cattle, horses, chickens, and other species have been
described.*'**¥ In general, methodologies applicable to
murine and human culture systems apply to those of other
species, when care is taken to ensure the quality of col-
lected bone marrow specimens and species-specific rea-
gents or appropriate substitutes are used. Short-term bone
marrow cultures from mice, rats, and dogs are routinely
performed to assess the potential toxicity of xenobiotics
and define hematopoietic phenotypes of genetically
altered animals.”” These culture systems may be used to
study hematopoiesis by the addition of individual
cytokines, growth factors or their regulators, or combina-
tions thereof. Alternatively, neutralizing antibodies to
these components or small molecules (<1000 kDa) pro-
duced by medicinal chemistry can be used to dissect regu-
latory pathways. Similarly, hematopoietic progenitors
from clinical cases can be studied in vitro by direct culture
following aspiration biopsy. Plasma or plasma compo-
nents from animals with bone marrow disorders may be
added to bone marrow cells of clinically normal animals
to study the nature of potential humoral myelosuppres-
sive activities.

Long term cultures of hematopoietic cells on estab-
lished stromal cell layers (Dexter cultures) more closely
recapitulate the hematopoietic microenvironment and
allow long term survival of pluripotent HSC. These
culture systems were used to identify the stromal cell
defect (defective SCF production) in SI/SI* mouse (Steel
anemia) and the complementary defect in W/W" (white
spotted) mouse (SCF receptor alternatively known as ¢
kit). Long term bone marrow cultures have been
described for dogs™? and sheep.”

Lethal Irradiation and Bone
Marrow Transplantation

Lethally irradiated mice receiving bone marrow
or hematopoietic cells with a capacity for partial or
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complete renewal of hematopoiesis develop large
splenic foci of extramedullary hematopoiesis thought to
be initiated by a single pluripotent stem cell. These colo-
nies are grossly visible after 8-14 days, creating hemi-
spherical distortions of the splenic contour which may
be visually enumerated.” These CFU-S have since been
found to represent a multipotent committed progenitor
cell rather than the pluripotent stem cell as originally
hypothesized. Irradiation and stem cell transplantation
methodologies are described in detail for dogs.”’

Genetically Altered Mice

Through technology that permits homologous recombi-
nation of partially homologous, generally noncoding,
genetic sequences in cultured murine stem cells, mice
deficient in the protein product of specific target genes
can be created. This technology has been extensively
exploited to study the function of individual hemat-
opoietic cytokines, growth factors, their cognate recep-
tors, and hematopoietic transcription factors.” Without
this technology, the study of transcription factors asso-
ciated with primitive oligopotent progenitors (Tables
5.1 and Table 5.2) would not have been possible. The
hematologic evaluation of mouse embryos or feti is a
critical part of the phenotypic assessment of knockout
mice. By rendering gene-deleted mice (-/-) transgenic
(+/+) for a deficient gene under the control of an
inducible or repressible tissue-specific promoter, the
function(s) of a gene in adults, for which deletion oth-
erwise results in nonviable feti, can be examined. Using
the Cre-loxP system, genes may be removed or reacti-
vated in a tissue specific manner in the adult mouse.”

The development of methods to transplant human
hematopoietic cells into severe combined immunodefi-
cient (SCID) mice (scid-hu) has provided an experimen-
tal tool with potential use in modeling leukemias,
infectious diseases, autoimmune diseases, and a variety
of primary nonneoplastic bone marrow disorders.
Potential deficiencies of this model include incomplete
cross-species functionality between murine cytokines
and cytokine receptors and human receptors and
ligands, since the absence of human bone marrow
stroma in mice transplanted with human hematopoietic
cells creates a chimeric hematopoietic microenviron-
ment. Impaired passage of mature cells into and out
of the bone marrow or circulation may occur when
adhesion molecules and their receptors on leukocytes,
platelets, and endothelial cells fail to recognize their
respective murine or human counterparts.

Models of Accelerated Hematopoiesis

Several methods have been used to accelerate hemat-
opoiesis. The intraperitoneal administration of a single
150mg/kg dose of 5-fluorouracil or appropriate dosing
regimen of cyclophosphamide completely depopulates
murine bone marrow. Treatment with 5-fluorouracil
spares the slowly cycling or noncycling stem cells.*
Recovery of hematologic parameters is first detectable
5 days post-treatment, with complete recovery occur-

ring after 15-20 days. This model has been used exten-
sively tostudy accelerated hematopoiesisin gene-deleted
mice with apparently normal basal hematopoiesis or in
mice treated with agents that do not alter basal hemat-
opoietic function. In this manner, the immunosuppre-
sant rapamycin was shown, by virtue of its ability to
inhibit signal transduction of a variety of proliferation-
inducing cytokines, to have potential liability when
administered in concert with cytotoxic agents.®
Accelerated erythropoiesis is readily induced in rodents
by a single 60mg/kg intraperitoneal injection of phe-
nylhydrazine. This regimen produces Heinz body
hemolytic anemia with approximately 30% decrease in
hematocrit after 2 days and a robust reticulocytosis by
5 days post-treatment.*’ Alternatively, a fixed volume
of blood (up to 3% of body weight) can be removed
from a rodent and replaced with intraperitoneal saline,
stimulating erythropoiesis. To mobilize granulocytes
and accelerate granulopoiesis, Bacto-tryptone (a potent
chemotactic casein digest, 1mL of a 10% solution)
is administered intraperitoneally. A similar effect is
achieved with intravenous G-CSF, which §enerally is
species cross-reactive, at a dose of 5ug/kg.

Lessons learned from evaluation of hematopoiesis in
genetically-altered rodents may be extended to the
study of hematopoiesis in domestic species and provide
a better understanding of dysregulation in primary dis-
eases of bone marrow. The availability of specific rea-
gents for domestic species and accessibility to bone
marrow culture, flow cytometry, and polymerase chain
reaction (PCR) technologies permit increasingly sophis-
ticated examination of bone marrow function, provid-
ing greater insight into abnormalities recognized by
traditional hematologic methods.
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Erythropoiesis
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Definitions
Stem Cell to Erythrocyte
General
Development and Maturation of Reticulocytes
Cell Surface Molecules on Developing Erythroid
Cells
Reticulocytes in Veterinary Species
Molecular Control of Erythropoiesis
Cytokines and Growth Factors Regulating
Erythropoiesis

Acronyms and Abbreviations

Transcription Factors
Pleiotropic transcription factors
Erythroid-specific transcription factors
Other Molecules
Negative Regulators of Erythropoiesis
Microenvironment
Molecules Involved in Adhesion
Erythrokinetics

BFU-E, burst-forming unit erythroid; CD, cluster of differentiation; CFU-E, colony-forming unit erythroid; CMP,
common myeloid progenitor; DNA, deoxyribonucleic acid; EKLF, erythroid Kruppel-like transcription factor; EMP,
erythrocyte macrophage protein; EPO, erythropoietin; EPOR, erythropoietin receptor; FasL, Fas ligand; FOG-1,
friend of GATA; GATA1 and GATA2, GATA binding protein 1 and 2; GM-CSEF, granulocyte/macrophage colony
stimulating factor; HIF-1, hypoxia inducing factor-1; HSC, hematopoietic stem cell; ICAM-4, intracellular adhesion
molecule-4; IGF-], insulin like growth factor I; IL, interleukin; IFN-y, interferon gamma; JAK?2, Janus kinase 2; kDa,
kilodalton; mRNA, messenger ribonucleic acid; MEP, megakaryocyte/erythroid progenitor; RBC, red blood cell;
RNA, ribonucleic acid; RT-PCR, reverse transcriptase polymerase chain reaction; TNF, tumor necrosis factor; SCF,
stem cell factor; SCL, stem cell leukemia; SOCS, suppressor of cytokine signaling; STAT, signal transducers and
activators of transcription; TNFE, tumor necrosis factor; TPO, thrombopoietin; TRAIL, TNF-related apoptosis induc-
ing ligand; VCAM, vascular cell adhesion molecule; VLA-4, very late antigen-4.

mice, rats, and humans. Species-specific information is
differentiation of hematopoietic stem cells (HSCs)  provided when available.

(see Chapters 3 and 5) into hemoglobinized, red
blood cells (RBCs). In normal animals, erythropoiesis
and RBC mass are regulated by cellular oxygen levels.
RBCs originate from HSC in a stepwise manner, wherein
each step includes cell division and differentiation, and
is initiated and regulated by specific humoral, microen-
vironmental, cell surface, and transcription factors.
First, HSCs commit to erythroid lineage to form eryth-
roid progenitor cells, which resemble lymphocytes.
Second, erythroid progenitors differentiate into eryth-
roid precursors that can be identified morphologically.
Precursor cells undergo a series of division and
differentiation steps until the nucleus is extruded (in
mammals) and reticulocytes are formed. This chapter

Erythropoiesis is the proliferation and progressive

DEFINITIONS

Basal erythropoiesis is erythropoiesis that occurs to
replace naturally senescent RBCs and therefore main-
tain normal RBC mass. Stress erythropoiesis refers to
erythropoiesis that occurs in response to an anemic
stimulus such as blood loss, hemolysis, or pregnancy.

STEM CELL TO ERYTHROCYTE

General

describes erythropoiesis in adult animals, and is a syn-
thesis of knowledge gained primarily from studies in

36

HSCs are multipotent and can divide into copies of
themselves or into cells committed to specific blood cell



O

©-0-0-0-0-0-@-8-©-©-0-O

HSC MP CMP MEP BFU-ECFU-E RubriblastBR PR MR

CHAPTER 6: ERYTHROPOIESIS 37

FIGURE 6.1 Approximate timing of the
response to certain growth factors, activation of
transcription factors, and expression of erythroid
specific molecules in erythropoiesis.
Abbreviations: BFU-E, burst forming unit
erythroid; BR, prorubricyte /basophilic rubricyte;
CFU-E, colony forming unit erythroid; CLP,
common lymphoid progenitor; CMP, common
myeloid progenitor; E, RBC; EKLE, erythroid
Kruppel-like factor; EPO, erythropoietin; EPOR,
erythropoietin receptor; FOG-1, friend of
GATA-1;HSC, hematopoietic stem cell; IGF-1,
insulin-like growth factor-1; IL3, interleukin 3;
MEP, megakaryocytic/erythroid progenitor; MP,
multipotential progenitor; MR, metarubricyte; PR,
polychromatophilic rubricyte; R, reticulocyte;
Rub, rubriblast; SCF, stem cell factor; SCL, stem

R E

cell leukemia gene; STAT, signal transducer and
activator of transcription; TfR, transferrin
receptor; TPO, thrombopoietin.
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lineages. A multipotent HSC (Fig. 6.1) first differenti-
ates into a common myeloid progenitor (CMP), which
is then capable of differentiating into any blood cell
except lymphocytes.”? The CMP has limited self-renew-
ing capacity, and, depending on environmental signals,
is capable of differentiating into a granulocyte/macro-
phage progenitor or a megakaryocyte/erythroid pro-
genitor (MEP). CMPs and MEPs in humans and mice
can be identified by their specific cell surface pheno-
type.” Differentiation from CMP to MEP is associated
with expression of various gene-specific transcription
factors, growth factor receptors, and functional pro-
teins, and is influenced by a variety of growth factors.
Gene-specific transcription factors are predominantly
activators of transcription and usually function as a
complex of proteins that bind to specific deoxyribonu-
cleic acid (DNA) sequences.

MEDPs differentiate into burst-forming units-erythroid
(BFU-Es). Although BFU-Es are programmed to differ-
entiate only into erythroid cells, they resemble lym-
phocytes microscopically. These cells are identified by
their growth from a single cell to several thousand cells
in culture (see Chapter 133). The colony-forming unit-
erythroid (CFU-E) differentiates from BFU-E. In culture,
each CFU-E divides into 8-32 cells. Thus, BFU-Es have
a higher proliferative potential than the more differenti-

ated CFU-E. These progenitor cells differentiate into
precursor cells that can be recognized as erythroid cells
based on morphologic characteristics. The earliest pre-
cursor is a rubriblast (Fig. 6.2). This is a large cell with
deeply basophilic cytoplasm; a round, centrally located
nucleus; finely granular but deeply staining nuclear
chromatin; and one or more prominent nucleoli (see
Chapter 132). The deeply basophilic cytoplasm helps
distinguish early erythroid from early myeloid precur-
sors. Rubriblasts undergo a series of differentiation
steps that result in a progressive decrease in cell size, a
gradual increase in cytoplasmic hemoglobin concentra-
tion, and gradual condensation of nuclear chromatin.
The prorubricyte is similar to the rubriblast except that
it does not contain a nucleolus. Subsequent stages are
called basophilic rubricytes, polychromatophilic rubri-
cytes, and metarubricytes. These cells have increasing
amounts of hemoglobin, which affects the staining
quality of the cytoplasm. Basophilic rubricytes have the
lowest hemoglobin concentration, and therefore still
have deeply basophilic cytoplasm. Polychromatophilic
rubricytes have cytoplasm that varies from blue-gray
to gray, depending on hemoglobin concentration.
Metarubricytes have the most hemoglobin, and there-
fore have gray to reddish cytoplasm. Metarubricytes
also have dense, homogeneous nuclear chromatin. At
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FIGURE 6.2 The various stages of erythroid
precursors are shown. The progression or
maturation is described in the text. (1) Rubriblast;
(2) prorubricyte; (3) basophilic rubricyte; (4)
polychromatophilic rubricyte; (5) metarubricyte;
(6) reticulocyte; (7) RBC.

this point the nucleus is extruded to produce polychro-
matophilic RBCs, which stain as reticulocytes with vital
stains such as new methylene blue. All of the precursors
except metarubricytes are capable of division.

The nomenclature for erythroid precursors in
humans and mice differs from that used in veterinary
medicine. The earliest erythroid precursor is called
a proerythroblast and subsequent cells are called
basophilic erythroblasts, polychromatophilic erythro-
blasts, and orthochromatic erythroblasts (Table 6.1).

Development and Maturation of Reticulocytes

Nuclear expulsion from metarubricytes is associated
with changes in intermediate filaments and microtu-
bules that result in rearrangement of the membrane
cytoskeleton.”* Extruded nuclei are rapidly ingested
by bone marrow macrophages. Reticulocytes then exit
the bone marrow, although the exact mechanism is
unknown. Reticulocytes contain residual mitochondria,
Golgi membranes, ribosomes, and microtubular com-
ponents, and can have approximately 35% more volume
than mature RBCs.”” During maturation in the circula-
tion, reticulocytes gain hemoglobin and lose organelles,
membrane surface area, volume, and numerous cell
surface proteins. Cell surface proteins are lost in the
form of exosomes, or membrane blebs, that contain pro-
teins specifically selected for removal (see Chapter 22).°

Stress reticulocytes are released from the bone
marrow during times of erythropoietic stress.” Stress

Human/Mouse/Research Terminology

Veterinary Terminology

Rubriblast

Prorubricyte

Basophilic rubricyte
Polychromatophilic rubricyte

Proerythroblast

Basophilic erythroblast
Basophilic erythroblast
Polychromatophilic erythroblast

Metarubricyte Orthochromatic erythroblast
Reticulocyte Reticulocyte
Erythrocyte Erythrocyte

reticulocytes are larger and less mature than normal
reticulocytes, and contain more mitochondria, ribo-
somes, and other organelles. Their membranes are more
mechanically rigid and unstable, and they possess
adhesive proteins that are normally lost before release.

Cell Surface Molecules on Developing
Erythroid Cells

Erythroid cells express a variety of cell surface mole-
cules, some of which are developmentally regu-
lated.®****" A summary of important erythroid cell
surface molecules is presented in Table 6.2.

Reticulocytes in Veterinary Species

The number of reticulocytes circulating during health
varies among species (see Chapter 136)."® Some species



Molecule Function Expression

CD34 Possibly signal BFU-E

transduction

CD36 (platelet Binds to CFU-E to mature
glycoprotein thrombospondin erythrocyte
V) (decreasing)
CD71 Transferrin CFU-E to reticulocyte
receptor (iron
intake)
CD49d/CD29 Binds to CFU-E to reticulocyte
(VLA-4) thrombospondin,
VCAM-1,
fibronectin
CD105 TGF-pB receptor BFU-E to rubriblasts
(endoglin)
CD117 (c-kit) Signal transduction BFU-E to basophilic
rubricyte
CD232 Binds to integrins CFU-E to reticulocyte
(ICAM-4)

have circulating reticulocytes in health (dogs, cats,
rodents, rabbits, pigs, guinea pigs), whereas others
(cows, goats, sheep) have circulating reticulocytes only
during a regenerative response. Horses, with rare
excep’dons,55 do not have circulating reticulocytes even
during a regenerative response.’

MOLECULAR CONTROL OF ERYTHROPOIESIS

Proliferation and differentiation of erythroid cells
include cell divisions accompanied by a serial reduction
of proliferative ability and increased erythroid-specific
gene expression. The general sequence of molecular
events for erythroid proliferation and differentiation is:
(1) growth factor binding to its receptor; (2) activation
of membrane-associated kinases; (3) phosphorylation of
the cytoplasmic portion of the receptor and of other
intermediate molecules; (4) activation of transcription
factors; and (5) transcription factor-dependent synthe-
sis of either additional transcription factors or eryth-
roid-specific functional proteins, depending upon the
stage of erythropoiesis. Examples of erythroid specific
functional proteins include RBC specific spectrins,
globins, ankyrin, band 4.1, and glycophorins (cell
surface molecules).?* Details of the molecular control
of self-renewal, proliferation, and differentiation are
complex and not yet entirely understood, although Zhu
and Emerson provide an excellent review.

Cytokines and Growth Factors
Regulating Erythropoiesis

Erythropoietin (EPO) is the principal hormonal regula-
tor of erythropoiesis. EPO is a 34.4 kilodalton (kDa)
glycoprotein (165 amino acids) that is produced prima-
rily by peritubular interstitial fibroblasts of the kidney
in adult animals. A small amount of EPO is produced
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in the liver during anemia.” Low tissue oxygen tension
induces EPO gene expression through transcriptional
activation and also induces EPO messenger ribonucleic
acid (mRNA) stabilization.*'*”” Hypoxia up-regulates
EPO by allowing accumulation of hypoxia inducible
factor-1 (HIF-1). This transcription factor, along with
cofactors, binds a responsive element in the 3’ flanking
region of the EPO gene. In severe hypoxia, production
of EPO is increased up to 1,000-fold.”® EPO production
by erythroid progenitors themselves also has been
shown using reverse transcriptase polymerase chain
reaction (RT-PCR), suggesting autocrine stimulation.*
EPO is highly conserved among species, and recom-
binant human EPO can support proliferation and dif-
ferentiation of erythroid progenitors from a variety of
species including horses and cats (see Chapter 133).

The EPO receptor (EPOR) is an integral membrane
protein with seven tyrosine phosphorylation sites in its
cytoplasmic domain. Each of these domains appears to
regulate different aspects of erythropoiesis. Some phos-
phorylation sites may be dispensable for steady-state
erythropoiesis, but required for stress erythropoiesis.”**
EPOR-deficient mice die in utero with anemia and defi-
cient hepatic erythropoiesis. Signaling through the
EPOR is mediated by pre-bound Janus kinase 2 (JAK2),
a phosphokinase. JAK2 phosphorylates several tyrosine
residues in the cytoplasmic domain of the EPOR, which
results in recruitment of a number of cytoplasmic sign-
aling proteins. Several pathways critical to survival and
differentiation of erythroid progenitors and precursors
are then activated. The signal transducers and activa-
tors of transcription (STAT) 5 pathway, which results
in up-regulation of the Bcl-x; anti-apoptotic protein, is
an important example of one of these pathways. The
EPOR is expressed on early cluster of differentiation
34-positive (CD34+) hematopoietic progenitors and
decreases gradually as erythroid differentiation
progresses (Fig. 6.1). Neither EPO nor EPOR is required
for generation of BFU-E or CFU-E, but both are required
for development of later stages of erythroid precursors
and for production of mature RBCs.”

Interleukin-3 (IL-3) is a multilineage cytokine pro-
duced by macrophages, activated T lymphocytes, mast
cells, eosinophils, and bone marrow stromal cells. IL-3
acts on HSC and progenitor cells to induce proliferation
and self renewal. It also primes progenitor cells to
respond more vigorously to EPO.!

Stem cell factor (SCF), also known as Steel factor,
mast cell growth factor, and c-kit ligand, is expressed
by bone marrow stromal cells and acts through its
receptor, c-kit (CD117).° Its mRNA is also expressed in
BFU-E, suggesting a potential autocrine or paracrine
function.” SCF is important for stem cell maintenance,”
and is synergistic with other cytokines to produce dif-
ferentiated cells. SCF exists as a soluble form and a
membrane associated form.* SCF markedly enhances
the activity of EPO, allowing for proliferation and dif-
ferentiation of progenitors and precursors. Mice with
deficiencies in the membrane-associated form have
macrocytic anemia, in spite of having the secreted form
of SCF.
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Granulocyte-macrophage colony stimulating factor
(GM-CSEF), produced by T cells, stimulates production
of primarily neutrophils, monocytes, and eosinophils.
GM-CSF may enhance erythroid progenitor develop-
ment, although GM-CSF knockout mice are hemato-
logically normal.

Thrombopoietin (TPO) is a 45-70kDa (depending
on glycosylation) glycoprotein produced in the liver,
kidney, skeletal muscle, and bone marrow stroma.’ It
appears to be required for maintenance of HSCs in G,
and therefore their self-renewal capacity.® TPO also
acts as a co-stimulatory agent with EPO to promote
BFU-E growth in vitro and to support proliferation and
maintenance of erythroid progenitor cells in vivo.>*' 4%

Insulin-like growth factor-1 (IGF-1) and insulin both
enhance the growth and differentiation of erythroid
cells. IGF-1 decreases apoptosis of progenitors and
enhances heme synthesis and nuclear condensation and
enucleation.”

Glucocorticoids enhance erythroid colony formation
in vitro’ and in vivo* by stimulating erythroid pro-
genitor proliferation and inhibiting differentiation.”
Glucocorticoids act through a nuclear glucocorticoid
receptor that subsequently directly affects transcription
by binding to glucocorticoid response elements in
DNA.”

Humoral inhibitors of erythropoiesis include tumor
necrosis factor (TNF), TNF-related apoptosis inducin
ligand (TRAIL), IL-1, and interferon gamma (IFN-y).*
TNF and IL-1 not only inhibit erythroid progenitors,
but also suppress EPO secretion. Immature erythroid
cells are susceptible to cell death due to TNF and IFN-y
up-regulation of “death” receptors.'

Transcription Factors

Several transcription factors are activated during RBC
development as a result of binding of hematopoietic
cytokines to cell surface receptors. Activated transcrip-
tion factor then translocates to the nucleus to enhance
transcription of specific genes. The DNA that is tran-
scribed is either an erythroid-specific structural or func-
tional gene (e.g. spectrin and globin) or a gene encoding
a protein that is involved in initiation of the next step
in differentiation (e.g. another transcription factor).

Pleiotropic Transcription Factors

The stem cell leukemia (SCL) gene is a pleiotropic (not
erythroid-specific) transcription factor that is crucial for
hematopoiesis; SCL null mice die in utero at day 8
without any blood cell formation”* SCL also enhances
erythroid proliferation and differentiation”> while
repressing myeloid differentiation.

GATA binding protein 2 (GATA2) is expressed in
early HSCs. It appears to be necessary for proliferation
and survival of stem cells but dispensable for terminal
erythroid differentiation.>*** Erythroid progenitor cells
of GATA2 null mice stop differentiating at the rubri-
blast stage.”

PU.1 is an Ets transcription factor that appears very
early in the lineage commitment of HSCs. Its expression
is associated with preferential commitment of CMP to
granulocyte/monocyte lineage, although an increased
ratio of GATA1 to PU.1 expression may cause commit-
ment to erythroid lineage. PU.1 probably does have
some direct influence on erythropoiesis, however, by
enhancing self-renewal of erythroid progenitors.’

Erythroid-Specific Transcription Factors

STATS is required for erythropoiesis and is enhanced
by EPO and SCE. STAT molecules are mobile cytoplas-
mic transcription factors that are activated by the JAK
family of protein tyrosine kinases.” STAT molecules are
latent but become activated and translocate to the
nucleus upon tyrosine phosphorylation. STAT5 binds
to specific DNA sequences to up-regulate genes
involved in tissue specific functions and regulation of
cell growth.”” STAT5 knockout mice are severely anemic
in utero and their fetal liver cells show increased apop-
tosis. Some adult STAT5 knockout mice have normal
hematocrits, but have ineffective hematopoiesis during
erythropoietic stress.” These mice generate increased
numbers of proerythroblasts during erythropoietic
stress, but have increased apoptosis in the more mature
stages.

GATA binding protein 1 (GATALl) is essential for
both primitive and definitive erythropoiesis, and plays
a key role in the differentiation of rubriblasts to mature
red blood cells (RBCs).* GATA1 is responsible for
expression of many erythroid-specific or erythroid-
predominant genes, including cytoskeletal proteins, the
transferrin receptor, EPOR, and the friend of GATALl
transcription factor (FOG-1). GATA1 also maintains
expression of Bcl-x;, and EPOR, which promote late
erythroid precursor survival and differentiation, while
repressing GATA2, a molecule that induces prolifera-
tion of earlier stages.

Erythroid Kruppel-like transcription factor (EKLF) is
essential for primitive and definitive erythropoiesis and
for adult B-hemoglobin production. Its disruption in
mice results in accumulation of fetal y-globin and inabil-
ity to produce adult B-globin.*® EKLF appears also to
regulate expression of other erythroid-specific genes
including dematin, cytoskeletal proteins, transcription
factors, and heme synthesis proteins."”

Other Molecules

Bcl-x, is an anti-apoptotic protein that is associated with
the mitochondrial membrane. Bcl-x; prevents apoptosis
of hemoglobinizing rubricytes.”” Mice that have a con-
ditional knock-out of the Bcl-x; gene have severe anemia
and splenomegaly. The bone marrow and spleens of
these mice accumulate early rubricytes but are deficient
in maturing cells. Bcl-x;, expression is EPO-dependent
via STATS5, and is increased during terminal differentia-
tion stages when hemoglobin synthesis is greatest.”
JAK2 is associated with the EPOR and is responsible
for downstream signaling. EPO binding to the EPOR



changes conformation of the receptor and thereby acti-
vates JAK2, which causes tyrosine phosphorylation of
the cytoplasmic domain, and subsequent recruitment of
signaling proteins including STAT5. JAK2 knockout
mice die during embryogenesis with severe anemia.
The most important function of JAK2 appears to be
activation of STAT5."

FOG-1 is a nuclear protein that binds to GATA1 and
acts as its cofactor in transcription.”” FOG-1 mediates
both transcriptional activation as well as repression
(e.g. of GATA2).” FOG-1 knockout mice die of anemia
in utero.” GATA2 repression is dependent on FOG-1,
and thus FOG-1 may facilitate GATA switching, leading
to erythroid differentiation.

Negative Regulators of Erythropoiesis

Fas and Fas ligand (FasL) are members of the TNF
receptor and TNF superfamilies, respectively, and are
expressed as integral membrane proteins. When FasL
from one cell interacts with Fas from another cell, clus-
tering of Fas initiates an intracellular caspase cascade
and apoptosis. These molecules are co-expressed on a
small percentage of immature erythroid cells in murine
bone marrow and are responsible for erythroid pre-
cursor apoptosis during basal erythropoiesis.”® Both
of these molecules are down-regulated in response
to EPO, allowing erythroid precursor survival and
differentiation.

Suppressor of cytokine signaling (SOCS) competes
for the binding site of STAT5 on the cytoplasmic tail of
the EPOR.* STAT5 can then no longer bind or be acti-
vated to produce its downstream effects. SOCS also
participates in the degradation of JAK2. SOCS is induced
by a number of cytokines, including EPO.*

MICROENVIRONMENT

Erythroblastic islands are one component of the micro-
environment (see Chapters 2 and 5) that is essential for
erythropoiesis. Erythroblastic islands comprise a central
macrophage surrounded by 10-30 erythroid cells from
CFU-Es to reticulocytes.® The macrophage projects
cytoplasmic processes to which erythroid cells adhere
via erythroblast macrophage protein (EMP), very late
antigen 4 (VLA-4), and intercellular adhesion mole-
cule-4 (ICAM-4). These proteins bind to the macro-
phage receptor proteins EMP, vascular cell adhesion
molecule-1 (VCAM-1), and integrins owv and o4, respec-
tively. The macrophage cell surface molecule CD163
also may be important in binding to erythroid cells and
in promoting erythropoiesis."

The central macrophage has a unique phenotype,
including a high level of expression of F4/80 and the
Forssman glycosphingolipid (a 7 transmembrane span-
ning receptor), marked adhesiveness, a pronounced
ability to endocytose, and inability to generate a respi-
ratory burst. Although erythroblastic islands are critical
for erythroblast proliferation and differentiation, mac-
rophage function related to erythropoiesis is incom-
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pletely understood. Central macrophages may produce
positive and negative regulators of erythropoiesis,
supply iron for hemoglobin production, and play a role
in nuclear extrusion and phagocytosis of the extruded
nucleus.

Molecules Involved in Adhesion

ICAM-4 is a transmembrane protein belonging to the
immunoglobulin superfamily of adhesion receptors,
and is predominantly expressed on erythroid cells.***
ICAM-4 mediates binding of rubricytes to rubricytes
and rubricytes to macrophages. It is expressed during
terminal differentiation of erythroid cells, beginning
with the rubriblast. EMP is a 36 kDa transmembrane
protein expressed on the surface of erythroid cells and
macrophages, and is involved with interactions between
erythroid cells and between erythroid cells and macro-
phages.” Absence of EMP severely limits the number
of erythroblastic islands and results in marked apopto-
sis of erythroid cells. Very late antigen-4 (VLA-4), also
known as 04f; integrin, is expressed on immature
erythroid cells and binds to VCAM-1 on macrophages.
Integrin oV is expressed on macrophages and binds to
ICAM-4 on immature erythroid cells. Fibronectin is an
extracellular matrix glycoprotein that binds to all stages
of immature erythroid cells via the VLA-4 and VLA-5
integrins.*

ERYTHROKINETICS

Massive amplification from HSC to mature RBCs is
required to create 4 x 10" mature RBCs from 2 x 10*
stem cells.® Erythrokinetics encompasses the rates of
proliferation and maturation from HSC to mature RBCs.
Long term and short term repopulating cells have been
identified in transplantation experiments in mice, and
probably represent hematopoietic cells that are less
mature than BFU-Es. These cells take months to differ-
entiate into later stages of erythroid cells.'® BFU-Es take
about 10-14 days to develop into rubriblasts in culture,
whereas CFU-E maturation takes about 3-5 days. In
health, there are approximately 50 rubricytes and 113
reticulocytes for every rubriblast in the bone marrow."”
Approximately five mitotic divisions occur over 5 days
before a rubriblast loses its nucleus and becomes a retic-
ulocyte. In most species, reticulocytes spend 2-3 days
maturing in bone marrow before being released to the
circulation.

REFERENCES

1. Aglietta M, Sanavio F, A Stacchini, et al. Interleukin-3 in vivo: kinetic of
response of target cells. Blood 1993;82:2054-2061.

2. Akashi K, Traver D, Miyamoto T, et al. A clonogenic common myeloid
progenitor that gives rise to all myeloid lineages. Nature
2000;404:193-197.

3. Alexander WS, Roberts AW, Nicola NA, et al. Deficiencies in progenitor
cells of multiple hematopoietic lineages and defective megakaryocytopoi-
esis in mice lacking the thrombopoietic receptor c-Mpl. Blood
1996,87:2162-2170.

4. Amylon MD, Perrine SP, Glader BE, et al. Prednisone stimulation of
erythropoiesis in leukemic children during remission. Am ] Hematol
1986;23:179-181.



42

5.

6.

10.

11.

12.

13.
14.
15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

SECTION I: HEMATOPOIESIS

Back J, Dierich A, Bronn C, et al. PU.1 determines the self-renewal capacity
of erythroid progenitor cells. Blood 2004;103:3615-3623.

Beutler, E. Production and destruction of erythrocytes. In: Beutler, EL,
Marshall A, Coller, BS, et al., eds. Williams” Hematology. New York, NY:
McGraw Hill, 2005;355-368.

. Billat CL, Felix JM, Jacquot RL, et al. In vitro and in vivo regulation of

hepatic erythropoiesis by erythropoietin and glucocorticoids in the rat
fetus. Exp Hematol 1982;10:133-140.

. Bondurant MC, Koury MJ. Anemia induces accumulation of erythropoi-

etin mRNA in the kidney and liver. Mol Cell Biol 1986;6:2731-2733.

. Cooper C, Sears W, Bienzle D, et al. Reticulocyte changes after experimen-

tal anemia and erythropoietin treatment of horses. ] Appl Physiol 2005,99:
915-921.

Ebert BL, Bunn HF Regulation of the erythropoietin gene. Blood
1999;94:1864-1877.

Fabriek BO, Polfliet MM]J, Vloet RPM, et al. The macrophage CD163
surface glycoprotein is an erythroblast adhesion receptor. Blood 2007;109:
5223-5229.

Felli N, Pedini F, Zeuner A, et al. Multiple members of the TNF super-
family contribute to IFN-gamma-mediated inhibition of erythropoiesis. J
Immunol 2005;175:1464-1472.

Finch CA, Harker LA, Cook JD, et al. Kinetics of the formed elements of
human blood. Blood 1977;50:699-707.

Grebien F, Kerenyi MA, Kovacic B, et al. Stat5 activation enables erythro-
poiesis in the absence of EpoR and Jak2. Blood 2008;111:4511-4522.
Gregol PA, Bo. The roles of Bcl-XL and apopain in the control of erythro-
poiesis by erythropoietin. Blood 1997;90:630-640.

Guenechea G, Gan OI, Drrell C, et al. Distinct classes of human stem cells
that differ in proliferative and self-renewal potential. Nat Immunol
2001;2:75-82.

Hodge D, Coghill E, Keys J, et al. A global role for EKLF in definitive and
primitive erythropoiesis. Blood 2006;107:3359-3370.

Jain NC. Erythropoiesis and its regulation. In: Jain, NC, ed. Schalm’s
Veterinary Hematology. Philadelphia: Lea & Febiger, 1986,487-513.
Johnson KD, Boyer ME, Kang K-A, et al. Friend of GATA-1-independent
transcriptional repression: a novel mode of GATA-1 function. Blood
2007;109:5230-5233.

Johnstone RM, Mathew A, Mason AB, et al. Exosome formation during
maturation of mammalian and avian reticulocytes: evidence that exosome
release is a major route for externalization of obsolete membrane proteins.
J Cell Physiol 1991;147:27-36.

Kaushansky K, Lin N, Grossman A, et al. Thrombopoietin expands eryth-
roid, granulocyte-macrophage, and megakaryocytic progenitor cells in
normal and myelosuppressed mice. Exp Hematol 1996;24:265-269.

Kim SI, Bresnick EH. Transcriptional control of erythropoiesis: emerging
mechanisms and principles. Oncogene 2007;26:6777-6794.

Koury S T, Bondurant MC, Koury MJ, et al. Localization of cells producing
erythropoietin in murine liver by in situ hybridization. Blood
1991;77:2497-2503.

Lazarides E. From genes to structural morphogenesis: the genesis and
epigenesis of a red blood cell. Cell 1987;51:345-356.

Letting DL, Chen Y-Y, Rakowski C, et al. Context-dependent regulation
of GATA-1 by friend of GATA-1. Proc Natl Acad Sci USA
2004;101:476-481.

Liu Y, Pop R, Sadegh C, et al. Suppression of Fas-FasL coexpression by
erythropoietin mediates erythroblast expansion during the erythropoietic
stress response in vivo. Blood 2006;108:123-133.

Majka M, Janowska-Wieczorek A, Ratajczak J, et al. Numerous growth
factors, cytokines, and chemokines are secreted by human CD34(+) cells,
myeloblasts, erythroblasts, and megakaryoblasts and regulate normal hemato-
poiesis in an autocrine/paracrine manner. Blood 2001;97:3075-3085.
Manwani D, Bieker JJ. The erythroblastic island. Curr Topics Devel Biol
2008;82:23-53.

Moody JL, Singbrant S, Karlsson G, et al. Endoglin is not critical for
hematopoietic stem cell engraftment and reconstitution but regulates adult
erythroid development. Stem Cell 2007;25:2809-2819.

Munugalavadla V, Kapur R. Role of c-Kit and erythropoietin receptor in
erythropoiesis. Crit Rev Oncol Hematol 2005;54:63-75.

Muta KK, Krantz SB, Bondurant MC, et al. Distinct roles of erythropoietin,
insulin-like growth factor I, and stem cell factor in the development of
erythroid progenitor cells. ] Clin Invest 1994,94:34-43.

Nakahata T, Okumura N. Cell surface antigen expression in human
erythroid progenitors: erythroid and megakaryocytic markers. Leukemia
Lymphoma 1994;13:401-409.

Noble NA, Xu QP, Hoge, LL, et al. Reticulocytes II: reexamination of the
in vivo survival of stress reticulocytes. Blood 1990,75:1877-1882.

Patel VP, Lodish HF. The fibronectin receptor on mammalian erythroid
precursor cells: characterization and developmental regulation. ] Cell Biol
1986;102:449-456.

35.

36.

37.

38.

39.

40.

41.

42

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Perkins AC, Gaensler KM, Orkin SH. Silencing of human fetal globin
expression is impaired in the absence of the adult beta-globin gene activator
protein EKLF. Proc Natl Acad Sci USA 1996;93:12267-12271.

Pollard TD. Integration of signals. In: Pollard, TDE, William C, eds. Cell
Biology. Philadelphia: Saunders, 2004;445-470.

Porcher C, Swat W, Rockwell Y, et al. The T cell leukemia oncoprotein
SCL/tal-1 is essential for development of all hematopoietic lineages. Cell
1996;86:47-57.

Qian H, Buza-Vidas N, Hyland CD, et al. Critical role of thrombopoietin
in maintaining adult quiescent hematopoietic stem cells. Cell Stem Cell
2007;1:671-684.

Rhodes MM, Kopsombut P, Bondurant MC, et al. Bcl-xL prevents apop-
tosis of late-stage erythroblasts but does not mediate the antiapoptotic
effect of erythropoietin. Blood 2005;106:1857-1863.

Richmond TD, Chohan M, Barber DL. Turning cells red: signal
transduction mediated by erythropoietin. Trends Cell Biol 2005;15:146—
155.

Ronzoni L, Bonara P, Rusconi D, et al. Erythroid differentiation and matu-
ration from peripheral CD34+ cells in liquid culture: cellular and molecular
characterization. Blood Cell Mol Dis 2008;40:148-155.

Rusten LS, Jacobsen SE. Tumor necrosis factor (TNF)-alpha directly inhib-
its human erythropoiesis in vitro: role of p55 and p75 TNF receptors. Blood
1995;85:989-996.

Sasaki A, Yasukawa H, Shouda T, et al. CIS3/SOCS-3 suppresses eryth-
ropoietin (EPO) signaling by binding the EPO receptor and JAK2. J Biol
Chem 2000;275:29338-29347.

Sato T, Maekawa T, Watanabe K, et al. Erythroid progenitors differentiate
and mature in response to endogenous erythropoietin. J Clin Invest
2000;106:263-270.

Shivdasani RA, Mayer EL, Orkin SH. Absence of blood formation in mice
lacking the T-cell leukaemia oncoprotein tal-1/SCL. Nature 1995;373:
432-434.

Smith MA, Court EL, Smith JG. Stem cell factor: laboratory and clinical
aspects. Blood Rev 2001;15:191-197.

Socolovsky M, Nam H, Fleming MD, et al. Ineffective erythropoiesis in
Stat5a(—/—)5b(—/-) mice due to decreased survival of early erythroblasts.
Blood 2001;98:3261-3273.

Southcott MJ, Tanner M]J, Anstee DJ. The expression of human
blood group antigens during erythropoiesis in a cell culture system. Blood
1999;93:4425-4435.

Spring FA, Parsons SF, Ortlepp S, et al. Intercellular adhesion molecule-4
binds alpha(4)beta(1) and alpha(V)-family integrins through novel integrin-
binding mechanisms. Blood 2001;98:458-466.

Steinberg JD, Olver CS. Hematologic and biochemical abnormalities indi-
cating iron deficiency are associated with decreased reticulocyte hemo-
globin content (CHr) and reticulocyte volume (rMCV) in dogs. Vet Clin
Pathol 2005;34:23-27.

Telen MJ. Erythrocyte adhesion receptors: blood group antigens and
related molecules. Transfus Med Rev 2005;19:32-44.

Tsai FY, Orkin SH. Transcription factor GATA-2 is required for prolifera-
tion/survival of early hematopoietic cells and mast cell formation, but not
for erythroid and myeloid terminal differentiation. Blood 1997;89:
3636-3643.

Tsang AP, Fujiwara Y, Hom DB, et al. Failure of megakaryopoiesis and
arrested erythropoiesis in mice lacking the GATA-1 transcriptional cofactor
FOG. Genes Devel 1998;12:1176-1188.

von Lindern M, Zauner W, Mellitzer G, et al. The glucocorticoid receptor
cooperates with the erythropoietin receptor and c-Kit to enhance and
sustain proliferation of erythroid progenitors in vitro. Blood 1999;94:
550-559.

Weiss DJ, Moritz A. Equine immune-mediated hemolytic anemia associ-
ated with Clostridium perfringens infection. Vet Clin Pathol 2003;32:
22-26.

