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ABSTRACT
During the past 20 years, intravenous immunoglobulin (IVIG) therapy has become a
standard treatment for patients with immune thrombocytopenic purpura (ITP). However,
the mechanism(s) by which IVIG achieves beneficial effects in ITP are uncertain. The

purpose of this research was to investigate mechanisms of IVIG action in quantitative

models of ITP.

IVIG effects were studied in vitro and in vivo. Investigations in a cell-culture system
demonstrated that IVIG decreases the production rate of anti-platelet antibodies, in a
concentration-dependent manner. To facilitate the investigation of IVIG action in vivo, a
quantitative, passive immune model of ITP was developed by administering a
monoclonal anti-platelet antibody (7E3) to rats. This animal model of ITP is quite unique,
as it is quantitative with respect to anti-platelet antibody concentrations and anti-platelet
antibody effects. 7E3 administration led to rapid, severe thrombocytopenia, and to
increases in bleeding tendency. Administration of IVIG protected the rats from 7E3-
mediated thrombocytopenia, and also led to an unexpected increase in the clearance of
the anti-platelet antibody, an effect that had not been previously demonstrated for IVIG.
Studies in mice lacking expression of the FcRn receptor showed that this effect of IVIG

was mediated by competition with 7E3 for occupancy of the FcRn receptor.

Because it is likely that multiple pathways are involved in IVIG effects in ITP,
pharmacokinetic/pharmacodynamic modeling was used to estimate the importance of this

new mechanism of action. IVIG effects on 7E3 pharmacokinetics were characterized



with a mechanism-based model of IgG pharmacokinetics, and an indirect response model
was developed to relate 7E3 concentrations to the time-course of thrombocytopenia.
These mathematical models predicted that ~50% of the total effect of IVIG on 7E3-
induced thrombocytopenia could be accounted for by IVIG effects on anti-platelet

antibody clearance, suggesting that this may be an important mechanism of IVIG action.

This dissertation introduces the approach of using quantitative experimental models of
ITP, together with pharmacokinetic/pharmacodynamic modeling, to delineate the
complex actions of IVIG. This approach has led to a better understanding of IVIG effects
in ITP, and may lead to the development of new therapies of ITP and other autoimmune

conditions.
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PREFACE
This dissertation presents a new approach to the study of intravenous immunoglobulin
(IVIG) mechanism of action in immune thrombocytopenic purpura (ITP). Because IVIG
may increase platelet counts via more than one mechanism, it has been difficult to
determine which effects contribute most to the therapeutic benefit of IVIG. Our approach
combines the use of animal models of disease, and pharmacokinetic/pharmacodynamic
modeling analyses, in an attempt to determine the relative importance of specific

mechanisms of IVIG action.

Each chapter of this dissertation will be submitted for publication in a scientific journal,
and therefore, each chapter is written in the format required by that journal. As such,
each chapter is its own body of work, and includes its own introduction and conclusion.
The first chapter of the dissertation presents a review of proposed hypotheses concerning
mechanisms of IVIG effects in the treatment of ITP, and is intended to serve as an
introduction to the problem under consideration in this dissertation. This review
addresses both the ‘traditional’ thinking regarding IVIG mechanism of action, as well as

the newer mechanisms that have been proposed, including those described herein.

In Chapter 2, we present the development of an enzyme-linked immunosorbent assay for
the quantification of anti-platelet antibody concentrations in rat plasma. This assay was
developed to facilitate the creation of a quantitative animal model of ITP. The assay has

a working range of 15-100 ng/ml, and intra-assay variability was < 9% for quality control
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samples within the standard curve range. A demonstration of the utility of the assay for

determination of anti-platelet antibody pharmacokinetics, in the rat, is presented.

Chapter 3 presents a quantitative rat model of ITP. This model is a passive immune
model, where a monoclonal anti-platelet antibody (7E3) is administered intravenously to
rats. This chapter presents the production, purification, and characterization of 7E3, and
demonstrates the binding of 7E3 to rat platelets. 7E3 administration to rats causes severe
thrombocytopenia, with platelet counts reaching 18+4% of initial following the highest
dose of 7E3. This model of ITP is unique, being the first model of ITP that is

quantitative with respect to platelet counts and anti-platelet antibody concentrations.

IVIG effects on 7E3-mediated thrombocytopenia are characterized, and experimental
support for a new mechanism of IVIG action in ITP is presented in Chapter 4. IVIG
administration protects rats from 7E3-mediated thrombocytopenia, with nadir percent
platelet counts 121-279% greater in IVIG treated animals (0.4-2 g/kg) than in animals
receiving 7E3 alone. Additionally, this chapter reports that IVIG administration (2 g/kg)
results in a dramatic (i.e., ~2.4-fold) increase anti-platelet antibody clearance (P<0.001).
This chapter demonstrates that IVIG has efficacy in this rat model of ITP, and proposes
that IVIG may achieve beneficial effects in ITP is by increasing the clearance of anti-

platelet antibodies.

Chapter 5 explores the new mechanism of IVIG action that was introduced in Chapter 4.

IVIG effects on 7E3 pharmacokinetics are characterized in mice lacking expression of the
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FcRn protective receptor, and in control mice. IVIG administration increased 7E3
clearance from 5.2+0.3 ml/d/kg in control mice to 14.4+1.4 ml/d/kg in IVIG treated mice
(p<0.001), but did not increase the clearance of 7E3 in FcRn-deficient mice. This chapter

demonstrates that IVIG effects on 7E3 elimination are mediated by the FcRn receptor.

Chapter 6 presents the use of an in vitro system to study the possible effects of IVIG on
anti-platelet antibody production.  Studies using anti-platelet antibody-producing
hybridoma cells show that IVIG may decrease anti-platelet antibody secretion, in a non-

specific manner. The significance of this finding has yet to be demonstrated in vivo.

In Chapter 7, mathematical models are introduced to determine the significance of IVIG
effects on anti-platelet antibody elimination, relative to overall effect of IVIG in the rat
model of ITP. A mechanism-based model of IgG pharmacokinetics, and an indirect
response model for 7E3-mediated thrombocytopenia are presented. These models predict
that increased anti-platelet antibody clearance can account for 50+11% of the total
protective effect of IVIG, in this model of ITP. We also suggest that this mechanism of

action may be an important component of the total effect of IVIG, in humans.

Chapter 8 presents the conclusions drawn from the research presented in this dissertation,
and attempts to put the research into the proper context. It is hoped that the findings of
this dissertation will one day lead to the development of new therapies of immune

thrombocytopenia.



CHAPTER
ONE

CURRENT HYPOTHESES REGARDING THE MECHANISM OF
ACTION OF INTRAVENOUS IMMUNOGLOBULIN IN IMMUNE
THROMBOCYTOPENIC PURPURA




Abstract

Although intravenous immunoglobulin (IVIG) treatment has been an important therapy
of immune thrombocytopenia (ITP) for more than 20 years, the mechanism of action is
still unclear. In recent years, new mechanisms of IVIG action in ITP have been
proposed. The purpose of this review is to present an update of the possible mechanisms
of IVIG action in ITP, and to stimulate even greater interest in this important problem.
This review discusses the traditional thinking regarding IVIG mechanism of action (e.g.,
blockade of Fc-receptor mediated platelet phagocytosis, suppression of anti-platelet
antibody production, and anti-idiotypic inhibition of anti-platelet antibodies), as well as
the more recent research in this area (e.g., stimulation of FcyRIIb expression on
phagocytic cells, and increasing anti-platelet antibody clearance). It is anticipated that
promising new therapies of ITP, and other autoimmune conditions, will be developed

based on a better understanding of IVIG mechanism of action.



Immune thrombocytopenic purpura (ITP) is a common autoimmune condition, diagnosed

on the basis of decreased platelet counts, an otherwise normal complete blood cell count,

and no other known cause of the thrombocytopenia.1 Although the etiology of ITP is
still unclear, over the past 50 years, researchers have gained much insight into the

pathogenesis of ITP, and have established the autoimmune nature of the disease. In

1951, Harrington et al.2 showed that healthy subjects developed thrombocytopenia
following the infusion of plasma obtained from ITP patients. These classic experiments
were the first to demonstrate that ITP was caused by a factor in plasma. Later work

demonstrated similarities between the ITP-causing factor and immunoglobulins, and

established that thrombocytopenia in ITP is likely caused by autoantibodies.3 More

recently, several platelet membrane targets for autoantibodies have been identified,

including GPIIb/Ila and GPIb/IX.4-7 It is currently accepted that thrombocytopenia in
ITP results from rapid destruction of platelets by cells of the reticuloendothelial system

(RES), which is mediated by platelet opsonization with autoantibodies.

Current therapies of ITP include corticosteriods, splenectomy, anti-D immunoglobulin, or
high dose intravenous immunoglobulin (IVIG) therapy.l-8 The first use of IVIG to treat
ITP was by Imbach et al.9 in 1981. Subsequently, other studies have confirmed the

efficacy of IVIG in ITP,10 and IVIG has become a valuable therapy for ITP patients.

Unfortunately, like all other therapies available for ITP patients, IVIG is not an ideal
treatment. IVIG is not curative,? is very expensive,! 1 and the mechanism of action is not

fully understood.12 Additionally, approximately 15% of ITP patients may not respond to



IVIG treatment.13 A better understanding of the mechanism of action of IVIG in ITP
could lead to the development of better therapies of ITP. The purpose of this review is to

discuss the current thinking regarding IVIG mechanism of action in ITP.

FcyR blockade

One of the earliest, and perhaps most widely accepted explanations for IVIG effects in
ITP, is that IVIG blocks FcyR-mediated phagocytosis of antibody-opsonized platelets.
Several general observations support the role of FcyR blockade in IVIG effects. First, a

number of studies have shown that that IVIG treatment does indeed lead to decreased
platelet clearance.14-17 Furthermore, several studies have reported decreased clearance
of anti-D coated red blood cells (RBC) following IVIG therapy.18-20 Because anti-D
coated RBC are believed to be cleared solely via FcyR pathways,18 the FcyR blockade
hypothesis has gained widespread support. Additional support for the importance of
FcyR-mediated pathways of platelet destruction in ITP was obtained when Clynes and
Ravetch demonstrated that mice lacking gamma-chain expression do not develop

antibody-mediated thrombocytopenia.2! Finally, studies involving administration of Fcy

fragments,22 anti-Fcy receptor antibodies,23 and anti-D antibodies24-25 all have shown
clinical efficacy in ITP, further demonstrating the importance of Fc-receptor mediated
clearance of platelets. Whether or not IVIG acts by blocking FcyR-mediated platelet
phagocytosis, development of therapies that target this pathway may be one effective way

of raising platelet counts in ITP patients.



Many researchers have suggested possible mechanisms by which IVIG could block Fc-

mediated platelet phagocytosis. Imbach et al.9 initially proposed that IVIG could act by

“overloading and blocking of the reticuloendothelial system by IgG catabolism.” Fehr et

al.18 offered several possible explanations to describe the decreased antibody-coated
RBC clearance they observed following IVIG treatment. These explanations included the
possibility of a physicochemical alteration of the IgG molecules during IVIG preparation
that increases the affinity of monomeric IgG for the Fc receptors, the presence of dimers
in the IVIG preparation that could compete with antibody-coated platelets for
phagocytosis, and the possibility that a specific subclass of IgG may have high affinity
for Fc receptors, blocking phagocytosis. Salama et al 24 proposed that anti-RBC
antibodies in IVIG opsonize RBC, and that the antibody coated RBC compete with
antibody coated platelets for Fc-mediated phagocytosis. Anti-D therapy of ITP was later
introduced, based on this hypothesis. Kimberly et al.20 showed that IVIG treatment led
to decreased affinity of IgG for Fc receptors, in vitro. Newland et al.26 proposed that
IVIG blocks Fc receptors on neutrophils, leading to an inhibition of neutrophils
phagocytosis of opsonized platelets. Additionally, in the same report, Newland et al. also
proposed that IVIG may opsonize neutrophils, and that the opsonized neutrophils may
competitively inhibit platelet phagocytosis by monocytes (i.e., by competition for
monocyte Fc receptor binding). Recently, Teeling et al.27 have reported that IgG dimers

are responsible for blockade of Fc-mediated phagocytosis of opsonized platelets.

Although inhibition of FcyR-mediated phagocytosis of platelets has been the most

discussed and studied of the potential mechanisms of IVIG action in ITP, it cannot



explain all experimental results. For example, FcyR blockade cannot account for the
response of some ITP patients to Fc-depleted IVIG treatment,28 or for the long-term

benefit derived by some ITP patients from IVIG therapy.29 FcyR blockade may be an
important aspect of IVIG effects, but there are likely other important effects playing a

role in the success of IVIG therapy in ITP.

Inhibition of anti-platelet antibody production/modulation of lymphocyte activity

In some ITP patients, IVIG effects last longer than can be expected based on FcyR-

blockade effects alone.29 Researchers have generally attributed the longer-term effects
of IVIG to decreased anti-platelet antibody levels in the blood. This decrease in antibody
concentrations could result from increased antibody elimination (see below) or inhibition
of anti-platelet antibody production. Historically, most researchers have focused on IVIG
effects on reduction of antibody production, rather than increased antibody elimination.
Many studies have looked at IVIG effects on antibody synthesis, or surrogate measures of
antibody synthesis, and the results have not always been in agreement. To date, no
consensus has been reached on the complex effects of IVIG on lymphocyte proliferation

and antibody production. Several of the findings are listed below.

The earliest report of IVIG effects on immunoglobulin synthesis in ITP patients showed
that IVIG therapy led to decreased immunoglobulin synthesis, in vitro, by peripheral
mononuclear cells stimulated with pokeweed mitogen. This study also reported

decreases in the CD4+/CD8+ T-cell ratios following IVIG therapy. 30 Dammacco et

al.31 confirmed these initial results with peripheral blood mononuclear cells, and Bordet



et al.32 found that pokeweed mitogen-induced immunoglobulin synthesis from spleen
mononuclear cells was also decreased following IVIG therapy. However, other studies
have reported increased in vitro antibody secretion by ITP patients who responded to

therapy, and/or increases in the CD4+/CD8+ T-cell ratios in ITP patients following IVIG
therapy.29:33  Still other studies have reported no change in the CD4+/CD8+ T-cell
ratios,33-34 but enhanced suppressor cell function in ITP patients following IVIG

therapy.34 It has been suggested that IVIG therapy leads to a normalization of immune

function, with a decrease in anti-platelet antibody production resulting from this

normalization.29

Various other effects of IVIG on cells of the immune system have been reported.

Engelhard et al.35 showed decreased natural killer cell activity in ITP patients following

IVIG treatment. Using several experimental systems, others have shown decreased
cytokine production resultant from IVIG,36-38 binding of IVIG to various

cytokines,39=40 and induction of lymphocyte apoptosis by IVIG.4l  Overall, most
researchers have supported the idea that IVIG treatment may lead to decreased anti-
platelet antibody production. However, research specifically conducted on anti-platelet

antibody producing cells has been lacking. Recently, our laboratory attempted to address

this issue,42 and showed that IVIG treatment decreases anti-platelet antibody production
in an experimental system, by decreasing the apparent rate of cell growth. However,
these effects were not specific to anti-platelet antibody producing cells, as control

antibody producing cells showed similar effects.