Wessely O, Deiner EM, Beug H, et al. The glucocorticoid receptor is a key
regulator of the decision between self-renewal and differentiation in eryth-
roid progenitors. EMBO ] 1997;16:267-280.

Wojchowski DM, Menon MP, Sathyanarayana P, et al. Erythropoietin-
dependent erythropoiesis: New insights and questions. Blood Cell Mol Dis
2006;36:232-238.

Wu H, Liu X, Jaenisch R, et al. Generation of committed erythroid BFU-E
and CFU-E progenitors does not require erythropoietin or the erythropoi-
etin receptor. Cell 1995;83:59-67.

Yoshida M, Tsuji K, Ebihara Y, et al. Thrombopoietin alone stimulates
the early proliferation and survival of human erythroid, myeloid and
multipotential progenitors in serum-free culture. Br ] Haematol 1997,98:254—
264.

Zheng J, Kitajima K, Sakai T, et al. Differential effects of GATA-1 on
proliferation and differentiation of erythroid lineage cells. Blood 2006;107:
520-527.



CHAPTER 7

Granulopoiesis

M. JUDITH RADIN and MAXEY L. WELLMAN

Role of the Microenvironment
Transcription Factor Regulation of Granulopoiesis

Developmental Stages of granulopoiesis
Granulocytes

Cytokine Regulation of Granulopoiesis Neutrophils
Stem cell factor Kinetics of neutrophil production
Interleukin-3 Eosinophils
Granulocyte-macrophage colony stimulating factor Basophils
Granulocyte colony stimulating factor Mast cells

Interleukin-6

Acronyms and Abbreviations

BaP, basophil progenitor; Bc, common beta chain for GP140 type cytokine receptors; BMCP, basophil/mast cell
progenitor; C/EBP, CCAAT enhancer binding protein; CD, cluster of differentiation; CLP, common lymphoid
progenitor; CMP, common myeloid progenitor; CSF, colony stimulating factor; CXCL12, CXC-chemokine ligand
12; CXCR4, CXCL12 receptor; EoP, eosinophil progenitor; G-CSE, granulocyte colony stimulating factor; GATA-1,
GATA binding protein-1; G-CSFR, granulocyte-colony stimulating factor receptor; GFI1, growth factor independent
1; GM-CSE, granulocyte-macrophage colony stimulating factor; GM-CSFR, granulocyte-macrophage colony stimu-
lating factor receptor; GMP, granulocyte/monocyte progenitor; HSC, hematopoietic stem cell; ICAM-1, intercellular
adhesion molecule-1; IgE, immunoglobulin E; IL, interleukin; IL-3R, interleukin-3 receptor; IL-5R, interleukin-5
receptor; c-kit, receptor for SCF; M:E, myeloid:erythroid ratio; MCP, mast cell progenitor; MDP, macrophage/
dendritic cell progenitor; MEP, megakaryocyte/erythroid progenitor; MPP, multipotential progenitor; mSCF, mem-
brane bound stem cell factor; NeuP, neutrophil progenitor; NGF, nerve growth factor; NK, natural killer; PECAM-1,
platelet cell adhesion molecule; SCF, stem cell factor; TGF-f, transforming growth factor-B; VCAM, vascular cell

adhesion molecule; VLA, very late antigen.

in the bone marrow with expansion to extramedul-

lary sites in times of increased demand or with bone
marrow disease. Most information about development
and regulation of the various granulocytic lineages has
been obtained from studies using human-derived cells
and from rodent models. Conditions for culture of bone
marrow influence commitment to and development of
various cell lineages from hematopoietic stem cells (see
Chapter 133). Culture of bone marrow has been accom-
plished in most of the common domestic species, and
those studies have demonstrated that granulocgrte
development is similar to rodents and humans."*>>>"

In adult mammals, granulopoiesis occurs primarily

ROLE OF THE MICROENVIRONMENT

The hematopoietic inductive microenvironment pro-
vides the physical structure as well as a chemical milieu
permissive for granulopoiesis. The microenvironment

is composed of the extracellular matrix and stromal
cells that include mesenchymal stem cells, osteoblasts,
endothelial ~cells, fibroblasts, and adipocytes.
Granulopoiesis is regulated by movement of hemato-
poietic precursor cells through niches in bone marrow
in response to a series of factors produced by cells in
the microenvironment, interactions with the extra-
cellular matrix, and factors delivered from the blood.
Commitment and differentiation are coordinated
through changes in expression of cell surface markers,
receptors, transcription factors, and signal transduction
pathways in the hematopoietic precursors.

In adult mammals, the various granulocytic lineages
originate from pleuripotential hematopoietic stem cells
(HSCs) within the bone marrow. HSCs reside in close
association with osteoblasts along the endosteal border
of bone marrow (endosteal niche).”* Homing of HSCs
to the endosteal niche is mediated by chemotactic
calcium receptors on HSCs, responding to a calcium
concentration gradient generated by osteoclast activity.'

43
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In addition, HSCs are attracted into the endosteal niche
by CXC-chemokine ligand 12 (CXCL12) released by
osteoblasts. Chemotaxis is mediated by binding of
CXCL12 to the CXCL12 receptor (CXCR4) on HSCs.”
The endosteal niche probably is critical for long term
survival of HSCs in a quiescent state with a low level
of self-renewal.”**** Maintenance of HSCs within the
endosteal niche appears to be regulated by cell-cell
interactions between osteoblasts and HSCs. Osteoblasts
express a variety of adherence factors such as VCAM-1
(CD106), N-cadherin, and CD44 that bind respectively
to 04P1 integrin (VLA-4 or CD49d/CD29), N-cadherin,
and hyaluronic acid on the surface of the HSCs.
Osteopontin on osteoblasts binds to both CD44 and ol
integrins on HSCs. Close cell-cell contact permits oste-
oblast surface ligands to bind to their respective recep-
tors on HSCs, activating intracellular signal transduction
within the HSCs. HSCs are maintained in a quiescent
state by interactions between membrane bound stem
cell factor (mSCF) on osteoblasts with the c-kit tyrosine
kinase on HSCs and by angiopoietin-1 binding to Tie-2
tyrosine kinase.” Apoptosis of HSCs is inhibited by
mSCF/KIT and Flt ligand/Flt-3 tyrosine kinase initia-
tion of the Mcl-1 pathway.”® Self-renewal is promoted
by Jagged-1/Notch-1 and m-SCF/c-kit signaling.

Proliferation, mobilization, and commitment of
HSCs to granulocytic differentiation occur in proposed
vascular niches along the vascular sinuses of the central
bone marrow.” Homing of HSCs and hematopoietic
progenitor cells to the vascular niche occurs in response
to CXCL12 secreted by endothelial cells. Retention in
vascular areas of the bone marrow results from binding
of HSCs and progenitors to PECAM-1 (CD31), VCAM-1
(CD106), P-selectin, and E-selectin found on the surface
of endothelial cells. The vascular niche may facilitate
differentiation of HSCs to CD34+ multipotential pro-
genitors (MPPs) that have multilineage potential but
have lost the ability of self-renewal. Subsequent to this
stage, progenitors for lymphocyte and myeloid lineages
commit to either common lymphoid progenitors (CLPs)
or common myeloid progenitors (CMPs).

It is currently proposed that CMPs give rise to
several lineages including granulocyte/monocyte pro-
genitors (GMPs), megakaryocyte/erythroid progeni-
tors (MEPs), and macrophage /dendritic cell progenitors
(MDPs).* Granulocytic lineages differentiate from
GMPs to produce neutrophil progenitors (NeuPs),
eosinophil progenitors (EoPs), and basophil/mast cell
progenitors (BMCPs).> BMCPs subsequently give rise
to basophil progenitors (BaPs), which complete their
maturation in bone marrow, and mast cell progenitors
(MCPs), which circulate and undergo maturation in
tissues such as gastrointestinal mucosa, skin, lung, and
heart. An alternate proposed origin of MCP is directly
from MPP?

Although it is conceptually helpful to think of pro-
genitor development in a linear model, lineage differ-
entiation may vary with species or may be more plastic
than a linear model implies. This is evident in leukemic
cell lines that express markers for more than one hemat-
opoietic lineage and by the capacity to change differen-

tiation of cultured cells by altering patterns of
transcription factor expression.

TRANSCRIPTION FACTOR REGULATION
OF GRANULOPOIESIS

Commitment, differentiation, and maturation of granu-
locytic progenitors results from a coordinated program
of transcription factor expression that activates genes
required for differentiation and maturation of a specific
cell type (Fig. 7.1)."7%40%* Suppression of genetic pro-
grams required for differentiation along other cell lines
is equally important in lineage determination. The coor-
dinated hierarchy of transcription factor activation and
suppression results in expression of receptors for colony
stimulating factors (CSF) on the surface of hematopoi-
etic progenitors, affects the timing of adhesion molecule
expression, and activates genetic programs that allow
transition to committed lineages and functional matura-
tion within a lineage. Shifts in the balance of transcrip-
tion factors may allow transition of progenitors to
alternate cell lineages.

Differentiation of MPPs to CMPs requires activation
of PU.1, a member of the Ets transcription factor
family.”* PU.1 in conjunction with expression of
CCAAT/enhancer binding protein-o. (C/EBP-o), a basic-
region leucine zipper transcription factor, promotes tran-
sition to GMPs. Continued presence of C/EBP-o. and a
lower level of expression of PU.1 results in formation of
early neutrophil precursors. This is in contrast to those
GMPs that maintain high levels of PU.1 but no longer
express C/EBP-a, which results in commitment to mono-
cyte production. Maturation of neutrophils beyond the
promyelocyte stage is dependent on increasing expres-
sion of PU.1 as well as C/EBP-¢, another C/EBP family
member, and growth factor independent-1 (GFI-1).
Production of EoP results from expression of GATA-1
(zinc finger family transcription factors) and continued
high levels of C/EBP-0, whereas BMCP formation
requires GATA-2 expression but inactivation of
C/EBP-0.>** For BMCPs to commit to production of
basophils, there must be reactivation of C/EBP-o to
produce BaPs, whereas continued down-regulation of
C/EBP-a is required for differentiation to MCPs.

CYTOKINE REGULATION OF
GRANULOPOIESIS

Granulopoiesis is regulated by cﬁytokines that include
stem cell factor (SCF) and CSFs.*® Expression of recep-
tors for these cytokines on the surface of hematopoietic
cells is controlled by the activity of transcription factors
so that sensitivity to individual cytokines coordinates
with and facilitates proliferation and differentiation of
the various cell lineages. Most hematopoietic cytokines
are constitutively produced at low levels by a variety of
cell types to maintain steady state granulopoiesis but
increase in response to inflammation.
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FIGURE 7.1 Proposed scheme for
granulopoiesis. Transcriptional regulation
of granulopoiesis is indicated. MCP also
may arise directly from MPP. (BaP,
basophil progenitor; BMCP, basophil /mast
cell progenitor; C/EBP, CCAAT enhancer
binding protein; CLP, common lymphoid
progenitor; CMP, common myeloid
progenitor; EoP, eosinophil progenitor;

PU.1

|C/EBPu

Monoblast

Connective
Tissue / Mucosa

Stem Cell Factor

Stem cell factor (SCF; kit ligand, Steel factor, mast cell
growth factor) acts on some of the earliest hematopoi-
etic progenitors and is required for survival and self-
renewal of HSCs (see Chapter 3).** Stem cell factor is
produced as either a membrane-bound (mSCF) or
soluble form. mSCF appears to be critical for effective
hematopoiesis as soluble SCF is unable to compensate
for lack of production of the membrane-bound form in
genetically engineered mice.® mSCF is found on osteob-
lasts, endothelial cells, and fibroblasts in the bone
marrow, and plays a role in establishing progenitors in
their appropriate bone marrow niches. SCF acts to both
inhibit apoptosis as well as promote entry of cells into
the S phase of the cell cycle. SCF also potentiates the
effects of other cytokines and CSF to promote prolifera-
tion, especially of early committed progenitors. c-kit
(CD117), a member of the type III receptor tyrosine
kinase family, is the receptor for SCF. Binding of SCF
to c-kit results in homodimerization and autophospho-
rylation of the receptor. Expression of c-kit varies
depending on the stage of hematopoietic cell develop-
ment.” c-kit expression is present at low levels on qui-
escent HSCs and increases to its highest levels on early,
actively proliferating granulocytic progenitors. With
the exception of mast cells, c-kit expression declines
with further maturation of the granulocytic lineages.

Interleukin-3

Interleukin-3 (IL-3), a member of the short chain
o-helical bundle type 1 cytokine family, acts on some of
the earliest hematopoietic progenitors.* It is primarily
produced by activated T-lymphocytes; however, other
cell types such as bone marrow stromal cells, natural
killer (NK) cells, eosinophils, and mast cells also can
produce IL-3. Its effects are mediated through binding
to a specific receptor (IL-3R). IL-3R is a heterodimer
consisting of o and B chains. The o chain (IL-3Ro or

GATA-2
BMCP
| GATA-1 C/EBPu

GMP, granulocyte/monocyte progenitor;
HSC, hematopoietic stem cell; MCP, mast
cell progenitor; MEP, megakaryocyte/
erythroid progenitor; MPP, multipotential
progenitor; NeuP, neutrophil progenitor).
(Mlustrated by Tim Vojt, Biomedical Media,
The Ohio State University College of
Veterinary Medicine.)

Mast Cell

CD123) conveys ligand specificity. The common 3 chain
(Bc or CD131), upon dimerizing with the o chain-ligand
complex, initiates signal transduction. Transcription of
the IL-3Ra is controlled by transcription factors PU.1,
GATA-1, and C/EBPa, whereas constitutive expression
of the Bc appears to be controlled by PU.1. IL-3R is
found on early progenitors such as CD34+ HSCs, MPPs,
and CMPs. The primary effects of IL-3 are to promote
proliferation, differentiation, and survival of the most
primitive precursors by shortening the time in the G,
stage of the cell cycle. Although IL-3R may be found
on more mature granulocyte precursors, the growth-
promoting effects of IL-3 continue to be important for
eosinophils and basophils.

Granulocyte-Macrophage Colony
Stimulating Factor

Granulocyte-macrophage CSF (GM-CSF), a member of
the short chain o-helical bundle type 1 cytokine family,
is produced by a variety of cells including macrophages,
T and B cells, bone marrow stromal cells, osteoblasts,
fibroblasts, endothelial cells, neutrophils, eosinophils,
and mast cells.* The receptor for GM-CSF (GM-CSFR) is
also a member of the GP140 cytokine receptor super-
family. GM-CSER is a heterodimer that is structurally
related to and shares the same fc with the IL-3R but has
a unique o chain (GM-CSFRa or CD116) that confers
ligand specificity. Like IL-3R, transcription of the
GM-CSFRa is controlled by PU.1, GATA-1, and C/EBP.
GM-CSER is expressed as progenitor cells commit to
granulocytic and monocytic differentiation. Binding of
GM-CSF to its receptor promotes progenitor survival by
inhibiting apoptosis. GM-CSF promotes proliferation
and maturation of granulocytes and macrophages.

Granulocyte Colony Stimulating Factor

Granulocyte CSF (G-CSF) is produced primarily
by macrophages and monocytes. However, it also
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may be produced by fibroblasts, endothelial cells,
T-lymphocytes, and bone marrow stromal cells.* The
receptor for G-CSF (G-CSFR) is a member of the GP130
cytokine receptor superfamily and forms a homodimer
or homo-oligomer upon ligand binding. G-CSFRs are
expressed in highest concentrations by neutrophilic
progenitors through mature neutrophils. Sensitivity to
G-CSF increases with neutrophil maturation and is
related to increasing numbers of G-CSFR.* The effects
of G-CSF are wide ranging and include stimulation of
survival, proliferation, and terminal differentiation
of neutrophils. G-CSF is constitutively produced at
low levels to support basal neutrophil production.
Concentrations of G-CSF increase markedly in response
to endotoxin and inflammatory mediators, thus driving
increased neutrophil release and production during an
inflammatory response.”® G-CSF also shortens matura-
tion time of neutrophilic precursors, decreases marrow
transit time, stimulates release of neutrophils from bone
marrow, and prevents apoptosis. High concentrations
of G-CSF result in release of HSCs into the circulation.
This technique has been used to harvest circulating
HSCs for bone marrow transplantation procedures in
humans. Release of HSC in response to G-CSF appears
to be mediated in part by elaboration of neutrophil
enzymes, such as neutrophil elastase, cathespin G, and
matrix metalloproteinase-9 within the bone marrow
microenvironment.” These enzymes cleave adhesion
molecules on HSCs and osteoblasts, thereby releasing
HSCs.

Interleukin-6

IL-6 is a member of the GP130 cytokine family, and
receptors for IL-6 are found on some CD34+ hematopoi-
etic precursors.” IL-6 can stimulate granulopoiesis via
binding to membrane bound IL-6 receptor. GP130 sig-
naling can also be initiated through the mechanism of
“transsignalling” wherein IL-6 is bound to a soluble
form of its receptor and this complex heterodimerizes
with GP130 to activate signaling. This latter mechanism
appears to be important in granulopoiesis.”* IL-6 can
act synergistically with SCF to enhance granulopoiesis
in culture and can partially compensate for lack of
G-CSF in knockout mice.**” IL-6 can act alone or
synergistically with G-CSF to mediate bone marrow
granulocytic hyperplasia during times when there is
increased demand for neutrophils.”

DEVELOPMENTAL STAGES OF
GRANULOPOIESIS

Committed neutrophil, eosinophil, and basophil pre-
cursors undergo a similar maturation sequence (Fig.
7.2). The myeloblast is the first member of granulocytic
lineage that is recognizable by light microscopy. The
myeloblast is characterized by finely stippled chroma-
tin, one to multiple nucleoli, and moderately basophilic
cytoplasm. Initially, the cytoplasm lacks granules
(Type I myeloblast), but small numbers of primary or

FIGURE 7.2 Granulocytic precursors in canine bone marrow.
(A) promyelocyte, (B) eosinophilic myelocyte, (C) metamyelocyte,
(D) band neutrophil. Wright Giemsa stain; original magnification
1000x.

azurophilic granules begin to appear as the myeloblast
matures (Type II myeloblast). The promyelocyte (pro-
granulocyte) is larger than the myeloblast and is char-
acterized by increasing numbers of primary granules
and decreasing cytoplasmic basophilia. A Golgi area
may be apparent and is free of granules. The chromatin
pattern remains finely stippled and nucleoli may or
may not be present. As promyelocytes mature, primary
granules become less apparent by light microscopy and
secondary granules appear. The myelocyte is smaller
than the promyelocyte and is characterized by a round
to slightly oval nucleus with partially condensed chro-
matin and lightly basophilic cytoplasm containing
secondary granules. The myelocyte is the stage that
commitment to a specific granulocytic line can most
easily be discerned by light microscopy due to the pres-
ence of lineage specific secondary granules. The myelo-
cyte is considered the last stage at which cellular
division occurs. For each myeloblast, there is the poten-
tial to produce 16-32 offspring.

Metamyelocytes and band granulocytes are no longer
capable of cell division, but undergo nuclear matura-
tion characterized by increasing condensation of chro-
matin and progressive segmentation of the nucleus. The
metamyelocyte has a bean-shaped to elongated nucleus
whereas the band has a U- or an S-shaped nucleus
with smooth, parallel sides. As these cells mature from
metamyelocyte to bands, the cytoplasm becomes less
basophilic and granule contents mature. Mature granu-
locytes have condensed chromatin and a segmented
nucleus with multiple lobes separated by thin strand-
like areas. The degree of segmentation varies with the
granulocyte type and species. In general, segmented
neutrophils have 3-5 lobes whereas eosinophils may be
bilobed. Mature basophil nuclei may appear monocy-
toid to bilobed.
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Neutrophils

Differentiation from CMPs to GMPs is stimulated by
IL-3, GM-CSF, and IL-6. Commitment of GMPs to neu-
trophil production and proliferation, and maturation
of myeloblasts to mature polymorphonuclear neu-
trophils is primarily driven by G-CSE. Although IL-6
can stimulate granulopoiesis and partially compensate
for a lack of G-CSF in knockout mice, G-CSF is required
for functional maturation of neutrophils by increasing
adhesion factors, chemotaxic activitgf, phagocytosis,
and production of bactericidal factors.”

Development of myeloblasts to segmented neu-
trophils is associated with changes in cell surface
expression of adhesion molecules and receptors.” In
humans, maturation from myeloblasts to segmented
neutrophils is accompanied by decreased surface
expression of adhesion molecules that regulate reten-
tion in bone marrow such as CD29, CD31 (PECAM-1),
CD33, CD49d (binds to VCAM), and CD49e (binds to
fibronectin). There is increased expression of other
adhesion molecules associated with neutrophil rolling
and adherence (e.g. CD11b, CD1lc) as cells mature.
There is decreased expression of CD54 (ICAM-1) during
neutrophilic maturation, but its expression may be re-
activated when neutrophils are exposed to high concen-
trations of G-CSF during inflammation. Receptors for
immunoglobulin (CD16 and CD32) and receptors for
or modifiers of complement activity (CD11b, CDllc,
CD35, and CD55) tend to increase with maturation.

Kinetics of Neutrophil Production

Neutrophil development can be divided conceptually
into proliferation (mitotic), maturation, and storage
compartments. The proliferation pool encompasses
those precursors that are capable of cell division, includ-
ing myeloblasts, promyelocytes, and myelocytes. These
precursors constitute approximately 10-30% of bone
marrow granulocytes in most species. The maturation
and storage compartments comprise 65-90% of the
granulocytes in the marrow. The maturation compart-
ment consists of metamyelocytes and band granulo-
cytes that are no longer capable of mitosis but are still
undergoing nuclear and cytoplasmic maturation. The
storage compartment comprises those bands and seg-
mented neutrophils that are readily released into
circulation.

Under basal conditions, bone marrow transit time for
neutrophils (the time to go from myeloblast to seg-
mented neutrophil) is approximately 6 days in dogs,
cats, and horses.””"** Production time for neutrophils
in calves is 6 days, but neutrophils are held in the bone
marrow for one additional day before release.”"*
Delivery of neutrophils to blood is related to the rapid-
ity with which neutrophils are depleted from the circu-
lation.”" Although the steady state bone marrow reserve
of neutrophils is similar in dogs and calves, the prolif-
erative capacity of bone marrow in calves appears to be
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less than the dog. This is reflected in the lower M:E ratio
in cattle. If neutrophils are depleted from the circula-
tion, dogs react with a leukocytosis and bone marrow
hyperplasia characterized by a shortening of produc-
tion time from 6 to 2-3 days.””' Calves also deliver
existing neutrophils and bands from the maturation
and storage pools to the blood in response to increased
movement of neutrophils out of the circulation.
However, unlike in other species, there is no apparent
shortening of transit time as part of the bone marrow
response in calves.”"”> The mechanism underlying the
failure of cattle to increase granulopoiesis and shorten
bone marrow transit time is uncertain. Increased
demand for neutrophils results in release of inflamma-
tory cytokines and increased production of G-CSE*
G-CSF is a key mediator of neutrophil mobilization
from bone marrow reserves, stimulation of granulopoi-
esis, and functional maturation of neutrophil precur-
sors. Dogs, cats, horses, and cattle all show a robust
response to administration of G-CSF characterized by
neutrophilia and granulocytic hyperplasia in the bone
marrOW.9’10'18/35’37’44

Eosinophils

EoPs originate from GMPs, the same progenitors that
give rise to neutrophils. However, commitment to eosin-
ophil development occurs in response to a different
pattern of transcription factors and cytokines.”*® The
main cytokines driving eosinophil production are IL-3,
GM-CSE and IL-5. Eosinophils appear to lack receptors
for G-CSE™* IL-3 and GM-CSF play a role in the early
steps of proliferation and commitment of the eosinophil
progenitor pool, whereas IL-5 is required for prolifera-
tion, terminal differentiation, and functional matura-
tion of eosinophils.” The receptor for IL-5 (IL-5R) shares
the same signal transducing Bc with IL-3 and GM-CSF
but has a unique o-chain (IL-5Ra, or CD125) to permit
specific binding of IL-5. Thus, eosinophils differ from
neutrophils in that Bc signal transduction is required
through all stages of eosinophil production and matu-
ration. Th2 T-helper cells are the primary source of IL-5.
However, IL-5 can be produced by other cells such as
mast cells, eosinophils, Tc2 cells, YoT cells, NK cells, and
epithelial cells.*” In addition to its role in proliferation
and differentiation of eosinophils, IL-5 prevents apop-
tosis, stimulates release of eosinophils from the bone
marrow, promotes adhesion of eosinophils to endothe-
lial cells, and activates eosinophil effector function.
Overproduction of IL-5 is associated with peripheral
eosinophilia in transgenic mice and is observed in
various naturally-occurring and experimentally-
induced hypereosinophilic conditions. Interestingly,
IL-5 knockout mice have normal basal numbers of
eosinophils in their bone marrow but fail to develop
tissue or blood eosinophilia when stimulated by para-
site infection or inhalant allergen.'®” This suggests that
IL-5 is necessary for an expanded eosinophilic response
to inflammatory stimuli.

Bone marrow production time from myeloblast to
mature eosinophils takes 2-6 days.”” Secondary or
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specific granules begin to form at the late promyelocyte
stage and granule contents continue to mature through
the segmented stage. Production of specific granule
proteins occurs in response to genetic pathways acti-
vated by the transcription factors described above. For
example, production of major basic protein is controlled
by C/EBPg, GATA-1 and PU.1.*°

Basophils

Committed basophil progenitors (BaPs) originate
from CD34+ myeloid progenitors in the bone marrow.
However, the sequence of intermediaries between
MPPs and BaPs remains unclear. Studies of bone
marrow cells from humans suggest that basophils and
eosinophils share a bipotential progenitor because eosin-
ophils and basophils develop within the same colony
under some experimental culture conditions.””*" This
may reflect the fact that the proliferation and differen-
tiation of eosinophils and basophils are stimulated by
many of the same cytokines such as IL-3 and GM-CSE’
Studies using bone marrow cells from mice suggest that
basophils share a common progenitor with mast cells
(BMCP) and originate from GMPs**' Subsequent
differentiation to either BaPs or MCPs is regulated
by sequential expression of transcription factors.
Up-regulation of GATA-2 in conjunction with down-
regulation of C/EBPa induces differentiation to BMCPs
capable of differentiating into either basophils or mast
cells. Subsequent reactivation of C/EBPo results in
committed BaPs and production of basophils.>*
Maturation of BaPs occurs in bone marrow, and transit
time from myeloblasts to mature basophils takes 2-3
days.* Basophil precursors require e signal transduc-
tion initiated by IL-3 and GM-CSF for proliferation and
differentiation. IL-5, nerve growth factor (NGF), and
transforming growth factor-f3 (TGF-B) also act as growth
factors."” However, unlike other granulocytes, a lineage
specific factor (a specific basophilopoietin) has not been
identified. It has been speculated that differentiation to
basophil lineage is a default pathway, which may con-
tribute to the conflicting findings as to their origin.’
Although IL-3 appears to be the main growth factor
promoting differentiation and maturation of basophil
precursors, it is not absolutely required for production
of mature basophils in steady state conditions as evi-
denced by studies with IL-3 deficient mice.*® However,
IL-3 is needed for accelerated production leading to
basophilia in response to parasites.*® Both IL-3 and
GM-CSF increase effector function of basophils by
increasing histamine production through induction of
histadine decarboxylase, increasing regulatory cytokine
production (such as IL-4 and IL-13), and enhancing
migration of mature basophils into tissues.

Mast Cells

Mast cell progenitors originate from CD34+ hematopoi-
etic progenitors in the bone marrow. Early develop-
mental pathways remain unclear and studies suggest

various schemes, including common BMCPs descended
from GMPs or by direct derivation from MPPs.***
Unlike granulocytic lineages, committed MCPs exit the
bone marrow and undergo proliferation, differentia-
tion, and maturation in mucosal and connective tissues.
At the time of migration, these MCPs lack mature gran-
ules and the high affinity receptor for the Fc portion
of IgE.*!

IL-3 and SCF are the primary growth factors for mast
cell development.”* Unlike the other granulocytic line-
ages, MCPs maintain high levels of c-kit, the receptor
for SCF* Stimulation of c-kit supports proliferation
and differentiation of mast cells, and its effects may be
potentiated by co-incubation with IL-3. In addition, SCF
binding to KIT inhibits apoptosis and prolongs survival
of mast cells. SCF is a chemotactic agent for immature
and mature mast cells and helps localize mast cells to
tissues."
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Summary

C/EBP-0, CCAAT/enhancer binding protein-alpha; CD, cluster of differentiation; CFU-GM, colony forming unit
granulocyte macrophage; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; cDCs (conven-
tional DCs); DCs, dendritic cells; DNA, deoxyribonucleic acid; FIV, feline immunodeficiency virus; FIt3L, Flt3-
ligand; GM-CSF, granulocyte macrophage colony stimulating factor; GMP, granulocyte/monocyte progenitors;
HSC, hematopoietic stem cells; iNOS, inducible nitric oxide synthase; IDO, indoleamine-2,3-dioxygenase; IL, inter-
leukin; IRFS, interferon-y-responsive transcription factor; KO, knock-out; LC, Langerhans cells; M-CSF, macrophage
colony stimulating factor; MDP, macrophage/dendritic cell progenitors; MHC, major histocompatibility antigen;
MEP, megakaryocyte/erythroid progenitors; MPP, multipotential progenitors; MPS, mononuclear phagocytic
system; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells; pDCs, plasmacytoid DCs; SCE, stem
cell factor; TGF-B, transforming growth factor-beta; TIP DCs, tumor necrosis factor-o. (TNF-ar) inducible nitric oxide
synthase (iNOS)-producing DCs; TLR, Toll-like receptor; TNF-o, tumor necrosis factor-alpha; Treg, regulatory T

(cell);V-RelB, reticuloendotheliosis viral oncogene homolog B SCE.

term that is commonly used to describe mono-

cytes, macrophages and their progenitor cells.
Although a somewhat imprecise term, the MPS is useful
in describing the heterogeneity yet inter-relatedness of
these cells. Dendritic cells (DCs) are bone marrow-
derived cell that are not traditionally included in the
MPS but can arise from common myeloid precursor
cells or monocytes and share characteristics with mono-
cytes and macrophages. The term histiocyte is relatively
imprecise but is a useful term to describe cells in cyto-
logic or histopathologic specimens considered to be of
MPS origin, but whose precise identity is unknown. In
this chapter, DCs, monocytes, and macrophages will be
discussed together despite the fact the DCs are distinct
in many ways. Cells of the MPS play an important role
in phagocytosis and killing of infectious agents, diges-
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The mononuclear phagocytic system (MPS) is a

tion of cellular debris, and are key players in both innate
and adaptive immune responses.

This chapter will discuss the formation of mono-
cytes, macrophages, and DCs, and contrast differences
in form and function between these cells.

MONOCYTE AND DENDRITIC
CELL PRODUCTION

The hematopoietic stem cell (HSC) is a pluripotent pro-
genitor cell that gives rise to common lymphoid and
common myeloid progenitoris (CLPs and CMPs, respec-
tively). The CMP gives rise to numerous progenitors
including granulocyte/monocyte progenitors (GMPs),
macrophage/dendritic cell progenitors (MDPs) and
megakaryocyte/erythroid progenitors (MEPs), while a
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subset of DCs arise from CLPs." The fact that CLPs and
CMPs can give rise to DCs led to original classification
of DCs as lymphoid or myeloid based on cluster of dif-
ferentiation (CD)8o. expression with proposed distinct
functions of these subsets. More recent work indicates
that these subsets can arise from either CLP or CMP and
are currently referred to as conventional DCs (cDCs).
Although plasmacytoid DCs (pDCs) also can arise from
either CLP or CMP, their unique function sets them
apart from cDCs. Through an orchestrated sequence of
transcriptional events and local cytokine microenviron-
mental stimuli, GMPs, MDPs and CLPs give rise to
monocytes, macrophages and DCs.

TRANSCRIPTIONAL AND
CYTOKINE REGULATION

When discussing the origin and development of
monocytes, macrophages, and DCs, it is important to
understand the role and diversity of stem cells. Our
understanding of hematopoiesis has arisen primarily
from human and mouse studies and through the use of
genetically engineered (i.e. knock-out) mice (GEMs).
Although such GEMs are powerful tools, they have
limitations, particularly when the altered gene plays a
critical or multi-factorial role in hematopoiesis or
embryological development. However, even with such
limitations, GEMs are powerful tools that have been
instrumental in unraveling key events, transcriptional
regulators, and cytokines involved in hematopoiesis
and the development and regulation of monocytes,
macrophages, and DCs.

Transcriptional Regulation

PU.1 is an early transcription factor important in dif-
ferentiation of CMPs and CLPs from MPP whose pres-
ence allows differentiation along the myeloid lineage
and whose absence promotes erythroid development."
The coordinated expression of transcription factors
PU.1, CCAAT/enhancer binding protein-o. (C/EBP-o)
and interferon-y-responsive transcription factor (IRF8)
influence development of granulocytic versus mono-
cytic/macrophage lineages."" GMPs under the influ-
ence of decreasing PU.1 levels and increasing C/EBP-a
will form granulocytes. Conversely, high PU.1, lower
C/EBP-o and increased expression of IRF8 will promote
generation of monocytes and macrophages, with IRF8
acting through unknown influences on M-CSF signal-
ing." Due to the CMP and CLP origin of some DCs,
Ikaros, an important transcription factor involved in
lymphopoiesis, plays an essential role in development
and differentiation of DCs such as lymphoid DCs.> DC
subset lineage commitment may be influenced by addi-
tional transcription factors such as V-rel reticuloen-
dotheliosis viral oncogene homolog B (RelB), a member
of the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xB) family which is expressed in
higher amounts in CD8o0— cDCs, and inhibitor of dif-

ferentiation 2 (Id2) which is upregulated during DC
development and required for the development of cDCs
and Langerhans cells (LCs).

Cytokine Regulation

Numerous cytokines play an important role in shaping
the microenvironment and promoting differentiation of
specific cell populations. Under the influence of inter-
leukin-1 (IL-1), IL-3, IL-6 and stem cell factor (SCF)
Multipotential progenitors (MPPs) will form CFU-GM/
CMP from which either the granulocytic or monocytic
lineage will develop.*” Monocyte production is stimu-
lated by SCE macrophage-colony stimulating factor
(M-CSF), granulocyte-macrophage colony stimulating
factor (GM-CSF), IL-1, IL-3, and IL-6 and increased PU.1
expression.” Monocytes arise through sequential differ-
entiation of CFU-GM to monoblasts, promonocytes,
and finally to monocytes (Fig. 8.1). M-CSF is a critical
cytokine involved in the formation of macrophages and
monocyte-derived cells with macrophage functions
such as osteoclasts. Subsequent maturation and func-
tion of tissue macrophages is determined by the local
tissue microenvironment. Flt3-ligand (FI1t3L) is the most
important cytokine involved in generating all DC
subsets and plays an important role in maintaining
steady-state levels of DCs. GM-CSF promotes develop-
ment of inflammatory DCs and induces differentiation
of monocytes and bone marrow cultures to DCs. Similar
to macrophages, local tissue environment alters DC
phenotype and function. One such example is the criti-
cal role played by TGF-B in generating LC.!

Effects of Altering Key Cytokines

Our understanding of the importance of various
cytokines in the generation of monocytes, macrophages
and DCs has arisen primarily by GEM knock-out (KO)
mice.

The absence of M-CSF or its receptor results in
decreased numbers of monocytes and certain macro-
phage subsets. M-CSF does not appear to be critical for
steady-state DC production because DC numbers,
ratios, and function appear to not be affected in these
KO mice. Surprisingly, GM-CSF does not appear to be
essential during normal hematopoiesis because KO
mice have normal hematopoiesis. GM-CSF does appear
to play a primary role in generating and maintaining
DCs in inflammatory states and can act synergistically
with FI3L."*" FU3L is the major cytokine driving
steady-state DC production in vivo because mice with
knock out of the FIt3L or FIt3L signaling pathways have
a significant deficiency in DCs.” However, these mice
have normal monocyte development and GM-CSF-
mediated DC development. FIt3L administration in
vivo increases DCs and appears to act synergistically
with GM-CSF to expand DCs in vivo while GM-CSF
alone has little effect on DC numbers in vivo.* TGF-$
plays an essential role in the generation of skin DCs (i.e.
LC) because mice that lack TGF- are deficient in LC.’
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FIGURE 8.1 Location and developmental pathways of monocytes, macrophages (m®s) and dendritic cells (DCs). Hematopoietic stem cells
(HSCs) give rise to CFU-GM which can then give rise to monocytic (and granulocytic) precursors. Monocytes circulate in blood and can
develop into either macrophages or DCs. M-CSF promotes development of m®s from monocytes. GM-CSF promotes development of DCs.
Inflammatory stimuli and other m® factors can give rise to “inflammatory” m® and DC populations. In steady state, tissue m®ds and DCs
are replenished by either circulating monocytes or self-renewal. In vitro, HSCs give rise to m®s when cultured with M-CSEF, conventional
DCs (cDCs) when cultured with GM-CSE, and cDCs and plasmacytoid DCs (pDCs) when cultured with Flt3L. FIt3L acts on bone marrow to
generate both cDCs and pDCs that represent “steady state” DCs. GM-CSF acts on monocytes to generate DCs with an “inflammatory”

phenotype.

Generation and Expansion

Monocyte precursors and monocytes can give rise to
macrophages or DCs in vitro depending on culture
conditions, cytokines, and growth factors. M-CSF is a
primary cytokine used to generate macrophages from
monocyte precursors or bone marrow mononuclear
cells in culture.'® GM-CSF is the primary growth factor
used to generate DCs in vitro, whereas FIt3L has been
used in vitro and in vivo to generate DCs."” FIt3L is
capable of generating all DC subsets in vitro including
both ¢DCs and pDCs, while GM-CSF prevents the

generation of pDCs. In vivo, DC expansion is effec-
tively accomplished by administration of FIt3L.*
GM-CSF does not expand DCs in vivo but does appear
to amplify in vivo expansion if administered with
FIt3L.* FIt3L binds Flt3 expressed on early bone
marrow progenitors, which stimulates proliferation,
differentiation, mobilization, and survival of these
cells. Although FIt3L can generate a monocytosis and
is important in producing steady-state DCs, FIt3L
alone is not capable of producing monocyte-derived
DCs, probably due to low Flt3 expression on
monocytes.
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CIRCULATION, TISSUE DISTRIBUTION,
AND FUNCTION

Macrophages

Macrophages are rarely present in blood. In tissues,
multinucleated giant cells, syncytial cells, and epithe-
lioid macrophages may develop in chronic inflamma-
tion or in response to specific infectious agents (see
Chapter 45). Tissue-specific macrophages have been
recognized for decades and have various names
depending on location. Two such examples include
Kupffer cells in the liver and microglial cells in the
central nervous system. Such tissue macrophages often
establish in specific organs during embryogenesis and
maintain steady-state levels primarily by local replica-
tion with only a small contribution from monocytes
during homeostasis. The majority of inflammatory
tissue macrophages arise from monocytes recruited
from blood. Regardless of location, tissue macrophages
have similar functions which include surveillance,
removal of dead cells and cellular debris, defense
against pathogens, and promotion of wound healing,
tissue remodeling, and repair. Tissue macrophages
have a life span of years and can divide, but often do
so at a very low rate.

Dendritic Cells

DCs can arise from HSCs, before an absolute commit-
ment of HSCs to CMPs or CLPs. This fact makes DCs
unique as cells in the MPS and challenges a linear model
of DC genesis. Thus, unlike the lineage-specific model
of development where CMPs differentiate into mono-
cytes which give rise to macrophages, a graded com-
mitment model of DC development has been proposed.
In this model, early precursors (HSC and CMP) are
more likely to generate both pDCs and cDCs while
more differentiated stages of DCs (e.g. pro- or pre-DCs)
will more likely give rise to cDCs including the CD8+
and CD8-DC subtypes.” Thus, DC development results
from a combination of transcription factors and external
cytokine signals influencing pDC and cDC develop-
ment from both the myeloid and lymphoid pathways.

Similar to macrophages, DCs are not typically found
in the circulation. However, circulating pre-DCs have
been demonstrated in both humans and mice and arise
from bone marrow rather than recirculation of DCs.’
Once mature, DCs can be classified as migratory, resi-
dent, circulating, or inflammatory and be inactive or
activated in each of these capacities.’

Differentiation of monocytes to DCs is more rapid
during inflammation (18 h) than generation time of DCs
in vitro. The half-life for activated DCs in inflammation
is 3-5 days. Approximately 5-10% of resting or tissue
DCs are in cell cycle at any given time, and the relative
contribution of monocytes and bone marrow precursors
to normal DC replenishment, turnover, and recruit-
ment is less well characterized than for tissue
macrophages.”

Dendritic cells have a wide tissue distribution and
are located in all organs throughout the body. In such
sites, DCs are positioned to serve as sentinels of the
immune response and can initiate and direct subse-
quent immune responses. Many cells previously identi-
fied as tissue macrophages are now recognized as DCs
or mixed populations of DCs and macrophages. LC are
DCs in the skin and, together with dermal macrophages,
are important in cutaneous immune responses.'” DCs
and macrophages in the lamina propria of the gut play
distinct roles in directing immune responses that may
influence development of autoimmune and inflamma-
tory diseases.

Cell surface markers are commonly used to identify
DCs and their subsets. In general, CD8a+ cDCs are
thought to play a role in maintaining homeostasis and
tolerance to self and are commonly found in T cell-rich
areas of the spleen and lymph nodes. In contrast, CD8o—
¢DCs comprise nearly 80% of resident DCs in the spleen,
are a minor population in lymph nodes, and tend to be
found in the marginal zones with subsequent redistri-
bution to T cell areas upon stimulation through toll like
receptors (TLRs).” These CD8o— cDCs are thought to be
the primary DCs that initiate immune responses.