In summary, many immunoregulatory effects of intravenous immunoglobulin have been
reported. These effects appear to be very complex. However, no studies have clearly
shown that IVIG can decrease anti-platelet antibody production in ITP patients.
Furthermore, the clinical relevance of the effects of IVIG discussed above is far from

being determined.

Anti-idiotypic inhibition of anti-platelet antibody-mediated platelet destruction

Another commonly discussed hypothesis regarding IVIG effects in ITP is the possibility
that anti-idiotypic antibodies exist in IVIG that prevent anti-platelet antibody binding to
platelets. The first discussion of anti-idiotypic antibodies being relevant to IVIG
treatment of ITP occurred after Tovo et al.28 showed that an Fc-depleted IVIG

preparation had efficacy in ITP. Others had previously shown that IVIG contains anti-

idiotypic antibodies that could neutralize anti-Factor VIII autoantibodies, 43 so it was
suggested that anti-idiotypic antibodies to anti-platelet antibodies might be present in

IVIG as well.

Several studies have been performed to determine the importance of anti-idiotypic

antibodies in ITP, with mixed conclusions. Berchtold et al.#4 reported that IVIG
inhibited the in vitro binding of anti-GPIIb/Illa autoantibody to GPIIb/Illa, but that

binding of alloantibody to the same target was not inhibited by IVIG. Mehta and

Badakere#> reported that IVIG and anti-D (as well as their Fab fragments) inhibited

binding of anti-platelet autoantibodies to platelets, also in vitro. Other researchers have

found no evidence for anti-idiotypic effects in various experimental systems;27a46



however, it is noted that in these cases, the anti-platelet antibodies were monoclonal
antibodies exogenously administered, rather than human anti-platelet autoantibodies. No
evidence exists to show the in vivo importance of anti-idiotypic interactions in ITP

patients, but the importance of this effect cannot yet be ruled out.

Inhibition of complement-mediated platelet destruction

The role of complement in the pathogenesis of ITP is still unclear47 Most studies
regarding IVIG effects in ITP have focused on Fc-mediated phagocytosis of platelets, and
ignored the possible role of the complement system in platelet destruction. However,
several studies have suggested that complement may play a role in the destruction of
platelets in patients with ITP,48-50 syggesting that this pathway should not be
overlooked when investigating IVIG effects in ITP. Additionally, studies have shown
that platelet associated C3 and C4 levels may decrease following IVIG treatment,d !
suggesting possible effects of IVIG on complement mediated platelet destruction.
However, no studies have directly investigated the role of IVIG in preventing

complement mediated platelet destruction, in humans or in animal models of ITP.

Although there is little research regarding IVIG effects on complement in ITP, some
studies have been performed in other experimental systems. Early in vitro studies of

IVIG effects on the complement system showed that C3 deposition onto antibody-

sensitized erythrocytes could be inhibited by IVIG.52 Basta et al.5>3 confirmed these

initial results, and showed that C4 deposition onto antibody —sensitized erythrocytes was

likewise inhibited by IVIG.54 IVIG has also shown effects on complement in certain in



vivo situations, such as a guinea pig model of Forssman shock,>> and in a mouse model

of autoimmune myositis.® In light of the demonstrated effects of IVIG on complement-
mediated damage in other conditions, and the likely role of complement in the
pathogenesis of ITP, it is possible that IVIG may produce beneficial increases in platelet
count by blocking complement-mediated destruction of platelets; however, more research

is needed to assess the possible significance of this mechanism of IVIG effect in ITP.

Increased platelet production
IVIG may increase platelet counts by increasing the rate of platelet production. Few

studies have directly investigated IVIG effects on platelet production; however, Grossi et

al.17 performed *'Cr-labeled platelet studies in ITP patients receiving IVIG, and

concluded some of the patients may have benefited from an increase in platelet

production. Additionally, Schmidt et al.160 studied '''In-labeled platelet kinetics in a
child receiving IVIG and saw not only a decreased rate of platelet elimination following
IVIG, but an increase in radio-labeled platelet counts. This increase was attributed to a
release of platelets from extravascular pools, and could be classified as an apparent

increase in the rate of platelet production into the vascular space.

Studies have shown that anti-platelet antibodies can affect megakaryocytopoiesis and

pro-platelet formation, in vitro.57  This finding is not surprising, given that
megakaryocytes have many of the same membrane-bound proteins as platelets, including

the most commonly reported target of anti-platelet antibodies, glycoprotein IIb/IIla

(GPIIb/IlIa).57 In the same study, Takahashi et al. further showed that monoclonal
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antibodies to different megakaryocyte antigens were able to inhibit megakaryocyte
colony formation, pro-platelet formation, or both, in vitro. Thus, IVIG may lead to an
increase in platelet production as a secondary effect related to IVIG inhibition of anti-
platelet antibody production, acceleration of anti-platelet antibody elimination, or anti-
idiotypic inhibition of the binding of anti-platelet antibodies to megakaryocyte antigens.
Additionally, competition for Fc receptors on phagocytes may lead to re-distribution of
platelets from extravascular pools, leading to an increase in the apparent rate of platelet

production. IVIG effects on platelet production in ITP patients need further study.

Stimulation of FcyRIIb receptor expression

Samuelson et al.98 recently proposed a new FcyR receptor pathway for IVIG effects on
antibody-mediated platelet phagocytosis. Studies performed in their murine model of
ITP demonstrated that both intact IgG and the Fc portion of IgG prevented
thrombocytopenia upon exogenous administration of an anti-platelet antibody. They
further demonstrated that the FcyRIIb receptor was necessary for prevention of
thrombocytopenia by studying IVIG effects following administration of an FcyRIIb
receptor-blocking antibody and in mice lacking expression of the receptor. In each case,
IVIG did not prevent the mice from developing thrombocytopenia. Additionally, they
found increased FcyRIIb receptor expression on spleen cells following IVIG treatment.
They concluded that the FcyRIIb receptor is necessary for IVIG effects in ITP, and that
IVIG mediates its protective effect by inducing expression of this receptor on cells

responsible for clearance of antibody coated platelets.
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Stimulation of anti-platelet antibody clearance

Some of the response of ITP patients to IVIG treatment has been attributed to decreased
antibody concentrations following IVIG therapy. Decreased antibody levels have usually
been attributed to decreased anti-platelet antibody production; however, recent

experiments have shown that IVIG treatment increased the clearance of an anti-platelet

antibody in a rat model of ITP.40 This possibility of increased autoantibody clearance

was expected, based on the known inverse relationship between IgG half-life and plasma

concentration,”? but until recently had not been demonstrated.

Further studies revealed that IVIG mediates this increase in anti-platelet antibody

clearance via competition for the FcRn salvage receptor for IgG.60 The FcRn, or

neonatal Fc receptor, was identified in 1996 as the receptor responsible for protecting IgG

from catabolism.01,62  The presence of a protective receptor for IgG catabolism had

been postulated as early as 1964, to explain the increased half-life of IgG relative to other

proteins,03 but until recently was unidentified. Studies in mice lacking expression of this

FcRn receptor have demonstrated the importance of this receptor in protecting IgG from
catabolism,01,62 as well as in the effect of IVIG on increasing anti-platelet antibody

clearance. 40

Increased anti-platelet antibody clearance may account for reduced autoantibody titers
following IVIG therapy, and may account for some of the beneficial effects of IVIG
treatment in ITP and other autoimmune conditions. Further studies, using improved

quantitative methodologies, will be required to determine the extent of the decrease in
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anti-platelet antibody levels following IVIG treatment, in humans. This data will help to
delineate the effects of decreased anti-platelet antibody production from the increase in
anti-platelet antibody clearance seen following IVIG treatment. New therapies that target
the FcRn receptor might prove valuable treatments for ITP and other autoimmune

conditions.

A general approach to understanding IVIG mechanism of action

Recent work conducted in this laboratory has led to the development of a new animal

model of ITP, 64 and to the development of mathematical models that characterize IVIG
effects in the animal model. This has allowed systematic investigation of mechanisms of
IVIG action in ITP, where the relative importance of individual mechanisms of action
may be determined through the use of the mathematical model. In these studies, a
pharmacokinetic/pharmacodynamic model was used to relate anti-platelet antibody
concentrations to the effects produced on platelet counts. Additionally, a mechanism-
based model of IgG pharmacokinetics was developed to characterize our finding that
IVIG increased anti-platelet antibody clearance. The mathematical models were used to
estimate that increased anti-platelet antibody clearance could account for ~50% of the
total effect of IVIG in an acute model of ITP. Application of this general approach to the
understanding of the important mechanisms of IVIG action in ITP may identify key

pathways to target for future therapies of ITP, and other autoimmune conditions.
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Summary

Intravenous immunoglobulin administration is an important therapy of immune
thrombocytopenia. Many studies have attempted to determine the mechanism(s) by
which IVIG effects are achieved. These studies have revealed many different ways IVIG
may be acting to increase platelet counts. ITP is a likely a complex family of conditions,
rather than a single condition, and IVIG may achieve effects by different pathways in
different individuals. Recent research has revealed possible new pathways for IVIG
effects, including an increased expression of inhibitory receptors on phagocytic cells, and
increased anti-platelet antibody clearance following IVIG administration. Although IVIG
effects are likely many and complex, quantitative models of disease and therapy may give
great insight into which effects are likely to be the most important effects, and which

pathways will be the most useful to target for the development of new therapies of ITP.
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CHAPTER
TWO

AN ELISA FOR QUANTIFICATION OF MURINE IgG IN RAT
PLASMA: APPLICATION TO THE PHARMACOKINETIC
CHARACTERIZATION OF AP-3, A MURINE ANTI-GLYCOPROTEIN
llla MONOCLONAL ANTIBODY, IN THE RAT
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Abstract

An enzyme-linked immunosorbent assay (ELISA) has been developed to determine
concentrations of murine IgG in rat plasma. Specifically, the assay was developed to
measure a murine anti-glycoprotein Illa antibody (AP-3) in rat plasma to facilitate future
investigations of AP-3 pharmacokinetics and pharmacodynamics in the rat. The working
range of the assay is 15-100 ng/ml, corresponding to a limit of quantification of 1.5 pg/ml
in rat plasma. The assay was validated with respect to accuracy, precision, and cross-
reactivity with both pooled rat and mouse IgG. Intra-assay recoveries of AP-3 in rat
plasma ranged from 93 to 103% with CV% values ranging from 5.2 to 8.5%. Inter-assay
recoveries of the plasma AP-3 samples ranged from 107 to 119% with CV% values
ranging from 17.7-25.1%. The assay has no appreciable cross reactivity with pooled rat
IgG and full cross reactivity with pooled mouse IgG, making this an ideal assay to
determine plasma pharmacokinetics of mouse antibodies in the rat. The assay was used
to determine the pharmacokinetics of AP-3 in a Sprague-Dawley rat.

Keywords: murine; IgG; ELISA; validation; pharmacokinetics; rat plasma; GPIIla; AP-3
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1. Introduction

Immune thrombocytopenic purpura (ITP) is an autoimmune condition characterized by
an increase in platelet destruction by the mononuclear phagocyte system due to the
interaction of anti-platelet autoantibodies with platelet membrane proteins [1, 2]. In
addition to the use of immunosuppressants or splenectomy, administration of intravenous
high-dose pooled human immune gamma globulin (HD-IgG) has been used to treat
patients with ITP [3]. Although several mechanisms have been proposed to explain the
therapeutic activity of HD-IgG in ITP, a complete understanding of the mechanism(s) of

this treatment has not yet been achieved [4-6].

The platelet membrane glycoprotein IIb/Illa complex is a common target of
autoantibodies in patients afflicted with ITP [2, 7]. AP-3, a mouse monoclonal IgG;
antibody directed against human glycoprotein Illa (GPIIla), was first produced and
characterized in 1984. This antibody was shown to bind human platelet GPIlla with an
affinity of 1.4 x 10° M, without inhibiting induced platelet aggregation by such agents

as adenosine diphosphate, thrombin, collagen, or arachidonic acid [8].

A rat model of ITP is being developed in this laboratory to better understand the
interaction of anti-platelet antibodies with platelet antigens, to investigate relationships
between anti-platelet antibody concentrations and the kinetics of platelet destruction, and
to test proposed hypotheses about the mechanism of HD-IgG in ITP treatment. This
model attempts to induce immune thrombocytopenia through the administration of AP-3

to Sprague-Dawley rats. Preliminary results have demonstrated that AP-3 administration
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leads to thrombocytopenia with a corresponding increase in tail-vein bleeding time
(unpublished results). Quantitative pharmacokinetic and pharmacodynamic models will

be created to facilitate testing of proposed hypotheses.

Quantitative modeling of the time course and effects of AP-3 requires the ability to
accurately and precisely measure AP-3 levels in rat plasma. Radio-labeled IgG has been
commonly used to determine mouse IgG concentrations in rat plasma for
pharmacokinetic analyses [9, 10]. However, use of an ELISA to measure plasma
concentrations of IgG in the rat circumvents the problems encountered using radio-
labeled mouse IgG to study pharmacokinetics, such as difficulty separating metabolized
antibody from intact antibody, and the safety issues involved with using radioactive

substances.

Several researchers have reported using ELISA’s to measure mouse IgG concentrations
hybridoma supernatants, ascites [11], mouse serum [12], and human serum [13]; some
groups have even reported use of an ELISA to determine mouse monoclonal antibody
concentrations in rat plasma [14, 15]. However, to the authors’ knowledge, this work
represents the first report of an appropriately validated ELISA used to quantify a murine
monoclonal antibody in rat plasma. The assay presented in this paper was validated with
respect to intra-assay and inter-assay precision and accuracy, and was tested for cross-

reactivity with pooled mouse and rat IgG.
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2. Experimental

2.1 Production and purification of AP-3

Hybridoma cells producing the desired mouse anti-human GPIIla antibody (AP-3) were
obtained from the American Type Culture Collection (ATCC # HB-242, Manassas, VA).
Balb/C mice (Harlan Sprague Dawley, Inc., Indianapolis, IN) were prepared for ascites
production by an intraperitoneal injection of pristane (Sigma Chemical, St. Louis, MO),
0.5 ml/mouse, approximately one week prior to injection of antibody producing cells.
Hybridoma cells, 5 x 10° cells/mouse, were then injected intraperitoneally into the mice.
Mice were sacrificed 10-20 days after injection of the cells, and ascitic fluid was

obtained.

The ascitic fluid obtained from the mice was centrifuged and the straw-colored
supernatant was isolated. Anti-GPIIla IgG was purified from the supernatant by Protein
G chromatography (Pharmacia Biotech Hi-Trap protein G column, Uppsala, Sweden) on
a Bio-Rad medium pressure chromatography system. The loading buffer for the protein G
chromatography was a 20 mM Na,HPO, (Sigma Chemical) buffer, pH 7.0; the elution
buffer was a 0.1 M citric acid (Sigma Chemical) buffer, pH 2.7. Sodium dodecyl sulfate
poly-acrylamide gel electrophoresis (SDS-PAGE) was utilized to ascertain the purity of
the IgG pool, and a Micro-Bicinchoninic Acid (BCA) assay kit was used to determine

protein concentration (Pierce Kit, #23235, Rockford, IL).
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2.2 ELISA Procedure

Assays were performed in Nunc Maxisorp 96 well microplates (Nunc model # 4-42404,
Roskilde, Denmark). Fc specific goat anti-mouse antibody (Pierce M-3534, 1:500 in 0.02
M Na,HPOy,, no pH adjustment ), 0.2 ml, was placed in each of the wells to be tested and
incubated at 4 °C overnight. The plate was then washed three times with a tween
containing phosphate buffer (PB-Tween) consisting of 0.05% Tween 20 (Sigma
Chemical) and 0.02 M Na,HPO, (Sigma Chemical, no pH adjustment). After the wash,
the plate was incubated with samples and standards (0.1 ml) for 2 hours at room
temperature. The plate was washed three times with PB-Tween, and then incubated with
0.2 ml Fab specific goat anti-mouse-antibody-Alkaline Phosphatase conjugate (Pierce A-
1682, 1:500 in 0.02 M Na,HPOy, no pH adjustment ) for 1 hour at room temperature.
Finally, after washing again with PB-Tween three times, 0.2 ml of p-nitro phenyl
phosphate (Pierce, 5 mg/ml in distilled water) was added to each of the wells and the
change in absorbance with time was monitored via a microplate reader at 405 nm
(Spectra Max 250, Molecular Devices, Sunnyvale, CA). A standard curve was generated
by plotting concentration of AP-3 verses the change in absorbance with time (dA/dt).
Standards were made by diluting a stock AP-3 solution to the appropriate concentration
(0, 15, 25, 50, 75, and 100 ng/ml) with phosphate buffered saline (PBS, pH 7.4), with
addition of rat plasma (Hilltop Laboratories, Scottdale, PA) to a final concentration of 1%
(v/v). Standard curves included a blank standard; consequently no additional correction
for non-specific binding was required to evaluate sample concentrations from the
standard curve. The assay was validated for precision and accuracy by evaluating the

recovery of AP-3 from rat plasma samples. The concentrations of AP-3 in rat plasma
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samples were initially 1.5, 2.5, 5.0 and 10.0 pg/ml; samples were diluted by a factor of

100 in PBS immediately before analysis.

2.3 Cross-reactivity of the ELISA with mouse and rat IgG

Mouse and rat IgG were purified from pooled mouse and rat plasma (Hilltop
Laboratories). Purification was performed using protein G chromatography as described
for AP-3. SDS-PAGE and BCA analysis were performed as described previously. Serial
dilutions were made of the mouse or rat IgG, and assay response was determined using
the procedures described above. Assay response to pooled mouse IgG was tested over a
concentration range of 16.2 — 108 ng/ml. Assay response to pooled rat IgG was tested

over a concentration range of 15 — 400 pg/ml.

2.4 Specific activity of AP-3 preparation

AP-3, 5 pg/ml, was incubated with 3 x 10°/ml outdated human platelets (American Red
Cross, Salt Lake City, UT) in PBS, overnight while shaking. Samples were then
centrifuged at 13,000 x g for 6 min to pellet out the platelets and the platelet-bound AP-3.
After appropriate dilution in PBS, samples were analyzed for free AP-3 concentration
using the ELISA. Samples of pooled mouse IgG were incubated with the platelets as a
negative control, and samples of AP-3 and pooled mouse IgG incubated without platelets
were used as a reference concentration for 100% recovery. The specific activity was

defined as the percent of the IgG bound to the platelets.

33



2.5 Pharmacokinetic Studies

A female Sprague Dawley rat (Harlan Sprague-Dawley), 0.2 kg, was instrumented with
an abdominal aorta cannula. AP-3, 1 ml of 0.5 mg/ml, was administered to the rat
through the cannula. Blood samples (300 ul) were taken at 1, 3, 6, 12, 26.5, 49.5, 80.5,
104.5, and 169 h, and placed into 50 pl of an acid-citrate-dextrose anticoagulant (25 g 1!
trisodium citrate dihydrate, 20 g I'' dextrose, 13.7 g I"' anhydrous citric acid). Plasma was
isolated, and stored at 4 °C until analyzed. AP-3 concentrations were determined with
the ELISA. The concentration vs. time profile was fit to a standard two compartment
mammillary pharmacokinetic model using The Scientist software (MicroMath, Salt Lake

City, UT), with the data weighted by a factor of y.
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3. Results and Discussion

3.1 Assay validation

A typical standard curve for AP-3 is shown in figure 1. The best fit line shown in this
figure was obtained by fitting the data to a cubic polynomial (* = 0.9999). Intra-assay
and inter-assay recovery of AP-3 from rat plasma samples is shown in table 1. The intra-
assay recovery ranged from 93-103%, and the coefficient of variation (CV) ranged from
5.2-8.5%. The inter-assay recovery ranged from 107-119% and the CV% ranged from
17.7-25.1%. The working range of the assay was 15-100 ng/ml, resulting in a limit of

quantification for AP-3 in rat plasma of 1.5 pg/ml.

Few studies have reported using an ELISA to measure murine 1gG; concentrations in rat
plasma. To the authors’ knowledge, this is the first report of intra-assay and inter-assay
variability for an ELISA measuring mouse IgG in rat plasma. Due to a lack of
appropriate data, it is difficult to directly compare the precision and accuracy of this
assay to other assays previously developed. Fleming et al. report CV% values of less
than 7.6% for intra-assay and less than 15.6% for inter-assay variabilities for their ELISA
determining mouse IgG levels in hybridoma supernatants and ascites [11]. The intra-
assay variability of this ELISA is similar the Fleming assay, and the inter-assay
variability is slightly larger. The larger inter-assay variability may be due to the more
complex plasma matrix compared to the supernatant and ascites matrices in the Fleming
study. The limit of quantification and the working range of the assay is comparable with

other assays for mouse IgG reported in the literature [11, 13, 16].
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3.2 Cross reactivity with mouse and rat IgG

The response of the assay to pooled mouse and rat IgG is shown in figure 2, with plots of
actual verses assayed concentration. The slope of the pooled mouse IgG plot is 1.04 and
is not significantly different from 1 (p = 0.65). The assay demonstrated complete cross
reactivity with pooled mouse IgG, suggesting that this assay can be used to measure

pooled mouse IgG concentrations in rat plasma.

A concentration of 0.4 mg/ml pooled rat IgG was needed for the assay to give a response
of 3.5 ng/ml, a concentration well below the working range of the standard curve. The
cross reactivity of the assay with rat IgG was therefore estimated to be less than 1:10°.
Given this level of cross-reactivity and considering the normal range of IgG
concentrations in undiluted Sprague-Dawley plasma (15.5 + 3.6mg/ml [17]), the presence
of rat IgG in the assay matrix is expected to yield an assay response approximately 1-
order of magnitude below that corresponding to the lowest standard in the standard curve,
15ng/ml. In the present assay, standards were prepared in 1% rat plasma and samples
were diluted minimally by a factor of 100 (i.e., to a final concentration of 1% rat plasma);
however, the assay could easily be adapted to achieve a lower limit of quantification of
AP-3 by reducing the extent of plasma dilution, if greater sensitivity is deemed necessary

for applications other than our proposed pharmacokinetic and pharmacodynamic studies.

3.3 Specific activity of AP-3

Table 2 shows the results of the specific activity experiment. As shown in the table, 96%

of the AP-3 preparation bound to the human platelets, and none of the pooled mouse IgG
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bound to the platelets. By SDS-PAGE, the AP-3 preparation was shown to be
exclusively IgG (data not shown). These results, taken together, have shown that only

~4% of the preparation was non-AP-3 mouse IgG.

3.4 Pharmacokinetics of AP-3 in the rat

The concentration verses time profile for AP-3 in the rat is shown in figure 3, with a best
fit line corresponding to a two-compartment mammillary model. Parameters generated
using this model are shown in table 3. The pharmacokinetic parameters for AP-3 are on
the same order of magnitude as those reported by other researchers who have studied
monoclonal mouse IgG; pharmacokinetics in the rat [9, 14]. Figure 3 demonstrates that
the assay presented in this paper is well suited to determine the pharmacokinetics of AP-3

in the rat.
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Table 1. Variability of ELISA with respect to recovery of AP-3 from plasma samples.

Intra-Assay Variability (n=5)

Actual Conc.(ng/ml)  Recovered Conc. (ng/ml) %R CV%
15 13.9 93 8.5
25 23.6 95 5.2
50 51.0 102 5.2
100 103.1 103 6.4

Inter-Assay Variability (n=4)

Actual Conc. (ng/ml) Recovered Conc. (ng/ml) %R CV%
15 17.9 119 17.8
25 27.1 108 25.1
50 54.5 109 18.5
100 107.4 107 17.7
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Table 2. Specific activity of AP-3.

Sample % Recovery” SD CV% n %Specific Activity”
AP3 4 1 20 2 96
Mouse 102 5 5 2 0

* Free AP-3/Mouse IgG recovered, compared to a control sample without platelets.

® Percent of AP-3/IgG bound to the platelets, representing the purity of the AP-3 samples.
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Table 3. Pharmacokinetic Parameters for AP-3 in a 0.2 kg rat after administration of 0.5

mg AP-3 by IV bolus.

Parameter® Value

%! 8.2+ 0.4 mL

V2 55+1.6mL

CL 0.15 4 0.01 mL hr
CLD 0.18 + 0.06 mL hr’!
terminal t;, 71 £ 4 hr

* V1 and V2 refer to central and peripheral compartment volumes, respectively. CL and

CLD refer to systemic and distributional clearances.
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Figure Captions
Figure 1. Representative standard curve for AP-3 over the range 0-100 ng/ml. Curve is
fitted with a cubic equation, r* = 0.9999. Error bars represent the standard deviation

about the mean of three replicates.

Figure 2. Cross reactivity of ELISA with pooled mouse (®) and rat IgG (O).

Concentrations of pooled mouse IgG ranged from 16.2 — 108 ng/ml, and concentrations

of pooled rat IgG ranged from 15 - 400 pg/ml.

Figure 3. Pharmacokinetics of AP-3 in a 0.2 kg Sprague-Dawley rat following a 0.5 mg

dose of AP-3. Error bars represent standard error of means, using two dilutions of AP-3

per time point, and 3 replicates per dilution.
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Figure 2.
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Figure 3.
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CHAPTER
THREE

PHARMACOKINETICS, PHARMACODYNAMICS, AND PLATELET
BINDING OF AN ANTI-GLYCOPROTEIN lIb/llla MONOCLONAL
ANTIBODY (7E3) IN THE RAT: A QUANTITATIVE MODEL OF
IMMUNE THROMBOCYTOPENIC PURPURA

This chapter has been published in J. Pharmacol Exp. Ther. 298(1),165-171,2001.
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Abstract

The pharmacokinetics, pharmacodynamics, and platelet binding of 7E3, an anti-
glycoprotein IIb/Illa (GPIIb/Illa) monoclonal antibody, were studied in the rat in an
attempt to develop a quantitative animal model of immune thrombocytopenia (ITP). 7E3,
a murine IgG; antibody developed against human GPIIb/IIla, demonstrated cross-
reactivity with rat platelets by flow cytometry and via ELISA. The apparent affinity (Ky)
of 7E3-rat platelet binding was 1.240.2x10" M, with 3.3+0.3x10* binding sites per
platelet. Following intravenous 7E3 administration (0.8, 4, and 8 mg/kg), plasma
concentrations declined in a bi-exponential manner, with a terminal half-life of 61£5 hr,
and a steady-state volume of distribution of 62+15 ml/kg. Clearance was dose-dependent,
with values ranging from 0.64%+0.08 ml/hr/kg (8 mg/kg) to 1.01+£0.08 ml/hr/kg (0.8
mg/kg). 7E3 induced a reproducible, severe thrombocytopenia in rats, and extended
bleeding in a manner consistent with human ITP. Nadir platelet counts were 79+33,
2546, and 17+2x10°/ml, for 7E3 doses of 0.8, 4, and 8 mg/kg, respectively. Bleeding
times after a 10 mm tail-incision ranged from 53 min in control animals to 15+0 min
(the maximum allowed time in this study) in animals receiving 8 mg/kg. Blood volumes
lost during bleeding experiments ranged from 30124 pl (control) to 349+358 ul (8
mg/kg). A reproducible, quantitative rat model of ITP has been created; this model is

expected to facilitate the evaluation of new treatments for this disease.
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Immune thrombocytopenic purpura (ITP) is a common autoimmune disease, with
approximately 33,000 new cases diagnosed each year in the United States (George et al.,
1996). Thrombocytopenia in ITP develops as a result of enhanced platelet destruction,
precipitated by the interaction of auto-antibodies and platelet antigens. The resulting
thrombocytopenia is often dramatic, and is associated with a variety of hemorrhagic
sequelae, including epistaxis, petechiae, gastro-intestinal bleeding, and intracranial
hemorrhage. The current ‘standard’ therapies for the disease, corticosteroid
immunosuppressive therapy and splenectomy, are associated with significant morbidity
and are not effective for 25-30% of patients with chronic ITP (McMillan, 1997).
Intravenous administration of pooled human immunoglobulin (IVIG) provides a transient
increase in platelet counts for a large fraction of ITP patients; however, the high cost of
this therapy prevents routine administration to individuals with chronic ITP. At present,
no feasible alternative therapy is available to treat chronic ITP that is refractory to

standard therapy, and fatal hemorrhage occurs in approximately 16% of affected patients

(McMillan, 1997).

In spite of significant need for the development of new therapies of ITP, little progress
has been realized since the discovery of IVIG activity in 1981. The mechanism(s) of
IVIG action are poorly understood, and consequently, more specific (and perhaps less
costly) therapies derived from non-human sources have not been developed. Clinical
investigations of new ITP therapies are complicated by a number of factors. First, a high
fraction of ITP patients (e.g., ~30-40% of acute cases) experience spontaneous resolution

of ITP symptoms, without therapeutic intervention (George et al, 1996). Second, like
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other autoimmune diseases, the severity of ITP appears to wax and wane with time, as
evidenced by a spontaneous oscillation of patient platelet count. This natural fluctuation
in apparent disease severity confounds the quantitative evaluation of new treatments.
Third, although it is accepted that patients with very low platelet counts are more likely to
experience hemorrhage, no suitable surrogate marker has been definitively associated
with patient risk for severe hemorrhage. Finally, no adequate assays exist for
quantification of anti-platelet antibodies (Raife et al., 1997). Thus, it is impossible to

evaluate treatment effects on auto-antibody production or elimination.