Activation of immature DCs results in migration to
lymph nodes, up-regulation of surface expression of
major histocompatibility antigens (MHC) Class II and
co-stimulatory markers, and production of cytokines
(e.g. IL-1, IL-6, IL-10, IL-12, IL-23, TGF-B, TNF-o,
type I interferons), chemokines, and other soluble
factors (e.g. indoleamine-2,3-dioxygenase IDO).?
DCs then interact with numerous other cells including
both immune and non-immune (e.g. endothelial
cells) to initiate and direct an immune response (see
Chapter 51).

The microenvironment plays an important role in
determining whether DCs become immunogenic or
regulatory. An inflammatory stimulus causes DCs
to mature from processing antigen to actively present-
ing antigen and initiating an immune response.
Immunogenic DCs up-regulate MHC Class II and co-
stimulatory molecules, and migrate to local lymph
nodes. One example of immunogenic DCs is “Tip DCs”.
“Tip DCs” are large and granular DCs that are associ-
ated with bacterial, viral, and parasite infections and
autoimmune diseases. They produce TNF-o and induc-
ible nitric oxide synthase (iNOS) in response to TLR
agonists.” Regulatory or tolerogenic DCs are important
in controlling inflammation, and preventing autoim-
munity and fetal allograft rejection during pregnancy.
The microenvironment also determines the function of
regulatory DCs. IL-10, TGF-B, vitamin D, glucocorti-
coids, and other steroid hormones have been shown to
generate regulatory DCs."” Regulatory DCs are able to
regulate the immune response through a variety of
mechanisms including IL-10 production or expanding
regulatory T (Treg) cell populations.”” Plasmacytoid
DCs are a subset of DCs that produce large amounts of
type I interferons (i.e. IFN-o. and IFN-B) after stimula-
tion by viral or microbial infections. Such plasmacytoid
DCs are located throughout the body but are in high
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FIGURE 8.2 Characteristic morphology of monocytes, macrophages, and DCs in dogs. (A) Blood smear from a dog showing a neutrophil
(left) and monocyte (right). Note the characteristic basophilic granular cytoplasm and irregularly shaped nucleus of the monocyte. Wright-
Giemsa stain, original magnification x1000. (B) Pulmonary alveolar macrophages containing phagocytosed alveolar fluid and surfactant from
the lung of a dog. Hematoxylin & Eosin stain; original magnification 400x. (C) Langerhans cells from skin of a dog. CD18 stain; original

magnification 400x.

concentrations at immune sites exposed to the external
environment (e.g. mucosal sites).

DIFFERENTIATING MONOCYTES,
MACROPHAGES, AND DENDRITIC CELLS

DC can be round to stellate in appearance and can
appear very similar to macrophages in tissue sections
or aspirates. The prototypical “veiled” morphology
with numerous thin projections resembling neuronal
processes, used to originally define DCs, are difficult to
appreciate in cytological and histological preparations.
DCs in culture have limited or transient adherence and
may resemble large lymphocytes with only small pseu-
dopodia or dendritic processes. Upon activation or
maturation, DCs demonstrate the more typical stellate
morphology as seen in vivo in LCs (Fig. 8.2).

Monocytes, macrophages, and DCs express cell
surface markers that are important in cellular function
and useful in cell identification (see Chapters 4, 45, and
71). While many of these markers have been described
in humans and mice, reagents in veterinary species are
becoming increasingly available.'*'

At present, there is no single marker that definitively
differentiates monocytes, macrophages, and DCs.
Rather, it is a combination of phenotypic markers, cel-
lular morphology, tissue location, and functional char-
acteristics that is used to identify cells of the MPS. CD14
expression is highest on monocytes and decreases as
monocytes differentiate to macrophages or DCs.
However, loss of CD14 expression on macrophages and
DCs differs among species.”” Conversely, MHC class
II, a molecule important in antigen presentation, is low
in monocytes but is up-regulated with maturation and
differentiation into macrophages and DCs. F4/80 is
present on nearly all macrophage populations and
is useful in fixed tissue sections.” CD11b (Mac-1) is
expressed on myeloid cells such as macrophages and
myeloid DCs. CD11c is the most commonly used marker

to specifically identify DCs because monocytes and
macrophages typically are negative for CD1lc.’
However, CD11c is not a universal marker for all DCs
because lung DCs and plasmacytoid DCs express little
or no CD11c.*

SUMMARY

In summary, monocytes, macrophages and DCs are
important hematopoietic cells that play critical roles in
defense and maintaining homeostasis. Monocytes often
are a direct indication of the health of the myelomono-
cytic lineage. Although the tissue locale of macrophages
and DCs often limits extensive ctyologic evaluation of
these cells, function and dysfunction of these cells have
important implications in health and disease.
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Thrombopoiesis
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Acronyms and Abbreviations

Arp, actin-related protein; BFU-MK, burst forming unit-megakaryocyte; BMEC, bone marrow endothelial cell;
CalDAG-GEF], calcium diacylglycerol guanine nucleotide exchange factor I; CBE, core binding factor; CD, cluster
of differentiation; CFU-MK, colony-forming unit-megakaryocyte; CXCR, chemokine receptor; DMS, demarcation
membrane system; E#, day of embryonic development, where the number indicates age of the embryo in days after
conception; FGF-4, fibroblast growth factor 4; FCR, receptor for the FC portion of immunoglobin; Flil, Friend
leukemia integration 1; FOG1, Friend of GATA1; GABP, GA-binding protein; GATA1 and 2, GATA binding pro-
teins 1 and 2; G-CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte-macrophage colony stimulating
factor; GP, glycoprotein; IL, interleukin; LIF, leukemia inhibitory factor; Lin~, lineage negative; JAK, Janus kinases;
MAPK, mitogen activated protein kinases; Meg-CFC, megakaryocyte-colony forming cells; MEP, megakaryocyte-
erythroid progenitor; Mpl, myeloproliferative leukemia; NF-E2, nuclear factor-erythroid 2; PECAM-1, platelet
endothelial cell adhesion molecule-1; PF4, platelet factor 4; PIP4Ko, phosphatidylinositol-5-P-4 kinase; SCF, stem
cell factor; SDF, stromal cell-derived factor; STAT, signal transducers and activators of transcription; TPO, throm-
bopoietin; VCAM-1, vascular cell adhesion molecule-1; WASp, Wiskott-Aldrich syndrome protein; WAVE, WASp-
family verprolin-homologous protein.

THROMBOPOIESIS OVERVIEW genitor expansion and produce platelets that are more
similar in size and granularity to adult platelets. It is
not known whether primitive platelets produced within
the yolk sac represent a population of platelets distinct
Megakaryocytes are derived from a bipotent megakary-  from those produced by the fetal liver and ultimately
ocyte-erythroid progenitor (MEP).° Although the MEP  the bone marrow because specific markers are

was once thought to arise from a committed common  unavailable.

Megakaryocyte-Erythroid Progenitor

myeloid progenitor, recent evidence suggests that the
MEP may arise directly from an uncommitted short-term
hematopoietic stem cell.! Primitive MEPs and megakary-
ocyte colony-forming cells (Meg-CFCs) have been
detected in mouse embryo yolk sacs and give rise to
primitive GPIbB-positive platelets that are of large diam-
eter, highly reticulated and relatively hypogranular.*
These early platelets can be detected in circulation in
mouse embryos as early as embryo day (E) 10.5. By day
E11.5, definitive MEPs and Meg-CFCs within fetal liver
become the predominant source of megakaryocyte pro-
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Bipotent MEPs cannot be distinguished morphologi-
cally from small lymphocytes in bone marrow but
have a unique cell surface protein expression pattern
that includes interleukin (IL)-7Ro/lineage negative
(Lin")/c-Kit+/Sca-1" clusters of differentiation (CD)34 /
FcRy°.™ Once commitment to megakaryocyte lineage
occurs, cells begin to express CD41 and CD61 (integrin
olIbB3 or GP IIb and IIla), CD 42 (glycoprotein Ib),
and glycoprotein V. Two morphologically distinct colo-
nies leading exclusively to megakaryocyte production
have been identified in vitro: burst-forming unit-



megakaryocyte (BFU-MK) and colony-forming unit-
megakaryocyte (CFU-MK)."

Bone Marrow Endothelial Cells

The bone marrow can be divided into two anatomical
and functional entities with respect to development of
hematopoietic cells: the endosteal zone, where non-
dividing stem cells reside, and the more centrally
located vascular niche that promotes stem cell differen-
tiation and eventually mobilization of mature hemato-
poietic cells to the blood (see Chapter 3). Within the
bone marrow, bone marrow endothelial cells (BMECs)
support proliferation and differentiation of hematopoi-
etic cells as a consequence of direct contact and release
of cytokines. In turn, megakaryocytes nurture BMECs
by secreting survival and growth factors. Platelet-
endothelial cell adhesion molecule-1 (PECAM1) may
play a role in movement of megakaryocytes toward the
vascular sinuses. Transendothelial migration and pro-
platelet formation and release are dependent on the
interaction of megakaryocytes with BMECs via
adhesion molecules, including vascular cell adhesion
molecule-1 (VCAM-1) and integrin o4-B1.

TRANSCRIPTION FACTORS

Several transcription factors are critical for normal
thrombopoiesis in humans and mice that probably also
regulate thrombopoiesis in other species.

GATA1 and GATA2

GATA binding protein (GATA1) is an X-chromosome
encoded transcription factor that plays a key role in
megakaryopoiesis and erythropoiesis. GATA2 is a
closely related transcription factor that has early effects
on maintenance of hematopoietic stem cells and
multipotential progenitors.”® GATA1 possesses distinct
structural elements necessary for binding promoters
and cofactors involved in progenitor cell development
and differentiation. Several erythroid- and megakaryo-
cyte-specific genes contain GATA motifs in critical cis-
regulatory elements. For megakaryocytes these genes
include those encoding for GPIIb, GPIba, GPIbf, GPIX,
platelet factor (PF)4, and the thrombopoietin receptor,
myeloproliferative leukemia (c-Mpl). GATA1 activity is
necessary for the divergence of megakaryocytic and
erythroid progenitors from the MEP. Megakaryopoiesis
is more sensitive to levels of GATA1 than erythropoi-
esis.” Several GATA1 mutations in humans are accom-
panied by a role reversal in which megakaryocytes are
small and possess nuclei with reduced lobulation and
erythroblasts are large and multinucleated.>®

Friend of GATA1, Friend Leukemia Integration 1,
and GA-Binding Protein

Friend of GATA1 (FOG1) is an essential cofactor of
GATAI. Mutations in GATA1 that result in impairment
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of GATA1l binding with FOGI1 result in X-linked
macrothrombocytopenia in people. Friend leukemia
integration 1 (FLil) is a member of the Ets-family of
transcription factors and interacts in a synergistic
manner with GATAL1 in the activation of megakaryo-
cyte-specific genes. The heterodimeric GA-binding
protein complex (GABP) is another Ets-binding factor
that regulates gene expression in megakaryocytes.
GABP, a complex composed of alpha and beta subunits,
binds to promoters of early megakaryocyte-specific
genes such as GPIIb and cMpl, whereas FLil primarily
affects expression of late megakaryocyte-specific genes,
including GPIbo, GPIX, and PF4. The alpha component
of GABP mediates DNA binding of the complex whereas
the beta component mediates transcrioptional activation
and nuclear localization of GABPo.”” GABP and FLil
both can bind to promoters of early and late megakary-
ocyte-specific genes and regulate activity of the GATA1/
FOG complex. This overlap in function allows partial
compensation if either activity is lost.

Core Binding Factors

A family of transcription factors referred to as core
binding factors (CBFs) are critical in megakaryopoiesis
and megakaryocytic differentiation. The CBF family
contains three DNA binding proteins (RUNX1, RUNX2,
RUNX3) and a non-DNA binding protein (CBE).
RUNX1 is a heterodimer composed of core-binding
factor a-2 (CBF a-2) and CBFP. RUNXI1 interacts with
GATAI1 and has an essential role in early hematopoiesis
and vasculogenesis.” RUNX1 may also play a role in
lineage determination. RUNX1 mutations in humans
are associated with thrombocytopenia and platelet
function abnormalities associated with decreased dense
granule formation.” In humans, CBF o-2 mutations
have been associated with decreased levels of protein
kinase C-6,* resulting in impaired activation of platelet
integrin allb-B3.

Nuclear Factor-Erythroid 2

Nuclear factor-erythroid 2 (NF-E2) is a key transcrip-
tion factor involved in enhancing early megakaryopoi-
esis and in promoting megakaryocyte maturation.
NF-E2 is a heterodimer consisting of a hematopoietic-
specific p45 subunit and two p18 subunits, MafG and
MafK. Mice with deleted genes for NF-E2 are severely
thrombocytopenic, and megakaryocytes have reduced
granules, a disorganized demarcation membrane
system, fail to form proplatelets, and are unable to gen-
erate signals necessary for fibrinogen binding.”
Megakaryocyte targets for NF-E2 include genes encod-
ing for thromboxane synthase, Bl-tubulin, Rab27b,
caspase-12, calcium diacylglycerol guanine nucleotide
exchange factor I (CalDAG-GEFI), and PINCHI.
PINCH1 is an adaptor protein that interacts with
integrin-linked kinase which in turn binds with cyto-
plasmic tails of integrins and thus may be important in
mediating migration and interaction of megakaryocytes
in the bone marrow microenvironment.”!
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MEGAKARYOCYTE MATURATION AND
PLATELET FORMATION

In humans and domestic animals, megakaryocytes are
located primarily in bone marrow. However, in adult
mice, the spleen is considered a primary hematopoietic
organ and generates all hematopoietic cell lineages,
including megakaryocytes. Megakaryocytes undergo
some degree of fragmentation in the pulmonary circula-
tion in most mammalian species.

Endomitosis

During the early stages of megakaryocyte development,
progenitor cells undergo typical cell division as they
acquire lineage specific markers. In later stages of devel-
opment, megakaryocytes begin several rounds of
endomitosis in which anaphase, telophase, and cytoki-
nesis are skipgped, resulting in DNA division without
cell division.”” Mature megakaryocytes are polyploid
cells and DNA content or ploidy correlates with the
number of platelets a megakaryocyte will ultimately
produce. The progression of megakaryocytes from
dividing normally to dividing “atypically” is due to
the lack of formation of a normal functioning mitotic
spindle."

Studies using a K562 erythroleukemia cell line
suggest that down-regulation of stathmin expression
may be necessary for induction of endomitosis in
megakaryocytes. Stathmin is a phosphoprotein that
promotes microtubule depolymerization and is
phosphorylated and dephosphorylated in a cell cycle-
dependent fashion. Stathmin is phosphorylated /inacti-
vated as cells enter mitosis to allow for assembly of the
mitotic spindle and then dephosphorylated/activated
at the end of mitosis to allow dissolution of the mitotic
spindle. Studies with K562 cells suggest that during
early megakaryocyte development, stathmin expres-
sion levels are high, corresponding with normal cell
division. During later stages of megakaryocyte devel-
opment stathmin expression levels are reduced, result-
ing in abortive mitosis and polyploidization."

Demarcation Membrane System and
Proplatelet Formation

Terminal megakaryocyte differentiation occurs after
endomitosis is completed and is associated with tubular
invagination of the plasma membrane resulting in for-
mation of the demarcation membrane system (DMS).*!
The current model of platelet formation suggests that
the DMS functions to provide a membrane reservoir for
the formation and extension of proplatelets.”® Prior to
proplatelet formation there is an accumulation of the
phospholipid PI-4,5-P2 as a result of megakaryocyte
lipid kinase activity. Specifically, phosphatidylinositol-
5-P-4 kinase o (PIP4Ka) is thought to generate PI-4,5-P2
by acting on the substrate PI-5-P. PI-4,5-P2 is thought
to trigger actin polymerization by enhancing binding of
Wiskott-Aldrich syndrome protein (WASp) to actin-
related protein (Arp2/3). WASp-Arp2/3 complex for-

mation probably triggers Rho-family GTPases with
activation of WASp-family verprolin-homologous
protein (WAVE) proteins resulting in actin fiber assem-
bly."” Actin polymerization is associated with dilation
and movement of the DMS to the cell periphery in
preparation for microtubule assembly."

Synthesis of platelet granules occurs simultaneously
with formation of the DMS and granules are packaged
and mobilized as microtubule assembly occurs in
the extension of proplatelets. The microtubule motor
kinesin is probably responsible for transport of
organellesand granulesalong microtubules."”Movement
is bidirectional as microtubules slide past each other.
Once organelles and granules enter the proplatelet tip
they are captured there for packaging within the devel-
oping platelet.” In addition to organelles, spliceosomes
and pre-mRNAs are packaged into newly forming
platelets, thus providing platelets with the capacity for
protein synthesis.

Microtubule assembly is a dynamic process: time-
lapse photography shows alternating extension and
retraction as well as bending and branching of proplate-
let shafts. Platelets form from the tips of proplatelet
shafts; thus branching provides a mechanism for forma-
tion of more platelets per proplatelet extension.
Branching and bifurcations of proplatelet extensions are
mediated by actin forces. Elongation of proplatelets,
however, is mediated by dynein, a molecular motor
protein that mediates microtubule sliding necessary for
proplatelet extension.

Microtubules are hollow polymers formed by a/f-
tubulin dimers. B1-Tubulin is the most abundant plate-
let B-tubulin isoform. f1-Tubulin null mice attempt to
compensate by up-regulating other B-tubulin isoforms,
but other isoforms are unable to fully compensate. As
a result, null mice have thrombocytopenia and platelets
have reduced numbers of marginal microtubule bands.
A missense mutation in B1-tubulin causes macrothrom-
bocytopenia in Cavalier King Charles Spaniels.

Proplatelets are formed in a spiraling manner start-
ing at the periphery and moving centripetally towards
the nucleus. Proplatelets consist of long beaded strands
that fragment in circulation when subjected to shear.
Shear stress within bone marrow sinusoids probably
assists in fragmentation of proplatelets from megakaryo-
cyte bodies after proplatelets are extended through the
subendothelium. Activation of proplatelets is thought
to be avoided by extension of large, cytoplasmic frag-
ments into the lumen of sinusoidal vessels." Proplatelet
formation consumes the entire megakaryocyte cyto-
plasm leaving behind only the nucleus which enters an
apoptotic pathway.

THROMBOPOIETIN AND OTHER
KEY HORNMONES
Thrombopoietin

Thrombopoietin (TPO) is a key humoral regulator of
platelet production® TPO initially was identified as the



ligand for c-Mpl, the normal mammalian proto-
oncogene version of a murine myeloproliferative leuke-
mia virus.” The open reading frame for human TPO
protein, including the signal peptide, encodes 353
amino acids. In cats, dogs, horses, cattle, pigs, and mice
the open reading frame encodes 349, 352, 350, 349, 353,
and 356 amino acids, respectively.*'® At the amino acid
level TPO is highly homologous across species and is
79%, 85%, 89%, 83%, 82%, and 81% homologous when
comparing human to cat, dog, horse, cow, pig, and
mouse, respectively.9 The amino-terminal end of TPO
is highly homologous with erythropoietin in all species
and is the portion of the protein that engages the TPO
receptor. The carboxy-terminal domain is highly glyco-
sylated which may be necessary for TPO survival in
circulation and for secretion of TPO from cells. Truncated
forms of TPO are found in circulation, particularly in
thrombocytopenic animals.” TPO is cleaved by
thrombin at two sites, generating polypeptides that
vary in activity. Cleavage of TPO at Arg'' in the car-
boxy-terminal domain results in a polypeptide with
enhanced activity; however, activity is destroyed by
thrombin cleavage at Arg"” within the amino-terminal
domain.

Studies have documented that although TPO is criti-
cally important for normal megakaryopoiesis, TPO also
is important for overall hematopoiesis and plays a role
in enhancing expansion of hematopoietic stem cells.”
TPO binding to c-Mpl results in activation of Janus
kinases (JAKs) and signal transducers and activators of
transcription (STAT) factors STAT3 and STATS. JAK2
is bound constitutively to c-Mpl and upon activation
phosphorylates tyrosine residues within c-Mpl and
within STATs, PI3K, and mitogen activated protein
kinases (MAPKSs). STAT3 and STAT5 are required for
regulation of normal megakaryopoiesis and have been
found to be dysregulated in some myeloproliferative
disorders and in megakaryoblastic leukemias in
humans.

TPO is synthesized primarily by the liver and to a
lesser extent in kidney and by bone marrow stromal
cells. TPO receptors are located on platelets, megakaryo-
cytes, and vascular endothelial cells. Although the
numbers of TPO receptors on endothelial cells far
exceed the numbers found on megakaryocytes and
platelets, endothelial TPO receptors are not involved in
regulation of TPO levels. Under steady-state conditions,
TPO is produced constitutively and is bound by plate-
lets and megakaryocytes via specific TPO receptors
referred to as c-Mpl. Bound TPO is internalized and
degraded and not available for stimulating throm-
bopoiesis above steady-state levels.

During episodes of thrombocytopenia, TPO levels
increase, resulting in enhanced thrombopoiesis. The
responsiveness of megakaryocytes to TPO is regulated
somewhat by the maturity of the megakaryocyte.
Megakaryocytes that are GPIIb+ GPIb+ undergo fewer
endomitotic cycles in response to TPO compared to
younger megakaryocytes that are GPIIb+ GPIb—. The
enhanced endomitotic capability of GPIIb+ GPIb— meg-
akaryocytes is due to lack of binding of 14-3-3( adaptor
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protein to the cytoplasmic tail of GPIbo. Lack of seques-
tration of 14-3-3( results in enhanced phosphorylation
and activation of Akt by phosphoinositol-3-kinase
(PI3K). Activated Akt increases the post-translational
stability of cyclins, which play a role in promoting
endomitosis and increasing ploidy. Although TPO pro-
duction is constitutive under steady-state conditions,
severe thrombocytopenia can result in enhanced
production of TPO by bone marrow stromal cells.
Inflammatory conditions can result in enhanced TPO
production by hepatocytes (mediated by IL-6) resulting
in reactive thrombocytosis.'” During certain pathologic
conditions the steady-state mechanism of TPO produc-
tion can be altered, resulting in TPO levels that are
discordant with levels expected based on platelet
numbers. In some cases of severe idiopathic thrombo-
cytopenia, particularly where megakaryocytes are
markedly increased in number and size, TPO levels
may not be as high as expected due to binding of TPO
to c-Mpl receptors on megakaryocytes.

Stromal Cell-derived Factor-1

cMpl-null mice are markedly thrombocytopenic but still
capable of platelet production. Stromal cell-derived
factor-1 (SDF-1) can function alone or synergistically
with TPO to enhance thrombopoiesis and may be
responsible for maintaining low level thrombopoiesis
in cMpl-null mice. SDF-1 interaction with chemokine
receptor 4 (CXCR4) may be responsible for movement
of megakaryocyte progenitors to the vascular niche nec-
essary for initiation of thrombopoiesis. Movement of
megakaryocytes to the vascular sinusoid compartment
of bone marrow, mediated by SDF-1 and fibroblast
growth factor 4 (FGF-4), induces megakaryocyte matu-
ration and platelet formation.’

Other Cytokines and Growth Factors

Although TPO is an important regulator of throm-
bopoiesis throughout all stages of megakaryocyte
development, other cytokines act in synergy with TPO
primarily in early stages of megakaryopoiesis. IL-3 syn-
ergizes with TPO to produce several hematopoietic lin-
eages, but IL-3 effects are limited to the CFU-MK stage.
Stem cell factor (SCF) and granulocyte-macrophage
colony stimulating factor (GM-CSF) act in synergy to
enhance proliferation and expansion of bone marrow
progenitors and megakaryocyte lines. Granulocyte
colony stimulating factor (G-CSF) combined with TPO
can trigger hematopoietic stem cells to enter the cell
cycle and support colony formation. In later stages of
megakaryocyte development, G-CSF has been shown to
suppress megakaryopoiesis. IL-11, IL-12, and erythro-
poietin also stimulate proliferation of megakaryocyte
progenitors whereas IL1-o0 and leukemia inhibitory
factor (LIF) affect later stages of megakaryocyte matura-
tion and platelet release. PF4 has been shown to inhibit
megakaryocytopoiesis in vitro. PF4 is stored in platelet
alpha granules; aberrant platelet activation within bone
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marrow with subsequent PF4 release (e.g. radiation,
chemotherapy) may contribute to thrombocytopenia.

MEGAKARYOCYTE PLOIDY AND
PLATELET MASS

There are four to five times more megakaryocytes in
mouse bone marrow than in human bone marrow, and
mouse megakaryocytes are smaller. The difference in
size is not related to ploidy distribution since the modal
ploidy value for both species is 16N. Megakaryocyte
modal ploidy is 32N for dogs and rabbits. In cats the
modal value is evenly split between 32N and 64N.”
In 1 week old calves, the modal ploidy of cultured
megakaryocytes was 64N, whereas in cattle aged
12-17 months the modal ploidy value was 32N.”
Megakaryocyte ploidy is not consistently related to
platelet mass and platelet mass is not constant across
species. In dogs and cats, platelet size is inversely pro-
portional to platelet number, whereas there is no cor-
relation between platelet number and size in cows,
goats, or ponies. Platelet number and size are directly
proportional in horses. Mean platelet mass ranges from
1.8 x10° to 2.5 x 10°fL./uL in cows, dogs, goats, and cats.
In mice platelet mass is 5.2 x 10°fL/uL while in horses
platelet mass is 0.72 x 10°fL/uL.*
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of, alphabeta; AIRE, autoimmune regulatory gene; BCR, B cell receptor; Blimp-1, B lymphocyte-induced matura-
tion protein-1; CCR, chemokine receptor; CD, cluster of differentiation; DNA-PK, DNA-dependent protein kinase;
F1t3, FMS-like tyrosine kinase 3; y§, gammadelta; GATA3, GATA binding protein 3; HSC, hematopoietic stem cell;
Ig, immunoglobulin; IFNY, interferon gamma; IGF1, insulin-like growth factor 1; IL, interleukin; MHC, major his-
tocompatability antigens; NK, natural killer (cell); Rag, recombination activating gene; RSS, recombination signal
sequences; TCR, T cell receptor; TdT, terminal deoxynucleotidal transferase; TGF, transforming growth factor beta.

of new lymphocytes. Much of what we know
about lymphopoiesis has been derived from
studies in genetically engineered mice. Although these
pathways probably represent those seen in other
species, there are known species differences in lym-
phocyte development, phenotype, and function.'
Lymphocytes develop from a bone marrow derived
pluripotent hematopoietic stem cell (HSC) that further
differentiates into myeloid or lymphoid lineages.
However, recent studies suggest that some lymphoid
and myelomonocytic precursors maintain the capacity
to differentiate along the other lineage pathway.” The
common lymphoid progenitor gives rise to three types
of lymphocytes: B cells, T cells, and natural killer (NK)
cells.

l ymphopoiesis is the production and maturation

IMMUNOLOGIC DIVERSITY

Combinatorial diversity, junctional diversity, and
somatic hypermutation are mechanisms that permit the
immune system to generate B and T cells that detect a

large number of diverse antigens while maintaining a
relatively small number of genes.

Combinatorial Diversity

Combinatorial diversity occurs in both immuno-
globulin (Ig) and T cell receptor (TCR) genes through
joining of different V, D, and ] segments during VD]
rearrangement. Recognition of recombination signal
sequences (RSS) by recombination activating gene (Rag)
enzymes is crucial for VD] rearrangement.

VDJ Rearrangement

VD] rearrangement is a highly ordered, complex process
requiring cleavage of DNA, addition or deletion of
nucleotides to the cut ends of DNA, and finally DNA
ligation. VDJ rearrangement is initiated by joining of
one diversity (D) region with one junctional (J) region.
A variable (V) region is then added and the intervening
DNA is deleted, resulting in a single recombined V(D)
J genomic sequence.
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62 SECTION I: HEMATOPOIESIS

VD] rearrangement defines specific stages of B and
T cell development. In B cells, successful heavy chain
rearrangement is required before light chain rearrange-
ment can begin. Because kappa and lambda light chains
lack a D segment, light chain rearrangement produces
a V] complex. In T cells, rearrangement of the TCR loci
follows a specific order starting with delta, then pro-
ceeding through the gamma, beta, and finally alpha
genes. Two distinct subpopulations of TCR expressing
cells are formed from these chains: of and Yo T cells.

Recombination Signal Sequences

Ig and TCR gene segments are flanked by unique RSS
containing a heptamer, a 12 or 23 base pair spacer, and
then a nonamer. RSS orientation and spacer size are
used during recombination to ensure orderly recombi-
nation and inhibit the recombination of similar gene
segments (e.g. V-V).

Role of Rag 1 and Rag 2

Rag-1 and Rag-2 proteins are nuclear recombination
enzymes that recognize RSSs and nick DNA to form
hairpins where nucleotides can be added or deleted to
create blunt-ended double-stranded DNA breaks. These
ends are then aligned by the protein heterodimer Ku80/
Ku86. Ku80/Ku86 are non-catalytic subunits of DNA-
dependent protein kinase (DNA-PK). KU80/KU86
bring the broken DNA ends together for covalent
ligation by the DNA ligase IV complex, which is critical
for the DNA joining process in VD] recombination.
DNA-PK also recruits proteins for substrate phosphor-
ylation, cleavage of the hairpin loops, and nucleotide
addition. In general, Rag enzyme production ceases at
the end of VD] rearrangement. However, activated ger-
minal center B cells can re-express the Rag genes during
affinity maturation.

Junctional Diversity

Junctional diversity is created by the addition of nucleo-
tides to the DNA ends that are cleaved during
recombination.

Terminal Deoxynucleotidal Transferase

Terminal deoxynucleotidal transferase (TdT) is a DNA
polymerase that adds variable numbers of nucleotides
to the V, D, and ] exons during rearrangement. These
additional nucleotides at the VD] junctions are called N
regions and provide additional diversity of the Ig heavy
chain and the TCR. TdT expression declines as B cells
mature and thus does not increase light chain diversity.

Somatic Hypermutation

In B cells, diversity also is introduced through pro-
grammed hypermutation within the Ig variable genes
when B cells are stimulated to proliferate. During
hypermutation, uracils are introduced through cytosine

deamination and error prone DNA polymerases. This
marked mutation within the B cell receptor locus
enhances the development of diverse B cells that recog-
nize novel antigens.

B CELL DEVELOPMENT

B cell lymphopoiesis is a life-long process that begins
in the fetal liver and transitions to the bone marrow
after birth. After leaving the bone marrow, B cells seed
peripheral lymphoid tissues.

Growth Factors

In mice, the earliest B cells require soluble factors such
as interleukin (IL)-7 as well as direct physical interac-
tion with bone marrow stromal cells. It is likely that
non-functional and autoreactive cells are deleted
through these direct stromal interactions. IL-7 is not
required for B cell development in people.* Later stages
of B cells require only soluble factors for development.
IL-1o, IL-3, IL-4, IL-11, transforming growth factor beta
(TGEB) interferon gamma (IFNYy) insulin-like growth
factor (IGF1), c-Kit ligand, FMS-like tyrosine kinase 3
(F1t3) ligand, and estrogen also are known to play a role
in B cell proliferation, differentiation, and negative
regulation.

Stages of B Cell Development

The earliest defined cells of B lineage are pro-B cells.
These cells have limited proliferative ability and are char-
acterized by rearrangement of the Ig heavy chain. As
maturation proceeds to pre-B cells, a cytoplasmic heavy
chain protein is produced that combines with a surrogate
light chain to form a transient pre-B cell receptor (BCR).
Expression of the pre-BCR inhibits further heavy chain
rearrangement, stimulates cell replication, and is neces-
sary for the survival and positive selection of pre-B cells.
Light chain rearrangement occurs in late pre-B cells.
Kappa rearrangement proceeds first. Lambda rearrange-
ment will occur only if kappa rearrangement is unsuc-
cessful. Light chain and heavy chain proteins combine to
produce IgM. At this stage, cells also express cluster of
differentiation (CD)10, CD19, and human lymphocyte
antigen-DR (HLA-DR) markers.

As cytoplasmic IgM is exported to the surface mem-
brane, cells transition into immature B-cells that express
CD21. Surface IgM expression is used to delete cells
reacting with self-antigen. Surviving immature B cells
migrate to peripheral lymphoid tissues where they
begin to express surface IgD as well as IgM. As these
cells interact with antigen and T cells, they undergo the
process of class switching, somatic hypermutation, and
affinity maturation.

Class Switching (Isotype Switching)

Class switching is the process by which the mu and
delta heavy chain constant regions are substituted with



constant region genes of IgG, IgA, or IgE. During this
process, the heavy chain variable region and light
chains remain the same; thus class switching results in
the production of a different antibody class that has the
same antigen binding area. Because IgG, IgA, and IgE
have different Fc regions, these antibodies can be
secreted or interact with different effector molecules.
Heavy chain class switching is regulated by T cells
through direct interaction and cytokine production.

T CELL DEVELOPMENT

T Cell Types

T cell development proceeds down two primary path-
ways as defined by expression of either an a3 or y6 TCR.
In most species, approximately 90% of immature cells
develop into o T cells through thymic selection, while
the remaining cells develop into Y3 T cells. aff T cells are
CD3+ and the majority also will express either CD4
or CD8.

Natural killer T or NK1.1 T cells are a unique sub-
population of off TCR expressing cells that express
NK1.1, a marker typically found on NK cells. They are
CD8 negative but may be either CD4 positive or nega-
tive. NK1.1 cells have a normal TCR rearrangement but
then undergo selection via interactions with CD1
ligands in the cortical region.

T Cell Growth Factors

IL-7 is necessary for T cell development. Defects in the
IL-7/IL-7receptor complex and signaling pathway are
responsible for several reported T cell defects. Several
transcription factors are important in T cell develop-
ment. Notchl is important for the transition from a
common lymphocyte progenitor to a T/NK progenitor
and, with GATA3, for the transition from the T/NK
progenitor to sole T cell commitment.® Notchl alone
directs cells towards & TCR development, but HEB
(one of the basic helix-loop-helix E-box binding pro-
teins) directs cells towards aff TCR.” B cell-induced
maturation protein (Blimp-1), long established as criti-
cal for development of cells committed to the plasma
cell lineage, recently has been shown to be essential for
terminal differentiation of T cells.*®

Role of the Thymus

The thymus is seeded with lymphocytes during embry-
onic development. Thymic precursors enter at the cor-
tico-medullary junction via molecules such as CD44,
CD62P, and chemokine receptor 9 (CCRY), and begin to
seed the subcapsular cortex. Marked T cell production
continues until puberty at which time the thymus
begins to involute. Developing thymocytes undergo
both positive and negative selection (see Chapter 52).
Greater than 95% of developing lymphocytes fail one
of these selection processes. Thymocytes begin as
CD4CD8™ double negative cells, transition to double
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positive CD4*CD8" cells, and finally mature as single
positive CD4* or CD8" T cells that are released from the
thymus.

Thymic Stroma

The thymic stroma is a uniquely organized epithelial
network on a mesenchymal cell backbone with inter-
spersed dendritic cells and macrophages (see Chapter
52). This cellular network provides the extracellular
matrix ligands and growth factors critical for T cell
selection and development.

The Beta Selection Checkpoint

Expression of the TCR occurs during the double nega-
tive stage of T cell development. To survive the beta
selection checkpoint, cells must express a functional
beta chain, which results in combination of the TCR
chains with CD3 to create a functional surface TCR
complex. Rearrangement of the TCR beta chain is
required for successful rearrangement of the TCR alpha
chain and subsequent formation of the TCR. While TCR
beta selection does not appear to be tightly coupled to
CD4 or CDS8 regulation, production of a functional TCR
is needed for CD4 and CD8 expression and develop-
ment of double positive cells.”

Positive Selection

Positive selection occurs in the cortex where double
positive thymocytes interact with low to moderate
affinity major histocompatibility antigen (MHC) peptide
ligands on cortical epithelial cells to receive a survival
signal. Cells that lack adequate affinity to bind the MHC
ligand complexes undergo apoptosis. Although the
basis of positive selection is the TCR-MHC interaction,
CD4 and CDS8 are also required for selection. Double
positive cells that select MHCII molecules will become
CD4 T cells while those that select MHCI molecules will
become CD8 T cells. This forms the basis for lineage
commitment.

During the initial interaction, TCR signaling induces
down-regulation of both CD4 and CD8. CD4 is then
re-expressed. CD4+ cells that recognize MHCII receive
a second signal and persist as single positive CD4+
thymocytes. Cells that previously recognized MHCI
will not receive a second signal which induces down-
regulation of CD4 and up-regulation of CD8.

Negative Selection

Thymocytes that survive positive selection up-regulate
cell-surface expression of the chemokine receptor CCR7
and migrate to the thymic medulla for elimination
of autoreactive T cells through negative selection.
Medullary epithelial cells are induced to express periph-
eral antigens (e.g. those expressed by the pancreas,
liver, etc.) through the autoimmune regulator gene
called AIRE. In the medulla, thymocytes interact with
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high affinity self-ligands on the medullary epithelium.
Cells that react strongly receive an apoptotic signal.
Surviving cells undergo final maturation and then exit
the thymus.

Extrathymic Development

Most v9, and some of3, T cells are generated at extra-
thymic sites after being seeded by HSCs during fetal
development. Unlike off T cells, y0 T cells are not
selected through gene rearrangement but rather have
specific invariant gamma and delta combinations.
Furthermore, many ¥ TCR expressing cells primarily
interact with lipid antigens rather than peptide
antigens.

NATURAL KILLER CELLS

NK cells are part of the innate immune system and are
named because of their ability to kill cells lacking MHCI
expression. NK development occurs in the fetal liver
and thymus, and in the bone marrow after birth. While
the earliest NK-restricted progenitor has not yet been
clearly identified, T and NK cells share a common CD7+
precursor. Three stages of NK development currently
are recognized: lineage commitment, NK receptor selec-

tion, and functional maturation. The transition from a
common lymphocyte precursor to the T/NK precursor
is mediated, at least in part, by Notchl and the tran-
scription factor Ets-1. II-15 is required for NK growth
and maturation.
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he development of vasculature, is a complex mul-
I timechanistic process. This chapter introduces vas-
culogenesis and endothelial progenitor cells (EPCs).
To lay the foundation for understanding this topic, this
chapter begins with an explanation of terminology. The
remainder of the chapter addresses phenotypical identi-
fication of bone marrow-derived EPCs and signaling
events involved in mobilization and recruitment. Clinical
relevance of these physiological processes in health and
disease are briefly highlighted followed by an introduc-
tion to potential therapeutic applications and the pro-
mises that future investigation in this field may hold.

Terminology

The term vasculature encompasses both blood and lym-
phatic vessels. Neovascularization, and the less com-
monly used term angiopoiesis, refer to the development
of new vessels. Neither term implies the mechanism by
which new vessel growth occurs nor differentiate
between blood and lymphatic vessel development.
Neovascularization, however, has become accepted in
the literature to indicate blood vessel formation whereas
“lymphatic neovascularization” has been introduced to
reflect development of lymphatic vessels.

Angiogenesis, by definition, is the sprouting of new
vessels from a pre-existing vascular network.*"” The
term thus defines the mechanism of vessel production;
however, is often used loosely. Vasculogenesis is the pro-

duction of new vessels via recruitment of bone marrow-
derived endothelial progenitor cells.” As vasculogenesis
is also the mechanism of vascular development embry-
ologically, it is often further characterized as pre- or
postnatal vasculogenesis. Like angiogenesis, vasculo-
genesis is currently accepted to reflect blood vessels. As
research in the area of lymphatic vascular production
progresses, new terminology will likely continue to
develop (i.e. lymphaticvasculogenesis). Lymphangioblasts
give rise to the lymphatic vasculature and hemangiob-
lasts give rise to the blood vasculature. Currently,
lymphanginogenesis is utilized as an all-encompassing
term for lymphatic vessel development regardless of
the mechanism.

Endothelial Progenitor Cells

Endothelial progenitor cells (EPCs), a recently recog-
nized cell population in bone marrow and circulation,
are bone marrow-derived cells that participate in
vasculogenesis and vascular homeostasis.
Neovascularization, occurs via two distinct mecha-
nisms: (1) vasculogenesis (i.e. development of new
vessels by recruitment of bone marrow-derived EPCs);
and (2) angiogenesis (i.e. development of new vessels
through sprouting of pre-existing vasculature).
Although each individual process exists, neovasculari-
zation is likely combinatorial with both processes
occurring simultaneously.”
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ANTIGENIC DETERMINANTS

Endothelial progenitor cells were identified just over a
decade ago.””" As such, phenotypical and functional
characterization of this population continues to be elu-
cidated. Hematopoietic cells and endothelial cells come
from a common progenitor, the hemangioblast, present
in both embryonic and adult life. Ontogenic develop-
ment of these cells is dependent on expression of vas-
cular endothelial growth factor receptor-2/kinase insert
domain receptor/Flk-1 (VEGFR-2/KDR/Flk-1).°* In
addition to VEGFR-2, cluster of differentiation (CD) 34
and AC133 (CD133/Prominin-1) also have been identi-
fied and are now accepted antigenic determinants for
this cell population. EPCs, in both bone marrow and
blood, have an accepted phenotype of AC133+/
CD34+/VEGFR-2+."%* The stage at which hematopoi-
etic stem cells (HSCs) and EPCs develop lineage com-
mitment has not been clearly defined. However, it is
recognized that EPC maturation results in rapid down
regulation of AC133." It has been proposed that the
AC133+/CD34+/VEGFR-2+ phenotype represents a
more primitive EPC with high proliferative potential,
which then gives rise to AC133—-/CD34+/VEGFR-2+
EPCs with a more limited proliferative capacity.”
AC133+ cells also have been found in a number of other
tissues, as well as in acute and chronic myeloid leuke-
mias and lymphoblastic leukemia.” More recently,
AC133 expression has been proposed as a marker for
cancer stem cells, but this is controversial. The AC133
antigen is a glycoslyation-dependent epitope of CD133.
Thus, it is not synonymous with CD133 and its expres-
sion is restricted to undifferentiated cells, whereas
CD133 has been shown to retain expression upon
differentiation.'’”