Considering the difficulties associated with evaluating ITP treatments in man, it may be
advantageous to assess new therapies in animal models of the disease, which may allow
systematic, quantitative investigation. Suitable animal models would provide a
reproducible condition of severe thrombocytopenia, mediated by anti-platelet antibodies.
Ideally, the model should allow accurate and precise quantification of the anti-platelet
antibodies, as such a model may facilitate a mechanistic evaluation of therapy. Some
animal models of thrombocytopenia have previously been developed, including models
that produce thrombocytopenia by non-immune mediated mechanisms (Kuter and
Rosenberg, 1995; Meade et al., 1991) and by immune mediated mechanisms (Agam and
Livne, 1992; Alves-Rosa et al., 2000; Ashida and Abiko, 1975; Coetzee et al., 2000;
Hosono et al., 1995; Nieswandt et al., 2000; Oyaizu et al., 1988). However, to the
authors’ knowledge, no previous model of ITP is quantitative with respect to both anti-

platelet antibody kinetics and the time course of thrombocytopenia.
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Our goal was to develop an animal model of thrombocytopenia that is mediated by anti-
platelet antibodies, and that is quantitative in nature. Such a model may allow for
mechanistic evaluation of existing therapies (e.g., IVIG), as well as provide a foundation
for the development of new therapies of ITP. In an attempt to develop a quantitative,
anti-platelet antibody-mediated animal model of ITP, we have investigated the
pharmacokinetics, pharmacodynamics, and platelet binding of a monoclonal anti-platelet

antibody in the Sprague-Dawley rat.
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Methods

Production and Purification of 7E3

7E3 producing hybridoma cells were obtained from the American Type Culture
Collection (ATCC # HB-242, Manassas, VA). Balb/C mice (Harlan Sprague Dawley,
Inc., Indianapolis, IN) were prepared for ascites production by an intraperitoneal injection
of Freunds Incomplete Adjuvant (Sigma Chemical, St. Louis, MO), 0.4 ml/mouse, one
week prior to injection of antibody producing cells. Hybridoma cells, 1 x 10°
cells/mouse in sterile 0.9% NaCl, were then injected intraperitoneally into the mice.

Ascitic fluid was collected 10-15 days after injection of the hybridoma cells.

Anti-GPIIb/Illa 1gG was purified from ascitic fluid using Protein G chromatography
(Pharmacia Biotech Hi-Trap protein G column, Uppsala, Sweden) and a Bio-Rad
medium pressure chromatography system. The loading buffer was 20 mM Na,HPO,
(Sigma Chemical), pH 7.0; the elution buffer was 0.1 M glycine (BioRad), pH 2.8.
Purity of the IgG pool was assessed via electrophoresis (SDS-PAGE), using a 12% gel
and standard techniques (Harlow and Lane, 1988). Antibody concentration was
determined from sample absorbance at 280 nm, with the assumption that 1.35 AU = 1

mg/ml 7E3 (Harlow and Lane, 1988).

ELISA Procedure
Rat plasma 7E3 concentrations were determined using a previously reported ELISA for
mouse IgG in rat plasma, with slight modification (Hansen and Balthasar, 1999). Briefly,

Nunc Maxisorp 96 well microplates (Nunc model # 4-42404, Roskilde, Denmark) were
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coated with rat anti-mouse antibody (Pierce M-3534, 1:500 in a 20 mM Na,HPO, (PB),
0.25 ml/well) and incubated at 4 °C overnight. Samples and standards (0.25 ml/well)
were then added and the plates were incubated for 2 hr at room temperature. Goat anti-
mouse antibody-alkaline phosphatase conjugate (Sigma A-1682, 1:500 in PB, 0.25
ml/well) was added and allowed to incubate for 1 hr at room temperature. p-Nitro phenyl
phosphate (Pierce, 4 mg/ml in diethanolamine buffer, pH 9.8, 0.2 ml) was placed in each
well and the change in absorbance with time (over 10 min) was monitored via a
microplate reader at 405 nm (Spectra Max 250, Molecular Devices, Sunnyvale, CA).
Standards were made by diluting a stock 7E3 solution, with PBS, to the appropriate
concentration (0, 10, 20, 40, 60, and 75 ng/ml), and by adding rat plasma (Hilltop
Laboratories, Scottdale, PA) to a final concentration of 1% (v/v). Standard curves were
linear in this concentration range. Intra-assay variability was approximately 10% at the

limit of quantitation (10 ng/ml).

Specific activity of 7E3 preparation

The fraction of antibody specifically directed against platelets (i.e., the specific activity)
was assessed by ELISA. Briefly, 7E3, ~1 pg/ml in PBS, was incubated with ~5 x 10°/ml
outdated human platelets (American Red Cross, Salt Lake City, UT) for 2 hr, while
shaking at room temperature. Samples were centrifuged at 13,000g for 6 min to pellet
out the platelets and the platelet-bound 7E3.  Supernatant (i.e. unbound) 7E3
concentrations were determined by ELISA. Control mouse IgG, obtained from normal
mouse blood, was incubated with platelets as a negative control. The specific activity

was defined as the percent of the IgG bound to the platelets.
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7E3 Binding to Rat Platelets

Flow cytometry. Rat platelets were obtained from the blood of female Sprague-Dawley
rats (Harlan Sprague Dawley, Inc., Indianapolis, IN). Blood was obtained either from a
jugular vein catheter or via aortal venipuncture into a final concentration of
approximately 10 units/ml heparin. Blood was centrifuged at ~ 650g for 2 min, platelet
rich plasma was isolated, and the process was repeated. Platelets were washed with PBS
twice, and re-suspended to a final concentration of 2.2 x 107/ml in PBS containing 1%
bovine serum albumin (Sigma). 7E3 was added to the platelets and the suspension was
incubated at room temperature for 2 hr. The final 7E3 and platelet concentrations were
~11 pg/ml and 3.7 x 10°/ml, respectively. After incubation with 7E3, the platelets were
washed with PBS and re-suspended in 100 pl of a solution containing an FITC-labeled,
anti-mouse IgG antibody (1:10 dilution, Pierce 31569). Following a 1 hr incubation, the
platelets were washed, re-suspended in 1 ml PBS, and submitted for analysis by flow
cytometry (Flow Cytometry Core Facility, Huntsman Cancer Institute, Salt Lake City,
UT). Positive controls consisted of human platelets incubated with 7E3. Negative

controls consisted of rat platelets incubated with control mouse IgG.

Quantitative binding studies. 7E3 was incubated with rat platelets for 2 hr, at 7E3
concentrations ranging from 3.7-73.9 pg/ml, and a platelet concentration of 9.76x10° /ml.
Samples were centrifuged at ~ 3000g for 6 min and unbound (i.e., supernatant) 7E3
concentrations were determined using the ELISA. The apparent affinity of binding (Ky)
and the number of receptors for 7E3 (R;) on rat platelets were determined by fitting the

free (i.e., unbound) and bound 7E3 concentration data to the following equation (Taylor
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[7E3], xR, xK
and Insel, 1990): [7E3], ==——
1+ K, x[7E3],

;s [7E3], is the molar concentration of 7E3

bound to the platelets, and [7E3]¢ is the molar concentration of free 7E3. Non-linear least
squares regression, using The Scientist (MicroMath, Salt Lake City, UT), found the best
fit of the data and the resulting parameter values. The standard deviations reported for K
and R; were obtained from The Scientist’s fit of the data. Control mouse IgG was

incubated with rat platelets to detect possible non-specific binding.

Pharmacokinetic Analysis

Female Sprague-Dawley rats, 220-250 g, were instrumented with jugular vein cannulas
under ketamine/xylazine anesthesia (75/15 mg/kg). Two to three days following surgery,
animals were given an i.v. bolus dose of 7E3 (0.8, 4, or 8 mg/kg). Blood samples, 0.3 ml,
were collected at 0, 1, 3, 6, 12, 24, 48, 72, 96, and 168 hours, and placed into 50 pl of an
acid-citrate-dextrose anticoagulant. The blood was then centrifuged at 13,000g for 2 min,
and the plasma was isolated and stored at 4 °C until analysis (usually within 3 days).
Plasma 7E3 concentrations were determined via ELISA, and the resulting 7E3

concentration values were adjusted for anticoagulant dilution by assuming a hematocrit

value of 0.46.

Cannula patency was maintained by flushing the cannulas with ~ 0.15 ml heparinized
saline after each blood draw (10 units/ml during the first 24 hr of heavy sampling, and
500 units/ml during daily sampling). In the rare case when cannula patency could not be

maintained for the duration of the study, blood (10-20 ul) for pharmacokinetic analysis
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was taken from the rats’ tail. Following the 0.8 mg/kg dose, 7E3 concentrations at 168 hr
fell below the limit of quantification of the ELISA, and were not used in the subsequent

pharmacokinetic analyses.

Non-compartmental approaches were used to analyze 7E3 concentration verses time data.
Clearance (CL) was determined from the dose of 7E3 and the area under the 7E3 plasma

Dose . Terminal half-life values were determined

concentration time curve (AUC): CL =

from the relationship: ¢,,, = hl}(L_Z)’ where A is the negative of the slope of the terminal

portion of the In C versus time plot. The terminal portion of the curve was defined as the
final three time points for each rat. Mean residence times (MRT) were estimated from
the quotient of AUMC and AUC (Gibaldi and Perrier, 1982), where AUMC is the area
under the 7E3 concentrationxtime vs. time curve. AUC and AUMC values were
determined using the linear trapezoidal method (Gibaldi and Perrier, 1982). Volume of
distribution at steady state (V) values were determined from the relationship Vg =

MRTxCL (Gibaldi and Perrier, 1982). Three rats were used for each dose, and the values

for the pharmacokinetic parameters are reported as mean + standard deviation.

Pharmacodynamic Analysis
Three pharmacodynamic measures were chosen to evaluate the effects of 7E3 in the rat:
platelet count nadir values, bleeding time values following a standardized incision in the

tail, and blood volumes lost during the bleeding experiments. Rats (n=3-5 per group)
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were dosed with 7E3 as described above. Control rats were given a similar volume of

normal saline and were treated in the same manner as the dosed animals.

Platelet counts. Platelet counts were determined over the first 24 hr of the study using a
Coulter Z1 particle counter. Briefly, an initial 20-fold dilution of blood was made into
Coulter Isoton II solution and the solution was centrifuged at ~400g for 5 min. The
supernatant was then further diluted with Coulter Isoton II solution and the resulting
sample was analyzed using the Coulter counter (70 pum aperture; counting window of
1.478-2.800 um). Nadir percent platelet count values were determined from the quotient

of the nadir platelet count value and the initial platelet count value for each rat

(multiplied by 100).

Bleeding times. Bleeding times were determined using a method similar to that
described by Booth and coworkers (Booth et al., 1996). Bleeding times were taken 24 hr
following the initial dose of 7E3. A 1 cm longx1 mm deep, template guided incision was
made in the tail of anesthetized rats (25 mg/ml ketamine, titrated i.v.), 1 cm from the tip
of the tail, ~45 degrees from the dorsal vein. Tails were immersed in 45 ml of normal
saline (37 °C) and the time until bleeding stopped was measured with a stopwatch. A
maximum of 15 min was allowed for bleeding times, as the same animals were being
used for the ongoing pharmacokinetic studies. Direct pressure was applied to the cut to

stop the bleeding in the animals that bled longer than 15 min.
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Blood volume lost. The volume of blood lost by each rat during the bleeding time
measurement was determined spectrophotometrically (Rybak and Renzulli, 1993).
Following the bleeding time experiment, 1 ml of 5% Triton-X 100, in saline, was added
to the container with the blood. After ~ 30 min of shaking gently, samples were
centrifuged at ~ 6000g for 5 min and analyzed at 546 nm on a Carey UV-Vis
spectrophotometer. Standard curves were generated from the blood of each rat, and

blood volume lost was determined from a linear regression analysis of the standards.

Statistical Analysis

The pharmacokinetic parameter values and platelet count nadir values obtained in this
study were tested for statistical significance at the oo = 0.05 level using one-way ANOVA
analyses (Instat, GraphPad Software Inc., San Diego, CA). A Dunnett Multiple
Comparisons test was used to compare the platelet count nadir values at each dose with

the control value.
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Results

Production, Purification, and Specific Activity of 7E3

Approximately 1 mg of pure mouse IgG was obtained from each mouse injected with
7E3-producing hybridoma cells. The purity of each IgG preparation was determined by
SDS-PAGE. A representative gel comparing the ascitic fluid, the non-retained protein
pool from the protein G purification, and the retained protein pool (IgG) is shown in

figure 1.

For determination of the specific activity, the purified 7E3 preparation was incubated
with human platelets. Following the removal of platelet-bound IgG by centrifugation,
7E3 concentrations in the supernatant were determined, and were 4-10% of the initial
values. In similar experiments, recovery of control mouse IgG was complete. These
results, taken together, suggest that the specific activity of the 7E3 preparation was 90-

96% (90-96 mg of 7E3 per 100 mg total mouse IgG).

Binding of 7E3 to Rat Platelets

Binding of 7E3 to rat platelets was assessed qualitatively using flow cytometry, and
resulting histograms of fluorescence intensity verses number of particles are shown in
figure 2. The relative median fluorescence intensity of the 7E3 coated rat platelets was ~
33 (figure 2A), compared to a value of ~ 4 for the mouse IgG negative controls (figure
2B). The relative median fluorescence intensity of the 7E3 coated human platelets

(positive control) was ~ 760 (figure 2C).
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The binding curve resulting from the quantitative 7E3-rat platelet binding experiment is
shown in figure 3. Non-linear least squares fitting of the data resulted in an apparent
affinity of 1.2£0.2x10" M™ for the 7E3-rat platelet interaction, and a total receptor
concentration of 5.3+0.5x10” M, corresponding to 3.3+0.3x10* 7E3 binding sites per

platelet. No binding of control, polyvalent, mouse IgG to rat platelets was observed.

Pharmacokinetic Analysis

Plasma 7E3 concentration verses time data resulting from initial doses of 0.8, 4, and 8
mg/kg are plotted in figure 4. Table 1 lists the CL, Vg, and t;, parameter values obtained
from non-compartmental analyses of the 7E3 pharmacokinetic data. Dose-normalized
plots of the 7E3 concentration verses time data did not superimpose, suggesting dose-
dependent pharmacokinetics. Clearance decreased with dose, from a mean value of
1.01+0.08 ml/hr/kg (0.8 mg/kg) to 0.64+0.08 ml/hr/kg (8 mg/kg). This decrease in CL
with dose was statistically significant (p=0.0043), and is suggestive of concentration-
dependent, saturable clearance of 7E3. As a result of this concentration-dependence, the
reported CL values should be considered as time-averaged values. The methods
employed to estimate MRT and Vg are based on assumptions of linear disposition;
consequently, the values of MRT and Vg reported should be regarded as rough
approximations (Cheng and Jusko, 1988). The disposition of 7E3 will be more
completely characterized in future work that will attempt to build a suitable integrated
compartmental PK model and PD model of the 7E3-induced thrombocytopenia. Dose-
dependencies were not observed for Vg (62+15 ml/kg) or for t;» (6145 hr), with p=0.21

and p=0.87, respectively.
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Pharmacodynamic Analysis

Platelet counts. Platelet counts decreased in a dose-dependent fashion upon
administration of 7E3, with statistically significant decreases relative to control at each
dose (0.8 mg/kg, p<0.05; 4 mg/kg, p<0.01; 8 mg/kg, p<0.01). Platelet count nadirs
occurred 1-3 hr after administration of 7E3. Nadir values were 54+4, 2248 and 18+4% of
the initial platelet counts for the 0.8, 4, and 8 mg/kg doses, respectively (see figure 5). In
7E3 treated rats, absolute platelet counts fell to 79+£33, 25+6, and 17+2x10%ml (0.8, 4,
and 8 mg/kg, respectively). Therefore, the 4 and 8 mg/kg doses of 7E3 reduced platelet
counts to levels associated with severe thrombocytopenia in humans (i.e., < 30x10°/ml).
Nadir values for the control group averaged 67+10% of initial platelet counts. Plots of

the time course of thrombocytopenia following 7E3 administration are shown in figure 6.