Other bone marrow-derived cells also contribute to
vasculogenesis and vascular homeostasis and are con-
sidered subsets of EPCs. Myelo/monocytic CD14+ cells
can give rise to an EPC-like cell, acquiring an endothe-
lial cell phenotype, especially when influenced b
factors such as VEGF and angiopoietin-1 (Angl).”*
Thus, CD14+ cells are considered to be a plastic reserve
of EPCs with a phenotype that can be modulated based
on their local microenvironment. Another subset of
EPCs includes multipotent adult progenitor cells
(MAPCs). Bone marrow-derived MAPCs phenotypi-
cally are ACI133+/CD34-/VEGFR-2+/CD144(VE-
cadherin)- cells which, when co-purified with
mesenchymal stem cells can differentiate into multiple
cell types, including endothelial cells."

In addition to circulating EPCs, mature terminally
differentiated endothelial cells, which slough from the
pre-existing vasculature, may also be present in the cir-
culation. These are termed circulating endothelial cells
(CECs). CECs increase in circulation subsequent to vas-
cular injury yet differ from CEPs in that they have
minimal proliferative capacity, contribute minimally, if
any, to new vessel formation, and phenotypically are
AC133-/CD146(P1H12)+."%* Similar to EPCs and
CEPs, CECs can express CD34 and VEGFR-2.%*

MOBILIZATION, RECRUITMENT,
AND HOMING

EPCs in homeostasis reside predominantly in the bone
marrow. However, in response to specific signaling,
EPCs are mobilized into circulation with recruitment
and homing to designated tissues for vasculogenesis or
vascular repair. Common conditions that induce mobi-
lization of EPCs include ischemia, vascular trauma, and
tumor growth.”'>" Initiation is dependent on secretion
of pro-angiogenic factors such as VEGF, Ang1, stromal-
derived growth factor-loe (SDF-1car), and granulocyte-
macrophage colony stimulating factor (GM-CSF) from
the tissue of interest.” Tissue hypoxia, as occurs at sites
of ischemic injury and in central necrotic regions of
tumors, results in a marked increase in VEGF expres-
sion subsequent to up-regulation of VEGF transcription
factor hypoxia-inducible factor-1o. (HIF-1ar).>'* Once at
the tissue site, EPCs may further perpetuate recruit-
ment via their own release of VEGF, hepatocyte growth
factor (HGF), granulocyte colony stimulating factor (G-
CSF), and GM-CSF.

CLINICAL RELEVANCE AND
THERAPEUTIC APPLICATION

EPCs have been isolated from circulation in health and
disease, demonstrating their role in both physiological
and pathological vascular development. In health, the
number of CEPs is extremely low. Increased numbers
have been identified in cardiovascular disease, vascular
injury, ischemia, fracture repair, and neoplasia."”" As
such, this cell population and their regulatory mole-
cules can be exploited as biomarkers of disease, prog-
nosis, or response to therapy.”

With a continued understanding of molecular mech-
anisms regulating mobilization, recruitment, and incor-
poration of EPCs into new vessels, modulatory therapies
to either stimulate or inhibit vascular development
carry the potential to have a significant therapeutic
impact. Additionally, in conditions where increased
vascular development is specifically desired (i.e. bone
repair and regeneration, myocardial infarction, and
ischemic injury), direct EPC therapy with or without
exogenous stimulatory factors may also hold promise
for the future.”"

This chapter is dedicated to Dr. Moses Judah Folkman,
the Father of Angiogenesis, 1933-2008.
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and Research; CFSAN, Center for Food Safety and Applied Nutrition; CO,, carbon dioxide; CVM, Center for
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Labor and Welfare; O,, oxygen; PLT, platelet; RBC, red blood cell; WBC, white blood cell.

of the evaluation of the hematopoietic system in

preclinical toxicology studies and clinical trials in
humans. The unique advantage of preclinical studies is
that most studies are terminal, and therefore histopatho-
logical assessment of the bone marrow is routinely per-
formed. Microscopic evaluation of the bone marrow,
together with concurrent evaluation of the CBC, pro-
vides a more complete evaluation of the health of the
hematopoietic system than assessing the CBC alone.
Any xenobiotic-induced changes in the hematopoietic
system can then be correlated to other microscopic
changes in tissues. Ideally the same animals should be
used for hematological and histological assessment so
that these correlations can be made on an individual
animal basis.” Because of the benefits associated with
the concurrent evaluation of the CBC and the bone
marrow it is not surprising that these two procedures
are specifically mentioned in regulatory guidelines that
outline the design of preclinical toxicology studies of
pharmaceuticals. The goal of this chapter is to briefly
review the regulatory guidelines pertaining to the eval-
uation of the hematopoietic system in preclinical toxi-

The complete blood count (CBC) is the foundation

cology studies, how and when to obtain samples, and
the general approach to integration of the different
hematological tests.

REGULATORY GUIDELINES

Governmental agencies responsible for ensuring the
safety and efficacy of health products, such as the United
States Food and Drug Administration (FDA), European
Medicines Agency (EMEA) and Japan’s Ministry of
Health, Labor and Welfare (MHLW), have guidance
documents for preclinical toxicology studies that contain
recommendations for hematological testing, as well as
bone marrow histological and cytological evaluation.
The FDA has four centers that are involved in food and
drug safety, including the Center for Food Safety and
Applied Nutrition (CFSAN), the Center for Drug
Evaluation and Research (CDER), the Center for
Biologics Evaluation and Research (CBER), and the
Center for Veterinary Medicine (CVM). The EMEA and
MHLW have several bureaus or committees that regu-
late medicinal products for human and veterinary use.
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Overall these agencies have published similar recom-
mendations for blood and bone marrow evaluation,
although the amount of detail and guidance varies.

The types of toxicology studies that are needed for
approval of new drugs consist of acute, subacute
(or subchronic), chronic, and carcinogenicity toxicity
studies. In acute toxicity studies, the test article is
administered once at different doses followed by an
observation period of 14 days.** Subacute and chronic
toxicity studies are repeated dose studies where the
test-article is administered multiple times at different
doses for at least 2—4 weeks and for 6 or more months,
respectively. Carcinogenicity studies are repeated dose
studies where the test-article is administered for most
of the lifetime of a rodent.

Hematologic evaluation is infrequently performed in
acute toxicity studies. MHLW does not specifically
request hematology assessment in single dose toxicity
studies.” In contrast, CDER guidelines indicate that if
the acute toxicity study is to provide the primary safety
data supporting single dose studies in people, clinical
pathology and histopathology should be monitored at
an early time, at maximal drug effect, and at termina-
tion."” They do not define which parameters need to be
assessed. In contrast to acute toxicity studies, hemato-
logic testing is routinely performed in sub-chronic and
chronic studies. The EMEA gives very broad guidelines
for clinical pathology testing.*'* Pharmaceuticals should
be tested in two species, a rodent and a non-rodent, and
both sexes should be evaluated in both species. For
rodents and non-rodents, historical control data should
be available for morphological, biochemical and physi-
ological variables studied. The evaluation should be
done at relevant time points to detect changes over
time, and specific parameters to be measured are
dependent on the animal species and study design.
In addition EMEA refers to the recommendations of
the Joint Scientific Committee for International
Harmonization of Clinical Pathology Testing for which
specific core hematological parameters to assess and the
timing of these samples.” EMEA suggests that evalua-
tion should be done in all animals in studies with low
numbers of animals. In rodent studies specialized
examinations may be performed in a subset of animals.
Blood smears and bone marrow (sternebrae, femur or
vertebrae) should be examined. Bone marrow cellular-
ity should be assessed in at least one rodent study,
although they do not define how this is to be done.
Histopathology is done on all non-rodents, but in
rodent studies is done first on control and high dose
animals. If changes are identified in the high dose,
additional dose groups should be examined to clarify
the dose relationship. Bone marrow cytology is not
mentioned. However, the International Conference on
Harmonization (ICH) S8 guideline, which the EMEA
adopted, states that bone marrow smear evaluation
should be considered if unexplained alterations in
blood or bone marrow histology occur.”

The MLHW guidelines for repeat dose testing are
very similar to EMEA’s guidelines.”” They recommend
blood samples be taken before necropsy in rodents,

including interim sacrifice, and in non-rodents pretreat-
ment samples should be evaluated. Although they rec-
ommend hematologic testing be done at the time of
interim sacrifice of rodents, if these animals are in poor
condition, many of the changes in the parameters may
reflect secondary changes and thus may not be particu-
larly useful in assessing the primary compound effect.
In non-rodent studies of 1 month or longer duration, at
least one interim blood sampling should be considered.
Hematological parameters to assess, include red blood
cells (RBCs), white blood cells (WBCs) including a WBC
differential cell count, platelet (PLT) count, hemoglobin
concentration (Hgb), hematocrit (Hct), and reticulocyte
count. Histopathology recommendations include bone
marrow (sternum, femur). There is no mention of bone
marrow cytological examination. For veterinary drugs,
the Japanese Food Safety and Consumer Affairs Bureau,
indicates that blood should be collected for hematology
in sub-acute and chronic studies from moribund and
surviving animals.**

FDA’s Center for Veterinary Medicine has a recent
draft guidance.' It recommends hematology (RBC
count, Het, Hgb, MCV, MCH, MCHC, WBC count and
WBC differential cell counts, and platelet counts) at
several time points including the beginning and end of
study. Two baseline samples are also recommended.
Histopathology of bone marrow, site not defined, and
bone marrow smears are listed as tissues to consider for
microscopic examination. FDA’s CFSAN has the most
detailed recommendations for 3-12 month rodent
studies and includes the same parameters listed above
by the CVM, but the timing of the sampling is very well
defined.” Sampling for hematology should be done
during the first two weeks of the study, midway through
the study and at termination. Both bone marrow smears
and reticulocyte counts (either automated or by micro-
scopic evaluation) should be available on all animals
and be used if there are effects on the hematopoietic
system. Bone marrow histopathology should be done
on the sternum. CDER and CBER do not have recent
guidelines for hematologic testing in repeated-dose tox-
icity studies.

The guidelines governing the clinico-pathological
evaluation of carcinogenicity studies vary between reg-
ulatory agencies. FDA and MLHW guidelines for drugs
intended for humans, do not explicitly indicate that
hematological assessment is mandatory."**> However,
MLHW suggests that blood samples should be taken if
appropriate to measure RBCs and WBCs, and to make
blood smears in animals that are sacrificed before or at
the end of the study. Blood smears may be useful to
assess anemia or changes in lymph nodes, liver and
spleen that may be present. For veterinary drugs, the
Japanese Food Safety and Consumer Affairs Bureau
indicates that blood should be collected for WBC and
RBC counts from moribund and surviving animals.
Blood smears should be examined in animals suspected
of blood dyscrasia.** In contrast, the EMEA suggests
that monitoring hematological parameters should be
considered during the study and should be performed
at study termination."’ This recommendation is in con-
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trast to the one made by the Joint Scientific Committee
for International Harmonization of Clinical Pathology
Testing that stated that blood smears at unscheduled
and scheduled terminations should be made to help in
the detection and differentiation of hematopoietic neo-
plasia, but other hematologic testing is not recom-
mended because of the variability of the data.™
Histopathological evaluation of bone marrow is
expected in carcinogenicity studies.”

There are two key hematological testing position
papers, one that was endorsed by several international
scientific organizations, for preclinical toxicology
studies, both of which are very similar in their recom-
mendations and are cited by regulatory agencies.">**
The core parameters recommended include RBC count,
Hgb and Hct, RBC indices (MCV, MCHC, MCH), RBC
morphology, WBC count, absolute WBC differential
counts and PLT count. In the absence of an automated
reticulocyte count, blood smears should be prepared
and examined, if needed, based on the test article effect
on the hematopoietic system. At the time these guide-
lines were written, automated reticulocyte analysis was
not easily accomplished, but now is a routine parame-
ter. Bone marrow cytology smears should also be pre-
pared from each animal at termination but only need to
be reviewed if indicated on the basis of the test article
effect on the hematopoietic system. These guidelines
did not specifically address histopathological assess-
ment of bone marrow.

PREANALYTICAL VARIABLES

General

Several preanalytical variables, including age, sex,
source of the animals, fasting state, randomization and
time of bleeding, anesthesia, diet, housing, animal, and
sample handling should all be considered; controlling
these variables will help ensure robust hematology
data. First, animals of similar ages should be utilized.
The rationale to maintain consistent age animals, espe-
cially in rats, is that hematological parameters change
with animal age (e.g. RBC, Hgb, Hct, and neutrophil
numbers increase, reticulocyte count decreases as
animals mature).” Although dogs of similar age can be
easily obtained, obtaining non-human primates of
similar age can be more challenging, especially if wild-
caught animals are used. Animals should also be
obtained from the same commercial and geographical
source because this can affect hematological parame-
ters. For example Cynomolgus monkeys (Macaca fas-
cicularis) from Mauritius, Philippines, or Indonesia have
smaller RBCs than those from China or Vietnam and
they are not affected similarly by Plasmodium sp. (W.].
Reagan, unpublished observation) which is endemic in
this species.'

Randomization of the order of blood collection in
toxicology studies also increases the uniformity of the
data. This is especially true in rodents. It has been
shown that transportation of mice within a facility to

mimic what may be done prior to collection of blood
can increase plasma corticosterone and lead to decreases
in lymphocyte counts.” However, because the order of
blood collection is sometimes determined by the dosing
time, it is important to randomize the dosing order.
If hematology sampling occurs on the same day as
collection of a toxicokinetic sample, the hematology
specimen should be taken first to minimize the effect
of changes in hematology parameters due to repeated
phlebotomy.

Inconsistencies in how the animals are handled can
have a major effect on hematological parameters, espe-
cially for non-human primates where epinephrine-
induced excitement responses readily occur. This results
in a marked leukocytosis due to increases in lym-
phocytes and usually neutrophils. All these preanalyti-
cal variables will be minimized by a well-planned study
that is carried out in a well-managed facility with
appropriately trained personnel.

Fasted State

An important preanalytical variable to control is fasting.
Fasting will be dependent on the objectives of the study,
the species used, and the biological activity of the test
compound.” Typically the in-life samples are collected
from rats and large laboratory animals with an over-
night fast (15-16 hours). Because rats are night feeders,
an overnight fast is almost equivalent to 24 hours of
fasting. Collecting samples in the fasted state will help
increase the homogeneity of the data as well as mini-
mize chances of potentially inaccurate analysis due to
post-prandial lipemia. Thirty percent of non-fasted rat
serum samples were found to be lipemic.”® Fasting of
rats will have significant effects on hematological
parameters, mainly caused by hemoconcentration
resulting in increases in RBC count, Hct, Hgb, and PLT
count, but also decreases in WBC count and prolonga-
tion of prothrombin time and activated partial throm-
boplastin time."” Although some publications have
shown that clinical chemistry parameters are more
homogeneous in fasted rats, who reach a non-
absorptive state after a 16-24 hour fast, these principles
are being challenged by animal care committees and
thus some facilities are no longer fasting rats.” If the
fasted state is chosen, animals should be fasted for each
subsequent blood sampling period to allow for the best
comparison. In contrast to large laboratory animals and
rats, mice should not be fasted overnight as they tend
to dehydrate ragidly; however, some facilities will use
a 3-5 hour fast.

Timing of Blood Collection

The timing of sample acquisition from the peripheral
blood is somewhat dependent on the regulatory require-
ments, but also dependent on the goal of the study, the
species of animal used, the blood volume of the test
animal, the number of other samples needed to assess
other parameters, the dosing time, and the results of
previous studies. For repeated-dose studies in non-
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rodent species, hematologic testing is recommended at
study termination and at least once at an earlier inter-
val. For studies of 2-6 weeks’ duration in non-rodent
species, testing is also recommended within 7 days of
dosing initiation, unless it compromises the health of
the animals."'>'** Additional sampling time points are
included depending on the design of the study and
should include the recovery period if present. In dog
and nonhuman primates, one or two pre-study baseline
samples are always taken. Measurements from the
second baseline taken 2-3 weeks from the first one are
often different as animals have acclimated to their new
environment and there are less excitement-induced
hematologic responses. Due to the small number of
animals per dose group and the variability of the hema-
tological results, the baseline sampling is critical to
accurately assess any changes that occur during the
study. The comparison of the in-life and end of study
hematological results to the baseline sample(s) will
allow for the most accurate assessment of the relevant
changes in the hematological parameters. Hematologic
testing is necessary at study termination in rodent
repeated-dose studies. Interim study testing may not be
necessary in long-duration studies if it has been done
inshort-duration studies using similar dose levels."*1¢%
Testing should be done at the end of the recovery
period, if included.”

In rodent studies, baseline sampling is not typically
done. This is in part due to less variability in the hema-
tological parameters of rats versus large animals. In
addition, the number of rats used per dose group is
greater (typically 10 rats per sex per group versus 3 or
4 per sex per group in large animal studies) which
increases the confidence of the mean data in this species.
The mean data of each dose group is then compared to
the respective vehicle-control, although individual
animal data should also be evaluated. In addition, in
longer-term studies, the hematological parameters
will change with age, which make comparison to pre-
treatment values difficult.

Method of Blood Collection

In dogs, interim in vivo samples are taken from the
jugular vein with manual restraint of the animals. Other
sites including the cephalic and saphenous veins could
be used. In non-human primates the animals are either
manually restrained, typically with help of specialized
chairs or cages, or anesthetized. The femoral vein is
frequently used, but cephalic and saphenous veins can
also be used. If chair restraint is used without anesthe-
sia, it is critical to have a good acclimatization period
for these animals before the start of the study to mini-
mize the excitement of the animals during sampling.

Samples can be obtained terminally from large labo-
ratory animals and are typically collected from the
caudal vena cava, aorta or cardiac puncture. There are
differences in hematological parameters depending on
which vessel is sampled, so having the site of sampling
consistent throughout the study is ideal.

Sites of interim in vivo sampling in rats are the
jugular vein, lateral tail vein, tail artery, and sublingual
vein, and these procedures can be done with either
manual restraint or with anesthesia. Retro-orbital sinus
bleeds have also been utilized, but due to animal welfare
concerns this technique is not used frequently for in-life
sampling. Anesthesia is recommended if the retro-
orbital sinus technique is used.

In mice, limited amounts of blood can be obtained
from the lateral tail vein or retro-orbital sinus. Anesthesia
is recommended if the retro-orbital sinus technique is
used. Some facilities are able to obtain a larger volume
from the jugular vein with manual restraint or anesthe-
sia. Coating the needle and syringe with a solution of
7.5% EDTA before sampling may help to avoid clotting.
Terminal samples are taken at the time of necropsy
from the caudal vena cava, aorta, or via cardiac punc-
ture, and due to the greater volume these samples are
easier to use for hematological analysis.

The use of anesthesia will have an effect on the hema-
tologic results. Anesthesia is not typically used in dogs
and may be used in non-human primates. If anesthesia
is utilized in non-human primates, ketamine is typically
used and will decrease WBC counts, mainly due to
decreased lymphocytes.”” Two of the more commonly
used anesthetics for rats include isoflurane and differ-
ent mixtures of CO, and O, (60/40, 80/20, 100/0 %).}
For example, when hematological results were com-
pared between rats that had CO, anesthesia and no
anesthesia, the most consistent results in both males
and females exposed to CO, were increased MCV,
increased Hct, decreased MCHC, and increase in WBC
count, mainly due to lymphocytosis. With isoflurane
anesthesia, male rats did not have significant effects on
the hematology parameters compared to animals bled
without anesthesia, but females had minor decreases in
RBC count, Hgb, Hct, but no changes in WBC or PLT
counts.

Amount of Blood Collected

The amount of blood that can be taken will be dictated
by recommendations of the Animal Care and Use
Committee at each facility. Although there are few
studies to assess what are the ill effects of excessive
bleeding, a good review on blood sampling has recently
been published and makes recommendations on how
much blood volume can be safely withdrawn.® The
blood volume is estimated to be 850mL (85mL/kg) in
a 10kg dog. Of this volume, 85mL (10%) of the blood
can be removed in a single sample or with multiple
samplings over 24 hours if animals are allowed to
recover for 2 weeks.’ Blood volume is more of an issue
in monkeys due to the small size. A 5kg Cynomolgus
macaque would have 280mL (65mL/kg) of blood.
Therefore, a total of 32mL of blood (10%) can be
removed in a single sample or with multiple samples
over 24 hours if the animals are allowed to recover for
2 weeks.® Although these volumes are adequate for
routine hematological assessment, multiple blood
samples taken for other analyses such as toxicokinetic
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analysis, frequently result in reaching of maximal allow-
able amounts, and can lead to iatrogenic decreases in
RBC mass.

Interim sampling can be done in rats, although the
overall amount of blood and frequency of the bleeding
will be limited. A 250 g rat has approximately 16 mL
(64mL/kg) of blood. Of this volume, a total of 1.6mL
(10 %) can be safely removed in a single sample or with
multiple samples over a 24 hour period if animals are
allowed to recover for 2 weeks.® Typically samples for
interim hematological analysis are collected in micro-
tainer tubes (usually 0.5 mL) in order to achieve an
adequate blood /anticoagulant ratio and enough sample
to assess on most hematological analyzers.

Interim sampling in mice is infrequently done due
the limited blood volume. A 25 g mouse has 1.8mL
(72mL/kg) of blood. A total of 0.2mL (10.0%) can be
removed in a single sample or with multiple samples
over 24 hours if the animals are allowed to recover for
2 weeks.®

HEMATOLOGICAL ANALYSIS
AND PARAMETERS

A few types of automated hematology analyzers work
well for the laboratory animal samples used in preclini-
cal toxicity studies. These analyzers should have multi-
species software to ensure proper analysis because
typically the automated WBC differential cell count fea-
tures of these instruments are utilized. It is recom-
mended that the blood be analyzed within a few hours
after collection in all species. In addition, blood smears
from all animals should be made soon after collection
for possible review. Reticulocyte smears are not neces-
sary if the hematology analyzer has been validated for
reticulocyte counts. In dogs and non-human primates,
making the blood smears within 2 hours after collection
is sufficient for retention of good cellular morphology,
although the sooner the slides are made after collection
the better. In some strains of rats, if blood smears are
not made immediately after collection there may be
secondary artifacts of preparation such as crenation of
the RBCs.

Each laboratory needs proper review criteria in place
to ensure good quality hematological results from
hematological analyzers. Although not clearly defined
in regulatory guidelines, it is the primary author’s
(WJR) opinion that blood smears should be reviewed in
all good laboratory practice-regulated studies. This
review would include assessment of RBC, WBC and
PLT morphology, as well as identification of other rare
cell types. At a minimum, blood smears should be made
from all animals in a study for potential review if war-
ranted. Most laboratories that review blood smears, will
often review all blood smears from the study. An alter-
native is to review blood smears from all large animals,
due to the low number of animals per dose group, and
have a tiered response for rat studies where high dose
male and female rats as well as control samples are
evaluated. If there are significant changes in morphol-

ogy then additional dose groups are evaluated. Another
approach is to review a randomized subset of slides in
high dose and control groups for all species.

The hematological parameters that should be meas-
ured are those recommended by the International
Committee for Clinical Pathology Harmonization and
include RBC count, Hgb and Hct, RBC indices (MCV,
MCHC, MCH), RBC morphology, WBC count, absolute
differential WBC count and PLT count.”” Automated
reticulocyte analysis should also be done as part of core
hematology parameters on all studies. In addition RBC
distribution width and mean platelet volume may
sometimes be useful to assess changes in RBC popula-
tions and PLTs, respectively. The CBC should be
evaluated in conjunction with the bone marrow his-
topathological analysis.

BONE MARROW HISTOPATHOLOGY

In large animals the sternebrae or rib are the preferred
sites for histologic analysis because these sites will be
hematopoietically active (see Chapter 132). In contrast,
sternebrae and long bones of rodents, such as the femur,
are frequently used. An overall assessment of bone
marrow cellularity can be obtained with histopathol-
ogy. The cellularity of bone marrow is dependent on
the species, the site of collection, and the age of the
animal. In addition, food restriction will affect bone
marrow cellularity and blood cell counts.”* Concurrent
vehicle controls and historical knowledge of what is
typical cellularity of bone marrow for that aged animal
and species is necessary to make an accurate assess-
ment. If there are changes in cellularity, one should try
to differentiate the cell types that are changed (i.e.
myeloid versus erythroid). In large animals relative
changes in the myeloid population compared to the
erythroid population should be assessed if possible, but
in rodents, due to the high percentage of lymphoid
cells, differentiation of erythroid changes from lym-
phoid changes is difficult. Combining the evaluation of
the blood results and histopathology results will allow
for accurate assessment of the hematopoietic system.

BONE MARROW CYTOLOGY

Bone marrow cytological examination should be con-
sidered if there are significant or unexplained changes
in the CBC and/or in the bone marrow histopathology
results that need further clarification. Ideally, bone
marrow smears should be made immediately or soon
after euthanasia. Smears can be done by several differ-
ent techniques, including push smears, pull smears and
paintbrush technique (see Chapter 132). The slides
made with any of the above techniques are air dried
and then stained with a Romanowski-type stain such as
Wrights or Wright-Giemsa stain.

Cytological analysis may consist of qualitative eval-
uation of the marrow smears alone and/or enumera-
tion of the relative percentages of cells, typically by
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doing a 300-500 cell differential cell count. Enumeration
of hematopoietic cells can be done by detailed classifi-
cation of the different cell types and stages of matura-
tion or by classifying hematopoietic cells into the major
categories of myeloid, erythoid, and lymphoid line-
ages. If the latter technique is used, a qualitative assess-
ment can then be made of the maturation of the different
lineages. Megakaryocytes should be noted as present
or absent, but not enumerated. These cytological results
will then be used in conjunction with the CBC and
histopathological results to make an accurate assess-
ment of the effect of xenobiotics on the hematopoietic
system.

FLOW CYTOMETRY

An alternative to counting hematopoietic cells manu-
ally is flow cytometric evaluation of bone marrow. Flow
cytometry provides rapid analysis of cell types present
ir}: the bgr?e marrow.&”m'2“'27},31'3:‘3 Perceng;;es pof the
different cell lineages, and with some techniques a
subdivision into proliferating and non-proliferating
populations, can be assessed (see Chapter 132).° These
results are then interpreted in conjunction with the CBC
and histopathology to determine which population is
affected. In addition to these semi-quantitative assess-
ments, a total nucleated cell count can be determined,
and absolute counts of the different cell populations can
be assessed (see Chapter 132). In contrast to only deter-
mining relative percentages of the different cell popula-
tions, absolute counts provide more definitive data to
allow accurate assessment of which cell populations are
truly affected.

OTHER TECHNIQUES

Rarely, other techniques such as bone marrow cloni-
genic assays or electron microscopy may be useful.
Bone marrow clonigenic assays involve the in vitro
differentiation of bone marrow using a mixture of
growth factors to drive the differentiation of the differ-
ent lineages. The advantage of this technique is to have
an in vitro system to test the effect of xenobiotics on
the specific bone marrow lineages and thus differential
sensitivity of the bone marrow precursors can be
assessed. This technique could then be used to assess
a series of similar compounds to try to minimize toxic-
ity. Electron microscopy, mainly transmission electron
microscopy, is also rarely used when there is a mor-
phological feature identified based on routine assess-
ment of blood and bone marrow that needs further
investigation.

In vitro hemolysis testing is commonly used to assess
the potential direct hemolytic effect on RBCs of com-
pounds that will be administered intravenously. Whole
blood is typically incubated with various concentra-
tions of test article and hemolysis is monitored either
grossly or by measurement of RBC count and Hgb
before and after incubation with the test article.
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determine the potential toxicity of novel pharma-

ceutical compounds and chemicals. Many synthe-
sized compounds are screened each year through the
drug development process, but only one or two out of
10,000 reach the consumer market. Short term studies
are initiated during the drug discovery process to help
identify compounds with potential for development
and quickly screen out undesirable molecules. These
studies are designed with small numbers of animals
and different doses of compound. Usually, only basic
clinical pathology measurements are applied to these
studies. Longer term studies are initiated to identify
the target organs of toxicity, the lesions induced, the
parameters that can be monitored to identify a develop-
ing toxicity, and the no observed adverse effect level
(NOAEL) or no observed effect level (NOEL). These
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The principal objective of toxicological studies is to

studies typically involve one rodent species (mouse or
rat), and one non-rodent species (e.g. dog, minipig, or
non-human primate). They are tightly regulated by
government regulatory health agencies (see Chapter
12).* Basic hematological, clinical chemistry and coagu-
lation measurements are also applied to these studies,
and bone marrow histopathological evaluation is per-
formed in at least one of these studies."”"***" Further
investigations, such as bone marrow cytology, are
optional depending on the initial findings and evalua-
tion of the hematology data.

Therefore, interpretation of hematological data is
important at all stages of drug discovery and develop-
ment. It is usually combined with the interpretation of
clinical chemistry and urinalysis data, and with immu-
nology and immunochemistry measurements if per-
formed. Final interpretation and conclusion should
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distinguish compound-related effects and biological
variations. Results are part of a toxicology report and/
or a clinical pathology report. These are written in col-
laboration with histopathologists and study toxicolo-
gists in order to provide not only a description of the
study data, but also an accurate conclusion and an
opinion on the significance of the changes.>*"*

METHODS OF ANALYSIS - GOOD
LABORATORY PRACTICE REGULATIONS

Evaluation of hematology data should be done with
knowledge of the inherent precision and variability of
the assays used. Analytical data must be reliable and
the laboratory should validate all analytical methods
and operate internal and external control procedures.
Agencies responsible for the investigation of the safety
and efficacy of human health products regulate the
conduct of non-clinical laboratory studies under good
laboratory practice (GLP) regulations. GLP regulations
provide the framework for performing scientifically
valid studies and generating reliable safety data (see
Chapter 12). GLP regulations must be applied to all
non-clinical health and environmental safety studies
required for registering or licensing pharmaceuticals,
pesticides, food additives, cosmetic products, veteri-
nary and drug products, and industrial chemicals. Some
countries may have additional GLP regulations but dif-
ferences in regulations are minor. There are memoranda
of understanding with several countries whereby each
country agrees to accept GLP studies and data from
another country.®

The GLP clinical laboratory must have written
approved standard operating procedures (SOPs), record
systems, and quality assurance for sample handling,
analysis, and reporting. A company employee or a con-
sultant under contract may perform quality assurance
activities. Quality assurance personnel audit the study
protocol, and perform in-process audits of study
conduct, including generation of clinical pathology data
and evaluation of the report.

REFERENCE VALUES

Good Laboratory Practice and non-GLP laboratories
currently establish reference ranges (or historical inter-
vals) from healthy non-treated animals when new
measurement methodologies are validated. Reference
ranges can be calculated from non-treated control
animals in toxicological studies. They are usually deter-
mined by the smallest and largest values if 20 or fewer
animals are sampled or by the 2.5th and 97.5th percen-
tile range if more than twenty animals are sampled (see
Chapter 131). Consequently, reference ranges display
values observed in 95% of a healthy population. Values
outside the reference range do not necessarily indicate
an abnormal condition and, conversely, values
within the reference range do not imply a normal
condition.”

Reference ranges are influenced by many variables,
including species, strain, sex, age, animal supplier,
animal husbandry or handling practices, diet and
fasting, anesthesia, sample matrix, instrumentation,
and test methodology. It is important to use reference
ranges produced by the laboratory performing the
study rather than published reference ranges. Animals
used for establishment of reference ranges are most
often housed, fed, and handled differently than those
used in a particular study. Therefore, there is no substi-
tute for age- and sex-matched control animals from the
same supplier undergoing the same procedures as the
test animals.” Reference ranges, however, are adequate
to evaluate a single animal, pre-study data, data from
controls, and to understand analyte variability. They
may also be used to identify group means falling outside
the reference range when no dose-response relationship
or no correlating histopathological findings are
identified.

Reference ranges should not be used as the only set
of control values to determine potential test article
effects on hematology data. In many cases, compound-
related changes are small and post-treatment values fall
within the reference range; therefore comparison of
hematologic data to historical data, and to age-, sex-,
and breed-matched control groups is essential.

STATISTICAL ANALYSIS

Laboratory data produced for a study may be volumi-
nous, particularly for rodent studies. Statistical analysis
of the data will frequently identify significant differ-
ences between control and treatment groups. These dif-
ferences should be interpreted with caution, and not be
used as a substitute for thorough review of the data. A
change may be statistically significant but have little
biologic or toxicologic significance.” This is particularly
true for hematology parameters that tend to reflect
changes occurring in another organ or system.'
Conversely, compound-related changes that are not sta-
tistically significant may be considered biologically sig-
nificant. Both parametric and non-parametric statistical
models are used in preclinical studies. Most parametric
statistical models are suitable for data that are normally
distributed and exhibit homogeneous variance. Non-
parametric procedures are used when data are not
normally distributed. The power of a statistical test is
proportional to the number of animals per group. As
the number of animals increases, more differences
of small magnitude become statistically significant,
although they may not be toxicologically relevant.
Conversely, with small groups of animals, the
numbers of statistically significant values tend to be
low.

The mean or average is another less sophisticated
tool that is appropriate for normally distributed data.
Standard deviation describes the variability around the
mean. When evaluating group hematologic measure-
ments, evaluation of group means alone is not
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sufficient, but standard deviations of each group should
be carefully evaluated as an indication of variability.

EVALUATION AND CLASSIFICATION
OF CHANGES

The main difference between the biopharmaceutical
approach and veterinary medical practice approach in
laboratory data interpretation is that toxicologic pathol-
ogists evaluate groups of animals and compare results
with a vehicle-treated control group and/or pre-treat-
ment values rather than evaluating individual animals.
For most rodent toxicity studies, pre-treatment testing
is not done. In non-rodents studies (e.g. monkey and
dog), one or two sets of pre-treatment values are usually
collected. When comparing data to pre-treatment
values, comparison to the second set of pre-treatment
data is usually preferred because these data are less
likely to be influenced by stress, food intake, and other
variables. In longer term studies, comparison with a
concurrent control group is also important.® For
example: if multiple blood samplings are performed
during a study, RBC parameters of treated groups
might vary if they are compared to their pre-treatment
values, but differences in RBC values will not be
observed if compared to control group values.
The objectives of these interpretations are:

1. To determine if there is a real difference between
control and treated groups due to an effect of the
compound or study procedure.

2. To differentiate the changes observed from analyti-
cal or biological variations.

3. To differentiate major and minor compound-related
effects.

4. To determine if the compound-effect is related to the
dosage.”

Biological variation is due to inter-animal compo-
nents (i.e. differences between individuals) and intra-
animal components (i.e. changes within an individual
over time).” Multiple physiological and procedural vari-
ables may influence hematology measurements, such as
age, sex,” diet, fasting, restraint, circadian effects, blood
sampling site,**** collection technique, order of collec-
tion, transport time, and sample preparation.'” Sources
of preanalytical variations should be avoided as these
will broaden the confidence interval of results and
interfere with interpretation. They must be considered
and avoided when designing the study.

A treatment- or compound-related effect can be
defined as follows:

A response to administration of a test compound in
an animal that is considered to have substantial or note-
worthy effect (positive or negative).

Although the principles of clinical hematology, as
applied to veterinary patients with spontaneous disease,
generally apply to the toxicological assessment of a
drug, identification of very subtle effects which would
not be noted on individual patients in veterinary care
are frequently described as compound-related effects.

Several factors should be considered when determining
a compound-related effect:

1. presence of a dose-response

2. presence of outliers which may influence the
analysis

3. known class effects of the test compound

4. correlation with clinical chemistry data, clinical
observations, necropsy and histopathological
findings.

A dose-response is characterized by increased magni-
tude of the changes with increased treatment dosages.
Identification of toxic effects in animals is generally
expected to follow a dose-response pattern relative to
incidence and severity, allowing the determination of
dose levels where important or relevant effects occur,
and dose levels where these effects do not occur.
However, absence of a dose-response cannot exclude a
compound-related effect. This is particularly true with
immunostimulating drugs where compounds may
have a dramatic effect in mid-dose groups, and little or
no effect in the high-dose groups due to a saturation
effect. In some cases overt toxicity and high mortality
in the high dose group may mask a dose-related effect.
Changes restricted to the high dose groups are consid-
ered to be dose-response effects. Outliers are extreme
individual values (low or high) that are widely diver-
gent from the mean of a group of data. These values
may be due to a technical error, or directly related to
another cause or disease considered non-compound-
related. For example, an animal with renal disease
might have moderate decreases of RBC parameters that
would influence the group mean. In these situations,
the group mean is affected and the standard deviation
of the group is increased. Individual outlier values
should be correlated to specific histopathological find-
ings or clinical signs when possible. Differences identi-
fiable only on the inclusion of outlying values are
usually not considered to be dose-response effects,
especially in studies involving large numbers of animals.
In some instances, it may be helpful to recalculate the
group mean with omission of the extreme values to
determine whether an underlying trend remains.
However, important individual changes should be
reported if they are considered compound-related.

Transient effects are common. They should be reported
and distinguished from transient procedure-related
effects (e.g. increased reticulocyte counts following
excessive blood sampling). Clinical pathology findings
that are related biologically or that support a common
pathophysiologic process should be grouped. Any
evidence of an effect in control samples should also
be reported.

Data interpretation has a subjective component. If a
change is small, it is often interpreted as not important,
and within pre-analytical or biological variability. As
the change becomes larger, it is more likely to be sig-
nificant and compound-related. However, there is fre-
quently a range of results that are difficult to classify,
and not possible to clearly differentiate as compound-
related effects or biological effects. Therefore, these
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changes may be reported as of uncertain relationship
to the test article. Simplistic approaches to data inter-
pretation such as statistics and comparison to reference
ranges using a cut-off point decision method, with no
consideration of a gray zone, may be a source of inap-
propriate decision making in the drug development
process.*

HEMATOLOGY CHANGES

Minor effects of test-article effects on clinical pathology
results are frequently observed. Clinical terms (e.g.
anemia, leukocytosis) should be avoided unless major
effects are observed and there is a deliberate attempt
to underline an important effect. Compound-related
effects are usually described as increases or decreases.

Increases in Peripheral Blood Cells
Increases in Red Blood Cell Parameters

Relative erythrocytosis is frequently observed with sub-
clinical or clinical dehydration in preclinical studies,
especially in animals with decreased food consumption
or in rodents with prolonged fasting. With relative
erythocytosis, increases in RBC parameters (RBC count,
Hgb, Hct) most often correlate with increases in total
protein levels or albumin and/or urea. Absolute eryth-
rocytosis resulting from a persistent increase in RBC
mass and associated expansion of blood volume is
rarely observed in toxicity studies, but may be seen
when testing recombinant erythropoietin or other
cytokines, or when the test article influences the pro-
duction of erythropoietin.

Increases in Leukocyte Parameters

Increases in neutrophil and/or monocyte counts are
observed with inflammation, excitement, steroid or
stress resyonse, or when testing pro-inflammatory
cytokines.” Physiological leukocytosis in response to
excitement can double leukocyte counts in minutes. In
laboratory primates it is evenly distributed between
neutrophils and lymphocytes. Increased neutrophil
counts are most obvious in dogs, and increased lym-
phocyte counts are most evident in rats. Neutrophil
counts increase in response to a variety of inflammatory
conditions. Monocyte counts increase secondarily to
any conditions with substantial tissue destruction,
including inflammation, necrosis or hemolysis. Increases
in lymphocyte counts may be observed with excitement
in dogs and monkeys, and with chronic inflammatory
lesions, especially in rodents, or with administration of
antigenic compounds that elicit an immune response.
Increases in eosinophil and/or basophil counts are
infrequent in toxicological studies unless the test mate-
rial is a hematopoietic growth factor or a cytokine.
Leukemias are sometimes observed in 2-year carcino-
genicity studies using rodents."*

Increases in Platelet Counts

Physiologic increases in platelet (PLT) counts are
usually transient, and result from increased mobiliza-
tion of PLTs from storage pools during mild muscular
activity or excitement. Healthy rodents have high PLT
counts. Compound-related increases in PLT counts may
be associated with blood loss, iron deficiency, or inflam-
mation. Direct compound-related increases in PLT
counts, presence of atypical PLTs in peripheral blood,
and/or large numbers of megakaryocytes on tissue sec-
tions are rarely observed. Some test articles induce
PLT dysfunction, characterized by normal PLT count,
increased bleeding time and normal coagulation times.

Decreases in Peripheral Blood Cells
Decreases in Red Blood Cell Parameters

A frequent compound effect is a decrease in RBC
parameters (RBC count, Hct, Hgb). The reticulocyte
count is considered a reliable and early indicator of RBC
regeneration when sufficient time has elapsed in species
with circulating reticulocytes.’ Laboratory animals nor-
mally have low (dogs and non-human primates) to
moderate (rodents) numbers of circulating reticulo-
cytes. Decreases in RBC numbers with evidence of
regeneration are either hemorrhagic or hemolytic, while
decreases in RBC in the absence of regeneration indicate
suppressed erythropoiesis. A frequent hematology
finding in preclinical toxicology studies is mildly
decreased RBC parameters with no evidence of regen-
eration. The animals may exhibit mild reductions in
body mass and food consumption. Decreased food
intake may have a major impact on the hematopoietic
system and has been shown to decrease white blood cell
(WBC), PLT, and reticulocyte counts.'>’”” Numerous
compounds impair erythropoiesis, either directly by
injuring pluripotent hematopoieitic stem cells, or their
stromal microenvironement, or indirectly by inhibiting
erythropoiesis (e.g. chronic inflammatory diseases)."*

Decreases in Leukocyte Parameters

Leukocytes are frequently the first target of cytotoxic
drugs because they have a shorter lifespan than PLTs
and RBCs. In dogs and primates, marked acute inflam-
mation and endotoxin-mediated pro-inflammatory
cytokine release produces marked decreases in neu-
trophil counts, which is usually followed by a rebound
neutrophilia. Recognition of decreased neutrophil
counts is more difficult in mice and young rats that
normally have low neutrophil counts. Immunotoxic
drugs may trigger alterations in blood lymphocyte
counts. Involution of the thymus is often interpreted as
stress-related and correlates frequently with decreased
lymphocyte counts. The significance of decreases in cir-
culating monocytes, eosinophils, and basophils can be
difficult to determine because these cells are normally
present in low numbers and should not be over inter-
preted. Decreases in eosinophils or monocytes may be
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observed with chemotherapeutic agents, and decreases =~ ADVERSE AND NON-ADVERSE EFFECTS
in eosinophils are sometimes observed with stress or
steroid-like compounds. To be able to determine safe conditions for exposure in
humans, it is necessary to identify in preclinical toxico-
. logical studies the lowest dose at which an adverse
Decreases in Platelet Count effect is first observed or the highest dose at which it is
absent. For this reason, doses of exposure used in pre-
clinical studies are based on multiples of the expected
human dose. The clinical pathologist is expected:

Decreased PLT counts are frequently associated with
difficult venipuncture or PLT aggregation subsequent
to inadequate blood coagulation, especially in dogs
and rodents. Compound-related decreases in PLT 1. To recognize and interpret hematology changes in

counts can also result from impaired production or the treated animals.

accelerated destruction or utilization. Test-material 2. To determine if the effects are important toxic effects
that reduces erythroid and myeloid production fre- or minor responses to the drug.

quently inhibits PLT production as well. An example 3. To assist in the determination of the NOEL (i.e. the
of hematology data interpretation is provided in Tables highest exposure level at which there are no effects
13.1 and 13.2. observed).

Summary RBC Hgb Het MCV MCH MCHC RDW PLT MPV RETIC RETIC

Group Information (x10%/uL) (g/dL) (%) (fL) (pg) (g/dL) (%) (x10%/uL) (fL) (%) (x10%/uL)

1 Mean 8.64 15.54 47.14 54.59 18.00 32.97 12.42 1126.2 7.54 2.68 230.16
SD 0.42 0.84 2.56 1.03 0.47 0.6 0.54 107.1 0.27 0.34 32.18
N 16 16 16 16 16 16 16 16 16 16 16

2 Mean 13.01 23.28 71.96 55.08 17.85 32.46 19.89 851.7 10.80 3.91 531.79
SD 2.17 4.10 13.2 2.07 0.68 0.95 2.03 261.4 2.1 1.37 187.26
N 10 10 10 10 10 10 10 10 10 10 10

3 Mean 15.04 22.43 75.44 50.32 14.98 29.78 23.01 1046.7 14.46 5.47 818.56F
SD 1.379 1.88 5.62 2.88 1.04 0.83 0.99 361.4 4.93 0.26 68.98
N 9 9 9 9 9 9 9 9 9 9 9

4 Mean 11.72 17.41 56.72 47.77 14.00 27.33 22.16 1400.97 16.09 6.48 964.92
SD 6.16 8.563 33.00 2.44 0.95 2.94 4.19 728.32 8.71 4.84 714.28
N 10 10 10 10 10 10 10 10 10 10 10

2Group 1 is the control group given vehicle control. Groups 2, 3 and 4 were given low, medium, and high doses EPO-R respectively. Interpretation of
data: A treatment-related increase was observed in RBC, Hgb, Hct, and reticulocytes (RETIC) in groups 2 and 3 rats compared to control group. A
treatment-related increase was also observed in RBC, Hgb, Hct, RETIC and PLT in high dose group (4) compared to control group. High standard
deviations in group 4 were indicative of large individual variations within the high dose group (see Table 13.2).

Animal RBC Hgb Het MCV MCH MCHC RDW PLT MPV RETIC RETIC
Group/Sex Number (x10%/uL) (g/dL) (%) (fL) (pg) (g/dL) (%) (x10%/uL) (fL) (%) (x10°%uL)
4/m 4001 15.10 22.0 77.5 51.3 14.6 28.4 22.2 1784 26.3 8.2 1242.0
4002 3.00 5.0 14.3 47.7 16.7 35.0 17.2 1153 8.1 0.7 19.6
4003 2.61 4.2 12.7 48.5 15.7 32.3 18.6 1260 8.3 0.7 17.8
4004 12.95 19.0 71.0 55.0 14.5 26.4 30.5 260 9.6 14.4 1866.0
4005 15.20 22.0 18.0 51.4 14.5 28.3 23.4 1615 24.9 8.8 1328.2
4006 15.30 20.5 75.0 49.1 13.5 27.4 22.7 2520 25.2 7.8 1205.0
4007 16.10 23.0 81.0 50.3 14.3 28.4 24.4 2620 27.2 8.1 1308.4
4008 2.6 4.1 12.5 48.1 15.6 32.5 17.9 1115 8.6 0.4 10.3
4009 14.96 215 79.0 53.0 14.5 27.4 25.2 1470 20.0 9.4 1403.4
4010 15.70 215 75.5 48.2 13.8 28.7 23.5 2700 23.8 6.6 1035.4

Large individual variations were observed in RBC, Hgb, Hct, and RETIC. The majority of individuals had marked increases in RBC, Hgb, Hct and RETIC
compared with control group, consistent with erythrocytosis and the pharmacological action of the compound. Some individuals (nos 4002, 4003,
4008) had a marked non-regenerative anemia due to anti-erythropoietin antibodies inducing an immune-mediated anemia in these individuals.
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However, with a variety of agents, it is impossible to
establish a no effect dose; therefore the term NOAEL is
preferred. NOAEL is defined as the highest exposure
level at which there is no adverse effect between the
exposed population and its appropriate control. There
is no standard definition for the term adversity from the
literature and regulatory guidelines, although some
and recommendations exist and have been pub-
lished.”'*'® One of the definitions proposed is:'®

An adverse effect is a biochemical, morphological, or
physiological change (in response to a stimulus) that,
either singly or in combination, affects the performance
of the whole organism or reduces the organism’s ability
to respond to an additional environmental challenge.

It may impair performance and generally have a det-
rimental effect on growth, development, or lifespan of
a non-clinical toxicological model. More specifically, an
adverse effect would be unacceptable if it occurred in a
human clinical trial.

Alterations in hematology test results are infre-
quently the only evidence of important adverse toxico-
logical effects. Clinical observations and pathology
findings usually corroborate pathologically meaningful
laboratory findings. Several factors can be used to dif-
ferentiate an adverse effect from a non-adverse effect.
An effect of treatment is less likely to be adverse if the
severity of the change is minimal and not related to a
change in other parameters. Non-adverse effects are
usually adaptive or compensatory responses or find-
ings that are below a threshold level. Effects that are
adaptive responses to general chemical exposure will
not be considered adverse. For example, increases in
reticulocytes and bone marrow hyperplasia are induced
by hemolytic drugs. Although changes in RBC count
might be considered adverse, increases in reticulocytes
and bone marrow hyperplasia will be considered an
adaptive response to the compound-related decrease in
RBC count. Reversibility is an important factor in the
interpretation of toxicological studies. A change that is
readily and completely reversible on cessation of treat-
ment often indicates a lower level of concern, although
it should not be used to discriminate adversity from
non-adversity. Also, with potential new drugs, not
every effect seen in non-clinical studies can be consid-
ered as unwanted or harmful, as some may result from
the pharmacological action of the compound. For
example, chemotherapeutic agents are usually cytotoxic
and significant decreases in WBCs would be expected
in non-clinical studies using healthy animals.

The NOAEL should be established for each study
type for a particular compound. The initial determina-
tion of the NOAEL may change as additional informa-
tion related to the molecule is generated. Data from
long-term studies may give the toxicologist new or
additional perspective as to whether or not an observa-
tion thought to be subtle or minor in a short-term study
is an early indicator of a harmful effect. Species-to-
species and within-species study-to-study variation
may also occur. This may be due to normal biological
variations or study design differences.” Defining adver-
sity depends on a precise interpretation of all data of a

preclinical study (e.g. food consumption, body mass
gain, clinical signs, histology and immunology data,
clinical biochemistry data). It is subject to discussion,
challenge and reinterpretation.

TOXICOKINETICS

Toxicokinetics is a subdiscipline of pharmacokinetics
exploring the absorption, distribution, metabolism, and
elimination of xenobiotics at doses higher than those
expected to produce therapeutic effects. Toxicokinetic
evaluations are usually done in animal species used in
safety assessment of drugs. They are determined
directly from animals involved in non-clinical safety
studies or from a designated toxicokinetic group of
animals. The objectives of these measurements are:

1. To describe the systemic exposure obtained.

2. To determine the relationship between the dose and
the toxicity observed.

3. To aid the determination of the margin of safety
between non-clinical safety studies and human
plasma concentrations achieved in clinical trials.

4. To judge inter-animal variability.”

Interpretation of hematological alterations must take
into account the amount of drug-derived material to
which the animals have been exposed and the route of
exposure. Knowledge of the bioavailability of a drug
and the kinetics of absorption, distribution and elimina-
tion are important to consider when interpreting hema-
tology data.'” For example, it is sometimes possible to
observe compound-related changes between groups
that are caused by differences in drug exposure levels.

CORRELATION OF HEMATOLOGY CHANGES
WITH OTHER STUDY DATA

The description of compound-related findings should
include any association with clinical toxicology find-
ings, any other clinical pathology data, gross pathology
findings, body mass changes, organ mass differences
and histopathologic findings. The correlation of com-
pound-related hematology and histopathologic find-
ings is particularly important as this plays a significant
role in determining the NOAEL. Decreases in RBC
parameters should be correlated with histopathologic
evidence of hemorrhage, extramedullary hematopoie-
sis, and hepatic bile accumulation and/or hemosiderin
deposits in liver and/or spleen. Lymphoid decreases
often correlate with histologic atrophy of lymphoid
organs. Increases in leukocytes may be correlated with
microscopic evidence of inflaimmation in tissues.
Decreases in blood cells should be correlated with bone
marrow histopathology.

REPORT WRITING

Toxicology laboratories generally produce either an
integrated final study report or separate pathology and
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clinical pathology reports appended to the final study
report. Each pharmaceutical company has its own way
of presenting data, but as a general rule, data are pre-
sented in one or two tables including group and indi-
vidual values for each treated group. Group values
include mean, standard deviation, and statistical analy-
sis applied to each group. Group and individual values
are generally presented in a conventional order: control
group given vehicle or group given the lowest dosage
is presented first, followed by treated groups classified
in increasing order of dosage (e.g. Table 13.1). When
reporting the data, mean percentage differences or fold
differences between treated and control groups can be
used, and significance of the changes can be qualified
by usage of modifiers: mild or slight, moderate or
marked. When referring to fold difference, the method
of comparison (e.g. pre-test values, second pre-test
value, control group mean) should be stated.

CONCLUSION

Principles of hematologic interpretation used to charac-
terize a disease in veterinary patients apply in preclini-
cal toxicological studies. The main differences between
these practices result from the evaluation of groups of
animals rather than a single patient. Interpretation is
based on an accurate utilization of reference values and
statistical analysis, and correlation of hematology data
with chemistry and urinalysis data, clinical observa-
tions, toxicokinetics, necropsy, and histopathological
results. Clinical pathology data interpretation will help
define the NOEL and/or NOAEL for each toxicology
study in order to determine the potential toxicity of a
drug for humans.
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AIHA, autoimmune hemolytic anemia; AITP, autoimmune thrombocytopenia; BFU-E, burst forming unit erythroid;
CFU-E, colony forming unit erythroid; CFU-GM, colony forming unit, granulocytic monocytic; DIA, drug-induced
agranulocytosis; DIIMHA, drug-induced immune-mediated hemolytic anemia; DIMT, drug-induced immune-
mediated thrombocytopenia; GP, glycoprotein; IMHA, immune-mediated hemolytic anemia; IMT, immune-
mediated thrombocytopenia; IgG, immunoglobulin G; IL, interleukin; PRCA, pure red cell aplasia; RBC, red blood
cell; RDW, red cell distribution width; REDOX, reduction-oxidation reaction; TNF-o, tumor necrosis factor-alpha;

TNFR, TNF-o receptor.

the highly proliferative hematopoietic system to

intoxication by exposure to xenobiotics or their
metabolites. The ease with which blood can be sampled
and analyzed makes it one of the most important target
organs of the risk assessment process.

This chapter will focus on the susceptibility of

CONMPOUND-RELATED CYTOPENIAS IN
PRECLINICAL STUDIES

Predicting Hematotoxicity

Compound-related blood cell injury includes oxidative
damage (see Chapter 36), non-oxidant mechanisms,
immune-mediated damage (see Chapters 33, 38, 41, 78)
and very rarely, induced apoptosis. Fortunately, in

silica high throughput systems are available that screen
potential new chemical entities for known toxicities.
This allows chemists to design and modify molecules
to eliminate or mitigate the offending portions while
retaining the active moiety. These designer compounds
can then be screened for efficacy. With the exception of
compounds deliberately designed to kill cells (e.g. anti-
cancer drugs, antiviral drugs, pesticides, herbicides),
prescreening of new chemical entities has greatly
reduced or even eliminated the occurrence of hemato-
poietic toxicity. The intended purpose of the test mol-
ecule determines the acceptability of any impact on the
hematopoietic system. For example, marketed antihy-
pertensive drugs are extremely safe and effective when
used properly but have been infrequently associated
with adverse effects on the hematopoietic system. A
potential new antihypertensive must be less toxic and

85
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more efficacious than anything currently marketed to
warrant development; therefore any evidence of toxic-
ity targeting the hematopoietic system is unacceptable.
However, hematopoietic toxicity produced by a mole-
cule being developed as an anticancer drug, particu-
larly when used as second line therapy after all other
drugs have failed, might be considered acceptable.

The bioavailability of a compound provides detailed
information regarding absorption, distribution, metab-
olism, and excretion, and in some cases, metabolite
information, that can be helpful when evaluating com-
pound-related effects. In particular, knowing the distri-
bution, binding properties, metabolism, and t,, of
parent or active metabolites can aid in predicting both
nadir and recovery of circulating cell counts before ini-
tiation of safety studies.

Compound-related effects can be directly or indi-
rectly induced by the parent molecule (active molecular
entity) or its metabolites. Secondary effects are conse-
quences of direct or indirect toxic effect, such as renal
failure due to nephrotoxicity. Less well understood or
predictable are results that may be termed as hyperp-
harmacology. This form of adverse effect is frequently
observed with recombinant molecules that have direct
action on key biochemical pathways, thereby altering
specific protein synthesis, secretion or catabolism,
blocking key receptors, or gene regulation: this results
in unpredictable consequences associated with induc-
tion of endogenous signaling molecules.

Compound-related effects can occur at one or more
levels of hematopoiesis (from earliest stem cell to
mature cells). Both in vitro and in vivo methods to
define mechanisms of hematotoxicity or predict the
degree of myelosuppression have been described. In
vitro toxicity testing, using fresh primary target cells
(hematopoietic and mesenchymal) from the species of
interest, isnow available through commercial sources.'**
The author has found this approach invaluable for
assessing comparative hematotoxicity between animal
models and humans. In vivo mechanistic models, based
on pharmacokinetic-pharmacodynamic data, are used
to study the entire time course of myelosuppression
and separate drug-specific parameters from system-
related parameters, with the goal of optimizing dosing
in clinical studies.”” The complexity of cytokine and
hormonal effects on the bone marrow, peripheral cell
counts, and cell function are the most unpredictable.’*
Cytokines may induce changes in the myeloid popula-
tion, the erythroid population, megakaryocytes, or
other resident bone marrow cells, by up-regulation or
down-regulation and may mediate these changes
directly or indirectly. Changes are highly dynamic;
therefore the timing of peripheral blood and bone
marrow evaluations relative to dosing will produce dif-
ferent observations and interpretations. In vitro studies
may be helpful in predicting cytokine release and estab-
lishing safety margins for clinical safety studies in
healthy human cohorts. The use of transgenic mice has
added significantly to our understanding of cytokine
signaling pathways.> For example, transgenic mice
null for tumor necrosis factor-alpha (TNF-o)) receptor

(TNFR) or double stranded RNA-dependent protein
kinase receptor are protected from polycylic aromatic
hydrocarbon-induced bone marrow hypocellularity,
demonstrating the role of TNF-a in this compound’s
mechanism of toxicity.”

Route of Exposure and Vehicles

Each route of exposure will require safety testing and
may introduce variables that can alter the effect of the
compound on the hematopoietic system. Parenteral
administration may prolong exposure. Intravascular
administration introduces the molecule directly to cir-
culating cells. Vehicles used for these routes may have
no effect when tested separately, but may enhance or
alter exposure to the test molecule. An example of this
occurred in Europe with an upsurge in the incidence of
antibody-mediated pure red cell aplasia (PRCA)in dial-
ysis Patients receiving recombinant human erythropoi-
etin.” This coincided with a change in the formulation,
to comply with new regulations, where human serum
albumin was replaced by glycine and polysorbate 80.%
The variables that may have increased the immuno-
genicity of the product include formation of epoetin-
containing micelles, interaction with leachates released
from uncoated rubber stoppers of prefilled syringes,
and denaturation or aggregate formation due to
improper storage and handling. The incidence of PRCA
returned to very low levels following replacement of
the uncoated rubber stoppers with coated stoppers.

Test Species

Species that have been used most extensively are mouse,
rat, dog, marmoset, and macaque. Baboon and chim-
panzee have been used less frequently. Familiarity with
the test species is important, as differences in response
may occur between species (primates) and strains
(rodents), and within species and strains based on
vendor source. Some strains of rodents are genetically
prone to hematopoietic abnormalities or have increased
sensitivity to certain compounds, particularly knock-
out animals. Extra care must be exercised when inter-
preting data from these animals and determining if an
adverse effect is strain-specific.

MECHANISTIC CLASSIFICATION OF DRUG-
INDUCED CYTOPENIAS

Drug-induced Immune (Mediated) Cytopenias

Preclinical observations are usually considered propri-
etary and are rarely reported in the public domain; thus,
no estimate is available for the incidence of drug-
induced immune cytopenias identified at toxicological
exposures. Only 6-10% of all adverse drug reactions
identified in clinical trials or post-marketing are recog-
nized as idiosyncratic.'® Frequently, the mechanisms of
these reactions are unknown, but the majority are
believed to be immune-mediated. The incidence of
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reported drug-induced immune-mediated hemolytic
anemia (DIIMHA) in the human population is esti-
mated to be one in one million individuals per year.’
Drug-induced agranulocytosis (DIA), defined as
<0.5 x 10°/L, is estimated at an annual incidence of 2-15
per million people and the mechanism may be direct
toxicity, immune-mediated or a combination thereof.*
Drug-induced immune-mediated thrombocytopenia
(DIMT), in contrast, is more frequent.”

Idiosyncratic reactions appear to arise from a combi-
nation of genetic predisposition and environmental
factors in susceptible individuals, and are frequently
non-dose-dependent. A minimum of four events has
been suggested as necessary for the initiation of an idio-
syncratic reaction:

1. adequate amount of reactive metabolite(s)

2. binding with a protein with high epitope density

3. up-regulation of co-stimulatory signals on antigen
presenting cells to activate T cells

4. failure of immune system to down-regulate a
harll'gful immune response (see Chapters 16, 33, and
51).

Sites of reactive metabolite formation usually corre-
late with the target of idiosyncratic reactions.” For
example, drugs oxidized by myeloperoxidase to
reactive metabolites may induce immune-mediated
agranulocytosis.'”® It has also been suggested that
glucuronide conjugation of metabolites may increase
immunogenicity."

There are two types of drug-induced antibodies:
drug-independent antibodies and drug-dependent
antibodies.” No drug is required in the test system for
the detection of drug-independent antibodies, which
may be “true” autoantibodies or antibodies that react
like autoantibodies in vitro and can be found in combi-
nation with drug-dependent antibodies. The mecha-
nism of drug-independent antibody production is
unknown, but is hypothesized to be the result of a direct
effect by the drug or its metabolites on the immune
system that induces an autoimmune disease. Reactions
attributed to “true” autoantibodies are detectable by
direct antiglobulin test (Coombs’ test). Well docu-
mented cases of autoimmune hemolytic anemia (AIHA)
have been induced by o-methyldopa and procaine
amide.® Heavy metals are also incriminated, and depot
injections of gold salts have often induced chronic
autoimmune thrombocytopenia (AITP).* The drug-
dependent antibodies require the presence of the drug
in the test system for their detection and are frequently
described as “hapten type”, “hapten-induced”, “peni-
cillin-type” or “drug adsorption type”.® Hemolytic
anemias induced by this type of antibody response are
associated with a high immunoglobulin G (IgG) titer
and extravascular RBC destruction. This mechanism
may also be responsible for some types of drug-induced
thrombocytopenia.” A second type of drug-dependent
antibody, associated with complement activation and
acute, severe intravascular hemolysis, is referred to as
“immune complex type” or “non-penicillin type”. A
proposed mechanism is that drug and/or metabolites

interact with the cell membrane (without covalent
bonding) and lead to a polyclonal response to several
epitopes. Antibodies that react with epitopes shared
with the drug and the cell membrane Eroduce immune
complexes that trigger the reaction.” The fibrinogen
receptor, glycoprotein IIb/Illa, von Willebrand factor
receptor, or GPIb/IX, may become selected epitopes,
but the mechanism is not hapten-specific.® Immuno-
globulins only react with these platelet membrane
glycoproteins when drug or sensitizing metabolite is
present in soluble form. How the drug facilitates anti-
body binding to cause platelet destruction or how the
immune system is triggered by the drug to recognize
these epitopes is not understood.

Drugs developed as ligand-mimetic GPIIb/Illa
inhibitors have produced acute and often severe throm-
bocytopenia in a subset of patients during clinical
trials.'” Naturally-occurring antibodies present in other-
wise normal patients recognize GPIIb/Illa complexed
with the drug on the surface of platelets and produce
DIMT.

Drug-specific antibodies may be naturally occurring
or induced. The cephalosporins are particularly prone
to producing this response, and the problem has become
more frequently observed with the newer generations
of the drug. These DIIMHA can be very severe, with
hemoglobinemia and hemoglobinuria. Differences in
response to these drugs are found between age groups,
with children often developing severe hemolysis within
minutes after administration while similar problems
occur in adults only after several days.

Drug-induced immune disease against granulocytes
has been associated with:

1. no significant effect on circulating numbers of
neutrophils

2. moderate to severe neutropenia with normocellular
to hypercellular bone marrow, or

3. neutropenia with bone marrow hypoplasia or matu-
rational arrest."”

Identification of anti-neutrophil antibodies using
various detection methods is difficult because they tend
to be present in low titers and bind with low avidity.
Autoantibodies that have been characterized in humans
are directed against various membrane glycoproteins,
including adhesion molecules. Anti-neutrophil anti-
bodies can produce neutrophil dysfunction resulting in
defects in adhesion, aggregation, chemotaxis, phagocy-
tosis or killing.

Aplastic anemia may be a predictable or idiosyn-
cratic reaction that presents as pancytopenia (leukope-
nia and thrombocytopenia will be detected before
anemia) due to bone marrow failure (see Chapter 39).
Radiation toxicity is the classic example of a dose-
related, predictable aplastic anemia hematotoxin,
but most drug-related cases are believed to be
immune-mediated.’

PRCA is an infrequent idiosyncratic drug reaction
in which marrow suppression is limited to the eryth-
roid lineage. Although selective suppression of eryth-
ropoiesis may be the cause, an immune-mediated
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mechanism has been speculated as the mechanism
behind PRCA.

Drug-induced Marrow Suppression (see
Chapters 17 and 18)

In addition to direct cellular injury, hematopoiesis may
be suppressed or enhanced by alterations in the cytokine
network. For example, based on the in vitro observation
that interleukin-12 (IL-12) works synergistically with
the c-kit ligand to promote hematopoietic stem cell pro-
liferation, mice dosed with recombinant mouse IL-12
were expected to develop accelerated myelopoiesis.”
Instead, treatment with IL-12 produced myelosuppres-
sion in bone marrow while enhancing splenic extramed-
ullary hematopoiesis. The complexity of the cross-talk
that occurs in the hematopoietic microenvironment is
not restricted to compounds designed to impact hemat-
opoiesis or regulate inflammation. Cytokines, growth
factors, and receptors in tissues outside the hematopoi-
etic system that are seen as potential drug targets may
impact bone marrow as well. Blockade of neurokinin
receptors has been pursued as a potential anti-anxiety
target by allowing accumulation of Substance P.
However, the same receptors exist in the bone marrow
and play a critical regulatory role in hematopoiesis.”’
Depending on the receptor and the cross-talk, Substance
P can either inhibit or stimulate hematopoiesis.

Anemia

Anemia may be caused by decreased circulating
lifespan, hemolysis, hemorrhage, blood loss, decreased
or ineffective production, or a combination of proc-
esses. The mechanism(s) of toxic effect(s) determines
the type of anemia, time to onset, duration of effect, and
whether persistence of the inciting agent is required for
anemia to be maintained or progress.

Hypoproliferative Anemia

Mild normocytic normochromic anemia that is poorly
regenerative and reverses when administration of the
compound is discontinued is frequently seen in repeat-
dose toxicity studies. Usually, histological and cytologi-
cal evaluation of the bone marrow from these animals
is unremarkable and there is no impairment of leuko-
cyte or platelet production. Decreased erythropoiesis
may be secondary to inanition associated with inappe-
tence and other systemic toxicological effects of the
administered compound.”

Compounds that have toxic effects on proliferating
bone marrow cells or stromal cells may produce a non-
regenerative or hypoproliferative anemia. Examples
include anti-neoplastic drugs that target DNA and
drugs that interfere with hemoglobin synthesis (see
Chapters 16-18).

Hypoproliferative anemia may also occur secondary
to decreased availability of iron, and may be induced
by chronic administration of xenobiotics (e.g. recom-

binant cytokines or cytokine receptor inhibitors) that
induce chronic inflammatory changes (see Chapter
37).* Long term studies with compounds that produce
renal toxicity, such as cadmium, will also present with
anemia due to decreased erythropoietin."”

Hemorrhagic Anemia

Hemorrhagic anemia, caused by blood loss, may be a
direct or indirect effect of a xenobiotic. Acute hemor-
rhagic anemia, occurring over 2-3 days, will present
with a decrease in the erythron and no evidence of
regeneration. Thereafter, a regenerative response (poly-
chromasia, anisocytosis, increased RDW, reticulocyto-
sis) is generally observed. More protracted hemorrhage
may present as regenerative or non-regenerative, or
with characteristics consistent with iron deficiency
anemia (hypochromasia, microcytosis, poikilocytosis).
Changes in platelet counts and plasma protein concen-
trations will vary depending upon cause, duration,
severity, and whether blood loss is internal or external.
Mechanisms of compound-related hemorrhage include
enhanced fibrinolysis, impaired platelet function, single
or multiple coagulation factor deficiencies, and/or
coagulation factor inhibition.”® Secondary or indirect
compound-related hemorrhage may occur as a result of
compound-related gastrointestinal lesions, impaired
vitamin K absorption, or disseminated intravascular
coagulopathy. Examples of compound classes that may
be associated with hemorrhage include non-steroidal
anti-inflammatory drugs (secondary to gastrointestinal
erosion, ulceration secondary to local irritation, inhibi-
tion of prostaglandin synthesis), vitamin K antagonists,
platelet aggregation inhibitors, and gene therapy mol-
ecules (L.G. O’'Rourke, personal observations).

Anemia Secondary to Induced Suicidal
Erythrocyte Death

The normal wear and tear on RBCs exposes them to
osmotic shock, oxidative stress and energy depletion.
Eventually the cell is no longer able to g)erform ade-
quately and is removed from circulation. RBCs have
their own process of programmed cell death which has
been termed eryptosis because it mimics apoptosis.” In
addition to the triggers mentioned above, in vitro eryp-
tosis can be induced by a number of endogenous mole-
cules (e.g. ceramide, prostaglandin E2, platelet activating
factor) and many xenobiotics (paclitaxel, azathioprine,
amantadine, amiodarone, chlorpromazine, cyclosporine,
methyldopa, retinoic acid, cisplatin and zidovudine).”
The degree to which this mechanism may contribute to
drug-related anemia has yet to be determined, but the
hypothesis of drug-induced eryptosis is very compelling,
particularly in circumstances where RBC lifespan appears
to be reduced without explanation.

Hemolytic Anemia

Direct effects on circulating RBCs can produce acute or
chronic hemolytic anemia. Hemolysis may be intravas-
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cular, extravascular, or both, depending upon the insult.
Intravascular hemolysis is accompanied by hemoglob-
inemia and hemoglobinuria. When damage is due to
direct contact of a compound or its metabolite with
the RBC, hemolysis is immediate and often severe.
Examples of compounds capable of producing direct
hemolysis include saponin, phenylhydrazine, arsine, or
naphthalene.”

Drug-induced Non-immunologic Adsorption of Protein
Non-immunologic protein adsorption onto the RBC
membrane, possibly influenced by the patient’s plasma
IgG concentration, is a possible mechanism of hemo-
lytic anemia.*” Some drugs may be able to modify the
RBC membrane, allowing adsorption of plasma pro-
teins (e.g. immunoglobulins, albumin, complement,
fibrinogen).” Unfortunately, diagnostic tests are not
available to differentiate this mechanism from immune-
mediated mechanisms.’

Oxidative Damage Strong oxidants are able to over-
whelm the capacity of RBCs to remain in a reduced
state, resulting in the production of methemoglobin
and/or denatured hemoglobin (see Chapters 16 and
36). Oxidation results in Heinz body formation and
altered ion transport with subsequent intravascular
hemolysis and removal by the mononuclear phagocyte
system.”! Many species will form Heinz bodies when
exposed to aniline, nitrobenzene, and related homologs.
Blood film should be examined for evidence of Heinz
bodies, eccentrocytes, and keratocytes. Unless there is
continual exposure, it may be difficult to detect Heinz
bodies in some species due to their rapid removal by
the mononuclear phagocyte system. The ability of a
molecule to function as an oxidant depends upon the
concentration of exposure, the reducing ability of the
RBCs of the species involved, and the susceptibility of
the hemoglobin molecule. Obtaining an accurate meas-
urement of methemoglobin is difficult due to the con-
stant REDOX activity in the RBC, particularly in rodents.
Some species are more susceptible to methemoglobin
formation than to Heinz body formation, other species
demonstrate the reverse, and still others are highly sus-
ceptible to both. Human RBCs have a relatively slow
rate of methemoglobin reductase relative to laboratory
species, and are particularly susceptible to Heinz body
formation;*! therefore detection of either or both in a
preclinical study is a major toxicological finding that
must be carefully weighed against potential benefits of
the compound.

Leukopenia

Drug-induced leukopenias may be transient or persist-
ent. Transient depressions in leukocyte counts that
return to baseline or are comparable to concurrent
control data despite continued exposure to the com-
pound may represent various compensatory mecha-
nisms. Leukocyte depressions that persist throughout
the dosing period of the study but return to baseline at
the end of the study represent reversible suppressions.

Drug-induced neutropenia may be due to direct damage
to progenitor cells in bone marrow, or damage to
stromal cells that support granulopoiesis."® Marrow
damage may be limited to granulopoiesis, or affect all
cell lineages. Mechanisms by which cytokines modulate
the hematopoietic system are being continually studied
because in vitro effects cannot predict the complex syn-
ergistic or antagonistic interactions within the cytokine
network in vivo.* Time of evaluation can greatly influ-
ence interpretation. Some drugs, such as clozapine, may
interact with intracellular myeloperoxidase or NADPH-
oxidase to produce highly reactive products that are
toxic to granulocytes.” Neutropenia can occur after
prolonged exposure, and may be due to decreased
production secondary to hypoplastic bone marrow.”
Immune-mediated granulocytopenia may be directed
against precursor cells and/or against circulating cells.
Criteria established to define idiosyncratic drug-
induced agranulocytosis include:

1. neutropenia (<0.5 x 10°/L)

2. onset during treatment or within 7 days of exposure
with recovery within 1 month of discontinuation

3. recurrence upon re-exposure.*®

A recent review of non-chemotherapy drug-induced
agranulocytosis found the median duration of exposure
before onset ranged from 19 to 60 days, though one
drug (dipyrone) had a median exposure of only 2 days.?
Agranulocytosis caused by nonimmunological
mechanisms appeared to have a later onset than when
attributed to immune-mediated mechanism. Impaired
granulopoiesis was responsible for 67% of the cases
reviewed. This finding contrasts significantly with
drug-induced thrombocytopenia or drug-induced
hemolytic anemia, where blood cells are the main target
of the immune reaction.””

Thrombocytopenia

Thrombocytopenia may be a result of generalized bone
marrow suppression, increased consumption, seques-
tration, or immune-mediated platelet destruction.
Thrombocytopenia in preclinical studies is rarely asso-
ciated with gross or microscopic hemorrhage unless
there is concurrent platelet dysfunction. Although the
most frequent cause of thrombocytopenia reported in
clinical patients is drug-induced, thrombocytopenia is
not a common finding in preclinical studies (L.G.
O’Rourke, personal observation).”**' Compounds that
indiscriminately attack actively dividing cells will
produce bone marrow panhypoplasia. Selective mega-
karyocytic toxicity, either through toxicity or an
immune-mediated mechanism, is associated with a
paucity of megakaryocytes in bone marrow. Conversely,
with platelet destruction or consumption, as happens
with DIMT, the marrow will show a marked increase
in megakaryocyte numbers. Because the majority of
reported drug-related thrombocytopenias are idiosyn-
cratic and occur post-marketing, preclinical predict-
ability of this important adverse effect remains
underestimated. Any signal in the data from preclinical
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studies that suggest that platelets are a target should be
carefully and fully evaluated.

DISPARATY BETWEEN PRECLINICAL AND
CLINICAL SAFETY DATA

Preclinical studies may unfairly incriminate a com-
pound or overestimate or underestimate the risk of
exposure in humans receiving pharmacological doses.
For example, during development of omalizumab
(XOLAIR®), a recombinant humanized anti-IgE mono-
clonal antibody that neutralizes circulating IgE, throm-
bocytopenia wasidentified and reproduced in preclinical
safety studies in monkeys receiving the drug at 5-27
times the maximum clinical dose.' The thrombocytope-
nia observed in the monkeys was never severe enough
to produce clinical hemorrhage. No effect on circulating
platelet numbers was identified in clinical studies. After
a temporary hold on development, it was determined
that the observation was likely species-specific and
platelet counts in further clinical trials were intensely
monitored. To date, this has not materialized as an
adverse effect in humans.”

Conversely, preclinical testing can fail to predict tox-
icity at intended exposure. An example of this problem
occurred when a low incidence (<0.3%) of agranulocy-
tosis was detected in the late phase of clinical trials with
prinomide, a pyrroleprioprionitrile, non-steroidal anti-
inflammatory drug, resulting in immediate termination
of further development of the drug.*® No effect on
hematopoiesis or circulating numbers of cells was
evident in the preclinical studies (rodents, dog, monkey)
conducted before these adverse reports. The unique dif-
ference between the individuals enrolled in the late
phase studies who developed agranulocytosis and
those in early phase clinical trials and animal models
was that the late phase patients were experiencing
active inflammatory conditions such as chronic arthri-
tis. Because the metabolism of xenobiotics by myeloper-
oxidase has been associated with the formation of
reactive metabolites capable of affecting normal cell
function, further investigative work using the active
metabolite of prinomide was conducted.” Mass spec-
troscopy revealed that the reactive metabolite was
1,4-benzoquinone, a compound implicated in myelo-
toxicity associated with benzene. The authors concluded
that these reactive metabolites, produced under condi-
tions of increased hydrogen peroxide (e.g. active inflam-
mation) might explain the agranulocytosis identified in
the late phase studies.

When test species have different abilities to detoxify
by conjugation or reductive properties compared to
humans, the toxic potential of a new chemical entity
may not be identified until the first human studies are
conducted. For example, a potential new drug admin-
istered to healthy adults unexpectedly produced meth-
emoglobinemia during dose escalation studies (L.G.
O’Rourke, personal observation). Again, full review of
all preclinical data failed to predict this occurrence.

These examples are presented to first illustrate that
classical animal models and preclinical studies, despite
their rigors, may fail to predict life threatening adverse
effects on the hematopoietic system in the intended
species, or may overestimate risk of exposure. They also
serve as reminders of the importance of understanding
both species differences as well as similarities. Clinical
safety studies function as a second line of defense, where
discrepancies from preclinical studies usually can be
detected. However, when toxicity occurs only in certain
individuals within the human population, it may be dif-
ficult to determine if the responsible mechanism is due
to a property of the drug or to the unique biology of an
individual. Depending upon the incidence of this idio-
syncrasy within the test population, this may not be
detected in the pre-marketing phase of development.
Many case reports in the literature present other instances
of drug-induced hematotoxicity that were either not pre-
dicted in preclinical safety evaluation studies or were not
identified until enough individuals were exposed post-
marketing to detect an adverse effect.

INVESTIGATIVE WORK

Identification of cytopenia in individual or treatment
group data needs to be addressed immediately. It is
important to review all clinical observations, treat-
ments, and handling to differentiate a direct compound-
related effect on the hematopoietic system from a
secondary effect such as blood loss (e.g. excess phle-
botomy; gastrointestinal bleeding) or illness. Actions
that may follow identification of a cytopenia in a safety
study include:

no change in protocol

temporary suspension of dosing

dose reduction

cessation of dosing and initiation of a monitoring
period

* humane termination

or a combination of the above. Obviously, if dosing is
suspended and the findings resolve only to return when
dosing is reinstated, the compound or its metabolites
are clearly implicated.

It may be difficult to determine if an effect on the
hematopoietic system is idiosyncratic when the inci-
dence of an adverse finding is extremely low and is only
found in one species. When a hematotoxicologic finding
is identified in a preclinical study, it must be taken seri-
ously and critically assessed. Depending upon the seri-
ousness of the finding and the mechanism(s) involved,
redesign of the molecule or termination of a project may
ensue. On the other hand, when findings are limited to
one species they may be interpreted as species-specific.
In these instances, and depending upon the seriousness
of the finding, there may be minimal impact on further
development of the compound, although all clinical
trials should be carefully monitored.

In addition to the in vitro and in vivo testing, efforts
to develop animal models to test basic hypotheses con-
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tinue. It is, however, challenging to identify animal
models because reactions to xenobiotics in animals are
as idiosyncratic as they are in humans.

CONCLUSIONS

Preclinical safety evaluation studies in animals and
clinical safety evaluation studies in humans are designed
to rigorously test new chemical entities for evidence of
toxicity based on their relative risk/benefit. Because the
number of animals exposed to a new chemical entity is
relatively small, an adverse effect on the hematopoietic
system must always be fully evaluated. When evidence
of hematotoxicity occurs in human studies, either pre-
or post-marketing, both in vivo and in vitro studies
specifically designed to define the mechanism(s) are
indicated. At present, many of these mechanisms
remain a mystery. As the tools of pharmacogenomics
and pharmacogenetics are advanced, our abilities to
examine and understand interspecies drug-, class- and
organ-specific pathways underlying toxicity, and to
explore portions of the genome that may detect poten-
tial unanticipated impacts will improve, further enhanc-
ing our ability to select useful new xenobiotics that are
not associated with hematotoxicity.
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index; PT, prothrombin time.

emostasis is a fundamental defense mechanism
Hcommon to all vertebrates. It involves a deli-

cately balanced process of blood clot (throm-
bus) formation that impedes blood loss from damaged
blood vessels and thrombus dissolution (i.e. fibrinoly-
sis, see Chapter 84). Species-specific differences in
hemostasis do exist, so that direct translation of human-
based assays can be problematic. Preclinical evaluation
of compound-associated alteration in hemostasis is a
prerequisite for new compound registration. Inadequate
efficacy or poor safety margins are the two main reasons
for compound attrition and are key to the success or
failure of new compounds that are either purposefully
designed to alter coagulation processes or inadvertently
perturb hemostasis. This chapter will provide an over-
view of routine and non-routine laboratory testing
requirements of blood coagulation among species
important in designing preclinical trials and interpret-
ing compound-related hematotoxicity, and in biomar-
ker development during development of new
anticoagulant therapies.

92

ROUTINE LABORATORY TESTING IN
PRECLINICAL STUDIES

Harmonization of animal clinical pathology testing
requirements for toxicity and safety studies was
achieved by the Joint Scientific Committee for
International Harmonization of Clinical Pathology
Testing in 1996.° Prothrombin time (PT), activated
partial thromboplastin time (aPTT), and platelet count
were the minimum recommended laboratory tests for
hemostasis in small animals (mouse or rat) and large
animals (dog or monkey).?