Bleeding times. Bleeding times increased in a dose-dependent manner (relative to
control) after treatment with 7E3 (figure 7). The bleeding times after the 0.8, 4, and 8
mg/kg doses of 7E3 were 11.5+4.3, 14.740.6, and 1510 min, respectively. Due to the
ongoing nature of the pharmacokinetic studies on these animals, the maximum allowed
bleeding time was set to be 15 min; this accounts for the decrease in the standard
deviation of the bleeding time values with increase in dose of 7E3. Control animals bled

for 5.3+2.9 min.

Blood volume lost. Blood volume lost was assessed from a standard curve relating
blood concentration (v/v) to absorbance at 546 nm. Standard curves were created for

each individual rat, and were linear from 0 to ~ 1 ml of blood lost (r* values typically
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>0.999). The blood volume lost verses dose of 7E3 also increased in a dose-dependent
fashion (figure 8), with values of 87146, 147£39, and 3494358 ul for the 0.8, 4, and 8
mg/kg doses of 7E3, respectively. Saline treated animals lost an average of 30+24 ul

blood during the bleeding time experiments.
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Discussion

The main goal of the present work was to develop a quantitative, reproducible, passive
immune model of thrombocytopenia in rats that will allow mechanistic evaluation of new
therapies for ITP. To accomplish this goal, it was essential to identify a stable,
reproducible, well-characterized antibody with reactivity for rat platelet antigens. No
anti-rat platelet monoclonal antibody producing cells are commercially available;
consequently, a murine anti-human platelet monoclonal antibody, 7E3, was selected and

evaluated for use in developing a rat model of ITP.

7E3 is derived from a commercially available hybridoma cell line, is of the IgG; isotype,
and binds to the platelet membrane GPIIb/Illa complex, a common target of
autoantibodies in patients afflicted with ITP (Fujisawa et al., 1991; Hou et al., 1997). The
GPIIb/IIIa complex is present on rat platelets, and is known to have a high degree of
amino acid sequence homology with human GPIIb/Illa. Cieutat et al. report that rat and
human GPIIb and GPIlla share 78% and 92% amino acid sequence homology,
respectively (Cieutat et al., 1993). 7E3 was first described in 1985, and bound human
platelet GPIIb/IIla with an apparent affinity of 2.9 x 10* M. Chimeric Fab fragments
derived from the 7E3 antibody are used clinically to treat patients with ischemic

cardiovascular disease (Coller, 1985; Mascelli et al., 1998).
Binding of 7E3 to rat platelets was demonstrated using flow cytometry and ELISA. The

estimated number of binding sites for 7E3 on rat platelets is similar to the value reported

for the number of binding sites for 7E3 on human platelets (n=41,300 for human platelets
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(Wagner et al., 1996) vs. 33,000 for rat platelets). However, the apparent affinity of 7E3
for the rat platelet antigens is approximately 24-fold lower than the reported affinity of
7E3 for human platelets (K,=1.2 x 10’ M for rat platelets vs. 2.9 x 108 M for human

platelets) (Coller, 1985).

Pharmacokinetic characterization of 7E3 revealed a bi-exponential curve (figure 3), and
apparent dose-dependency in 7E3 clearance. The pharmacokinetic parameters and bi-
exponential decline in the concentration verses time curve for 7E3 are similar to other
reports for mouse IgG pharmacokinetics in the rat (Bazin-Redureau et al., 1997;
Caballero et al., 1998). To the authors’ knowledge, no previous reports specifically show
dose-dependencies in mouse IgG pharmacokinetics in the rat; however, some groups
have reported dose-dependent changes in the pharmacokinetics of murine monoclonal

antibodies in humans (Trang, 1992).

As introduced above, ITP patients are prone to develop bleeding complications ranging
from epistaxis to fatal intracranial hemorrhage. These bleeding complications may be
caused by thrombocytopenia and/or by auto-antibody induced changes in platelet
aggregation and adhesion (Balduini et al., 1992). In the evaluation of our animal model,
we utilized two common surrogates of bleeding tendency: bleeding time and blood
volume lost (following a standardized tail-incision). Bleeding time is prolonged by
thrombocytopenia or by inhibition of platelets, and is often used as a clinical measure of

global bleeding tendency (Lavelle and Maclomhair, 1998). Additionally, some
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researchers report blood loss to be a quantitative and reproducible method of determining

bleeding (Rybak and Renzulli, 1993).

Although some variability was seen with thrombocytopenia, bleeding time, and blood
loss, each clearly showed dose-dependent effects upon administration of 7E3. Part of the
observed variability in the bleeding time and blood loss could be due to the use of heparin
to keep the cannulas patent. However, every attempt was made to treat the animals as
similarly as possible, and the heparin flushes cannot account for the dose-dependent
increases in bleeding times and blood lost upon administration of 7E3. In these studies,
no attempts were made to determine the extent to which 7E3-induced increases in
bleeding are due to 7E3 effects on platelet aggregation as opposed to 7E3 effects on
platelet count, and it is probable that both factors contributed to the observed increases in

bleeding.

As shown in figure 6, saline treated control animals demonstrated an average nadir
platelet count of ~70% of the initial values. This drop in platelet counts in control
animals was reproducible, and is of unknown origin. It is possible that volume changes
resultant from saline dosing, heavy sampling (3 samples within the first 3 hours), and
fluid replacement may contribute to the thrombocytopenia observed in these animals.
Additionally, prior to drawing each blood sample for analysis, an initial volume of blood
(~0.3 ml) was drawn into a clean syringe to remove heparin from the cannula. After
withdrawing the sample, the contents of the first syringe were then re-infused into the rat,

to minimize blood loss. Given that others have reported that platelet activation may
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result following blood exposure to biomaterials (including Silastic tubing), it is possible
that the contact of the blood with the cannula or syringe could lead to platelet aggregation
and /or consumption upon the re-infusion blood (Gemmell et al., 1995). Whatever the
cause, the degree of thrombocytopenia observed in the control animals is very small

compared with that seen following the highest doses of 7E3.

It is important to point out that this acute, passive model of immune thrombocytopenia
does not precisely duplicate the human condition of ITP. Most notably, the
thrombocytopenia observed in this animal model is produced by exogenous
administration of antibody; in the human condition the anti-platelet antibody is produced
endogenously. Consequently, this model will not facilitate investigation of therapies that
involve inhibition of antibody production. Despite the inability of this model to fully
replicate the human condition, 7E3-induced immune thrombocytopenia is consistent with
the observed clinical manifestations of ITP, in that 7E3 decreases platelet count and
increases measures of bleeding tendency. Consequently, this will be a useful ITP model
in that it will allow quantitative assessment of therapies that interfere with anti-platelet

antibody induced thrombocytopenia and bleeding.

In summary, this work demonstrates that 7E3, an anti-human GPIIb/IlIa monoclonal
antibody, binds to rat platelets with an affinity of 1.240.2x10’ M. Additionally, an
enzyme-linked immunosorbent assay was developed, which allowed for pharmacokinetic

analysis of the disposition of 7E3 in conscious rats. Finally, administration of 7E3 to
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Sprague-Dawley rats produces a dose-dependent, reproducible thrombocytopenia, with

increases in bleeding time and bleeding volume.

A significant advantage of this model of ITP is that it is produced by a readily available,
well-characterized source of anti-platelet antibody, allowing it to be easily adapted for
various applications. Because this model provides a unique opportunity to develop
quantitative relationships between anti-platelet antibody concentrations and effects, the
model is expected to facilitate systematic, mechanistic evaluations of new therapies of

ITP.
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TABLE 1

Pharmacokinetic parameters estimated following 7E3 administration to rats

Dose of 7E3 (mgkg")  CL (ml hr' kg')’ Vg (ml kg™ t1 (hr)
0.8 1.01 +£0.08 78 + 29 63 +26
4 0.86 + 0.09 57+ 8 55+ 17
8 0.64 +0.08 50+ 10 64 + 24

Non compartmental techniques were used to determine each parameter value. Values are
listed as mean =+ standard deviation (n=3).

"Statistically significant differences between the parameter values were found only in the

CL (p=0.0043).
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Legends for Figures

Figure 1. SDS-PAGE (non-reducing conditions, 12% gel) analysis of the purity of the
IgG pool collected from Protein G chromatography of 7E3-containing ascitic fluid. Lanes
1&2 show proteins in the pre-purified ascitic fluid (20 and 200 fold dilution of ascitic
fluid, respectively). Lanes 3 and 4 show the non-retained proteins (non-IgG proteins)
collected from protein G chromatography (~3.2 and 0.2 pg/well, respectively). Lanes 5
and 6 show the retained protein (IgG) from the purification (~1.3 and 0.069 pg/well,

respectively).

Figure 2. Binding of 7E3 to rat platelets by flow cytometry. Histograms of relative
fluorescence intensity verses platelet number are plotted. Platelets (rat or human) were
incubated with 7E3 or mouse IgG. After washing the platelets to remove unbound IgG, a
secondary anti-mouse IgG-FITC antibody was added, and samples were analyzed by flow
cytometry. Figure 2A shows the histogram obtained upon incubation of 7E3 and rat
platelets. Figure 2B shows the negative control (mouse IgG incubated with rat platelets),

and figure 2C shows a positive control (7E3 incubated with human platelets).

Figure 3. Binding curve obtained after incubation of 7E3 with rat platelets. Total platelet
concentration was held constant as the 7E3 concentration was increased. Free (i.e.,
unbound) 7E3 concentrations were determined by ELISA. Data were fit as described in

the text. Error reported is the standard deviation estimated by The Scientist software.
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Figure 4. Plasma 7E3 pharmacokinetics for three i.v. doses of 7E3 (0.8[0], 4[[]], and
8[A] mg/kg) in rats (n=3/group). 7E3 concentrations were determined via ELISA. Error

bars represent the standard deviation about the mean concentration at each time point.

Figure 5. Time course of thrombocytopenia produced by administration of saline (<),
and 0.8 (0), 4 (), or 8 (A) mg/kg doses of 7E3 to rats. Rats were given an i.v. dose of
7E3, and platelet counts were obtained using a Coulter Z1 particle counter. The control
and treated groups consisted of 5 and 4 rats respectively. Error bars represent the

standard deviation about the mean.

Figure 6. Nadir percent platelet counts obtained after 7E3 (0.8, 4, or 8 mg/kg)
administration. Control and treated groups consisted of 5 and 4 rats, respectively. Error
bars represent the standard deviation about the mean value. Each dose resulted in

statistically significant decreases in platelet counts relative to control.

Figure 7. Bleeding times following a Imm x 1 c¢m incision in the tail of the rat. Control
and treated groups (0.8, 4, and 8 mg/kg 7E3) consisted of 3-4 rats/group. A maximum of
15 minutes was allowed for the bleeding time studies. Error bars represent the standard

deviation about the mean.

Figure 8. Blood loss during bleeding time experiments for control, 0.8, 4, and 8mg/kg

7E3-treated rats. Blood volumes were determined spectrophotometrically, after lysis of
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the red blood cells and analysis of absorbance at 546 nm. Error bars represent the

standard deviation about the mean.
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Figure 6.
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Figure 7.
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Figure 8.
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CHAPTER
FOUR

EFFECTS OF INTRAVENOUS IMMUNOGLOBULIN ON PLATELET
COUNT AND ANTI-PLATELET ANTIBODY DISPOSITION IN A RAT
MODEL OF THROMBOCYTOPENIA

This work has been submitted for publication in Blood (2001).
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Abstract

Experiments were conducted to investigate the effects of intravenous immunoglobulin
(IVIG) in a rat model of immune thrombocytopenia (ITP). Rats were pre-treated with 0-
2 g/kg IVIG and then challenged with an anti-platelet antibody (7E3, 8 mg/kg). IVIG
effects on 7E3-induced thrombocytopenia and on 7E3 pharmacokinetics were
determined. IVIG pre-treatment led to significant changes in the degree and in the time-
course of 7E3-induced thrombocytopenia (p = 0.031). Nadir percent platelet counts were
121-279% greater in IVIG treated animals (0.4-2 g/kg) than in animals receiving 7E3
alone. IVIG treatment also led to dose-dependent increases in 7E3 clearance (p < 0.001),
with greater than 2-fold increases in 7E3 clearance seen following the highest dose of
IVIG. In vitro experiments showed that IVIG effects on platelet count are not likely due
to anti-idiotypic inhibition of 7E3-platelet binding and that IVIG did not directly bind to
7E3. Consequently, IVIG-7E3 binding cannot explain the increase of 7E3 clearance
following IVIG treatment. We propose that the observed increase in 7E3 clearance with
IVIG therapy is due to saturation of the FcRn salvage receptor for IgG. The importance
of the effect of IVIG on 7E3 clearance to the prevention of thrombocytopenia in these
animals is unclear at present; nonetheless, these data provide experimental support for a
new mechanism of IVIG action in ITP (i.e., IVIG mediated increases in anti-platelet
antibody elimination). This model of ITP will be useful for further investigations of

IVIG mechanism of action, and for development of new therapies of ITP.
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Introduction

In 1981, Imbach and coworkers reported that intravenous administration of large amounts
of human immunoglobulin (IVIG) increases platelet counts in children afflicted with
immune thrombocytopenia (ITP).l The efficacy of IVIG in ITP has been confirmed by a
number of additional studies,2 and IVIG has shown benefit as a treatment for several
other autoimmune conditions.3 Many studies have investigated the mechanisms by which
IVIG achieves effects in the treatment of autoimmune diseases.* With regard to ITP,
early investigations led to the conclusion that IVIG effects are mainly due to blockade of

the Fc receptors responsible for phagocytosis of antibody-opsonized platelets.d
Subsequent studies showed that Fc-depleted IVIG preparations provided increases in

platelet counts in some ITP patients, and suggested that some of IVIG effects are non-Fc
dependent® (e.g., perhaps mediated by anti-idiotypic antibodies).”-8 Recently, it was
reported that IVIG effects are due to stimulation of FcyRIIb expression on macrophage
cells, leading to inhibition of platelet phagocytosis.? Other proposed effects of IVIG in
ITP include: inhibition of anti-platelet antibody production,10 inhibition of complement
mediated platelet destruction,!l and stimulation of platelet plroduction.12 Although a
number of possible effects of IVIG have been identified, a clear definition of the
mechanisms of IVIG action in ITP remains elusive due to analytical difficulties
associated with the quantification of IVIG effects in ITP patients. Given the efficacy of

IVIG in ITP, it is plausible that delineation of IVIG mechanism of action may facilitate

the development of better therapies for the disease.
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Recently, our lab reported a new animal model of ITP, produced by administration of an

anti-platelet monoclonal antibody (7E3) to rats.13 This model is unique in that it allows
quantification of anti-platelet antibody plasma concentrations as well as quantification of
platelet counts. Because of its quantitative nature, this model will facilitate systematic
investigations of IVIG effects in ITP, and may provide a foundation for the development

and evaluation of new treatments of the disease.