Clinical signs provide additional information to cat-
egorize acquired abnormalities in hemostasis. Clinical
signs of primary hemostatic defects (failure of platelet
plug formation) typically consist of bleeding from
mucosal surfaces, cutaneous bruising, and hemorrhage
following trauma or surgery. The pathways involved in
secondary hemostasis comprise a cascade of enzymatic
reactions that result in a stabilized fibrin clot. Clinical
signs associated with defects in secondary hemostasis
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include hemorrhage into joints, chest, or abdomen and
subcutaneous or intramuscular hematoma formation.
Excessive bleeding from sites of trauma or surgery are
seen with secondary hemostatic defects as well as
primary defects. Excessive bleeding following blood
sample collection is often the first evidence of com-
pound-related hemostatic defects in preclinical trials.

Changes in the intrinsic (contact system) coagulation
pathway are routinely monitored using the aPTT,
whereas changes in the tissue factor pathway (extrinsic
pathway) are assessed by increases or decreases in PT.
Both assays are assessed are expressed as the time to
clot formation after addition of an exogenous clot acti-
vating agent. PT and aPTT are advantageous in that
these assays are routine. Testing reagents are also stand-
ardized and instrumentation has undergone rigorous
scrutiny to pass Food and Drug Administration (FDA)
requirements because of their routine usage in clinical
diagnostic laboratories. Reference intervals for PT and
aPTT among species are variable, and experimental
studies suggest that there is a marked difference in the
rate of thrombin generation and fibrin formation among
species.’ Use of non-species-specific laboratory reagents
and instrumentation optimized for human testing may
contribute to these differences. Therefore, it is impor-
tant to generate species-specific reference intervals that
are characterized by both reagent and instrumentation,
and to select reagents and instrumentation that are
compatible with the species required for preclinical
examination.

Assessment of plasma fibrinogen is often included in
assessment of compound-related effects on hemostasis
as well as in general veterinary medicine. Decreases in
fibrinogen, especially when accompanied by decreased
platelet count, can be indicative of consumption of

coagulation factors associated with disseminated intra-
vascular coagulopathy (DIC). In contrast, an increase in
fibrinogenesis is suggested by an elevation in plasma
fibrinogen levels. Hyperfibrinogenemia can be associ-
ated with infectious or inflammatory conditions includ-
ing those associated with compound administration.*
Although effects on PT, aPTT, platelet count, and fibrin-
ogen are valuable in screening for compound-related
hematotoxicity, they are usually inadequate to provide
a mechanistic explanation, particularly for unexpected
compound-related toxicities.

INVESTIGATION OF COMPOUND-RELATED
INCREASES IN PT OR APTT

Evidence of compound-related prolonged -clotting
times with or without decreases in fibrinogen requires
investigation to determine the possible mechanism of
action (Table 15.1). The most likely causes are specific
or non-specific inhibitors of procoagulant plasma pro-
teins in the coagulation cascade or consumption of
these factors. The source of acquired alterations in
hemostasis could arise from several compound-related
issues. The liver is a common target for compound-
related toxicity. Most coagulation factor proteins are
synthesized in the liver. Therefore, hepatotoxicity can
result in a decreased synthesis of coagulation proteins,
and the resulting deficit is responsible for the prolonga-
tion of clotting times. If this is the case, decreases in
other serum proteins such as total protein and albumin
may be present, markers of hepatotoxicity such as
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), alkaline phosphatase, and/or bilirubin

Assay or Technique

Possible Compound-related Effect

Fibrinogen
DIC)

| - Decreased production or consumption (possible

T - Inflammation

Hepatoxicity screening assays

Serum/plasma chemistry assays (TALT, AST, alkaline

phosphatase, bilirubin, GGT)
Histopathology

Vitamin K plasma levels

Decreased absorption

Decreased production by microflora

Coagulation factor-specific
activity assay

Acquired compound-related factor deficiencies often
affect multiple factors

Single factor deficiencies can occur particularly for
known anticoagulant compounds (i.e. anti-FXa

inhibitors)

LFactor II, VII, IX, and X for vitamin K-dependent

processes

Vitamin K supplementation

DIC panel

Reversal of vitamin K-dependent toxicity

PT, aPTT, platelet count, FDP, D-dimer
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are frequently elevated, and histologic evidence of liver
pathology is also present.

Another possible explanation of decreased coagula-
tion proteins is a compound-related effect on vitamin
K-dependent proteins. Vitamin K is a fat-soluble vitamin
that is either consumed in the diet or synthesized by
bacterial microflora in the ileum and colon.” Vitamin
K-dependent coagulopathies are rarely observed in
short-term preclinical studies because liver stores of
vitamin K are adequate for several days. However, in
studies exceeding two weeks duration, inflammatory or
toxic disorders may lead to a relative or absolute defi-
ciency of vitamin K. Compound-related vitamin K defi-
ciencies are most frequently associated with:

1. studies conducted in neonatal animals due to
decreased protein synthesis in the immature liver

2. studies using broad-spectrum antibiotics which
decrease the bacterial flora in the intestines

3. studies that impact the absorption of fat soluble vita-
mins usually due to gastrointestinal, hepatic, renal
or pancreatic disorders

4. studies using known antagonists of vitamin K such
as warfarin.’

Factors II, VII, IX, and X are vitamin K dependent.

Several laboratory techniques can be used to identify
vitamin K deficiency. Assessment of plasma vitamin K
levels is possible but requires access to expensive and
time-consuming mass spectrometry equipment. More
commonly the quantitation of specific coagulation
factors is based on the ability of test plasma to correct
the clotting time of human plasma from an individual
with an inherited deficiency of a single clotting factor.
To accommodate for species differences in coagulation
factors it has been suggested that a species- and rea-
gent-specific standard curve be constructed using a
pool of healthy individuals from the representative
species. However, human-deficient plasma has ade-
quate homology for diagnostic interpretations.’
Decreases in factor activity assays for vitamin
K-dependent factors II, VII, IX, and X with no effect on
factors that are vitamin K-independent, such as factor
VIII, strongly suggest a vitamin K deficiency or antago-
nism. Reversal of these effects in animals given vitamin
K supplementation further corroborates the finding.

If absolute factor activities are required, chromogenic
assays should be used in lieu of factor activity assays.
In these assays, prothrombin is activated by specific
cleavage with the enzyme Ecarin, which is extracted
from the venom of the Echis carinatus viper. Interspecies
homology for the complete prothrombin molecule has
been estimated at only 41%. However, there is no vari-
ance in the 10 glutamate residue required for vitamin
K-dependent carboxylation.’ The prothrombin chromo-
genic assay has been shown to be effective in detecting
prothrombin deficiency in a dog with vitamin K defi-
ciency. This finding suggests that the assay could be
useful in determination of compound-related effects on
vitamin K.

Compound-related production of disseminated
intravascular coagulopathy (DIC) can also be responsi-

ble for increases in PT and aPTT in preclinical studies
(see Chapter 88). This condition is frequently accompa-
nied by oozing of blood from venipuncture sites,
hematomas, and hemorrhage. Coagulation factor pro-
teins are consumed by an activation of the coagulation
system and the fibrinolytic system is usually simultane-
ously activated. The underlying initiators of compound-
related DIC can be diverse including systemic
inflammation, uncontrolled immune-mediated cellular
destruction (e.g. hemolysis), metabolic acidosis, and
hepatosplenic disease. Diagnostic testing for DIC in
preclinical studies typically includes PT, aPTT, platelet
count, antithrombin III (ATIII) quantitation, and fibrin
degradation products (FDPs) so that effects on acceler-
ated coagulation and fibrinolysis are evaluated (see
Chapter 138). Early assessments of FDPs used a rather
non-specific precipitation of the protein fragments with
protamine sulfate. These assays were useful in animal
studies since they are not antibody dependent. More
recently, D-dimers have been used to diagnose DIC in
animals.® D-dimers result only from the degradation of
the stabilized fibrin clot. Therefore, the D-dimer assay
is more specific for active coagulation and fibrinolysis
and has proven to be useful in compound-related DIC
observed in dogs and monkeys (KA Criswell, personal
observation).

INVESTIGATION OF COMPOUND-RELATED
CLINICAL SIGNS OF ALTERED HEMOSTASIS

In some preclinical studies clinical signs of bleeding or
bruising may occur without effects on PT, aPTT, or
other clotting assays (Table 15.2). The most frequent

Expanded Observation and/or

Initial Assay or Observation Testing

Observation of clinical signs Bleeding
Hematomas
Oozing of blood following

collection of blood samples

Platelet count (decreased) Histologic and/or cytologic
evaluation of bone marrow
for cellular depression

Platelet lifespan (flow
cytometry)

Megakaryocyte ploidy (flow
cytometry)

Platelet count (normal or
increased)

Bleeding time (standardized
template)

Platelet activation (flow
cytometry)

Platelet aggregation (platelet-
rich plasma or whole blood)
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toxicity is a compound-related effect on platelet number
or function. Drug-induced suppression of thrombopoi-
esis is a commonly reported syndrome for chemothera-
peutic agents, estrogenic compounds, sulfadizines,
quinidines, and non-steroidal anti-inflammatory drugs
(see Chapter 16). Platelet lifespan can be measured in
most species by injecting sulfo-NHS-biotin and using
flow cytometry to assess the time required to
completely lose the bioatinylated platelet label’
Megakaryocyte ploidy can also be determined by flow
cytometry.! Average megakaryocyte ploidy is 16N in
nearly all species. Increased megakaryocyte ploidy in
the presence of a decreased platelet count in preclinical
trials suggests compound-related increased platelet
turnover. Determining that reversal of bone marrow
toxicity and depression of platelet counts occurs with
withdrawal of compound administration is an impor-
tant component of determining compound safety.
Reversal studies should be a minimum of two weeks in
length but are preferably four weeks in length to allow
adequate time for bone marrow regeneration.

If clinical signs are apparent in the absence of effects
on clotting factors or platelet count, effects on platelet
function or effects on vasculature should be consid-
ered. In preclinical studies, functional assessment of
vasculature defects can be problematic and identifica-
tion of histologic abnormalities is often determined in
lieu of functional assays. Functional platelet defects are
more readily determined by laboratory assays (see
Chapter 142). Bleeding time measurements can be
rapidly and easily performed. Unfortunately, stand-
ardization of the bleeding time technique can be diffi-
cult in animals and may complicate interpretation of
results. Variation of skin thickness in dogs and the site
of bleeding time assessment in large or small animals
can be particularly problematic. A spring-loaded device
(Simplate II® or Surgicutt®) has been used to success-
fully standardize the bleeding time in the buccal
mucosa of dogs, the ear tip of rats, and the forearm of
monkeys (KA Criswell, personal observation). For rats,
the pediatric version of the Surgicutt instrument should
be used.

Low platelet counts may also be attributed to platelet
activation and subsequent increased clearance of plate-
lets. Platelet activation may be assessed by flow cytom-
etry using a fluorescent marker for P-selectin (see
Chapter 142). This technique requires very low volumes
of blood so it is ideal for small animals, including mice.
Urinary assessment of thromboxane A2 metabolites can
also 1provide an indirect assessment of platelet activa-
tion." Platelet aggregation is the most frequently used
methodology to assess platelet function (see Chapter
142). In contrast to the use of citrate for platelet aggrega-
tion assays in human, dog, or monkey samples,
heparinized blood may be needed to adequately poten-
tiate platelet aggregation results in rodents." The most
critical component of platelet function assays is appro-
priate sample collection. Platelet function assays should
not be conducted when difficult sample collection is
noted or any evidence of sample clotting is apparent on
blood smears.

BIOMARKER DEVELOPMENT FOR NEW
ANTICOAGULANT THERAPIES

Specific inhibitors of the coagulation pathway are
actively being explored as new candidates for antico-
agulant therapy. One of the documented areas is the
utilization of biomarkers to measure activated coagu-
lation factor X (FXa) to predict the clinical outcomes
of FXa inhibitor compounds. FXa occupies a pivotal
position within the coagulation cascade and is an
attractive candidate as a target for coagulation inter-
vention. This enzyme links the intrinsic and extrinsic
coagulation pathways and is the rate-limiting step in
thrombin formation. Rivaroxaban is an oral direct
inhibitor of FXa. In a rat venous model of inferior vena
cava thrombosis, Rivaroxaban produced a dose-
dependent inhibition of FXa and an increase in PT.
However, in a rabbit model, Rivaroxaban induced a
92% inhibition of FXa but only a 1.2-fold increase in
PT. This demonstrates a marked species-specific vari-
ation in monitoring the newer anticoagulants with
standard coagulation tests.

Rarely is a single biomarker considered definitive for
evaluation of safety or efficacy. The drug development
approach for Otamixaban and DU-176b incorporated a
series of clotting assays and assays to measure the
effects on thrombus formation.* For Otamixaban, in
vitro coagulation parameters were assessed for their
ability to produce a doubling of PT and aPTT. This
testing allowed a rank ordering of anticoagulant effect
per species with rabbit > human > monkey > rat > dog.
Additionally, aPTT appeared to be the more sensitive
biomarker in all species. Multiple pharmacological
models of thrombosis in rats, dogs, and pigs were also
conducted with Otamixaban. In rats, thrombus mass
was markedly reduced by nearly 95% with a corre-
sponding increase in aPTT of 2.5-fold and PT of 1.6-
fold.* In contrast, intravenous administration of 1, 5, or
15ug/mL of Otamixaban in the pig model effectively
eliminated coronary flow reserves related to this steno-
sis model at the middle and high dose. PT was also
prolonged at the middle and high dose, but aPTT was
only prolonged at the high dose.

Ex Vivo Experiments (New
Anticoagulant Development)

Development of new anticoagulants provides a unique
opportunity of assessing drug efficacy ex vivo before
conducting preclinical studies. This is important in
planning preclinical studies because factor X concentra-
tions vary between species and the level of drug-
induced FXa inhibition produced is also variable. In
typical studies, human or animal plasma is spiked with
various concentrations of test compound. Chromagenic
anti-FXa assays and factor X activity, using the factor X
clotting (FX:C) assay can be used to determine efficacy
of the drug. The FX:C assay provides several unique
features that may make it a valuable biomarker for
monitoring FXa inhibitor therapy:
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1. The assay provides a rapid, reliable assessment of
drug concentration and the percent inhibition of FXa
achieved during drug inhibitor administration.

2. The assay can be performed on a high throughput
automated system that is available in most hospital
or veterinary coagulation laboratories.

3. Individual factor X concentrations range from 60%
to 150% among human or preclinical subjects. This
fairly high level of inter-subject variability suggests
that a standard dose of drug may have a substan-
tially different effect on total Factor X inhibition. The
FX:C assay defines baseline factor X activity and
thereby allows continued dosing to achieve a tar-
geted factor X concentration.

4. Literature is available concerning factor X concentra-
tions and bleeding history in patients with factor X
deficiency, so minimally there is some understand-
ing that correlates the impact of reductions in FX:C
evaluations and bleeding potential in humans and
animals.’

By determining the actual concentration of func-
tional factor X remaining, individuals conducting pre-
clinical or clinical trials have increased confidence in the
administration of new FXa inhibitors.

As with other coagulation biomarkers used for moni-
toring FXa inhibition, it was not immediately clear
whether the FX:C assay was applicable in multiple
species. Ex vivo experiments allowed this evaluation.
To provide effective anticoagulant activity, a 30% reduc-
tion in FX:C activity was predicted to be a minimal
requirement. Table 15.3 shows the intended concentra-
tions of a FXa inhibitor in each species, the result-
ing FX:C activity, and percent inhibition achieved.

Concentration of FXa

Concentrations selected provided assessment of drug
concentrations that induced FXa inhibition of approxi-
mately 20% to >90%, showing that the targeted range
could be predicted and achieved in all species but the

Intended Drug

Concentration FX:C Activity" Inhibition®

Species (ng/mL) (%) (%)
Human 0 106.1 £ 1.9 NA
0.2 64.3+1.6 39.4

0.6 32.2+1.0 69.7

1.2 16.5 + 0.7 84.4

1.8 10.0+ 0.5 90.6

6.0 23+0.2 97.8

Dog 0 143.0 £ 4.5 NA
0.4 112.9 + 8.6 21.0

2.0 42.4 + 4.3 70.3

8.0 11.1+1.4 92.2

15.0 5.4+0.8 96.2

Rat 0 84.8+2.8 NA
1.0 52.6 + 1.8 38.0

4.0 26.2 £ 0.9 69.1

12.0 11.8 £ 0.6 86.0

24.0 6.7 £0.3 92.1

BLQ, below limits of quantification; NA, not applicable.
2Samples spiked with a FXa inhibitor in vitro.

"Mean + SD of 10 samples/concentration.

°Calculated from species-specific control value.

inhibitor (ug/mL) 0.98 ISI 1.24 18I 1.55 ISI 221181
PT (s) - Human Plasma
0 11.4 £ 0.11 13.4 £ 0.17° 12.9 £ 0.13? 10.9 £ 0.14
0.2 18.3 £ 0.37 23.8 + 0.50° 23.4 + 0.44° 16.8 + 0.43°
0.6 30.8 £ 0.76 37.3 £ 0.86° 39.9 £ 0.70° 27.0 £ 0.93°
1.2 47.0 + 1.98 51.4 + 1.61° 58.9 + 1.08° 38.2 + 1.39°
1.8 61.2 £ 2.04 61.8 + 1.68 74.8 + 1.54° 48.3 + 2.08°
6.0 133.0 + 3.82 111.4 + 3.17° 152.3 + 3.08° 94.8 + 4.12°
PT (s) - Dog Plasma
0 7.8+0.14 8.4 + 0.07 7.1+0.07 6.7 £ 0.06
0.4 11.0 £ 0.26 11.0 £ 0.13 10.5 £ 0.19 10.2 £ 0.15
2.0 17.6 £ 0.42 16.6 + 0.23° 17.9 £ 0.41 15.0 + 0.31°
8.0 32.0 £ 0.98 27.6 £ 0.49° 33.6 £ 0.92 27.1 £ 0.63°
15.0 45.4 + 1.62 36.5 +0.73° 46.7 + 1.35 36.8 + 0.88°
PT (s) - Rat Plasma
0 9.1 + 0.05 15.1 + 0.07° 17.1 £ 0.152 13.1 £ 0.07°
1.0 13.3 £ 0.06 20.7 £ 0.13° 31.3 £ 0.27° 23.2 + 0.19°
4.0 20.1 £ 0.29 30.8 + 0.23° 51.8 + 0.52° 36.9 + 0.52°
12.0 31.1+£0.72 46.2 + 0.49° 83.6 + 0.84° 56.2 + 0.84°
24.0 42.7 £ 1.09 60.6 + 0.73° 109.4 £ 0.79% 75.4 £ 1.60°

2Significantly different from 0.98 ISI thromboplastin values at the 5 % level as determined by a t-test.
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drug concentrations required to produce similar levels
of FXa inhibition across species were markedly differ-
ent. The FX:C assay helped determine drug concentra-
tion required for complete inhibition of FXa in these
species and the relative bleeding risk associated with a
range of factor X concentrations.

Effect of Thromboplastin on Absolute
Prothrombin Time

Typically, the higher the international sensitivity index
(ISI) value for thromboplastin, the less sensitive the
reagent and the longer the PT produced. The most com-
monly used thromboplastin reagents for PT evaluation
are either rabbit brain thromboplastin (variable ISI
values depending on manufacturer) or human recom-
binant thromboplastin (typical ISI of 1.0). To more fully
evaluate the effect of FXa inhibitors, PT was evaluated
using rabbit brain thromboplastin with ISI values of
1.24,1.55, and 2.21 and a human recombinant thrombo-
plastin (0.981SI). The source and sensitivity of thrombo-
plastin used in the assay affected the absolute PT value
in all species, demonstrating the need to standardize
this reagent in preclinical assessment and to be cogni-
zant of the impact in clinical trials or in post-marketing
where reagents are less likely to be standardized
(Table 15.4).

CONCLUSIONS

Understanding compound-related effects of hemostasis
continues to be an important aspect of marketing safe
compounds and developing new anticoagulant thera-
pies. Further, understanding of species-specific differ-
ences in hemostatic processes and interactions in assays
typically optimized for human samples is critical in
translating preclinical study data for the accurate pre-
diction of safety and efficacy in humans.
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Drug-Induced Blood Cell Disorders
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Mechanisms of Drug Toxicity
Evaluation of Suspected Adverse Drug Reactions
Adverse Drug Reactions in Dogs
Antineoplastics
Estrogen
Anti-inflammatory
Phenylbutazone/meclofenamic acid
Carprofen
Azathioprine
Naproxen
Antibacterials
Sulfonamides
Chloramphenicol
Cephalosporins
Anticonvulsants
Phenobarbital/Primidone
Phenytoin

Acronyms and Abbreviations

Antiparasitics
Cardiovascular
Other Drugs
Adverse Drug Reactions in Cats
Antineoplastics
Acetaminophen/Aspirin (see Chapter 36)
Benzocaine/Cetacaine/Propofol (see Chapter 36)
Phenazopyridine/DL-dmethionine (see Chapter 36)
Azathioprine
Propylthiouracil/Methimazole
Griseofulvin
Albendazole
Azidothymidine
Adverse Drug Reactions in Horses
Drug-induced Immune-mediated Hemolytic Anemia
Drug-induced Hemolysis
Heparin

ADR, adverse drug reaction; FDA, Food and Drug Administration; IMHA, immune-mediated hemolytic anemia;

RBC, red blood cell.

incriminated in adverse drug reactions (ADRs)

associated with the hematologic system, with
the §reatest number being reported in dogs and
cats.”*** No attempt has been made to standardize the
definition of drug-induced cytopenias in animals or to
quantify the severity of these reactions. Standardized
definitions of human drug-induced hematologic dys-
crasias and evaluation of their severity have been
described.® This document defines cutoff values for
neutropenia, leukopenia, thrombocytopenia, and
anemia. It also defines the likelihood that a drug
caused a hematologic dyscrasia as suggestive, compat-
ible, incompatible, or inconclusive based on assess-
ment of the time course between the beginning of
exposure to the drug and discovery of the hemato-
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ﬁ growing number of therapeutic drugs have been

logic dyscrasia. Neutropenia is defined as <1,500
neutrophils/uL.?

Neutropenia is defined as compatible with an ADR
if it is discovered during drug treatment. Neutropenia
is considered inconclusive if it is discovered within 1
month after stopping exposure or more than 1 month
after exposure if no leukocyte count was done in the
interim. An increase in neutrophil count to >1,500/uL
within 1 month after stopping drug treatment is also
suggestive of an ADR. Thrombocytopenia is defined as
<100,000 platelets/uL.*”® Occurrence of thrombocytope-
nia within 1 month after initiation of drug treatment or
remission within 3 weeks after stopping treatment is
suggestive of an ADR.

Although this document cannot be directly adapted
to drug-induced hematologic dyscrasias in animals, it



provides a general framework for evaluation of drug-
induced hematologic dyscrasias in domestic animal
species.

MECHANISMS OF DRUG TOXICITY

Drug-induced blood dyscrasias have been categorized
as Type A or Type B reactions.”” Type A ADR are dose-
dependent while Type B ADR are idiosyncratic reac-
tions that are unrelated to the drug’s pharmacologic
effects.” Idiosyncratic drug reactions are the most chal-
lenging to define and may involve a variety of mecha-
nisms."**** Unique genetic or acquired susceptibility of
the individual is usually involved. Genetic susceptibil-
ity may involve mutations that alter drug metabolism
or induce an immune response to a drug or its metabo-
lites.”! Acquired susceptibility may occur because of
hepatic or renal disease leading to altered metabolism
or excretion of a drug or its metabolites.®'

The site and mechanism by which a drug acts is
important in determining the clinical syndrome and
prognosis; however, some drugs act at multiple sites or
by several mechanisms making this determination dif-
ficult (Table 16.1). Destruction of cells in the peripheral
blood results in rapid onset of cytopenias. Because the
bone marrow can compensate by increasing produc-
tion, decreased cell lifespan in the blood can be com-
pensated and cell numbers may return to normal despite
continued administration of the drug. Red blood cells
(RBCs) are particularly sensitive to oxidative injury.
Many drugs have oxidant properties or are metabolized
to oxidants.” These drugs tend to be dose-dependent
because tissue injury is largely dependent on the degree
of oxidative injury (see Chapter 36). Drugs associated
with oxidative injury in dogs include acetaminophen,
aspirin, menadione, methylene blue, benzocaine, phen-
acetin, and phenylhydrazine."”** Cats are more sensi-
tive to the oxidant effects of many drugs because of the
presence of eight reactive sulfhydryl groups per mole-
cule compared to two in most other species.”’ Drugs
associated with Heinz body anemia in cats include
acetaminophen, aspirin, cetacaine, methylene blue,
phenazopyridine, pL-methionine, and propofol (see
Chapter 36)."%*"%

Rapidly proliferating progenitor and proliferative
cells in bone marrow are susceptible to chemotherapeu-
tic agents. Destruction of these cells results in predict-
able changes in the blood. Neutropenia occurs initially
followed by thrombocytopenia.”® Anemia develops
more slowly depending on the RBC lifespan of the par-
ticular species. Discontinuation of the drug usually
results in hematologic recovery. Bone marrow aspira-
tion smears in some affected animals may reveal toxic
changes in precursor cells. One drug-associated change
is the presence of multiple distinct cytoplasmic vacu-
oles that are most prominent in granulocyte precursors
(Fig. 16.1).

Some drugs induce hematopoietic stem cell destruc-
tion or alter the hematopoietic microenvironment.
The timing of development of cytopenias is more
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Class and Drug Species Suspected Mechanism®
Antineoplastics

Class effect All MS, D

Endocrine

Estrogen Dog MS
Propylthiouracil Cat IM

Methimazole Cat IM

Anti-inflammatory

Phenylbutazone Dog, Cat MS, IM

Meclofenamic acid Dog MS

Azathioprine Dog, Cat MS

Naproxen Dog BS
Antibacterial

Chloramphenicol Dog D

Cephalosporin Dog IM, MS, D

Penicillin Horse IM

Sulfonamides Dog IM, MS

Horse IM

Antifungal

Griseofulvin Cat MS
Antiviral

Azidothymidine Cat MS
Anticonvulsants

Phenobarbital/Primidone Dog MS

Phenytoin Dog MS
Antiparasitics

Levamisole Dog MS

Albendazole Dog, Cat MS

Metronidazole Dog MS

Fenbendazole Dog MS
Cardiovascular

Amiodarone Dog IM

Captopril Dog MS

Quinidine gluconate Dog Unknown
Analgesics

Acetaminophen Dog, Cat 0}

Aspirin Dog, Cat (0]

Phenacetin Dog (0]
Anesthetics

Benzocaine Dog, Cat 0

Ceracaine Cat (0}

Propofol Cat (0}
Urinary acidifiers/antiseptics

Methylene blue Dog, Cat (0]

Diphenylhydrazine Dog (0}

DL-Methionine Cat o}

Phenazopyridine Cat (0]
Other drugs

Human erythropoietin Dog IM

Mitotane Dog MS

Colchicine Dog MS

Phenothiazine Horse (0}

Dimethyl sulfoxide Horse (0}

Heparin Horse H

?MS, bone marrow suppression; IM, immune-mediated blood cell
destruction, BS, blood loss; D, dysmyelopoiesis; O, oxidant; H,

hemolysis.
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FIGURE 16.1 Bone marrow aspirate from a dog treated with
cyclophosphamide. Note the presence of distinct cytoplasmic
vacuolization in granulocyte precursors. Wright-Giemsa stain;
bar, 20 um.

unpredictable and recovery is uncertain and delayed
when it occurs. Endothelial cells of marrow capillaries
and sinusoids are vulnerable to toxic injury (see Chapter
17). Vascular injury can be seen in bone marrow core
biopsy sections as interstitial edema, hemorrhage,
necrosis, myelofibrosis, or acute inflammation.®®

EVALUATION OF SUSPECTED ADVERSE
DRUG REACTIONS

The mere temporal association of a drug treatment with
a hematologic disorder does not in itself provide proof
of an ADR. In each case other potential causes of the
hematologic condition should be eliminated by evalua-
tion the history, and clinicopathologic findings. When
an ADR is suspected, the temporal relationship between
onset of treatment and detection of the hematologic
dyscrasia, previous exposure to the drug in question,
and recovery from the hematologic dyscrasia after drug
withdrawal should be documented.** This information
not only documents the likelihood of a cause and effect
relationship but may suggest a possible mechanism
for the drug toxicity. When multiple drugs have
been administered before detection of hematologic
dyscrasias, the Food and Drug Administration (FDA)
database (http:/www.fda.gov/cvm/adetoc.htm) can
be reviewed or a literature search conducted to deter-
mine if other similar toxicities have been reported.* The
FDA database can also be used to report suspected tox-
icities. Usually this information combined with serial
complete blood counts, tests for immune-mediated
hematologic diseases, and bone marrow aspirates and
core biopsy specimens are the only data available to
link a drug to a clinical ADR. Other tests that might be
done include evaluation of the hemolytic effects of
the drug and evaluation of the suppressive effects of
the drug, serum, or patient lymphocytes on blood cell

High Moderate Low to None

Cyclophosphamide Methotrexate Corticosteroids
Cytosine arabinoside Chlorambucil L-Asparaginase
Doxorubicin 6-Mercaptopurine Bleomycin
Vinblastine Melphalan
Hydroxyurea 5-Fluorouracil

Vincristine

or bone marrow cytotoxicity or on in vitro bone marrow
cell culture.?***

ADVERSE DRUG REACTIONS IN DOGS

Antineoplastics

Chemotherapeutic agents cause Type A ADR. Because
of their high mitotic rate, progenitor and proliferative
cells in bone marrow are predisposed to injury by chemo-
therapeutic drugs. The myelosuppressive potential of
chemotherapeutic agents varies (Table 16.2)."°

Cytopenias are the most frequent chemotherapeutic
toxicity identified and often necessitate temporary or
permanent discontinuation of treatment. Bone marrow
suppression follows a predictable course based prima-
rily on the half-life of cells in the blood. Neutropenia
occurs 5-7 days after myelosuppression followed b?f
thrombocytopenia 9-14 days after myelosuppression.'
Anemia as a direct result of chemotherapy is usually
not seen because of the comparatively long half-life of
RBCs." Neutrophil and platelet counts usually return
to baseline values within 72-96 hours after discontinu-
ing therapy.'®

Beyond destruction of hematopoietic cells, chemo-
therapeutic drugs have few adverse effects on the
hematopoietic system. Multifocal areas of coagulation-
type necrosis have been reported in association with
administration of cyclophosphamide and vincristine.®®
An increase in dysplastic hematopoietic cells and atypi-
cal mitotic figures (i.e. secondary dysmyelopoiesis)
is a frequent finding and should not be confused
with a myelodysplastic syndrome (see Chapter 66)."
Doxorubicin administration to dogs has been associa-
tion with poikilocytosis including the presence of oval-
ocytes, echinocytes, schistocytes, and keratocytes.’
Doxorubicin is thought to bind to spectrin, a major cell
membrane structural protein.’

Estrogen

Dog and ferret bone marrow is highly susceptible to
estrogen-induced suppression, and both dose-depend-
ent (Type A ADR) and idiosyncratic (Type B ADR) reac-
tions have been documented in dogs (aplastic anemia
is discussed in Chapter 39).**** In dogs, both a single
large dose of estradiol and therapeutic doses of estradiol



as well as therapeutic doses of diethylstilbestrol result
in hematologic dyscrasias. Therapeutic doses of estra-
diol or diethylstilbestrol, used in treatment of mammary
tumors or prostatic hyperplasia, consistently cause a
transient decrease in platelet count and neutrophilia
10-20 days after administration.” Administration of a
single large dose of estradiol to dogs results in consistent
hematologic dyscrasias. Leukocytosis, thrombocytope-
nia, and mild but progressive nonregenerative anemia
develop in the first 3 weeks after injection of 1-3mg/
kg body mass of estradiol. Pancytopenia with bone
marrow aplasia develops between 3 and 4 weeks after
injection and most dogs begin to recover after 4 weeks.
Although the mechanism is complex and poorly under-
stood, serum inhibitors of hematopoiesis produced by
T cells have been identified.”

Individual dogs appear to be uniquely sensitive to the
effects of estrogen and develop severe aplastic anemia.
Dogs given repeated therapeutic doses of estradiol or
dogs having elevated endogenous estrogen levels result-
ing from cystic ovarian follicles, ovarian granulosa cell
tumors, or Sertoli cell tumors may develop hematologic
dyscrasias. Dogs with endogenous estrogen toxicity
typically are pancytopenicbutsomeare bic:;/toperlic.34’55"69
The bone marrow is typically aplastic.>*** This appears
to be the result of hematopoietic stem cell destruction.
The prognosis for these dogs is poor but recovery after
weeks to months of supportive care has been docu-
mented.” Myelofibrosis, bone marrow necrosis, and
dysmyelopoiesis have been observed in dogs given a
therapeutic doses of estradiol propionate.**

Anti-Inflammatory
Phenylbutazone/Meclofenamic Acid

Many cases of phenylbutazone-associated hematologic
dyscrasias have been reported and one case of
meclofenamic acid-associated aplastic anemia has been
reported. Phenylbutazone-associated neutropenia or
pancytopenia occurs sporadically in dogs."”™ Several
types of Type B ADR have been observed. One is a
transient agranulocytosis that typically occurs within 2
weeks after starting treatment. Affected dogs frequently
recover promptly when the drug is discontinued. This
condition is most probably immune-mediated but inhi-
bition of bone marrow cell division or DNA synthesis
is also a possible explanation. In another type of hema-
tologic dyscrasia, dogs develop aplastic anemia months
or years after initiation of treatment, presumably as a
result of bone marrow toxicity.”* In the experience
of the author, the prognosis for recovery is poor.
Additionally, phenylbutazone therapy has been associ-
ated with myelonecrosis and myelofibrosis.®*®

Carprofen

Coagulation-type myelonecrosis has been reported in
bone marrow from several dogs treated with therapeu-
tic doses of carprofen.” Another dog was reported to
have a neutrophilic dermatitis, vasculitis, immune-
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mediated hemolytic anemia, and thrombocytopenia
associated with carprofen adminstration.*

Azathioprine

Neutropenia and thrombocytopenia or pancytopenia
have been observed one to several months after initia-
tion of treatment with immunosuppressive doses of
azathioprine.”” Bone marrow is aplastic and some
dogs have mild myelofibrosis. Peripheral blood cell
numbers slowly return to normal once the drug is dis-
continued but complete recovery may be delayed.

Naproxen

Naproxen administration has been associated with
blood loss anemia.®” Gastrointestinal erosions or
ulcerations are suspected to be the cause of the blood
loss. This may result from local irritation or inhibition
of prostaglandin synthesis.

Antibacterials
Sulfonamides

Adverse drug events have been reported for sulfadi-
azine, sulfamethoxazole, and sulfadimethoxine.?%%%
These drugs induce an idiosyncratic syndrome that
includes neutropenia, thrombocytopenia, hemolytic
anemia, fever, polyarthropathy, or hepatopathy.®
Doberman pinschers may be at increased risk of
sulfonamide hypersensitivity.” Others have reported
sulfadiazine-associated aplastic anemia (Fig. 16.2).°
The mechanism appears to be immune-mediated and
does not appear to be related to folate deficiency.**®
Evidence of an immune-mediated etiology includes
demonstration of drug-dependent anti-platelet anti-
bodies and a positive direct Coombs’ test.” In dogs

FIGURE 16.2 Bone marrow core biopsy from a dog treated with
trimethoprim-sulfadiazine for 15 days. Note the presence of marrow
aplasia. Cells present are mostly small lymphocytes. Hematoxylin &
Eosin stain; bar, 200 um.
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with sulfadiazine-induced aplastic anemia, pancytope-
nia usually occurs 10-14 days after initiation of
treatment.”* The bone marrow is typically aplastic
with the hematopoietic space replaced by adipose
tissue. The hematologic dyscrasia usually resolves
within 2 weeks after discontinuing treatment. In another
study, recovery occurred in 90% of non-thrombocyto-
penic dogs but in only 63% of thrombocytopenic dogs.®

,66

Chloramphenicol

Severe aplastic anemia has been reported as an idiosyn-
cratic reaction in humans treated with chloramphenicol
but has not been reported in dogs given therapeutic
doses.”* One apparent idiosyncratic reaction was
reported.” This dog had a moderate non-regenerative
anemia with large numbers of siderocytes and ringed
sideroblasts. This response suggests a reversible dys-
myelopoiesis perhaps secondary to drug-induced mito-
chondrial damage.

Cephalosporins

Certain cephalosporins have been associated with
several types of hematologic dyscrasias.”"® High-dose
or prolonged administration of cephalosporins can
induce agranulocytosis, thrombocytosis, and a positive
direct Coombs’ test."” Approximately half of dogs given
high doses of cefonicid or cefazedone intravenously
developed pancytopenia within 6-10 weeks after initia-
tion of treatment.”’ The mechanism appears to be
complex. In one study, the presence of anti-RBC, anti-
neutrophil, and anti-platelet antibodies was consistent
with immune-mediated destruction.” Cephalosporins
also induce alteration in the bone marrow. Granulocytic
and erythroid maturation arrest have been reported in
dogs treated with cephalosporins.’® The most promi-
nent ultrastructural change in bone marrow was
mitochondrial damage to hematopoietic and non-
hematopoietic cells.” The hematologic dyscrasia
resolved rapidly after discontinuing the drug. Aplastic
anemia associated with persistent suppression of
hematopoietic stem cell activity also has been reported
when dogs were administered high doses of cefaze-
done.” Further, cefoperazone, cefamandole, and moxa-
lactam inhibit synthesis of vitamin K-dependent clotting
factors and can lead to hypoprothrombinemia and a
resultant coagulopathy.”

Anticonvulsants
Phenobarbital/Primidone

Phenobarbital and primidone therapy have been associ-
ated with several types of hematologic dyscrasias in
dogs. Because primidone is metabolized to phenobarbi-
tal, the mechanism of toxicity may be similar for both
drugs.* The mildest hematologic disorder is neutrope-
nia and thrombocytopenia.”””* The presence of granu-
locyte hyperplasia in bone marrow indicates that the
neutropenia is due to destruction of mature granulo-
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FIGURE 16.3 Bone marrow core biopsy from a dog treated with
therapeutic doses of phenobarbital. Note the presence of
coagulation-type necrosis (arrows) and myelofibrosis. Hematoxylin
& Eosin stain; bar, 200 um.

cytes. A more frequent ADR is myelonecrosis or mye-
lofibrosis (Fig. 16.3).°”! Dogs with myelonecrosis are
frequently bicytopenic or pancytopenic. Bone marrow
is characterized by multifocal areas of coagulation-type
necrosis with variable degrees of myelofibrosis present.”!
Dogs with myelofibrosis, without concurrent necrosis,
frequently have a severe non-regenerative anemia. The
myelofibrosis may represent the chronic stage of
myelonecrosis.

Phenytoin

Long-term administration of phenytoin to dogs results
in RBC macrocytosis, neutropenia, thrombocytopenia,
and neutrophil hypersegmentation." These changes
were thought to be due to folate deficiency; however,
folate deficiency does not cause RBC macrocytosis
in dogs." One dog undergoing long-term phenytoin
therapy developed a severe normocytic non-regenera-
tive anemia associated with severe myelofibrosis in the
bone marrow.”!

Antiparasitics

Several antiparasitic drugs have been associated with
Type B ADR. Levamisole-induced thrombocytopenia
and direct Coombs’ positive hemolytic anemia have
been reported in several dogs.** All dogs had hyperpla-
sic bone marrow and recovered after discontinuing
levamisole treatment. Albendazole toxicity has been
documented in one dog.” The dog had pancytopenia
and an aplastic bone marrow, but recovered within 1
week after discontinuing treatment. Three dogs treated
with metronidazole had coagulation-type myelonecro-
sis.”® All dogs had pancytopenia but recovered after
discontinuation of treatment. Fenbendazole administra-
tion has been associated with bone marrow coagula-



tion-type necrosis.®® One dog had pancytopenia after
repeated weekly administration of the organic arseni-
cal, thiacetarsamide for treatment of demodectic
mange.”” The bone marrow was hypercellular and the
dog recovered after discontinuation of treatment.
However, the dog subsequently developed bone
marrow RBC aplasia and died.

Cardiovascular

Several cardiovascular drugs have been associated with
Type B ADR. Amiodarone is an antiarrhythmic drug
that has been associated with hemolytic anemias and
hepatopathies in dogs.”>** Hematologic alterations
were characterized by thrombocytopenia and positive
direct Coombs’ test results with or without the presence
of anemia. Affected dogs recover when treatment is
discontinued. One dog developed pancytopenia and
aplastic bone marrow after 18 months of continuous
administration of captopril for treatment of a heart
murmur.” Withdrawal of the drug and treatment of the
dog with human granulocyte-colony stimulating factor
and erythropoietin resulted in prompt hematologic
recovery. In vitro studies using canine bone marrow cell
cultures indicate that the toxic effects of captopril are
dependent on a reactive thiol group.” This thiol group
reacts with copper to generate hydrogen peroxide
which is toxic to canine neutrophil progenitor cells. One
dog developed neutropenia and anemia after prolonged
administration of quinidine gluconate.”” Three days
after discontinuing the drug the neutrophil count
returned to normal and bone marrow cellularity was
normal.

Others Drugs

Many dogs given human erythropoietin for a prolonged
period of time develop antibodies to the recombinant
protein.”””" In addition to blocking the biologic effects
of human erythropoietin, the antibody cross-neutralizes
endogenous canine erythro7poietin resulting in pro-
found erythroid hypoplasia.””! The onset of the immune
response is typically 2-3 months after initiation of treat-
ment. Administration of recombinant canine erythro-
poietin to dogs suffering from recombinant human
erythropoietin-associated red cell aplasia does not
appear to be effective in resolving the anemia in dogs
with blocking antibodies.”

Several dogs given mitotane or colchicine were
reported to have coagulation-type myelonecrosis
consistent with drug-induced bone marrow hemato-
toxicity.” Withdrawal of drug treatment resulted in
hematologic recovery.

ADVERSE DRUG REACTIONS IN CATS

Antineoplastics

Neutropenia and thrombocytopenia are frequently
dose-limiting factors in chemotherapy.'® As in other

CHAPTER 16: DRUG-INDUCED BLOOD CELL DISORDERS 103

species, rapidly proliferating progenitor and prolifera-
tive cells in bone marrow are susceptible to destruction
by chemotherapeutic agents. Beyond cytopenias, dys-
plastic hematopoietic cells and atypical mitotic figures
(i.e. secondary dysmyelopoiesis) are frequently found
in bone marrow.” Doxorubicin administration to cats
has been associated with poikilocytosis including the
presence of ovalocytes, echinocytes, schistocytes, and
keratocytes.®

Azathioprine

Cats appear to be highly sensitive to azathioprine-
induced bone marrow suppression. Of five cats given
2.2mg/kg of azathioprine on alternate days, four devel-
oped multiple cytopenia.” Azathioprine-induced bone
marrow suppression in humans has been associated
with homozygosity for the gene for thiopurine methly-
transferase.” This enzyme plays an important role in the
catabolism of azathioprine.

Propylthiouracil/Methimazole

Severe Type B ADR, consisting of agranulocytosis and
severe thrombocytopenia, has been reported in 8.6% of
hyperthyroid cats treated with propylthiouracil and 3.8
% of cats treated with methimazole.*** Mild hemato-
logic alterations, including eosinophilia, lymphocyto-
sis, and mild leukopenia, were reported in 16.4% of
cats treated with methamisole.” Clinical signs develop
within 1-2 months after initiation of treatment and
include lethargy, weakness, anorexia, and platelet-
related bleeding diathesis. Many affected cats were
fluorescent antinuclear antibody test and direct Coombs’
test positive, indicating that the hematologic dyscrasia
was immune-mediated. These hematologic abnormali-
ties resolved within 2 weeks after discontinuing methi-
mazole treatment.

Griseofulvin

Griseofulvin is a fungistatic antibiotic used for treat-
ment of mycotic diseases.” Neutropenia or panleuko-
penia occur as an idiosyncratic reaction to griseofulvin
in cats.®**® In most cases, this occurs several weeks after
initiation of griseofulvin treatment.” The bone marrow
is typically hypoplastic. The majority of cats recover
after treatment is discontinued.

Albendazole

Albendazole toxicity has been reported in two cats.”’
Both animals were pancytopenic but had hypercellular
bone marrow. Both cats had rapid hematologic recovery
within 1 week after discontinuing treatment.

Azidothymidine

Azidothymidine is a dideoxynucleoside derivative
reverse transcriptase inhibitor used for treatment of
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feline immunodeficiency virus and feline leukemia
virus infections. A transient or progressive nonregen-
erative anemia develops after several weeks of treat-
ment.”” The anemia is primarily the result of bone
marrow erythroid hypoplasia but Heinz body forma-
tion may also be a contributing factor.

ADVERSE DRUG REACTIONS IN HORSES

Drugs associated hematologic ADRs in horses include
penicillin and trimethoprim-sulfamethoxazole-
associated immune-mediated hemolytic anemias
(IMHAs), heparin-associated thrombocytopenia and
RBC agglutination, dimethyl sulfoxide-L-tryptophan-
indole, and phenothiazine-induced hemolysis, and
phenylbutazone-associated aplastic anemia.

Drug-induced Immune-mediated
Hemolytic Anemia

Penicillin administration to horses has been associ-
ated with acute allergic reactions and with IMHA.'**
These allergic reactions consist of acute anaphylaxis,
collapse, shaking, urticaria, fever, leukopenia, eosi-
nophilia, thrombocytopenia, and anemia, and are
thought to be an adverse response to procaine."
Penicillin and its metabolites bind firmly to the RBC
membrane. These penicillin-protein complexes appear
to frequently induce detectable antibody formation;
however, the anti-penicillin antibodies tend to be
IgM, are 1Iogresent in low titer, and do not cause
hemolysis."””* Anti-penicillin antibodies, that induce
immune-mediated hemolytic anemia, tend to be
IgG."°

One horse developed IMHA during treatment with
trimethoprim-sulfamethoxazole.”® Prompt recovery
after withdrawal of drug treatment incriminated the
drug in the causation of the anemia.

Drug-induced Hemolysis

Phenothiazine poisoning has been associated with
hemolytic anemia in a horse.® Although this was thought
to be an oxidant-induced hemolysis, few Heinz bodies
were seen.

Oral or intravenous administration of L-tryptophan
or indole to ponies results in acute hemolytic anemia
and hemoglobinuria.*** Indole is the major metabolite
of L-tryptophan that induces hemolysis. Indole has
lipophilic properties and interacts with RBC mem-
branes, perhaps explaining their hemolytic properties.
However, some ponies treated with indole had Heinz
bodies present in RBCs suggesting a possible Heinz
body anemia.

Rapid intravenous administration of a 40% solution
of dimeth;zl sulfoxide results in intravascular hemolysis
in horses.” The hemolytic effects of dimethyl sulfoxide
appear to be concentration dependent and administra-
tion of a more dilute solution significantly reduces or
eliminates the hemolysis.”> The mechanism of dimethyl

sulfoxide-induced hemolysis is uncertain but appears
to involve potassium leakage from erythrocytes before
hemolysis.

Heparin

Unfractionated heparin has been reported to cause
marked thrombocytopenia as an idiosyncratic reaction
in human Eatients within 4-14 days after initiation of
treatment.” Heparin appears to exert a direct effect on
platelets causing platelet activation and aggregation,
and also induces anti-platelet antibodies. In horses, the
most frequent complication associated with heparin
administration is anemia." This is associated with RBC
agglutination. Heparin may act as a hapten for anti-
RBC antibodies.* Rapid increases in hematocrit occur
after discontinuing heparin treatment. Because the
increase in hematocrit exceeds the expected capacity of
the bone marrow to replace erythrocytes, it is suspected
that heparin causes in vivo agglutination of RBCs in the
microvasculature. Thrombocytopenia, fatal hemor-
rhage, and swelling at injection sites have also been
reported. In humans, the thrombocytopenia is
immune-mediated.
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CHAPTER 17

Myelonecrosis and Acute Inflammation

DOUGLAS J. WEISS

Microvascular Injury
Myelonecrosis
Acute Inflammatory Response
Immune-mediated disease
Systemic lupus erythematosus
Infectious diseases
Drugs (see Chapter 16)
Hematopoietic Cell Injury
Heavy Metals
Lead

Acronyms and Abbreviations

Mercury
Arsenic
Chemicals
Benzene
Chlorinated hydrocarbons
Drugs (see Chapter 16)
Toxins
Mycotoxins
Bracken fern
Infectious Agents (see Chapter 19)

DDT, chlorophenothane; DNA, deoxyribonucleic acid; EDTA, ethylenediaminetetraacetic acid; IMHA, immune-
mediated hemolytic anemia; ppm, parts per million; RBC, red blood cell.

sensitive to toxic injury. Sites most vulnerable

to injury include progenitor and proliferat-
ing hematopoietic cells and the microvasculature.
Microvascular injury results in altered vascular perme-
ability and manifests as edema, hemorrhage, inflamma-
tion, or ischemia.* Myelonecrosis occurs when ischemia
is severe and in the chronic stage necrotic areas may
become fibrotic.'**

Hematopoietic cell injury can result in hematopoietic
cell death at various stages of maturation and arrested
development with dysplastic changes.”> Hematopoietic
cell destruction usually results in a hypocellular
marrow. In the acute stages of hematopoietic injury,
myelotoxic changes can be seen. These are best observed
in the cytoplasm of metamyelocytes and band neu-
trophils. These cells have a foamy basophilic cytoplasm
that results from the clumping of RNA. Some cells may
contain Dohle bodies.*” Drugs toxic to bone marrow
may induce distinct cytoplasmic vacuoles (Fig. 16.1,
p. 100).” Toxic changes in the nucleus are less frequent
but consist of hypersegmention or bizarre segmentation
of neutrophils. Donut-shaped nuclei are abnormal in
dogs and primates but are a normal finding in rodents.
Arrested maturation frequently is characterized by
cytopenias in the blood, a cellular bone marrow with
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ﬁ s a rapidly proliferating tissue, bone marrow is

arrested development, and dysplastic changes in one or
more cell lines. Dysplastic changes can be seen as
nuclear or cytoplasmic maturation defects. Nuclear
maturation defects result from interference with DNA
synthesis and include megaloblastosis, large cell size,
atypical mitotic figures, fragmented nuclei, and binu-
cleation. Dysplastic cytoplasmic changes are most
frequently seen in erythroid precursor cells where
hemoglobin production is inhibited. Bone marrow is
characterized by large numbers of small metarubricytes
that frequently have indistinct cytoplasmic margins.

MICROVASCULAR INJURY

The bone marrow microvasculature is susceptible to
toxic injury.®® This is supported by experimental studies
in which mouse bone marrow was evaluated after injec-
tion of endotoxin and rabbit bone marrow was evaluated
after saponin injection."”* Early ultrastructural lesions in
bone marrow are characterized by degeneration of sinu-
soidal endothelial cells. Later lesions consisted of dilated
sinusoids, interstitial edema, hemorrhage, and necrosis.
Chronic lesions consisted of myelofibrosis.

Similar lesions have been described in humans and
a variety of animal species.****** Acute vascular
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injury is accompanied by dilated sinusoids, interstitial
edema, and hemorrhage."”* Acute inflammation is
characterized by exudation of fibrin that may be accom-
panied by an infiltration of neutrophils.'’** Vascular
injury also results in varying degrees of ischemia. When
severe, ischemia induces ischemic necrosis. Depending
on which change is most prominent, the pathologic
process may be defined as acute inflammation or as
myelonecrosis.”*

Myelonecrosis

Myelonecrosis is usually associated with bone marrow
ischemia.'®” Ischemia can be enhanced if anemia,
hypoxemia, or hypoperfusion is present. Acute severe
hematopoietic cell injury can also result in myelonecro-
sis. Myelonecrosis is difficult to appreciate in bone
marrow aspiration smears. The necrotic marrow smears
unevenly, resulting in irregular elongated clumps of
necrotic cells. Microscopically, the slides have a diffuse
amorphous eosinophilic background and cells stain
poorly. Many cells are lysed and in others nuclei appear
smudged and the cytoplasm is vacuolated with indis-
tinct borders. In histopathologic sections, myelonecro-
sis can appear as multifocal areas of coagulation-type
necrosis or as individual cell necrosis (Fig. 17.1).*
Coagulation-type necrosis appears as a central area of
karyorrhectic and pyknotic cells enmeshed in an amor-
phous eosinophilic background material. Macrophages
are frequently increased in number. Coagulation-type
necrosis occurs frequently in dogs but is rarely seen in
cats.*” Individual cell necrosis is observed in approxi-
mately 8% of cat clinical bone marrow specimens and
is characterized by large numbers of degenerating, fre-
quently anuclear, hematopoietic cells and increased
pink amorphous background material (Fig 17.2). In
the acute stage of myelonecrosis, necrosis is frequently
accompanied by acute inflammation or hemorrhage,
whereas in subacute myelonecrosis, necrosis is associ-
ated with phagocytic macrophages presumably remov-
ing the necrotic cells. In chronic myelonecrosis, reticulin
or collagen myelofibrosis is frequently present.
Frequent causes of myelonecrosis in cats and dogs
include immune-mediated hemolytic anemia (IMHA),
sepsis, and leukemia/lymphoma. Other causes identi-
fied in dogs are idiopathic causes, systemic lupus ery-
thematosus, disseminated intravascular coagulopathy,
and drug treatments.”*' Drugs associated with myelo-
necrosis include estradiol, phenobarbital, carprofen,
mitotane, colchicine, metronidazole, fenbendazole,
cephalosporins, and chemotherapeutic agents includ-
ing cyclophosphamide and vincristine (see Chapter 16).
The mechanisms responsible for myelonecrosis have
not been extensively investigated. In immune-mediated
diseases and disseminated intravascular coagulopathy,
thrombotic events may induce marrow ischemia. The
necrosis associated with systemic lupus erythematosus
in humans has been attributed to the presence of anti-
phospholipid antibodies. In sepsis, endotoxin or other
bacterial toxins may induce sinusoidal injury as well as
being toxic to hematopoietic precursor cells. Leukemic

FIGURE 17.1 Coagulation necrosis (arrows) associated with a
metastatic pancreatitic carcinoma (top) in a bone marrow core
biopsy specimen from a dog. Hematoxylin & Eosin stain; bar,
200 um.

FIGURE 17.2 Individual cell necrosis in a core biopsy section
from a cat with non-regenerative immune-mediated hemolytic
anemia. Note the presence of many anuclear cells and cellular
debris. Hematoxylin & Eosin stain; bar, 20 um.

cells in bone marrow frequently outgrow their blood
supply resulting in myelonecrosis.

Dogs and cats with myelonecrosis have various com-
binations of non-regenerative anemia, leukopenia, and
thrombocytopenia.”*' In some instances the cytopenias
may be the result of myelonecrosis whereas, in other
animals, they are the result of a combination of the
primary disease process and myelonecrosis. Treatment
and prognosis for myelonecrosis should be based on
the cause of the necrosis.**' In general, if the primary
condition can be successfull;r treated, the prognosis for
complete recovery is good.’
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FIGURE 17.3 Interstitial edema (arrows) in a bone marrow core
biopsy section from a dog with immune-mediated hemolytic
anemia. Hematoxylin & Eosin stain; bar, 20 um.

Acute Inflammatory Response

Acute inflammation in bone marrow, like myelonecro-
sis, is thou%ht to result from acute injury to bone marrow
sinusoids.” These changes are not usually seen in bone
marrow aspirates but are visible in bone marrow sec-
tions. Acute inflammation has been observed in approx-
imately 3 % of canine clinical bone marrow specimens.*
The initial lesion in bone marrow is altered vascular
permeability. Histopathologic alterations include
dilated or congested sinusoids, interstitial edema, and
hemorrhage. Interstitial edema is seen as amorphous
pink proteinaceous material between hematopoietic
cells (Figs. 17.3 and 17.4).** Pathologic hemorrhage
must be differentiated from artifactual hemorrhage
induced by the biopsy procedure. When the sample is
obtained by needle biopsy, artifactual hemorrhage is
frequently present on either end of the biopsy specimen
and may be present on the edges of the specimen.
Pathologic hemorrhage should be observed within the
hematopoietic space away from the ends or edges of the
specimen and should be accompanied by evidence of
vascular alterations or interstitial edema. These altera-
tions cannot be reliably evaluated in bone marrow
specimens obtained post-mortem. Dilated sinusoids
and altered permeability can occur as agonal changes
or perhaps be induced by administration of euthanasia
solution.

Microvascular injury can also result in exudation
that is characterized by multifocal fibrin deposits or by
multifocal infiltrates of neutrophils (Fig. 17.5).*** Fibrin
deposits are particularly prominent in cat bone
marrow.*"* Fibrin appears as pink fibrillar material.
The presence of fibrin can be confirmed by selective
staining with Frazier-Lundrum stain.** Frequently,
these fibrin deposits contain variable numbers of seg-
mented neutrophils. In cases of sepsis, such as septi-
cemia or endocarditis, discrete microabscesses may be

FIGURE 17.4 Fibrinous inflammation in a bone marrow core
biopsy section from a dog with immune-mediated hemolytic
anemia. Note the presence of fibrin (arrows), and hemorrhage.
Hematoxylin & Eosin stain; bar, 20 pm.

FIGURE 17.5 Sinusoidal dilation (arrows) in a bone marrow core
biopsy section from a dog with bacterial sepsis. Also note the
presence of large numbers of segmented neutrophils consistent with
acute inflammation. Hematoxylin & Eosin stain; bar, 100 pm.

present in bone marrow (Fig 17.4).* These structures
may represent septic thrombi.

Causes of acute inflammation in dog bone marrow
include nonregenerative IMHA, systemic lupus ery-
thematosus, and infectious diseases; in cat they include
IMHA and infectious diseases.*** Therefore, identify-
ing acute inflammation in bone marrow should prompt
a search for these conditions.

In horses and cattle, acute inflammatory responses in
bone marrow have been associated with bacterial sepsis.*
Acute inflaimmation has been identified in septicemic
foals. Lesions are characterized by large multifocal infil-
trates of neutrophils resembling microabscesses.
Neutrophils in the lesions may appear degenerate and
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the centers of the microabscesses may be necrotic. Other
lesions included dilated sinusoids, hemorrhage, and
fibrin deposition. Bacteria are usually not seen in bone
marrow sections but can be cultured from bone marrow
in some cases. Perivascular neutrophilic infiltrates in
bone marrow were reported in a steer with chronic pneu-
monia caused by Mannheimia haemolytica.** Other cattle
with a diagnosis of bacterial pneumonia and septicemia
had fibrin deposits in bone marrow.

Eosinophilic inflammatory responses are less well
defined. A cow and a sheep with fibrinous inflamma-
tion and large numbers of eosinophils in bone marrow
have been described.* The cow had bacterial enteritis
and the sheep had a systemic vasculitis of unknown
origin.

HEMATOPOIETIC CELL INJURY

Avariety of heavy metals, chemicals, drugs (see Chapter
16), toxins, and infectious agents (see Chapter 19) injure
hematopoietic precursor cells. Hematopoietic cell injury
frequently results in hypocellular marrow and if all
cells lines are affected can result in aplastic anemia.
Some drugs and toxins induce dysplastic changes that
can result in peripheral cytopenias with normocellular
or hypercellular bone marrows.

Heavy Metals

Several heavy metals, including lead, mercury, and
arsenic cause bone marrow alterations in addition to
significant toxic changes in other tissues.

Lead

Lead poisoning occurs in domestic species, including
dogs, cats, and cattle, as well as in waterfowl and some
exotic species. The source of lead exposure varies by
species. In dogs and cats, lead-containing paints; in
cattle, discarded batteries and industrial contamination
of pastures; and in waterfowl, lead shot are the major
sources of exposure."*"* In dogs and cats, anemia can
be associated with chronic lead poisoning. In dogs,
basophilic stippling and metarubricytosis have been
described as classical features. However, these changes
appear to be infrequent findings. Collection of blood in
ethylenediaminetetraacetic acid (EDTA) may cause the
stippling to disappear.” The pathogenesis of the anemia
involves a shortened red blood cell (RBC) lifespan and
dyserythropoiesis. Lead may shorten RBC survival by
inhibiting membrane ATPase."” Lead poisoning in dogs
is also associated with an increase in the myeloid-to-
erythroid ratio and dyserythropoiesis. Lead interferes
with several enzymes in the heme synthesis pathway
and inhibits pyrimidine 5-nucleotidase that is involved
in depolymerization of reticulocyte ribosomal RNA.
Resultant retention of RNA in reticulocytes may be
responsible for the basophilic stippling seen in some
animals.

Mercury

Mercury has hematotoxic and immunotoxic effects.’
Fish, waterfowl, and shore birds are at greatest risk of
exposure to environmental mercury contaminants.”’
Exposure of egrets or ducks to low dose methylmercury
results in anemia with increased bone marrow cellular-
ity.”” This suggests a hemolytic anemia. Hemolysis may
be due to the capacity of mercury to inhibit several RBC
enzymes including glutathione reductase, glutathione-
6-phosphate dehydrogenase, and aectylcholinesterase.
Mercury also induces idiosyncratic immune-mediated
hematologic disorders. Exposure of egrets to high dose
methylmercury results in bone marrow hypoplasia and
depletion of lymphocytes in lymph nodes and thymus.”
Mercury has been shown to be cytotoxic to hematopoi-
etic cells and to cause dysmyelopoiesis in laboratory
animals.’®

Arsenic

Arsenic poisoning causes both hemolytic anemia and
dyserythropoiesis, and has genotoxic effects. Arsenic in
the form of arsine gas is a potent hemolytic agent;
however, the main source of exposure is to humans in
industrial settings.”® In the environment, arsenic exists
in inorganic forms and the main source of exposure is
though contaminated drinking water.” Severe poison-
ing in humans results in marked anemia, and in some
cases neutropenia and thrombocytopenia.® Arsenic poi-
soning causes marked dyserythropoiesis characterized
by karyorrhexis, megaloblastosis, and multinuclearity.
This is thought to result from a direct toxic effect on
DNA synthesis that results in altered nuclear divi-
sion.®” Results of several studies conclude that
inorganic arsenic has genotoxic effects in a variety of
laboratory animal species.” These conclusions are based
on results of studies evaluating the presence of micro-
nuclei and DNA strand breaks in bone marrow.

Chemicals

A large variety of chemicals have the potential to alter
hematopoiesis depending on the dose and duration of
exposure. A few examples of chemicals with relatively
high hematotoxic potential will be discussed here.

Benzene

Benzene and its metabolites are highly toxic to the
hematopoietic system.”* Benzene is widely used as a
solvent in the manufacture of drugs, chemicals, dyes,
and explosives. Because of work-related exposure,
benzene toxicity is primarily a problem in humans.
Benzene has both cytotoxic and genotoxic effects on the
hematopoietic system. A variety of hematologic dyscra-
sias have been observed including hemolytic anemia,
bone marrow hyperplasia, leukopenia, dysmyelopoie-
sis, aplastic anemia, myelodysplastic syndromes, leuke-
mia, and lymphoma.”* Concentrations as low as 100
parts per million (ppm) have been associated with
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leukopenias in approximately one-third of exposed
workers."

Experimental inhalation or injection of benzene pro-
duces aplastic anemia in rabbits and mice."” The aplasia
is preceded by dysmyelopoiesis. Despite the typical
aplastic marrow and pancytopenia, stem cell numbers
in marrow are normal suggesting that committed pro-
genitor cells rather than stem cells are damaged by
benzene. However, benzene-treated lethally irradiated
marrow is not reconstituted by transplantation of
normal marrow. This suggests that benzene damages
the marrow microenvironment.

Chlorinated Hydrocarbons

A variety of chlorinated hydrocarbons are toxic to bone
marrow and have the potential to cause clinical disease.
These drugs include carbon tetrachloride, hexa-
chlorophene, lindane, chlordane, chlorobenzene,
chlorophenothane (DDT), chlorinated dioxins, pen-
tachlorophenol, and trichloroethylene. Some of these
compounds, including DDT, lindane (ie. gamma-
benzene hexachloride), and pentachlorophenol, are
derivatives of benzene. Chlordane, DDT, lindane, and
pentachlorophenol have been implicated as causes of
aplastic anemia in humans and trichloroethylene has
been implicated as a cause of aplastic anemia in cattle
(see Chapter 39).”*% Although the pathogenesis of the
injury is uncertain, these compounds have multiple
injurious effects on hematopoietic tissue. Chlorinated
hydrocarbons appear to be toxic to primitive hemat-
opoietic cells. Exposure of mice to various doses of
lindane transiently reduced the number of pleuripotent
stem cells and progenitor cells.”” In addition, residual
long term progenitor cell depletion has been demon-
strated.” Dysmyelopoiesis is also a frequent finding
associated with chlorinated hydrocarbon toxicity. Many
chlorinated hydrocarbons also have genotoxic effects.
The genotoxic potential of 1,1-dichlorethane has been
evaluated in Swiss-Webster mice by evaluation of
mitotic index, micronuclei, and chromosomal aberra-
tions.”® A dose-related increase in the number of chro-
mosomal aberrations and micronuclei formation was
observed.

Many fatal cases of aplastic anemia in cattle in
Minnesota in the 1950s were traced to feeding of trichlo-
roethylene-extracted soybean oil meal.** Although no
longer used for this purpose, trichloroethylene is widely
used as a solvent."" In experimental studies, tetrachlo-
roethylene-treated mice had a reduction in erythroid
and granulocytic progenitor cells but no decrease in
pleuripotent stem cells following inhalation exposure
for 7.5 weeks.* Trichloroethylene has been shown to
inhibit delta-aminolevulinate dehydratase, an enzyme
involved in heme synthesis, in rats." Trichloroethylene
also appears to have genotoxic effects.”

Chlorinated dioxins cause anemia and progressive
leukopenia in a variety of species including chickens,
primates, and rats.*® Chickens appear to be highly sensi-
tive and develop clinical signs after ingestion of feeds
containing fats industrially contaminated with dibenzo-

p-dioxin. Administration of this material to chickens,
primates, and rats resulted in hypoplasia of bone
marrow and lymphoid tissue in all three species.”

Toxins

Toxins that are directly cytotoxic to hematopoietic pre-
cursor cells include mycotoxins and bracken fern.
Myelotoxicity results in hypoplastic or aplastic changes
in bone marrow.

Mycotoxins

A variety of mycotoxins produce aplastic anemia in
animals and people. Mycotoxin exposure occurs with
ingestion of food contaminated with fungal organisms.
For animals, this is frequently the result of ingestion of
grain that has been allowed to become damp during
storage. Aplastic anemia has been documented in
horses and cattle ingesting feed contaminated
with Stachybotrys alternans. Many other mycotoxins,
including T-2 mycotoxin, trichothecene mycotoxin, tri-
chothecene vomitoxin, ochratoxin, and zearalenone,
produce toxicity in humans.” These toxins appear to be
directly cytotoxic to a variety of cells including hemat-
opoietic precursor cells and lymphocytes. As a result,
many mycotoxins cause bone marrow hypoplasia/
aplasia and lymphocyte depletion.'” Depletion of stem
cells and granulocyte-macrophage progenitor cells was
detected when mice were exposed to ochratoxin.’ A
marked increase in apoptotic hematopoietic cells was
detected in bone marrow after injection of T-2 myco-
toxin into mice.” The effect of mycotoxins on bone
marrow and the immune system appears to be ampli-
fied by exposure to lipopolysaccharide. Genotoxic
effects of some mycotoxins have also been documented
in mouse studies.

Bracken Fern

Bracken fern (Pteridium aquilinum) is one of the
most widely distributed plants on earth. Animals
repeatedly ingesting bracken fern develop aplastic
anemia (see Chapter 39).” Cattle, horses, sheep, and
pigs may be affected. The major toxin in bracken is
ptaquiloside.* Ptaquiloside is a thiaminase.* After
repeated exposure and thiamine depletion, cattle tend
to develop aplastic anemia. This results in anemia,
hemorrhage, and increased susceptibility to infection.
Other species develo]; neurological signs due to
polioencephalomalacia.”

Chronic enzootic hematuria in cattle has also been
linked to development of urinary bladder neoplasia
after prolonged ingestion of bracken fern.” Metabolites
of ptaquiloside are carcinogenic and induce bladder
and intestinal carcinomas in cattle and other farm
animals as well asinlaboratory animals.”* Lymphocytic
leukemia and pulmonary tumors have also been
detected in mice exposed to ptaquiloside.”
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CHAPTER 18

Chronic Inflammation and Secondary Myelofibrosis

DOUGLAS J. WEISS

Chronic Inflammation

Lymphocytosis

Plasmacytosis

Lymphoid Aggregates

Macrophage Proliferation
Reactive
Hemophagocytic syndrome (see Chapter 45)
Malignant histiocytosis (see Chapter 73)

Acronyms and Abbreviations

Acute monocytic and myelomonocytic leukemia
(see Chapter 67)
Chronic myelomonocytic leukemia (see Chapter
65)
Lipid storage disorders
Granulomatous Inflammation
Secondary Myelofibrosis
Osteosclerosis
Serous Atrophy of Fat/Gelatinous Transformation

FeLV, feline leukemia virus; IMHA, immune-mediated hemolytic anemia; PRCA, pure red cell aplasia.

of acute bone marrow injury or after prolonged

or recurrent exposure to a toxic agent.” Acute
injuries that incite a chronic bone marrow response
include myelonecrosis and acute inflammatory
responses (see Chapter 17).*** These chronic responses
inbone marrow include chronic inflammatory responses
(e.g. lymphocytosis, plasmacytosis, macrophage prolif-
eration, and granulomatous inflammation), secondary
myelofibrosis, osteosclerosis, osteomyelitis, and serous
atrophy of fat/gelatinous transformation.>'**'** As with
acute bone marrow injury, many of these lesions are
difficult or impossible to detect in bone marrow aspi-
rates. Therefore it is essential to evaluate both bone
marrow aspirates and histopathologic sections to detect
chronic bone marrow injury.

( jhronic bone marrow injury can occur as a sequela

CHRONIC INFLAMMATION

Lymphocytosis

Lymphocyte numbers in bone marrow vary with species
and age. Rodents have relatively large numbers of lym-
phocytes, whereas domestic animals, avian species, and
primates typically have less than 10% lymphocytes in
cellular bone marrow specimens.” However, refer-
ence intervals reported for the percentage of lym-
phocytes in cat bone marrow vary with most indicating
that up to 15% should be considered normal.”® In

112

healthy animals, most lymphocytes in bone marrow are
small lymphocytes.”> Benign lymphocytosis is the most
frequent type of chronic inflammation in cats but occurs
infrequently in dogs.*®” In a retrospective study of 203
consecutive feline bone marrow reports, lymphocytosis
(defined as lymphocytes >15% of all nucleated cells)
was observed in 15.6% of the specimens.” In some cats,
lymphocyte numbers exceeded 50% of all nucleated
cells in bone marrow.* Greater than 80% of cats with
lymphocytosis had a diagnosis of non-regenerative
immune-mediated hemolgltic anemia (IMHA) or pure
red cell aplasia (PRCA).*** Differentiating benign lym-
phocytosis from chronic lymphocytic leukemia can be
problematic. Lymphocyte distribution and phenotype
may be useful in differentiating these conditions. Benign
lymphocytes are frequently arranged in small multifo-
cal aggregates in bone marrow, whereas, in chronic
lymphocytic leukemia, they are diffusely distributed
throughout the marrow.”* Immunophenotyping of a
few cases has revealed that most lymphocytes in reac-
tive lymphocytosis are B cells, whereas malignant lym-
phocytes in chronic lymphocytic leukemia are usually
T cells.®™*

Unlike the cat, only 1% of canine clinical bone marrow
specimens had lymphocytosis.” These cases were asso-
ciated with immune-mediated diseases including
IMHA and PRCA. Therefore, at least in the Northern
USA, bone marrow lymphocytosis in both cats and
dogs correlates with immune-mediated hematologic
diseases.
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FIGURE 18.1 Lymphoid aggregate (arrows) in a bone marrow
core biopsy section from a cat with nonregenerative immune-
mediated hemolytic anemia. Hematoxylin & Eosin stain; bar,
200 um.

Plasmacytosis

Plasmacytosis is usually evaluated subjectively in bone
marrow aspirates or core biopsy specimens because of
their low numbers and uneven distribution."”
Plasmacytosis has been observed in approximately 10%
of canine clinical bone marrow specimens and in 6%
of cat bone marrow specimens.’*” Plasmacytosis in cats
has been associated with IMHA, PRCA, immune-
mediated thrombocytopenia, and feline infectious peri-
tonitis. Plasmacytosis in dog bone marrow has been
associated with IMHA, PRCA, and immune-mediated
thrombocytopenia. Other causes of plasmacytosis that
should be considered include Ehrlichia and Leishmania
infections.

Lymphoid Aggregates

In a review of 17 species of mammals, lymphoid aggre-
gates were identified only in humans and cats."*
Lymphoid aggregates are small clusters of mature small
lymphocytes with no evidence of organized structure
(Fig. 18.1). However, results of large retrospective
studies indicate that lymphoid aggregates occur infre-
quently in cat and dog bone marrow core biopsy speci-
mens.”” When present, lymphoid aggregates correlate
with the presence of immune-mediated hematologic
diseases or other chronic systemic immunologic
stimulation.®*'

Macrophage Proliferation

The presence of increased numbers of macrophages in
bone marrow is associated with a variety of disorders.

Macrophages can range from relatively immature cells
with minimal phagocytosis to mature cells that have a
foamy cytoplasm or contain cells, cytoplasmic debris,
or hemosiderin. Four general types of mononuclear
phagocyte proliferations can be observed in bone
marrow. Differentiating these types can be problematic
and may require the use of flow cytometry or immu-
nophenotyping.” The four types of proliferation include
reactive macrophage g)roliferation, reactive hemo-
phagocytic syndrome'®® (see Chapter 45), lipid storage
diseases, and malignant proliferations of monocytes
(acute monocytic or myelomonocytic leukemia, chronic
myelomonocytic leukemia; see Chapters 65 and 67),
and dendritic cells (malignant histiocytosis, see Chapter
73). Reactive macrophage proliferations are macro-
phages responding to a need to remove necrotic debris
or to infectious agents. Increased necrotic debris is
present in the subacute stages of myelonecrosis and in
conditions of ineffective hematopoiesis.” Ineffective
hematopoiesis is present in instances of myelodysplas-
tic syndromes, immune-mediated hematologic dis-
eases, and in some leukemias. In each of these conditions
the presence of increased numbers of macrophages is
commonplace.

A variety of infectious agents cause reactive macro-
phage proliferations in bone marrow. These vary with
the species and geographic distribution of infectious
organisms. In dogs, leishmaniasis, parvovirus infection,
and deep fungal infections have been associated with
macrophage proliferations (see Chapter 19).*" In leish-
maniasis and deep fungal infections macrophages
appear to be part of an inflammatory response in that
organisms are found in the marrow in these conditions.
Additionally, the presence of increased numbers of
neutrophils is consistent with a diagnosis of a pyogran-
ulomatous inflammation. In parvovirus infection, mac-
rophages may be reacting to the need to remove
necrotic cells.

Lysosomal storage disorders are a group of genetic
deficiencies in lysosomal enzymes classified by the sub-
stance that accumulates in lysosomes. This results in the
presence of large numbers of foamy macrophages in
many tissues including the bone marrow. These cells
tend to have a characteristic appearance.

Granulomatous Inflammation

Granulomatous inflammation can consist of a mixed
infiltrate of macrophages, giant cells, small lymphocytes,
or plasma cells, or can consist of distinct granulomas.
Granulomatous inflammation has been associated with
disseminated histoplasmosis in dogs and cats and
Moycobacterium avium subsp. avium infection in dogs (see
Chapter 19).7%'

Granulomas are distinct compact aggregates of mac-
rophages (Fig 18.2). These may contain epithelioid mac-
rophages that have a large amount of pale cytoplasm
and elongated nuclei with a dispersed chromatin
pattern. Epithelioid cells may fuse to form giant cells.
Other cells associated with the granuloma may include
lymphocytes, plasma cells, and neutrophils. Granulomas
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FIGURE 18.2 Granuloma (arrows) in a bone marrow core biopsy
section from a dog with a disseminated fungal infection.
Hematoxylin & Eosin stain; bar, 200 um.

are infrequently seen in dog and cat bone marrow.*”’

Granulomas have been associated with systemic fungal
infections in dogs and a horse with an idiopathic sys-
temic granulomatous disease.” Lipid granulomas have
been observed in a cow with serous atrophy of fat.*
Lipid granulomas consist of aggregates of lipid-laden
macrophages. Other cells that may be present in lipid
granulomas include lymphocytes, plasma cells, epithe-
lioid cells, and giant cells.”’ In humans, bone marrow
granulomas have been associated with a variety of drug
hypersensitivities. These drugs include phenytoin,
procainamide,  phenylbutazone, chlorpropamide,
sulfasalazine, ibuprofen, indometacin, allopurinol, and
carbamazepine.”

SECONDARY MYELOFIBROSIS

Secondary myelofibrosis is a bone marrow disorder
characterized by proliferation of fibroblasts or collagen
or reticulin fibers in the hematopoietic space (Fig.
18.3)."” Secondary myelofibrosis must be differentiated
from idiopathic myelofibrosis that is a rare chronic
myeloproliferative disease (see Chapter 65). Secondary
myelofibrosis occurs relatively frequently and is associ-
ated with moderate to severe non-regenerative anemia
and less frequently with thrombocytopenia or leukope-
nia.* Collagen and fibroblastic myelofibrosis has been
observed in 4.2% of canine clinical bone marrow speci-
mens and in 9% of feline clinical bone marrow speci-
mens evaluated at a veterinary teaching hospital.**”
The distribution of fibrosis in marrow sections varies.
Reticulin fibers are most frequently diffusely distrib-
uted in the marrow but in some early lesions can be
focally distributed around blood vessels. Fibrosis can be
random and multifocal, diffuse, or paratrabecular.
When paratrabecular myelofibrosis is detected, renal
osteodystrophy and primary hyperparathyroidism
should be considered (Fig. 18.4).2 The fibrosis is thought
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FIGURE 18.3 Secondary myelofibrosis in a bone marrow core
biopsy section from a dog. Hematoxylin & Eosin stain.

FIGURE 18.4 Paratrabecular fibrosis (arrows) in a bone marrow
core biopsy section from a dog. Hematoxylin & Eosin stain; bar,
200 pm.

to be a reactive change frequently resulting from acute
bone marrow injury.>** As such, the fibrosis is
regarded as a stage of the repair process much as occurs
in other tissues. If the noxious agent is removed or
effectively treated, the fibrosis is frequently reversible
with the tissue reverting to normal hematopoietic
tissue.”®*

Secondary myelofibrosis has been identified in
several species including dog, cat, goat, and horse.'***
Multiple causes of secondary myelofibrosis have been
identified. Fibrosis is frequently present in the subacute
or chronic stages of myelonecrosis.*** The necrosis may
or may not be evidenced when the fibrosis is identified
but if present is evidence of ongoing bone marrow
injury.

In dogs, secondary myelofibrosis has been associated
with IMHA, acute leukemias/lymphomas, idiopathic
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myelonecrosis, congenital pyruvate kinase deficiency,
congenital non-spherocytic anemia, non-hemic malig-
nant tumors, whole body irradiation, and certain drug
treatments.****** Drugs associated with myelofibro-
sis include phenobarbital, phenylbutazone, and chol-
chicine (see Chapter 16).”> Approximately half the cases
of secondary myelofibrosis are associated with IMHA
and intramedullary and extramedullary neoplasia.”
Most affected dogs have a moderate to severe non-
regenerative anemia, some are thrombocytopenic, but
leukopenia is a rare finding. Ovalocytes are infrequently
seen in the peripheral blood. In one study of 19 dogs
with secondary myelofibrosis, half of the dogs recov-
ered from their anemia with supportive therapy. When
the tumor-associated group was eliminated, 66% of
dogs survived more than 8 months. Treatments with
immunosuppressive doses of prednisone or with eryth-
ropoietin may be useful.

A periparturient myelofibrosis, associated severe
non-regenerative anemia, has been reported in young
female beagle dogs.”" Myelonecrosis was identified in 1
of 3 dogs reported; therefore the fibrosis may have
occurred secondary to acute bone marrow injury.

Secondary myelofibrosis is a frequent finding in cat
bone marrow.>* Both collagen and reticulin fibrosis are
frequent causes of failure to obtain a sample when aspi-
rating cat bone marrow. Major causes of secondary
myelofibrosis in cats include myelodysplastic syn-
dromes, acute myeloid leukemia, IMHA, feline
infectious peritonitis, and chronic renal failure.’*
Myelonecrosis is present in many cats with secondary
myelofibrosis suggesting that the fibrosis occurs in
response to necrosis.

Myelofibrosis has been reported as an inherited
disorder in pigmy goats.” At birth, these goats have
a non-regenerative anemia, neutropenia, and thrombo-
cytopenia. All animals die at 6-12 weeks of age.
Severe myelofibrosis was identified at necropsy.
Other necropsy findings included extramedullary
hematopoiesis and megakaryocytic hyperplasia and
dysplasia.

Myelofibrosis has been described in aged mice.”
Myelofibrosis was observed in 43% of female mice but
<1% of male mice. In another study of aged NMRI mice,
>90% of females and ovariectomized females had evi-
dence of myelofibrosis as well as some castrated males.*
This study indicates that estrogen may not be a major
factor in development of myelofibrosis.

The etiopathogenesis of secondary myelofibrosis is
uncertain. The coexistence of myelofibrosis and mye-
lonecrosis in many dog and cat bone marrow specimens
indicates that fibrosis may be equivalent to scar tissue
in other damaged tissues. Several fibrogenic cytokines
have been identified. These include transforming
growth factor-f, platelet-derived growth factor, and
epidermal growth factor. In bone marrow, fibrogenic
cytokines are produced by megakaryocytes and macro-
phages. Excessive production of fibrogenic cytokines by
megakaryocytes is thought to induce myelofibrosis
in human idiopathic myelofibrosis, acute megakaryo-
blastic leukemia, and subtypes of myelodysplastic

syndrome characterized by dysmegakaryopoiesis.”
Constant high levels of thrombopoietin in mice also
induce megakaryocyte hyperplasia and myelofibro-
sis.** Myelofibrosis has been induced in rodents by
injection of a variety of cytokines, including throm-
bopoietin, erythropoietin, and megakaryocyte growth
factor.** Increased megakaryocytes or dysmegakary-
opoiesis has been seen infrequently in dogs with sec-
ondary myelofibrosis.”> Hemosiderosis has also been
incriminated as a cause of secondary myelofibrosis.
Increased hemosiderin has been identified in 28% of
dogs with secondary myelofibrosis.