The purpose of the present study was to demonstrate and investigate IVIG effects in our
rat model of ITP. In so doing, we quantified IVIG effects on 7E3-induced
thrombocytopenia, and on 7E3 pharmacokinetics. We have found that IVIG treatment
led to dose-dependent increases both in platelet counts and in the clearance of anti-
platelet antibody. The latter effect is a finding that, to our knowledge, has not been
previously reported. The relationship between IVIG effects on anti-platelet antibody
clearance and IVIG effects on thrombocytopenia is not clear at present; however, our
results suggest that this animal model may be used to perform quantitative evaluations of

this, and other, proposed mechanisms of IVIG action.
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Methods

Animals and Reagents. Female Sprague-Dawley rats, 200-225g, were used for the in vivo
analyses. Rats were instrumented with jugular vein catheters 2 days prior to treatment.
7E3, a murine anti-GPIIb/IIla monoclonal antibody, was produced from hybridoma cells
obtained from American Type Culture Collection (Manassas, VA). Hybridoma cells

were grown in serum free media (Life Technologies, Inc., Rockville, MD) and antibodies

were purified from the media using protein G chromatography, as reported previously. 13
Intravenous immunoglobulin (IVIG) preparations were obtained from Baxter Healthcare
Corporation (Hyland Division, Glendale, CA) and Bayer Corporation (Pharmaceutical
Division, Elkhart, IN). Both IVIG preparations are solvent /detergent-treated and are
manufactured via cold ethanol fractionation of human plasma. Outdated human platelets
were obtained from the American Red Cross (Buffalo, NY and Salt Lake City, UT). A
murine anti-methotrexate IgG; monoclonal antibody (AMI) was generated and purified in
our laboratory. Goat anti-human IgG (no cross reactivity to goat and mouse serum
proteins) and alkaline phosphatase conjugated goat anti-mouse IgG (no cross reactivity to
goat and human serum proteins) were both obtained from Rockland (Gilbertsville, PA).
Mouse anti-human IgG, FITC-labeled anti-mouse IgG, and p-nitro phenyl phosphate
were from Pierce (Rockford, Illinois). Bovine serum albumin (BSA) and buffer reagents
were obtained from Sigma (St. Louis, MO). Buffers were phosphate-buffered saline (pH

7.4, PBS), 0.02 M Na,HPO, (PB), and PB + 0.05% Tween-20 (PB-Tween).

IVIG effects on 7E3-mediated thrombocytopenia and 7E3 kinetics. Rats were dosed with

IVIG (0.4, 1, or 2 g/kg) via the jugular vein catheter. Following IVIG dosing, a blood
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sample (0.15 ml) was withdrawn for a baseline measurement of platelet counts. Rats
were then dosed with 7E3, 8 mg/kg, and platelet counts were taken over 24 h, using a
Cell-Dyne 1700 multi-parameter hematology analyzer (Abbott Laboratories, Abbott Park,
IL). Control animals were dosed with saline, followed by 7E3. The platelet nadir for
each animal was the lowest observed platelet count. Platelet count data was normalized
by the initial platelet count because of large inter-animal variability in initial platelet
counts. By normalizing the data, the effects of 7E3 and IVIG can be better compared

between animals.

Blood samples (0.15 ml) were taken for pharmacokinetic analysis at 1, 3, 6, 12, 24, 48,
96, and 168 h after 7E3 dosing. 7E3 plasma concentrations were determined using an
ELISA.13,14  Standard non-compartmental pharmacokinetic techniques were used to
estimate 7E3 clearance and terminal half-life following IVIG administration, as

previously repor‘[ed.13 Catheters were kept patent by flushing with 0.1 ml heparin (50

units/ml) between blood draws. Each group consisted of 4 rats.

Binding of IVIG to 7E3. Goat anti-human IgG (diluted 1:500 in PB, 0.25 ml/well) was
added to the wells of a Nunc Maxisorp 96 well microplate (Nunc model # 4-42404,
Roskilde, Denmark), and the plate was allowed to incubate at 4°C, overnight. IVIG (25
mg/ml) and 7E3 (0, 0.01, 0.05, and 0.10 mg/ml) were combined in test tubes and allowed
to incubate for 2 h at 37°C. Positive control samples consisted of IVIG incubated with

mouse anti-human IgG (Pierce, #31137), at the same concentrations as indicated for 7E3.

Samples and controls were diluted by 1000 into 1% BSA, in PBS, and then added to the
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microplate (0.25 ml/well) and allowed to incubate for 2 h at room temperature. Alkaline
phosphatase-labeled anti-mouse IgG (diluted 1:500 in PB, 0.25 ml/well) was then added
to the plate, and allowed to incubate for 45 min, also at room temperature. Finally, p-
nitro phenyl phosphate (4 mg/ml in diethanolamine buffer, pH 9.8) was added, 0.2
ml/well, and the plate was read at 405 nm on a plate-reader (Spectra Max 340PC,
Molecular Devices, Sunnyvale, CA). The plate was read over a period of 10 minutes,
and the slopes of the absorbance verses time curves were used to assess assay response
(dA/dt). Each sample was assayed in triplicate, and responses are shown as mean +
standard deviation. Between each step of the assay, the wells of the microplate were

washed 3 times with PB-Tween.

1IVIG effects on AMI pharmacokinetics. Rats (n=3 per group) were dosed via the jugular
vein cannula with 2 g/kg IVIG (or saline for controls), followed by AMI (8 mg/kg).
Blood samples were taken over 1 week, and plasma was analyzed for AMI concentrations

via ELISA. Pharmacokinetic analyses were performed as described above for 7E3.

IVIG effects on 7E3-PLT binding. Both qualitative and quantitative studies were
performed to determine if IVIG could inhibit the binding of 7E3 to human platelets. In a
qualitative study, 10 pg/ml 7E3 was incubated for 1.5 h with human platelets (1x10’
PLT/ml) in the presence of absence of IVIG (2.5 mg/ml). Control mouse IgG was a
negative control. The samples were centrifuged at 4000 rpm for 6 min, washed with PBS
(twice), and then incubated for 45 min with 100 pl of a 1:10 dilution (in PBS) of FITC-

labeled anti-mouse IgG solution. Samples were washed again, re-suspended in PBS, and
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submitted for analysis by flow cytometry (Flow Cytometry Core Facility, Huntsman

Cancer Institute, Salt Lake City, UT).

In quantitative inhibition studies, the potential for IVIG inhibition of 7E3-platelet binding
was studied in greater detail. Human platelets (8.2x10*/ml) were incubated with 7E3
(4.8-72.5 pg/ml) in the presence or absence of IVIG (25 mg/ml), for 2 h. Samples were
then centrifuged at ~3000g for 6 min to obtain a platelet pellet. A portion of each
supernatant was obtained and assayed for unbound 7E3 concentration. Binding of 7E3 to
platelets, in the presence and absence of 7E3, was analyzed by fitting the data to the

[7E3], xK, +1
1+ K, x[7E3], + K, xR,

following binding curve: F, =

In the above equation, F; is the free fraction of 7E3, K4 is the apparent affinity for 7E3-
platelet binding, [7E3]¢ is the unbound molar 7E3 concentration, and R; is the total
receptor concentration. Micromath Scientist was used to generate non-linear least
squares analyses of the data, and parameter values and reported standard deviations are

from the software output.

Statistical Analysis. Differences in the time course of platelet counts for the treatment
groups were tested for statistical significance using a two-way, repeated measures
ANOVA. Analysis of statistically significant differences between platelet nadir values
was performed using a Kruskall-Wallis one-way ANOVA on rank, with a Dunnett
multiple comparisons test to compare treatment groups to control. A non-parametric
ANOVA was used because the variance between the groups differed statistically. To

compare 7E3 clearance and terminal t;, values between treatment groups, one-way
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ANOVAs, with Tukey multiple comparisons procedures, were used. A t-test was used to
compare AMI clearance between groups. One way ANOVA’s (with Dunnett post tests)
were also used to test for significant 7E3-IVIG and control IgG-IVIG binding. Statistical
analyses were accomplished using SigmaStat 2.0 (SPSS Science, Chicago, IL), and the

level of significance for each test was a=0.05.
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Results

IVIG effects on 7E3-mediated thrombocytopenia and 7E3 kinetics. At a dose of 8 mg/kg,
7E3 caused rapid and severe thrombocytopenia in the rats. As can be seen in figure 1,
pretreatment of rats with IVIG significantly altered the platelet count time course
following the dose of 7E3 (p=0.031). Statistically significant differences from control
(p<0.01) were seen in platelet counts at 1 and 3 hr for the 2 g/kg IVIG group, and at 3 hr
for the 1 g/kg IVIG group. Percent platelet counts were used to assess the effects of 7E3
in this model because of the large degree of variability in initial absolute platelet counts.
However, each group had comparable mean initial platelet counts, with control, 0.4, 1
and 2g/kg IVIG groups having absolute initial counts of 326+62, 323+137, 272+111, and
301469 x 10° platelets/l, respectively. Because absolute platelet count may be important
in assessing bleeding risk, we also looked at platelet count nadir values as a metric to
determine IVIG effects in this model. After 7E3 treatment alone, the animals reached an
absolute platelet nadir of 48428 x10° platelets/l, which corresponded to an average of
144+8% of initial counts. With IVIG pretreatment, a 121-279% increase in the nadir
percent platelet count (compared to control) was observed (p=0.044), with values of
31£26, 44424, and 53+27% for the 0.4, 1, and 2 g/kg IVIG doses, respectively. Each
IVIG treated group differed significantly from the control (p<0.05). However, IVIG was
not completely effective at blocking thrombocytopenia, even at the highest doses. The
percentage of rats reaching a threshold value of thrombocytopenia (<30% of initial
counts) decreased with dose for animals pre-treated with IVIG, with 75%, 50%, and 25%
of rats in the 0.4, 1, and 2 g/kg IVIG groups having nadir platelet counts less than 30% of

initial.
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IVIG effects on 7E3 pharmacokinetics were determined by measuring 7E3 plasma
concentrations following pretreatment of the rats with IVIG. IVIG enhanced the
clearance of 7E3, as can be seen from figure 2 and table 1. An ANOVA revealed highly
significant differences between the CL values calculated for the 4 treatment groups
(P<0.001). Differences in 7E3 clearance were shown to be statistically significant for all
pairs of treatment groups, except for the comparison of data from animals receiving 0.4
versus 1 g/kg IVIG (Tukey multiple comparisons test). Significant differences from

control were seen in 7E3 concentrations at each time point > 12 h for the 2 g/kg IVIG

group, and > 48 hr for the 0.4 and 1 g/kg IVIG groups.

Binding of IVIG to 7E3. Binding of 7E3 to IVIG, in vitro, could not be detected in this
study. Figure 3 shows the results obtained from the experiment designed to detect 7E3-
IVIG binding. IVIG and 7E3 were incubated, in vitro, at 37°C, for 2 hr. Following this
incubation, the samples were diluted and added to a microplate coated with anti-human
IgG. Thus, if 7E3 did bind to IVIG, a secondary anti-mouse IgG would detect the
presence of 7E3. There were no statistically significant differences between assay
responses for 7E3-containing samples verses the negative control (IVIG alone), with
p=0.164. However, there were significant differences in assay responses (at each
concentration) for the positive control antibody, with p<0.001. The concentration ratios
of 7E3:IVIG in this experiment were designed to be similar to what would be expected in

the in vivo experiments.
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IVIG effects on AMI pharmacokinetics. Figure 2 showed that IVIG increased the
clearance of the anti-platelet antibody, 7E3. To determine if this effect of IVIG was
specific for 7E3, we characterized the pharmacokinetics of a second monoclonal
antibody, AMI, in the presence and absence of IVIG. Figure 4 demonstrates that IVIG
also increased the clearance of AMI, with AMI clearance increasing from 0.4440.05 to
1.1740.05 ml hr' kg’ from the control to the IVIG treated group (p<0.001).
Furthermore, the relative degree of increased clearance due to IVIG treatment was similar
between groups, with a 2.37-fold increase in clearance seen for 7E3, and a 2.66-fold

increase in clearance seen for AMI, following 2 g/kg IVIG treatment.

IVIG effects on 7E3-PLT binding. Qualitative and quantitative studies were performed
to determine the effect of IVIG on binding of 7E3 to human platelets. Results of the
qualitative flow cytometric analyses are shown in figure 5. No shift in the fluorescence
histogram was observed in the presence of IVIG. In quantitative studies, the platelet
concentration was kept constant as the 7E3 concentrations varied, either in the absence or
presence of IVIG. One might expect that anti-idiotypic antibodies in the IVIG
preparation would lead to a decrease in the apparent affinity of 7E3-platelet binding.
Results from the quantitative studies are shown in figure 6. Binding curves are nearly
identical in the presence and absence of IVIG. No significant difference was found in the
binding parameters K4, and R,. Without IVIG present, Ko was 4.9i0.7><108M'1,and R;

was 7.5+0.4x10™® M (55000+3000 GP/platelet). With IVIG, K, was 5.5£1.2x10*M™, and

R, was 7.6£0.7x10™® M (560005000 GP/platelet).
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Discussion

The present study was designed to evaluate the efficacy of IVIG in a rat model of ITP,
and to gain insight into the mechanism of IVIG action in this model. Rats were
pretreated with IVIG, 0-2 g/kg, and then challenged with a short infusion of anti-platelet
antibody (7E3). As evidenced by figure 1, pre-treatment of the rats with IVIG attenuated
7E3-induced thrombocytopenia. IVIG pre-treatment reduced the average degree of
thrombocytopenia achieved after 7E3 treatment (as measured by average percent platelet
count at nadir), and decreased the fraction of animals demonstrating severe

thrombocytopenia.

The definition of severe thrombocytopenia used in this study (i.e., platelet nadir values

less than 30% of initial platelet counts) was selected based on the results of previous

studies of 7E3-treated rats.13 In these studies, animals receiving 8 mg/kg 7E3
demonstrated an average percent nadir platelet count of 18%, with a 99% confidence
interval of 6.3-30%. As such, we could expect that 99.5% of the 7E3 treated rats would
demonstrate a nadir platelet count less than 30% (i.e., in the absence of an IVIG effect). It
is interesting to note that some animals developed severe thrombocytopenia, even at the

highest doses of IVIG.

To date, few published reports have shown IVIG effects in animal models of

thrombocytopenia; and, to our knowledge, no reports have shown dose-dependencies in

IVIG effects. Recently, Samuelsson et al.9 published an interesting report demonstrating

IVIG efficacy in a mouse model of ITP, but results were shown only for one dose of
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IVIG. Because dose-dependent effects of IVIG were seen in our rat model of ITP, it
might be reasonable to expect that similar results would be seen in humans with ITP.

However, few studies have investigated optimal dosing strategies for IVIG in ITP, and

dose-dependencies in IVIG effects have not been thoroughly investigated in man. 15,16

Some researchers have proposed that anti-idiotypic antibodies present within IVIG
preparations may mediate IVIG effects in ITP, via specific inhibition of anti-platelet
antibody binding to platelets.7’8 Given the possibility of an idiotype — anti-idiotype
interaction, we conducted binding experiments to evaluate whether anti-idiotype
antibodies may contribute to the IVIG effects observed in our rat model of ITP. No
differences were seen between the 7E3-platelet binding curves generated in the presence
or absence of IVIG. These quantitative results were confirmed by qualitative flow
cytometry experiments, which also showed no decrease in 7E3 binding to platelets in the
presence of IVIG. Thus, it is unlikely that the in vivo effects in this model are due to

inhibition of 7E3 binding to the platelets.

An intriguing finding of this work is that IVIG altered the pharmacokinetics of 7E3. Our
data demonstrated a trend toward a reduction of 7E3 terminal half-life with IVIG
administration (p=0.06), with statistical significance reached in the comparison of half-
life in control animals to that seen in animals receiving 1 g/kg IVIG (p < 0.05). More
importantly, IVIG was found to induce a dramatic increase in the clearance of the anti-
platelet antibody (p < 0.001). Clearance, which serves as a time and concentration-

averaged measure of 7E3 elimination, is a better metric for evaluation of IVIG effects on
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7E3 elimination, as IVIG effects on elimination rate (and half-life) may be expected to
decrease with time following IVIG administration. To our knowledge, this IVIG effect on
anti-platelet antibody elimination has not been previously reported in humans or in
animal models of ITP. We performed further experiments to determine whether this
pharmacokinetic effect was a specific effect (i.e., mediated by IVIG binding to 7E3 and
increasing clearance), or a general effect (e.g., saturation of the Fc receptor responsible

for protecting IgG from catabolism) of IVIG.

Using an in vitro assay, we were unable to detect binding of IVIG to 7E3. This lack of
detection of binding could be due to at least two factors: (i) IVIG may not bind to 7E3, or
(i1) the assay may not be sensitive enough to detect the small amount of binding that
might occur. Using a standard curve based on the positive control antibody, and the
highest assayed quantity of 7E3-IVIG binding, we estimate that less than 2% of 7E3
bound to IVIG. Although some literature suggests that IVIG preparations contain anti-
mouse antibodies,17 the levels of anti-mouse antibody are likely very low, and may vary
greatly from batch to batch. Our observation of the lack of 7E3-IVIG binding in vitro,
together with the observed effect of IVIG on AMI clearance, suggests that the change in
7E3 clearance following IVIG treatment is not due to specific 7E3-IVIG interactions, but

is likely due to a more general effect.

It is well known that IgG clearance increases with increasing plasma concentrations of

IgG, and it is accepted that this phenomenon is due to the saturation of a salvage receptor

for IgG (FcRn). 18,19 This receptor is found both in rodents and humans.20 Additionally,
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FcRn is widely distributed throughout the body, and is present in the diverse sights

thought to be associated with IgG catabolism, including the endothelial cells of muscle

vasculature and hepatic sinusoids 19,21, Normally, proteins taken into cells by
pinocytosis are rapidly catabolized upon fusion of the endosome with the lysosome.
However, in the case of IgG, the FcRn receptor binds IgG with high affinity in the more
acidic environment of the endosome, prevents release of the IgG into the lysosome, and
eventually returns the IgG to the plasma. It has been reported that a doubling of plasma

IgG concentration (similar to what might be expected following 1g/kg IVIG therapy)

results in an increase in fractional IgG catabolism rate to 180% of its normal value.22,23
In our studies, administration of 1g/kg IVIG resulted in a 7E3 clearance value that was
176% of the control value. It is probable that the observed increase in 7E3 clearance with
increasing doses of IVIG is due to saturation of this salvage receptor by the IVIG, leaving
a greater fraction of the 7E3 available for catabolism. A schematic representation of this

proposed hypothesis for IVIG effects is shown in figure 7.

Several authors have suggested that IVIG therapy may lead to alterations in auto-

antibody concentrations in blood. For example, Tsubakio et al.24 reported in 1983 that
IVIG treatment led to decreased auto-antibody titers in a small number of patients.

However, the authors attributed these effects to decreases in antibody production. In

1993, Masson23 first proposed that IVIG administration may lead to an increased rate of
elimination of pathogenic auto-antibodies, and suggested that this mechanism may

explain some of the effects observed following IVIG therapy in autoimmune conditions.

Additionally, Pierangeli et al.2> proposed that IVIG might increase the rate of
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elimination of autoantibodies present in the antiphospholipid antibody syndrome. Others

have mentioned this possible mechanism of action for other specific diseases.20-28 With
this report, we provide experimental evidence that IVIG is able to increase the

elimination rate of a specific anti-platelet antibody, in a rat model of ITP.

It is reasonable to imagine that decreases in plasma antibody levels would lead to
decreases in the degree of platelet opsonization and decreases in the rate of platelet
elimination. Because of the non-linear nature of receptor-antibody binding, it is expected
that some patients would benefit much more than other patients from an increase in
antibody clearance, depending on their respective initial plasma auto-antibody
concentrations. Based on our observations of IVIG effects on anti-platelet antibody
clearance, and on the relationship between IgG concentrations and IgG clearance in
humans, we hypothesize that IVIG effects in ITP are achieved, in part, via IVIG-

mediated increases in the rate of anti-platelet antibody elimination.

It is important to note that the relationship between the effects of IVIG on 7E3 clearance
to IVIG effects on thrombocytopenia in 7E3 treated animals is uncertain at present. For
example, as shown in figure 2, most of the change in 7E3 plasma concentrations
following IVIG treatment occurs after 12-24 h. In this acute model, platelet counts were
only recorded over the first 24 h, with the most dramatic effects on platelet count
occurring within ~3 h, where the changes in 7E3 kinetics were less dramatic. However,
if IVIG has the ability to accelerate anti-platelet antibody clearance in a chronic ITP

situation (i.e., the human ITP condition, where pathogenic IgG is slowly synthesized
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rather than rapidly infused), this increased antibody clearance could conceivably account

for some of the beneficial effects seen following IVIG treatment.

Because the effects of IVIG in 7E3-treated rats are not likely due solely to
pharmacokinetic or anti-idiotypic effects, it is likely that the IVIG effects in these
experiments are also due to factors more directly controlling platelet destruction (i.e.,
interference with Fc- or complement mediated platelet destruction). These hypotheses
were not the subject of this investigation, and will be further investigated in future
studies. Currently, mathematical models are being developed that relate anti-platelet
antibody concentrations to their effects on thrombocytopenia. With these models, we
will be able to obtain a quantitative estimate of the importance of increased antibody
clearance relative to the other effects that IVIG might have. Furthermore, this animal
model is being used to develop novel therapies of ITP, which are related to the possible
effects of IVIG in this model (e.g., a method to specifically increase anti-platelet antibody

clearance).

In conclusion, two new findings are reported in this work. First, IVIG was able to
attenuate the effects of an anti-platelet antibody in a rat model of ITP, in a dose-
dependent manner. This finding, and further studies using this animal model, may
provide a means to suggest a rationally designed, optimal dosing strategy for IVIG in
ITP. The second important finding was that IVIG had a dramatic, and apparently non-

specific, effect on anti-platelet antibody clearance. Thus this work provides experimental
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evidence to support the hypothesis that IVIG may achieve effects by increasing the

elimination of pathogenic antibodies.
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Figure Legends

Figure 1. IVIG effects on the time course of 7E3-induced thrombocytopenia. Rats
received IVIG (or saline) followed by 8 mg/kg 7E3. Panel A. Individual raw platelet
count verses time data for animals given saline (1), 0.4 g/kg IVIG (2), 1 g/kg IVIG (3), or

2 g/kg IVIG (4). Panel B. Average percent of initial platelet count data. Symbols

represent IVIG treatment groups (n=4 rats/group): saline (®), 0.4 g/’kg (m), 1 g/’kg (A),

and 2 g/kg (¢). IVIG and 7E3 were given intravenously, and platelet counts were

obtained using a Cell-Dyne 1700 multi-parameter hematology analyzer. Error bars
represent the standard deviation about the mean. IVIG attenuated the time-course of
thrombocytopenia in a dose-dependent manner. Treatments differences were statistically

significant (p=0.031).

Figure 2. Plasma 7E3 pharmacokinetics following IVIG treatment. Rats (3-4 per
group) were dosed intravenously with IVIG (0-2 g/kg) followed by 7E3 (8 mg/kg). Panel
A shows plasma 7E3 pharmacokinetic data for each animal given saline (1), 0.4 g/kg
IVIG (2), 1 g/kg IVIG (3), or 2 g/kg IVIG (4). Panel B. Average plasma pharmacokinetic

data for animals receiving 7E3 and IVIG. Treatment groups are designated as follows:
saline (@), 0.4 g/kg (m), 1 g/kg (A), and 2 g/kg (#). 7E3 concentrations were

determined via ELISA. Error bars represent the standard deviation about the mean
concentration at each time point. IVIG treatment significantly increased the clearance of

7E3 (p<0.001), calculated from the concentration vs. time profiles shown in this figure.
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Figure 3. IVIG does not directly bind 7E3. 7E3 (or control IgG) and IVIG were
combined in vitro, at a constant IVIG concentration (25 mg/ml) and varying 7E3
concentrations (0-0.1 mg/ml). The positive control was a mouse anti-human IgG.
Samples were then added to a microplate coated with anti-human IgG. Murine IgG
binding was visualized using a secondary anti-mouse IgG-alkaline phosphatase
conjugate. p-Nitro phenyl phosphate was added, and the plates were read at 405 nm
(kinetic assay, over 10 min). Assay response to 7E3 did not differ from control

(p=0.164), whereas the positive control differed significantly from control (p<0.001).

Figure 4. Plasma AMI pharmacokinetics following IVIG treatment. Rats (3 per
group) were dosed intravenously with saline (®) or 2 g/kg (¢) IVIG, followed by AMI (8

mg/kg). AMI concentrations were determined via ELISA. Error bars represent the
standard deviation about the mean concentration at each time point. IVIG treatment
significantly increased the clearance of AMI (p<0.001), calculated from the concentration
vs. time profiles shown in this figure. IVIG’s effects on antibody pharmacokinetics are

not specific for 7E3.

Figure 5. IVIG effects on 7E3-platelet binding as determined by flow cytometry.
7E3 was incubated with human platelets in the presence or absence of IVIG. The
histograms plot platelet count verses relative fluorescence intensity. The bottom panel
shows the fluorescence histogram obtained for control mouse IgG incubated with
platelets (median fluorescence intensity (MFI) was 1.3). The middle panel shows 7E3

incubated with platelets (MFI=246), and the top panel shows 7E3 incubated with platelets
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in the presence of IVIG (MFI=284). No decrease in MFI was observed for 7E3 binding

to platelets in the presence of IVIG.

Figure 6. IVIG effects on the 7E3-platelet binding curve. Total platelet concentration

was held constant as the 7E3 concentration was increased, in the presence (O) or absence
(V) of IVIG. Free (i.c., unbound) 7E3 concentrations were determined by ELISA. Data

were fit as described in the text. The lines represent the best fits of the data sets (solid
line = IVIG, broken line = no IVIG), and are essentially superimposed. Parameters (Kx
and R;) obtained from the fits did not differ significantly. Without IVIG present, K, was
4.940.7x10°M™" ,and R, was 7.540.4x10® M (55000+3000 GP/platelet). With IVIG, K,
was 5.5+1.2x10°M™",and R, was 7.620.7x10™® M (56000+5000 GP/platelet). IVIG does

not prevent 7E3 from binding to platelets.

Figure 7. A proposed mechanism for IVIG effects on increased anti-platelet
antibody clearance. (1) IVIG (black IgG’s) and 7E3 (white IgG’s) are taken into the
cell by pinocytosis. (2) At physiologic pH, IgG has low affinity for the FcRn receptor,
but as the pH decreases following endocytosis, the affinity of IgG for the FcRn receptor
increases and the IgG binds to the receptor. Because of the much greater concentrations
of IVIG relative to 7E3, IVIG is bound preferentially to the receptor. (3) Bound IgG
molecules are protected from release into the lysosome, and (4) eventually returned to the
circulation. (5) Unbound IgG proceeds to the lysosome (6) where it is catabolized by

proteases.
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TABLE 1
Effect of IVIG on the elimination of 7E3

Dose of IVIG (g kg™) CL of 7E3 (ml hr'' kg)*  t;» (hr)°

0 0.78+0.09 79+11
0.4 1.28+0.19° 68 + 6
1 1.37+0.28" 54+17"
2 1.85+0.19" 56+ 10

Non compartmental techniques were used to determine each parameter value. Values are
listed as mean + standard deviation (n=3-4).

a: ANOVA, p <0.001

b: ANOVA, p =0.06

*: Dunnett post-test, p < 0.05 relative to control

**: Dunnett post-test, p < 0.01 relative to control
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Figure 1A.
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Figure 1B.
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Figure 2A.
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Figure 2B.
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Figure 3.
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Figure 4.

pg/mi)

~ 100 -

Plasma AMI conc

10 -

0

20 40 60 80 100 120 140 160
Time (hr)

122



Figure 5.
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Figure 6.
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Figure 7.
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CHAPTER
FIVE

INTRAVENOUS IMMUNOGLOBULIN MEDIATES AN INCREASE IN
ANTI-PLATELET ANTIBODY CLEARANCE VIA THE FcRn
RECEPTOR

This work has been submitted for publication in Blood (2002).
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Abstract

Recent studies in our laboratory have shown that intravenous immunoglobulin (IVIG)
therapy leads to an increased rate of anti-platelet antibody clearance in an animal model
of immune thrombocytopenia. The present study was performed to confirm the
importance of the FcRn receptor in mediating this effect of IVIG. The pharmacokinetics
of an anti-platelet antibody, 7E3, were studied in mice lacking expression of FcRn and in
control mice, both in the presence and absence of IVIG. IVIG increased the clearance of
7E3 in mice with functioning FcRn receptors, with an average clearance value of
14.4+1.4 ml/d/kg in IVIG treated mice verses 5.2+0.3 ml/d/kg in control mice (P<0.001).
In mice lacking expression of FcRn, IVIG treatment did not increase the clearance of 7E3
(61.0£3.6 ml/d/kg in IVIG treated mice vs. 71.5+4.0 ml/d/kg in control mice). Thus,

FcRn appears to be the key receptor mediating the increase of 7E3 clearance following

IVIG treatment.
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Intravenous immunoglobulin (IVIG) therapy is a standard therapy of immune
thrombocytopenia, and has shown efficacy for many other autoimmune conditions.!-3
Recently, our laboratory demonstrated that intravenous immunoglobulin (IVIG)
treatment increases anti-platelet antibody clearance in a rat model of immune
thrombocytopenia (ITP).# We, and others, have suggested that increased autoantibody
clearance may be an important mechanism by which IVIG achieves effects in various

autoimmune conditions.4-9

IVIG effects on autoantibody clearance have been postulated to occur via competition of
IVIG with autoantibodies for occupancy of the FcRn receptor.4-6-9 The FcRn receptor is
widely believed to be responsible for protecting IgG from catabolism, leading to the
prolonged half-life of IgG (i.e., relative to other plasma proteins).!9 Although it has been
hypothesized that IVIG treatment increases autoantibody clearance via competitive
inhibition of the FcRn receptor, the link between FcRn and IVIG effects has not been
explicitly demonstrated. In the present study, this hypothesis was tested by examining
IVIG effects on the pharmacokinetics of an anti-platelet antibody in ‘wild-type’ mice,

and in ‘knockout’ mice lacking expression of the FcRn receptor.