OSTEOSCLEROSIS

Osteosclerosis (also termed myelosclerosis) is a condi-
tion of excessive and unorganized production of trabec-
ular bone. Alternatively osteopetrosis is a congenital
condition of dogs and humans characterized by severe
non-regenerative anemia or l];)arlcytopenia and general-
ized increased bone density.”” Osteosclerosis appears as
irregular fingers or spurs of bone extending from the
trabeculae into the hematopoietic space (Fig. 18.5).
These sites usually contain increased numbers of oste-
oblasts and osteoclasts.” When severe, the associated
marked thickening of bone can be visualized radio-
graphically.”">* Osteosclerosis is almost always associ-
ated with concurrent severe myelofibrosis. Severe
osteosclerosis can obliterate or markedly reduced the
size of the hematopoietic space. Osteosclerosis along
with severe myelofibrosis occurs terminally in dogs
with pyruvate kinase deficiency and has been associ-
ated with feline leukemia virus (FeLV) infection.”'>%
These changes are seen in core biopsy sections as mark-
edly thickened trabeculae with irregular edges that
contain increased numbers of osteoblasts.

FIGURE 18.5 Osteosclerosis in a bone marrow core biopsy section
from a feline leukemia virus-infected cat. Hematoxylin & Eosin
stain; bar, 200 pm.
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FIGURE 18.6 Gelatinous transformation in a bone marrow core
biopsy section from a cat with chronic renal failure. Hematoxylin &
Eosin stain; bar, 100 um.

SEROUS ATROPHY OF FAT/GELATINOUS
TRANSFORMATION

The paratrabecular space within normal marrow is
occupied almost totally by hematopoietic cells or adi-
pocytes. In processing paraffin-embedded tissues the
lipid is dissolved out. Therefore, the space within
adipocytes normally appears clear and homogeneous.
Serous atrophy of fat/gelatinous transformation is a
condition in which there is loss of fat cells and hemat-
opoietic cells from bone marrow and replacement
by increased amounts of ground substance (Fig. 18.6).”
This is usually associated with starvation or cachexia.
Foci of gray or pink gelatinous material may be grossly
visible in bone marrow at necropsy. Histopathologic
sections of bone marrow are characterized by marrow
hypoplasia/aplasia, fat atrophy, and amorphous gran-
ular extracellular material. This material is thought to
be composed of acid mucopolysaccharides.”

Serous atrophy of fat/gelatinous transformation has
been documented in sheep, goats, primates, and cats.”*
In sheep and goats, it has been associated with neglect
or loss of teeth. In cats, it has been associated with
cachexia associated with the combination of chronic
disease and prolonged anorexia. Affected cats had pan-
cytopenia in the blood and marked hypoplasia of bone
marrow. Associated conditions included chronic renal
failure and oral and gastric ulcers.
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Infectious Injury to Bone Marrow

K. JANE WARDROP

See Chapters 17 and 18
Rickettsial Infection
Protozoal Infection — Leishmania
Viral Infection

Parvovirus

Acronyms and Abbreviations

Retrovirus
Equine Infectious Anemia virus
Bovine Viral Diarrhea Virus and Classical Swine
Fever Virus
Fungal Infection

BLV, bovine leukemia virus; BMSC, bone marrow stromal cell; BVDYV, bovine viral diarrhea virus; CFU-GM, col-
ony-forming units-granulocyte-monocyte; CPV, canine parvovirus; CSFV, classical swine fever virus; EIAV, equine
infectious anemia virus; FeLV, feline leukemia virus; FIV, feline immunodeficiency virus; FPV, feline panleukopenia

virus; PCR, polymerase chain reaction.

agents is variable, depending on the organism

involved, the nature and chronicity of infection,
and the presence of other diseases. Responses are
generally nonspecific, and can occur with other, non-
infectious disease. Visualization of the organism on
marrow cytology or histology can occur in some infec-
tions, facilitating the diagnosis. The marrow response
to common companion or domestic animal infectious
diseases known for their marrow involvement is
described below.

The response of the bone marrow to infectious

RICKETTSIAL INFECTION

Bacteria within the families Rickettsiaceae and
Anaplasmataceae of the order Rickettsiales cause a variety
of diseases in dogs, cats, horses, and cattle; however,
marrow changes are best documented for infections
caused by Ehrlichia canis. Ehrlichia canis is the etiologic
agent of canine monocytic ehrlichiosis, and is transmit-
ted most commonly by the vector Rhipicephalus san-
guineus. The disease has acute, chronic, and subclinical
syndromes. Bone marrow in the acute phase of the
disease is typically hypercellular. An increase in the
bone marrow myeloid to erythroid ratio was described
3—4 weeks post-infection in experimental canine ehrli-
chiosis.”” Megakaryocytes were increased 1 week after
infection, reflecting the hematopoietic response to the
persistent thrombocytopenia seen with this disease (see
Chapter 78). Morulae can be present in bone marrow
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but are difficult to find, with 1-4 morulae per 1,000 oil
immersion fields seen in one study of acute ehrlichio-
sis."" Chronic ehrlichiosis produces a pancytopenia,
secondary to severe bone marrow hypocellularity (see
Chapter 31). Marrow aspirates are poorly cellular, with
cells consisting of low numbers of stromal cells, fibrob-
lasts, and macrophages. Hematopoietic precursors are
few or absent. Core biopsies show a severely hypocel-
lular marrow filled with adipose tissue.” Mastocytosis
also has been reported in the chronic phase of ehrlichio-
sis.” Bone marrow plasmacytosis has been reported
with ehrlichiosis, and is independent of the phase.**

PROTOZOAL INFECTION - LEISHMANIA

Leishmaniasis is a disease caused by protozoal organ-
isms of the genus Leishmania, and is transmitted in
Mediterranean regions by the bite of an infected female
sand fly. The vector in North America is not known.
Several forms of the disease, including cutaneous,
mucocutaneous, and visceral forms, have been identi-
fied in dogs. A mild anemia and thrombocytopenia are
the most frequent hematologic findings. Microscopic
examination of fine needle aspirates of lymph nodes or
bone marrow, along with serology and polymerase
chain reaction (PCR), are frequently used diagnostic
methods (Fig. 19.1). In one study, Leishmania spp. amas-
tigotes were observed in the marrow of 92.6% of clini-
cally affected dogs.” Severe histiocytosis of the marrow
has been reported."



FIGURE 19.1 Leishmania organisms in bone marrow from a dog;
Wright-Giemsa stain. (Courtesy of Dr. Rick Cowell, Idexx
Laboratories.)

VIRAL INFECTION

Parvovirus

Feline panleukopenia virus (FPV) and canine parvovi-
rus (CPV) are both parvoviruses that cause bone marrow
injury and leukopenia, neutropenia, and lymphopenia.
These viruses have a broad tropism for mitotically
active cells. It is unknown whether the reduction in
marrow cells is due primarily to virus replicating in and
killing cells, or due to more indirect effects. FPV can kill
both erythroid and myeloid colony progenitor cells in
bone marrow cultures, although at low viral doses there
is greater suppression of the formation of myeloid col-
ony-forming units-granulocyte-monocyte (CFU-GM).”
Viral replication of FPV in myeloid cells may lead to the
neutropenia seen after FPV infection. In a study of 76
cats with clinical FPV, 84% showed complete bone
marrow depopulation and dilation of the vascular
sinuses, 5% had no significant marrow change and
6% had marrow hypercellularity with granulocytic
hyperplasia.*

In 75 dogs with clinical CPV, 92% had marrow
depopulation, one dog showed no changes, and five
dogs had marrow hypoplasia.* In another study using
experimentally infected puppies, leukopenia and neu-
tropenia only occurred in dogs with severe enteric
disease. Viral replication in the bone marrow was
sparse.” In both FPV and CPV, the severe neutropenia
observed is probably the result of both neutrophil loss
or consumption in the infected gut and bone marrow
suppression.”

Retrovirus

Feline leukemia virus (FeLV, subfamily Oncornavirinae)
and feline immunodeficiency virus (FIV, subfamily
Lentivirinae) are retroviruses that are major infectious
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pathogens in domestic cats (see Chapters 55 and 62).
FeLV infects hematopoietic cells, lymphoid cells, and
accessory cells in the hematopoietic microenvironment.
Marrow nucleated cells become infected with the virus
2-6 weeks after exposure, and virus can be detected in
circulating leukocytes at that time.® After regression,
one third to one half of cats transiently harbor latent
virus in marrow myelomonocytic cells and stromal
fibroblasts.® The types of marrow change seen in FeLV
are highly variable. Early viremia can be accompanied
by pancytopenia and marrow hypocellularity." Marrow
necrosis, with nuclear swelling and karyolysis has
rarely been described.”? FeLV-C-induced pure red cell
aplasia shows almost a total lack of marrow erythroid
precursor cells, with normal myeloid and me%akaryo-
cytic precursors (see Chapters 38 and 62).”' FeLV-
induced myelodysplastic syndromes can show marrow
hypercellularity, megaloblastic maturation abnormali-
ties, increased reticulin fibrosis, and increased numbers
of immature cells and blast cells (see Chapter 66).>"°
Marrow myelophthisic disease, where the marrow is
filled with blast cells, can be observed in FeLV-induced
leukemias or lymphoma.

FIV produces progressive CD4 T cell lymphopenia.
Marrow morphologic abnormalities, marrow suppres-
sion, and peripheral blood cytopenias can be seen.
Cytopenias (neutropenia, anemia) have been attributa-
ble to direct infection of the bone marrow stromal cell
(BMSC) population.” BMSC types include fibroblastic/
advential/reticular cells, macrophages, endothelial
cells, adipocytes, and myofibroblasts, of which macro-
phages are productively infected with FIV.!

Bovine leukemia virus (BLV) is an oncogenic retro-
virus which produces lymphoma in adult cattle. Bone
marrow involvement is not a prominent feature.

Equine Infectious Anemia Virus

The equine infectious anemia virus (EIAV) is a lentivi-
rus of the family Retroviridae (see Chapters 32 and 35).
Infection of horses with EIAV produces a persistent
viremia and recurrent episodes of anemia, thrombocy-
topenia, and fever. In one study using experimentally
infected foals with severe combined immunodeficiency,
bone marrow changes were described after the onset
of thrombocytopenia.* The post-thrombocytopenia
samples had a moderate to marked decrease in bone
marrow cellularity, with an increase in intercellular
homogeneous eosinophilic material. Individual cell
necrosis or apoptosis was not observed. A moderate
increase in adipocytes and reticulin fibers was noted.
Denuded megakaryocyte nuclei were also observed. In
another study, the total megakaryocyte area and meg-
akaryocyte nuclear area were increased. Numbers of
megakaryocytes were slightly increased."

Bovine Viral Diarrhea Virus and Classical Swine
Fever Virus

Bovine viral diarrhea virus (BVDV) and classical swine
fever virus (CSFV) are related viruses (family
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FIGURE 19.2 Histoplasma organisms in bone marrow from a cat;
Wright-Giemsa stain. (Courtesy of Dr. James Meinkoth, Oklahoma
State University.)

Flaviviridae, genus Pestivirus) both known to infect
and damage megakaryocytes of the marrow and
produce a subsequent thrombocytopenia, but other
marrow lesions are not present. In a study using calves
infected with type II BVDV, histologic evaluation of the
bone marrow showed an increased number of meg-
akaryocytes. Approximately one-half of the megakary-
ocytes were immature or had undergone nuclear loss
or pyknosis.” Infection of calves with type Il BVDV also
reduced the number of GFU-GM cultured from bone
marrow. This suggests that suppression of granulopoi-
esis may contribute to the prolonged neutropenia
associated with BVD infection. Experimental infection
of pigs with a virulent strain of CSFV also produced
changes in megakaryocytes, with abnormal nuclei and
micromegakaryocytes seen.’

FUNGAL INFECTION

Blastomycosis, histoplasmosis, coccidiomycosis, and
cryptococcosis are common systemic fungal diseases of
the dog and cat. Although all of these diseases can
involve the bone marrow, marrow involvement is most
frequently described in histoplasmosis.

Histoplasma capsulatum is a soil-borne, dimorphic
fungus that infects dogs and cats through inhalation of
conidia from the mycelial phase, which subsequently
convert to yeast in the body. The disseminated form of
the disease predominantly affects the liver, spleen, gas-
trointestinal tract, bone, bone marrow, integument, and
eyes. Primary gastrointestinal and pulmonary histo-
plasmosis can also occur.

In the bone marrow, large numbers of organisms can
be found within macrophages (Fig. 19.2). Anemia is a
frequent finding, but pancytopenia accompanied by
granulomatous inflammation of the bone marrow has
also been reported.”
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CHRISTINE S. OLVER, GORDON A. ANDREWS, JOSEPH E. SMITH, and J. JERRY KANEKO

Erythrocyte Structure
Overall Structure
Membrane Structure
Membrane lipids
Lipid rafts
Maintenance of membrane fluidity
Cytoskeletal proteins
Integral membrane proteins
Hemoglobin Structure, Synthesis, and Metabolism
Hemoglobin Structure
Hemoglobin Synthesis
Control of Hemoglobin Synthesis
Hemoglobin Turnover
Heme Catabolism and Bilirubin Formation
Fetal Hemoglobin
Hemoglobin Types in Animals

Acronyms and Abbreviations
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Cellular Iron Uptake

Molecules Involved in Iron Metabolism
Divalent metal iron transporter—1
Ferrireductase duodenal cytochrome b
Hephaestin
Ferroportin
Hepcidin
Transferrin receptor

Transport and Storage of Iron
Transport of iron
Storage of iron

Genetic Control of Iron Regulatory Proteins

dCytb, duodenal cytochrome B; DMT-1, divalent metal iron transporter-1; Hgb, hemoglobin; ID, iron deficiency;
IRP, iron regulatory protein; kD, kilodalton; MPS, mononuclear phagocyte system; NADH, nicotinamide adenine
dinucleotide, reduced form; NADPH, nicotinamide adenine dinucleotide phosphate, reduced form; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; RBC, red blood cell; SM, sphingomyelin; TfR,

transferrin receptor.

carry oxygen to tissues. All energy in RBCs that

is devoted to maintaining cell shape, membrane
structure, enzymatic functions, reduced iron in hemo-
globin and other functions does so to optimize oxygen
delivery to tissues.

The main function of red blood cells (RBCs) is to

ERYTHROCYTE STRUCTURE

Overall Structure

RBCs have no nuclei and no organelles, and thereby
no ability to synthesize proteins. The full complement
of functional proteins must be present by the time
the reticulocyte matures. RBCs are composed (by mass)

of 61% water, 32% protein (mostly hemoglobin),
7% carbohydrates, and 0.4% lipids. Isolated RBC
membranes in most animals are composed of approxi-
mately 20% water, 40% protein, 35% lipid and 6%
carbohydrate.*

Membrane Structure
Membrane Lipids

The RBC membrane phospholipid bilayer is composed
of phosphatidylcholine (PC), phosphatidylethanolamine
(PE), sphingomyelin (SM), and phosphatidylserine
(PS), as well as other less abundant phospholipids.”
This composition varies with species. For instance,
sheep have no PC and camellids have very low PC,
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whereas rats have more PC.**"** The phospholipids
have polar head groups and hydrophobic tail groups.
The tail groups associate together in the bilayer to
provide a hydrophobic barrier to water while the polar
groups face the hydrophilic exterior. The bilayer is ver-
tically asymmetrical, with PS and PE located almost
exclusively on an inner PL layer. This asymmetry is
maintained by the activities of enzymes termed flip-
pase' and floppase.* There is also horizontal asym-
metry, so that there is lipid composition variability
within different domains of the bilayer. Other lipids in
the bilayer include glycolipids and cholesterol, and
these are embedded in the phospholipids.

Lipid Rafts

Lipids rafts are specialized membrane microdomains
that are rich in cholesterol and sphingolipids and also
contain specific membrane proteins. They are isolated
as detergent resistant membranes because of their insol-
ubility in non-ionic detergents.”” Examples of proteins
localized in these microdomains include glycophos-
phatidylinositol-anchored proteins, flotillins, stomatin,
and aquaporin-1.*

Maintenance of Membrane Fluidity

Anything that increases the “packing” of the membrane
components together will “harden” the membrane, and
anything that decreases the packing will “soften” the
membrane. Membrane fluidity is, therefore based on
several factors. One factor is the degree to which fatty
acid chains are esterified with cholesterol. Esterified
cholesterol is bulkier, and therefore “packs” more
loosely, and creates a more fluid membrane. A second
factor is the class of phospholipid and the type of fatty
acid contained within the membrane. A third factor is
the molar ratio of cholesterol to phospholipids. A fourth
factor is the degree of saturation of phospholipid fatty
acids (saturation makes PLs “pack” better and, there-
fore decreases fluidity).

Cytoskeletal Proteins

Cytoskeletal proteins are located on the cytoplasmic
side of the plasma membrane and function to help
maintain cell shape, membrane deformability, mem-
brane stability, and the lateral mobility of some integral
membrane proteins.®” They are called “peripheral pro-
teins” because they are not embedded within the mem-
brane but rather are anchored to the cytoplasmic side
of the bilayer.

Alpha and beta spectrin subunits are the largest and
most abundant proteins in the cytoskeleton. They are
elongated and self-associate to form opf, tetramers
which then associate end to end into a hexagonal
network of molecules that lies just underneath the
plasma membrane. The spectrin lattice is anchored to
other proteins and to the bilayer at select areas of the
hexagon. The spectrin molecules are secured to the lipid
bilayer at “nodes” called junctional complexes (Fig.

FIGURE 20.1 Lattice structure provided by spectrin tetrameters
in the cytoskeleton of erythrocytes.

20.1). These complexes are made up of actin, 4.1 protein
(named for its migration during one dimensional elec-
trophoresis), and the integral membrane protein glyco-
phorin. Spectrin is also affixed to the inner leaflet via an
interaction with ankyrin (a peripheral protein) that is
bound to band 3 (anion transporter, an integral mem-
brane protein). Additional peripheral membrane pro-
teins comprising the cytoskeleton include adducin,
tropomyosin, tropomodulin, and palladin.

Integral Membrane Proteins

Band 3 or the anion exchange protein is an integral
membrane protein composed of dimers, tetramers and
other large oligomers. It is responsible for anchoring the
cytoskeleton to the membrane, anion exchange and
binding of glycolytic enzymes, hemoglobin and hemi-
chromes. The anion exchange function is primarily for
delivering CO, to the lungs in exchange for CI".

Glycophorins are heavily glycosylated integral mem-
brane proteins. They carry most of the sialic acid resi-
dues and, therefore negative charge on the surface of
the RBC. RBCs carry other cell surface molecules, and
new ones are being discovered all the time. A select list
of these is shown in Table 20.1.

HEMOGLOBIN STRUCTURE, SYNTHESIS,
AND METABOLISM

Hemoglobin is an iron-porphyrin-protein complex.
Other iron-porphyrin-protein complexes include
myoglobin and heme-containing enzymes such as cata-
lase, peroxidase, and cytochromes. The porphyrin-iron-
protein hemoglobin molecule occupies a central role in
physiology by binding, transporting, and delivering
oxygen to tissues. Hemoglobin is synthesized within
developing RBCs and its synthesis is coordinated with
the developmental stages of the erythroid precursors.

Hemoglobin Structure

Hemoglobin is composed of two o- and two pB-
polypeptide chains and is approximately 64kDa in
molecular weight. Each chain contains a heme pros-
thetic group held firmly within a hydrophobic cleft
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Molecule Synonyms Function

CD35 Complement receptor 1 Binds complement fragments
CD36 Platelet glycoprotein IV Unknown

CD38 N/A NAD glycohydrolase

CD44 H-CAM, gp85 Hyaluronic acid binding

CD47 Integrin associated protein May be a senescence marker
CD49d/CD29* VLA-4, 04B1 integrin Adhesion to fibronectin, V-CAM
CD55 Decay accelerating factor Neutralizes complement activation
CD59 Complement regulatory protein Inhibits complement membrane attack
CD71° Transferrin receptor Iron acquisition

CD147 N/A Recirculation of RBC from spleen
CD239 Basal cell adhesion molecule/Lutheran Laminin binding

?Reticulocytes only.

(otherwise known as the “heme pocket”). The entire
molecule is, therefore a globular tetramer. This globular
structure permits a cooperative interaction of oxygen
binding that gives the sigmoid oxygen-Hgb saturation
curve.

Hemoglobin Synthesis

Heme is a planar molecule composed of two elements,
a tetrapyrrole protoporphyrin IX and a central iron
molecule. The iron is supplied by ferritin, the cytosolic
storage form of iron. Heme biosynthesis is an enzymatic
process requiring both mitochondrial and cytosolic
enzymes. Figure 20.2 shows the sequence of reactions
leading to the synthesis of PROTO IX, heme, and Hgb.
The initial step of heme synthesis occurs in mitochon-
dria. It requires vitamin By (pyridoxine) and is catalyzed
by 8-aminolevulinic acid (ALA) synthase. ALA is then
translocated to the cytosol. In the cytosol, two moles of
ALA are condensed to form porphobilinogen (PBG), a
reaction catalyzed by ALA-dehydrase (ALA-D). ALA-D
is strongly inhibited by lead, leading to the anemia
associated with lead poisoning. The remainder of the
process is depicted in Figure 20.2.

Synthesis of o and  globin chains occurs in the ribo-
somes and polyribosomes in the cytoplasm. Each globin
chain contains a cleft or heme pocket that is lined by
largely nonpolar amino acid side chains that impart a
hydrophobic nature to the pocket. The nonpolar (vinyl
and methyl groups) side of heme is positioned in the
hydrophobic pocket of each globin chain. The addition
of heme to the pockets of globin is followed by a dimeri-
zation of the o and B globin chains, which is then
followed by spontaneous formation of hemoglobin
tetramers.

Control of Hemoglobin Synthesis

Synthesis of heme and globin chains is finely coordi-
nated so that there is little or no free heme or globin in
the cytoplasm of developing erythroid cells. Heme

Succinate B
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Y @ x4l®@
UROgen llI
Cytosol ®
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Ribosomal RNA COPROgen llI

aatHNAﬂ

Globin

l@
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FIGURE 20.2 Pathway for protoporphyrin, heme, and
hemoglobin synthesis emphasizing the partitioning of the pathway
between the mitochondrial and the cytolic compartments of the cell.
The circled numbers represent the following enzymes of heme
synthesis: 1, ALA-Syn; 2, ALA-D; 3, UROgenlI-Syn; 4, UROgenlII-
Cosyn; 5, UROgen-D; 6, COPROgenlII-Ox; 7, PROTOgenlII-Ox; 8,
FER-Ch. (Courtesy of Christine S. Olver)

governs ribosomal translation of globin chain synthe-
sis.”” Moreover, o. and B chain synthesis is coordinated.
Excess o chains inhibit their own synthesis while stimu-
lating B-chain synthesis, while excess B chains inhibit
their own synthesis.”**
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Hemoglobin Turnover

Hemoglobin is turned over after the extra- or intra-
vascular destruction of RBCs. In health, extravascular
hemolysis occurs as RBCs age and are subsequently
trapped in the spleen and phagocytosed by splenic
macrophages. Hemoglobin is catabolyzed within a cell.
When RBCs undergo intravascular hemolysis, the
hemoglobin is released into the circulation in its free
form. Free plasma Hgb is quickly cleared by several
mechanisms. The most important is binding of free Hgb
to haptoglobin followed by clearance of the complex by
macrophages.” The half-time for free Hgb clearance is
20-30 minutes. Minor pathways for Hgb clearance are
(1) oxidation to methemoglobin (MetHgb) that can be
excreted, (2) hydrolysis of the MetHgb to release its
ferriheme (ferric heme, hematin, hemin) that is com-
plexed to hemopexin for transport to the mononuclear
phagocyte system (MPS), and (3) binding of ferriheme
to albumin (methemalbumin) for transport to the MPS.
When there is excess intravascular hemolysis, such that
the binding capacity of plasma haptoglobin is exceeded,
Hgb may be cleared via glomerular filtration. In this
event, hemoglobinuria may occur, or the proximal renal
tubular cells may catabolyze Hgb.'* When Hgb is inter-
nalized into macrophages, it is degraded by hydrolysis
into its globin and heme moieties. The globin chains are
systematically degraded by proteolytic enzymes to
release the constituent amino acids.

Heme Catabolism and Bilirubin Formation

The initial step in the heme catabolic pathway is enzy-
matic cleavage of the heme ring at the oo methene bridge
to release linear tetrapyrrole biliverdin, iron, and
carbon monoxide. This reaction is catalyzed by micro-
somal heme oxygenase in the presence of cytochrome
P-450, oxygen, and reduced NADPH. Heme oxygenase
activity is highest in the spleen, and there is some activ-
ity in the liver, bone marrow, and renal tubular cells.
Iron is oxidized to the ferric form, released and trans-
ported as transferrin for storage as hemosiderin or
ferritin in the liver and as ferritin in the bone marrow
for subsequent reuse.” Biliverdin, a green pigment, is
reduced in macrophages to bilirubin, a yellow pigment,
by the action of the enzyme biliverdin reductase in the
presence of NADPH. The virtual absence of biliverdin
reductase in birds accounts for the green color of avian
bile. Bilirubin is a nonpolar compound and must be
bound to albumin to remain soluble in aqueous plasma.
The bilirubin-albumin complex is transported to the
liver, and at the hepatocyte surface, albumin is released.
The first step involving the hepatocyte surface is the
uptake or transport of bilirubin across the hepatocyte
membrane by a transporter system. The second step in
the hepatocyte is conjugation of bilirubin to glucuronic
acid, primarily as the diglucuronide and with some
monoglucuronide. This reaction is catalyzed by the
enzyme glucuronyl transferase. The bilirubin glucuro-
nides are highly polar and are therefore soluble com-
pounds. The third step in the hepatocyte is the transport

of bilirubin glucuronide into the bile canaliculi and
thence the biliary system. This canalicular transport is
the rate-limiting step in hepatic bilirubin metabolism.*®
A small amount of the glucuronides may also be trans-
ported back into the circulation so that normally, both
unconjugated and conjugated bilirubins are present in
the circulation.

Fetal Hemoglobin

The synthesis of o globin chains remains constant
during stages of gestational development and through-
out adult life. Different types of non-o globin chains are
synthesized and account for the different types of Hgb
appearing during development and in adult life. At the
embryonic stage, most animals synthesize only embry-
onic chains designated € chains (i.e. embryonal Hgbs).
Fetal Hgb (HgbF) is composed of two 7y chains and two
o chains, although not all animals produce HgbF.
Ruminants possess a mixture of adult and fetal Hgb at
birth, and HgbF is replaced by adult Hgb in the first
few months of life.’> Although HgbF rapidly declines
after birth, the capacity to synthesize it remains, and
HgbF may appear in responsive anemias. Dogs, cats,
horses, and pigs lack HgbF and are born with adult
Hgb that has replaced the embryonal Hgb during
gestation.”'

Hemoglobin Types in Animals

With the possible exception of pigs, two or more types
of Hgb normally occur in several domestic animal
species.*”® Most polymorphisms are determined geneti-
cally and are usually associated with multiple amino
acid substitutions.” The Hgb of cats has a unique struc-
ture containing 8-10 reactive sulfydryl groups per
molecule compared to other animals that have only 2—4
per Hgb molecule.”® The presence of the readily oxidiz-
able groups is regarded as the basis for the ease of
Heinz body formation in the cat (see Chapter 36). Sheep
and goats synthesize HgbC in response to severe
anemia.” Sheep normally have HgbA and goats HgbA
and HgbB, and the switch to HgbC during anemia is
mediated by erythropoietin.* Carbon dioxide decreases
oxygen affinitéy for HgbC more than it does for normal
adult Hgbs.»%

IRON METABOLISM

Iron is an essential component not only of hemoglobin
and myoglobin, but also of many enzymes. Iron
containing enzymes include NADH dehydrogenase,
lipoxygenases, superoxide dismutase, ribonucleotide
reductase, fatty acid desaturases and phosphatases.”’”
These enzymes function in energy generation, prostag-
landin synthesis, free radical detoxification, synthesis of
DNA, synthesis of fatty acids, and signal transduction.
Iron is provided to cells of the body by three sources:
(1) absorption from the gut, (2) recycling from senescent
RBCs, and (3) liver storage iron (Fig. 20.3).
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Absorption in Intestine

Absorption of iron is regulated; excretion is not (iron is
lost through epithelial sloughing of gut, skin, urothe-
lium). Iron absorption takes place in the proximal duo-
denum, and it is absorbed either as heme or non-heme
iron. Although most iron utilized in physiologic mecha-
nisms is that recycled from hemoglobin iron, total body
iron stores are regulated by the duodenum to prevent
whole-body iron accumulation or deficit.

Intestinal Absorption of Non Heme Iron

Iron is stabilized in the ferric form by the acidity of the
gastric fluid. Apical duodenal cytochrome B (dCytb)
reduces ferric to ferrous iron. Ferrous iron is trans-
ported to the basolateral membrane by intracellular
mechanisms that are unclear. At the basolateral surface,
hephaestin, a copper-containing enzyme, re-oxidizes
iron to its ferric state. Ferroportin then exports iron out
of the cells into the portal circulation, where it is carried
bound to transferrin. Once in the circulation, iron is
carried to the liver to be stored, or to the erythroid
precursors in the bone marrow to be incorporated
into hemoglobin. Heme iron is probably absorbed by
an apical heme transporter (apical heme carrier
protein 1).*

Cellular Iron Uptake

Iron is taken up by most cells (i.e. not enterocytes) via
the cell surface transferrin receptor (TfR). The expres-
sion level of this receptor is directly related to the iron

Macrophage

FIGURE 20.3 A schematic of iron metabolism
including absorption from enterocytes, transport
in circulation, utilization by the erythroid
precursors, and recycling by macrophages.

requirements of the cell.*"® The cell surface transferrin
receptor functions as a dimer, with each 90kDa
monomer embedded in the membrane with one single
transmembrane-spanning region. Iron binding transfer-
rin (holotransferrin) binds to the TfR at physiologic pH
and the transferrin-iron-TfR complex is internalized
into an endosome. The low pH of the endosome causes
the release of Fe’* from the transferrin and the iron is
then reduced to Fe*". Ferrous iron is then exported to
the cytoplasm.***** A newly discovered protein, the
product of the HFE gene, forms a complex with the TfR
and appears to regulate its ability to import iron.”

Molecules Involved in Iron Metabolism

The uptake of iron by the duodenum and by individual
cells in the body is regulated by total body iron levels
and intracellular iron levels, respectively.'

Many molecules involved in iron regulation have
been discovered in recent years."* Although there are
still gaps in our knowledge of the physiologic proc-
esses, several important molecules have been identified
in research involving humans and rodents, and are
described below.

Divalent Metal Iron Transporter-1

Divalent metal iron transporter-1 (DMT-1) is expressed
in the enterocytes of the villi and not in the crypts,'’ and
is responsible for transporting iron from the enterocyte
to the circulation, and from endosomes of macrophages
to the cytoplasm. It is associated with phagosomal
membranes in macrophages” and plasma membranes
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and endosomes of cells that use the TfR complex for
iron acquisition.” One isoform of DMT-1 is strongly
regulated by iron; it is markedly increased with an iron-
deficient diet and reduced by an iron replete diet.””

Ferrireductase Duodenal Cytochrome b

DMT-1 transports Fe" into the enterocyte from the duo-
denal lumen. Since Fe’" is the dietary form that exists
in the lumen, it must be reduced. The duodenal cyto-
chrome b, located on the apical membrane of the
enterocyte, acts as such a reductase."

Hephaestin

Hephaestin, a copper dependent transmembrane fer-
roxidase, is an approximately 150-160kDa protein with
50% homology to ceruloplasmin. It is highly expressed
in the small intestine, primarily in the basolateral mem-
brane of enterocytes, and is co-localized with ferropor-
tin.* Hephaestin is responsible for oxidizing Fe** to Fe’"
so that it can be transported out of the enterocyte into
the plasma.

Ferroportin

Ferroportin is expressed on the membrane of duodenal
enterocytes (basolateral), placental trophoblasts, and
macrophages distributed in various tissues."'>""'® It is
the only mammalian iron exporter out of cells. It exports
iron from enterocytes into the circulation (from dietary
iron) and from macrophages to the circulation (from
recycled erythrocyte iron). Its expression levels are reg-
ulated by hepcidin binding and internalization of the
protein, and also by iron levels.

Hepcidin

Hepcidin should be considered a molecule that regu-
lates iron systemically. Hepcidin regulates iron export
from enterocytes and macrophages by binding to and
causing degradation of ferroportin.”! It is synthesized
as a pro-peptide in the liver and circulates as a 25
amino acid disulfide-rich peptide. Synthesis is increased
by iron loading to decrease iron absorption, and
decreased by anemia and hypoxia to increase iron
absorption.*® It is also increased in inflammation, and
causes the iron trapping in macrophages during anemia
of inflammatory disease.”’ Iron may control hepcidin
synthesis through a signaling pathway dependent on
proteins called hemojuvelin and bone morphogenic
proteins (2 and 4).” Kupffer cells also appear to regu-
late hepcidin expression; when Kupffer cells are elimi-
nated, hepcidin expression is increased and serum iron
is decreased.®

Anemia and hypoxia decrease hepcidin synthesis
by increasing erythropoietic activity. Erythropoietin
administration down-regulates hepcidin expression
and this is probably due to the erythropoietic activity
and not the direct effects of the hormone.?*®

Inflammation, primarily through interleukin-1 and -6,
and possibly transforming growth factor-beta, increases
hepcidin expression, thus decreasing intestinal iron
absorption and decreasing iron export from
macrophages.

Transferrin Receptor

The transferrin receptor is described under the heading
Cellular iron uptake.

Transport and Storage of Iron
Transport of Iron

Transport of iron from one compartment or tissue to
another through the circulation (e.g. enterocytes to
bone marrow cells) is accomplished by the carrier
protein transferrin. Serum transferrin is a soluble 78 kDa
protein that binds one or two iron atoms in their ferric
(3%) form.

Storage of Iron

Iron is stored in developing RBCs, and other cells, as
ferritin, an iron-protein complex.*** The protein
moiety, apoferritin, consists of at least 24 monomers of
either H or L subunits. Each subunit is shaped like a
short rod and these rods are assembled as a hollow
sphere. Apoferritin has a molecular weight of 441 kDa
and can store as much as 4500 molecules (31%) of iron.*
The maximal weight of ferritin can be approximately
800kDa, but ferritin more commonly is less than that
(620kDa) with roughly 18% iron. The method of iron
movement in and out of the molecule is not precisely
known, but it apparently enters as the ferrous form and
is oxidized to and stored as the ferric form.” Iron is
released either by a reversal of the process, or by diges-
tion of ferritin by lysosomes and reduction to the ferrous
form.* Hemosiderin is found in cells of the monocyte-
macrophage system, predominantly in macrophages of
the liver (Kupffer cells), spleen, and bone marrow.
Hemosiderin can be seen as golden granules in hema-
toxylin and eosin stained histologic sections, and may
appear green to black in Wright-Giemsa stained cyto-
logic preparations. It is a “stripped down” version of
ferritin, whereby the apoferritin protein shell has been
removed, leaving approximately 25-30% of iron by
weight.”

Genetic Control of Iron Regulatory Proteins

Proteins involved in iron metabolism are predomi-
nantly regulated at the post-translational level by
the interplay of iron-responsive elements (IREs) and
cytosolic iron-binding proteins referred to as iron regu-
latory proteins (IRPs). The IREs are stem-loop or hairpin
structures located in the 3" or 5 untranslated regions
of the messenger RNAs (mRNAs) that act as nucleic
acid binding sites for the IRPs. The binding affinity
of IRPs is reversibly regulated by the intracellular
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concentration of iron. When the intracellular concentra-
tion of iron is low, IRPs have a high affinity for IREs,
and when cells are iron replete, the affinity is low.

Ferritin and aminolevulinate synthase (rate limiting
enzyme in heme biosynthesis) mRNAs have a single
IRE in the 5" end at the beginning of the coding region.
Binding of the IRP inhibits translation; thus when iron
is low, the IRP binds to the IRE and translation is inhib-
ited, whereas when iron is high, IRPs lose affinity and
translation of those proteins occurs.>*******! Thus, when
ferritin is required for storage of increased intracellular
iron, translation is up-regulated. On the other hand, the
transferrin receptor mRNA has an IRE on the 3" end.
When iron is low, the binding of the IRP inhibits the
breakdown of the mRNA and thereby stimulates the
translation of the protein. Thus, low iron up-regulates
TfR so that cells become more iron avid. In summary,
IRPs regulate mRNA translation by binding to IREs,
and binding is stimulated by low iron. However, some-
times binding stimulates translation (TfR) and some-
times binding inhibits translation (ferritin).*
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CHAPTER 2I

Erythrocyte Biochemistry

JOHN W. HARVEY

Membrane Transport

Carbohydrate Metabolism

Embden-Meyerhof Pathway and ATP Production
Diphosphoglycerate Pathway and Oxygen Affinity of

Oxidants and Oxidative Injury

Pentose Phosphate Pathway and Protection Against
Oxidant

Methemoglobin Formation and Reduction

Hemoglobin

Acronyms and Abbreviations

CbsR, cytochrome-bs-reductase; DPGM, diphosphoglycerate mutase; DPGP, diphosphoglycerate phosphatase
activity; 1,3DPG, 1,3-diphosphoglycerate; 2,3DPG, 2,3-diphosphoglycerate; EMP, Embden-Meyerhof pathway;
FAD, flavin adenine dinucleotide; GAPD, glyceraldehyde phosphate dehydrogenase; G6P, glucose 6-phosphate;
G6PD, glucose-6-phosphate dehydrogenase; GPx, glutathione peroxidase; GR, glutathione reduction; GSH, reduced
glutathione; GSSG, oxidized glutathione; HK, hexokinase; HK", high potassium; LK", low potassium; LMB, leu-
komethylene blue; MB, methylene blue; O3, superoxide; PFK, phosphofructokinase; 3PG, 3-phosphoglycerate; P;,
inorganic phosphate; PGK, phosphoglycerate kinase; PK, pyruvate kinase; PPP, pentose phosphate pathway; RBC,

red blood cell; RNS, reactive nitrogen species; ROS, reactive oxygen species; SOD, superoxide dismutase.

functions of oxygen transport, carbon dioxide

transport, and buffering of hydrogen ions. These
functions do not require energy per se, but energy in
the form of ATP, NADH, and NADPH is needed to
keep the cells circulating for months in a functional
state despite repeated exposures to mechanical and
metabolic insults.

Mature mammalian RBCs do not have nuclei; conse-
quently, they cannot synthesize nucleic acids or pro-
teins. The loss of mitochondria during the maturation
of reticulocytes results in a loss of Krebs’ cycle and
oxidative phosphorylation capabilities, and prevents
the synthesis of heme or lipids de novo in RBCs. Energy
needs of mature RBCs are met solely by anaerobic
glycolysis in the Embden-Meyerhof pathway (EMP).
Although metabolic demands are lower than in other
blood cell types, RBCs still require energy in the form
of ATP for maintenance of shape, deformability, phos-
phorylation of membrane phospholipids and proteins,
active membrane transport of various molecules, partial
synthesis of purine and pyrimidine nucleotides, and
synthesis of glutathione.” A minor shunt for carbohy-
drate metabolism, the pentose phosphate pathway, pro-

E rythrocytes or red blood cells (RBCs) provide vital

vides the RBC with additional critical protection against
oxidative damage.

MEMBRANE TRANSPORT

The RBC lipid bilayer is impermeable to most mole-
cules. Consequently, various membrane protein trans-
port systems are utilized for movement of molecules
into and out of RBCs. Water and carbon dioxide are
transported across RBC membranes using water chan-
nels called aquaporins.* Band 3 appears to function as
a channel for the movement of anions, especially bicar-
bonate and chloride, certain non-electrolytes, and prob-
ably cations to some extent. Defective anion transport
and marked spherocytosis with membrane instability
occurs in anemic cattle with an inherited deficiency of
band 3 protein (see Chapter 29)."

Major interspecies, and in some cases intraspecies,
differences occur in cation transport and subsequently
in intracellular Na* and K' concentrations.” Animal
species with high intracellular K* concentrations (horse,
pig, and some ruminants) have an active Na*,K*-pump
that exchanges intracellular Na* for extracellular K*
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with the hydrolysis of ATP. In addition to individuals
with high potassium (HK*) RBCs, some sheep, goats,
buffalo, and most cattle RBCs have relatively low potas-
sium (LK") and, consequently, high sodium RBCs.
These LK* RBCs have low Na* K*-pump activity and
high passive K* permeability.

Red blood cells from cats and most dogs do not have
Na*,K*-pump activity and have Na* and K* concentra-
tions near those predicted for the Donnan equilibrium
with plasma. However, many clinically normal Japanese
and Korean dogs have HK* RBCs.” Red blood cells from
these dogs have substantial Na*, K*-ATPase activity, and
some of these dogs also have increased glutamate trans-
port, which results in high reduced glutathione (GSH)
concentrations. These HK*, high GSH RBCs promote
Babesia gibsoni replication compared to LK®, normal
GSH RBCs.* Other pathways of sodium and potassium
transport occur to variable degrees in certain species.’

Excessive intracellular Ca** promotes the suicidal
death of RBCs (eryptosis);"”® consequently, RBCs actively
extrude Ca®* using a calcium pump having Ca*-
activated, Mgz*—dependent ATPase activity. The calcium
pump is activated by a calcium-binding protein called
calmodulin.’

Amino acid transport in RBCs provides amino acids
for synthesis of glutathione. In addition, amino acid
transporters may be responsible for efflux of amino
acids during reticulocyte maturation.”

Species vary in their permeability to glucose, with
human RBCs being very permeable and pig RBCs being
poorly permeable. Red blood cells of other domestic
animals appear to be intermediate between these
extremes.” Glucose movement into RBCs is not regu-
lated by insulin; rather facilitative glucose transporters
mediate the passive diffusion of glucose into RBCs."
Red blood cells from adult pigs lack a functional glucose
transporter and, therefore, have limited ability to utilize
glucose for energy.”

Red blood cell membranes from most animal species
have a nucleoside transporter. Ra