128



Study Design
Animals and reagents. B-2-microglobulin knockout mice (lacking FcRn expression) and

C57BL/6 control mice, 21-28 g, were obtained from Jackson Laboratories (Bar Harbor,

ME). 7E3, an anti-platelet monoclonal antibody, was purified in our laboratory.l1
Intravenous immunoglobulin was obtained from Bayer (Pharmaceutical Division,
Elkhart, IN). Mice were instrumented with jugular vein cannulas, and allowed to recover
for 3-4 days prior to initiation of experiments. Human GPIIb/Illa was obtained from
Enzyme Research Laboratories (South Bend, IN). p-nitro phenyl phosphate was obtained
from Pierce (Rockford, Illinois). Bovine serum albumin (BSA), goat anti-mouse IgG-
alkaline phosphatase conjugate (Fab specific), and buffer reagents were obtained from
Sigma (St. Louis, MO). Buffers were phosphate-buffered saline (pH 7.4, PBS), 0.02 M

Na,HPO4 (PB), PB + 0.05% Tween-20 (PB-Tween), and diethanolamine (pH 9.8, DEA).

7E3 assay. An antigen specific, enzyme-linked immunosorbent assay (ELISA) was
developed to measure 7E3 concentrations in mouse plasma. Human GPIIb/Illa was
diluted 1:500 in PB, and added to Nunc Maxisorp plates (0.25 ml/well). Plates were
incubated overnight at 4°C. Standards and samples were then added to the plate (0.25
ml/well) and allowed to incubate for 2 h at room temperature. Goat anti-mouse IgG-
alkaline phosphatase conjugate, diluted 1:500, was added to the wells, and allowed to
incubate for 45 min at room temperature. Finally, p-nitro phenyl phosphate was added (4
mg/ml in DEA) and the change in absorbance verses time was recorded with a
SpectraMax Microplate reader (Molecular Devices, Sunnyvale, CA). Plates were washed

3 times with PB-Tween between each step of the assay. Standards were made to final
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concentrations of 0, 1, 2.5, 5, 10 and 20 ng/ml 7E3 in 1% mouse plasma. Standard
curves were linear over this concentration range. Intra-assay variability was < 15% for

quality control samples within the standard curve range.

Pharmacokinetic studies. Mice, 3-5 per group, were dosed via the jugular vein cannula
with either IVIG (1 g/kg) or saline, followed by 8 mg/kg 7E3. Blood samples, 20 ul per
time point, were obtained from the saphaneous vein of the mice over the course of 4 days
for the knockout mice, and over the course of 30-60 days for the control mice. Plasma
7E3 concentrations were determined via ELISA.  Standard non-compartmental
pharmacokinetic analyses were performed to determine the clearance and terminal half-
life of 7E3 for the various treatment groups,!! using WinNonlin software (Pharsight
Corporation, Palo Alto, CA). Statistical analyses were performed using GraphPad Instat

(GraphPad Software, Inc., San Diego, CA).
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Results and Discussion

Based on the observation that the fractional catabolic rate of IgG increases with increases
in IgG concentration, Brambell et al. first proposed that a receptor-mediated transport
system protects IgG from catabolism.!2 It has been suggested that the supposed
protective receptor, often referred to as the Brambell receptor, limits that rate of IgG
elimination and is responsible for the long half-life associated with IgG. Additionally,
Brambell et al. proposed that the protective receptor might be saturated at high
concentrations of IgG, thereby providing a mechanistic explanation for the observed
increase in fractional IgG catabolism with increasing plasma IgG concentrations. Over
thirty years after Brambell’s initial hypothesis, this protective receptor was shown to be

FcRn, which is also responsible for transporting IgG across the intestine of neonates.!3-15

FcRn, a heterodimer consisting of an MHC class 1-like heavy chain and a [-2-
microglobulin light chain, is widely expressed in adult tissues. Studies have demonstrated
that B-2-microglobulin knockout mice do not express FcRn, and have low IgG levels,
increased IgG catabolism, and decreased transport of IgG across the gut.7.10,14
Catabolism of other plasma proteins (e.g., IgA and albumin) is unchanged in these

knockout mice.14.16

Because of the known role of FcRn in protecting IgG from catabolism, several groups
have postulated that IVIG increases autoantibody elimination by saturating this protective

receptor.4® However, FcRn has never been explicitly identified as the key receptor
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mediating IVIG effects on autoantibody clearance. In this work, we tested the hypothesis
that IVIG achieves this beneficial effect on anti-platelet antibody clearance via the FcRn

receptor.

IVIG effects on 7E3 pharmacokinetics in [-2-microglobulin knockout and control
C57BL/6 mice are shown in figure 1. As expected from our previous rat studies, IVIG
increased the clearance of 7E3 in control mice (P<0.001). Additionally, consistent with
the hypothesis that this effect is mediated via saturation of FcRn, IVIG treatment failed to
increase the clearance of 7E3 in the mice lacking FcRn expression (see table 1). In fact,
7E3 clearance was slightly decreased in the presence of IVIG in the knockout mice. This

may be due to saturation of catabolic processes at high IgG concentration.

This study confirms the hypothesis that IVIG effects on anti-platelet antibody clearance
are mediated via the FcRn receptor. It is reasonable to suspect that IVIG may achieve
therapeutic benefit in ITP via this mechanism; as such, FcRn may be an attractive target
for the development of new therapies for ITP and for other humoral autoimmune

conditions.
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TABLE 1

Effect of IVIG on the elimination of 7E3 in control and FcRn-deficient mice

Group CL of 7TE3 (mld' kg™")  ti2 (d)
Control mice-7E3 alone 5.240.3 2012
Control mice-7E3+IVIG 144+1.4 12+£2
knockout mice — 7E3 alone  72.5+4.0 0.78 £ 0.07
knockout mice — 7E3+IVIG  61.0+3.6 0.75+0.05

Non compartmental techniques were used to determine each parameter value. Values are

listed as mean + standard deviation (n=3-5).

137



Figure legends.
Figure 1. 7E3 pharmacokinetics following IVIG treatment in control and FcRn-
deficient mice. Mice (3-5 per group) were dosed intravenously with IVIG (1 g/kg)

followed by 7E3 (8 mg/kg). Treatment groups are designated as follows: 7E3+saline in

control mice (®); 7E3+IVIG in control mice (W); 7E3+saline in knockout mice (O); and

7E3+IVIG in knockout mice (O0). 7E3 concentrations were determined via ELISA. Error

bars represent the standard deviation about the mean concentration at each time point.
IVIG treatment significantly increased the clearance of 7E3 in control mice (p<0.001),

but not in FcRn-deficient mice.
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CHAPTER
SIX

INTRAVENOUS IMMUNOGLOBULIN EFFECTS ON ANTI-
PLATELET ANTIBODY SECRETION AND HYBRIDOMA
PROLIFERATION, IN VITRO
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Abstract

Several groups have shown that intravenous immunoglobulin (IVIG) therapy leads to an
inhibition of antibody production from pokeweed mitogen-stimulated peripheral blood
mononuclear cells, ex vivo. Additionally, it has been suggested that IVIG may
specifically inhibit anti-platelet antibody production via specific (i.e., anti-idiotypic)
interaction with the B-cell receptor of cells secreting anti-platelet antibodies. This present
study investigates IVIG effects on anti-platelet antibody secretion and on cellular
proliferation, in vitro. Two anti-platelet antibody-producing hybridoma cell lines, 7E3
and AP-3, and one control hybridoma cell line, 1B7.11, were grown in the presence of
IVIG (0-50 mg/ml), in static culture. IVIG treatment led to concentration-dependent
decreases in the apparent rates of cell growth and antibody production for each cell line.
A mathematical model was developed to characterize IVIG effects. Each cell line
exhibited similar sensitivity to IVIG, with IC50 values of 2.9+0.6, 6.4£1.5, and 4.1£1.8
mg/ml for inhibition of the proliferation of 7E3, AP-3, and 1B7.11, respectively. Thus,
IVIG was found to inhibit antibody secretion in vitro; however, similar effects were
observed for each cell line (i.e., specific anti-idiotypic effects were not apparent in this
study). Further studies regarding IVIG suppression of anti-platelet antibody production,

in vivo, are warranted.
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Introduction

Intravenous immunoglobulin (IVIG) was introduced as a treatment for immune
thrombocytopenia (ITP) in 1981,1 and has since become one of the standard treatments

for this disease.2> 3 Although much research has focused on defining the mechanisms of

IVIG action in ITP, a complete understanding of these effects has remained elusive.

IVIG may possibly achieve beneficial effects in ITP, and other autoimmune conditions,
through inhibition of autoantibody production. Inhibition of antibody secretion may occur
as a general effect (i.e., affecting all antibody-producing cells) or as a specific effect (i.e.,
selectively affecting cells producing autoantibodies). In support of the hypothesis that
IVIG produces a general inhibition of antibody production, several groups have shown

that IVIG therapy leads to a general inhibition of antibody secretion from isolated

peripheral blood mononuclear cells, ex vivo.4-8 However, in addition to these general
effects on antibody production, IVIG may have specific effects on autoantibody
production (e.g., via specific anti-idiotypic inhibition). To our knowledge, specific

effects of IVIG on anti-platelet antibody production have not been investigated.

This study presents the effects of IVIG on the apparent rate of cell growth of anti-platelet
antibody producing cells, and on the apparent rate of antibody production from those
cells. Mathematical models were developed to gain insight into the mechanisms of IVIG

action, and to quantify cellular sensitivity to IVIG exposure.
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Methods

Cell lines and IVIG preparation. Two hybridomas producing antibodies directed against
human platelets (7E3, ATCC #HB-8832; AP-3, ATCC #HB-242) and one control cell
line (producing anti-TNP antibodies, 1B7.11, ATCC #TIB-191) were obtained from the
American Type Culture Collection (Rockville, MD). Each cell line produces IgGl
antibodies, and each line was obtained by fusion of spleen cells with P3X63Ag8.653
myeloma cells from Balb/C mice. Cells were maintained in RPMI 1640:fetal bovine
serum (90:10) medium (Life Technologies, Rockville, MD), with fluid renewal every 2-3
days. A stock solution of intravenous immunoglobulin (Polygam, Baxter Healthcare
Corporation, Glendale, CA) was made by reconstituting the intravenous immunoglobulin

product in media to a final IgG concentration of 200 mg/ml.

IVIG effects on apparent rate of cell growth. To determine IVIG effects on apparent cell
growth, ~25,000 cells were added to media containing 0, 0.25, 2.5, or 25% of the IVIG
solution (corresponding to 0, 0.5, 5, and 50 mg/ml IgG), and an appropriate volume of
pH-adjusted media to bring the total volume of each culture to 10 ml, and a final pH of
7.2. Cells were counted at 0, 24, 48, 72, 96, 120 and 168 h using a Coulter Z1 particle
counter. Cells were maintained in an incubator (37 °C, 5% CO;), without media
replacement, for the duration of the experiment. Experiments were performed in
triplicate, except for the 50 mg/ml treatment of AP-3 cells which was performed in
duplicate. Inhibition of cell growth was determined at 120 h, and was defined as %I =

(Control cell number —Treated cell number)x100/Control cell number. ANOVA were
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used to determine statistically significant differences in absolute cell concentrations at

120 h.

IVIG effects on antibody production. 1gG concentrations were measured at 0, 24, 48, 72,

96, 120, and 168 h in the cell cultures, using a sandwich ELISA developed for mouse

IgG.9a 10 Briefly, experiments were performed in Nunc Immuno Maxisorp plates, with
rat anti-mouse IgG (Pierce M-3534, 1:500 in a 20 mM Na,HPO4 buffer (PB), 0.25
ml/well) used as the capture antibody, and goat anti-mouse IgG alkaline phosphatase
(Sigma A-1682, 1:500 in PB, 0.25 ml/well) the secondary antibody. Standard curves
were linear up to 75 ng/ml. Sample sizes are as described above. Inhibition of antibody

production, defined at 120 h, was determined as described for cell growth.

Mathematical modeling. A mathematical model was developed to characterize the
apparent growth rates of the hybridoma cells, the apparent rates of antibody production,
and the effects of IVIG on cell growth and antibody production. A schematic
representation of the model is shown in scheme 1. Differential equations used to

characterize cell numbers are shown below:

I xIVI
dCell _ 1o(iyx| 1= Lo X VIG Y ool
dt 1050+ IVIG
Cell
ke()=axtx|1-
gt)=a [ cezzmax]

In the above equations, Cell represents cell concentration (cells/ml), kg(t) is a first-order,

time and cell concentration-dependent apparent growth rate function (hr''), IVIG is the

144



human IgG concentration (mg/ml), Imax represents the maximum inhibition of the
apparent growth rate function by IVIG (fixed at 1), IC50 (mg/ml) is the concentration of
human IgG that produces 50% inhibition of the apparent cell growth rate function. The
two parameters of the kg(t) equation, a (hr®) and Cellyay (cells/ml), allow the apparent
growth rate function to increase with time and decrease with cell number, as was
necessary to characterize the data. The equations used to characterize antibody

production are as follows:

dlgG
% = K, (1) x Cell

Kigg(t)sztx(l— 18G j

max

In these equations, IgG represents IgG concentration (ng/ml) in the cell cultures, Kig(t) is
a zero-order function describing antibody production (ng/hr/cell), that is time and IgG
concentration dependent, as was required to characterize the data. The two Kig(t)
parameters, b (ng/hr’/cell) and IgGpax (ng/ml), allow the input function to both increase
with time and decrease with concentration. These equations were fit to the cell number
and antibody concentration data using non-linear least squares regressions analysis,
accomplished using The Scientist software. The data were weighted by 1/y%. Cell
growth parameters were obtained by simultaneously fitting the 0, 0.5, and 5 mg/ml IgG
curves. IgG production parameters were obtained from simultaneously fitting the 3 data
sets to the IgG production equations. Parameters are reported as mean +/- standard
deviation, as reported by the software. The 50 mg/ml IVIG data were not used in the

modeling because of concern of potential confounding factors (see discussion).
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Results

Incubation of hybridoma cells in the presence of IVIG led to a concentration-dependent
inhibition of cell growth for each cell line. Inhibition of cell growth, measured at 120 h,
was determined for each cell line. At 0.5 mg/ml, IVIG treatment resulted in 21.5+4.7,
3.249.2, and 38.9+3.2% reductions in cell concentration for the 7E3, AP-3, and 1B7.11
cells, respectively. At 5 mg/ml, IVIG treatment resulted in 52.1£5.7, 45.4+6.0, and
77.9£4.2% reductions in cell number for the 7E3, AP-3, and 1B7.11 cells, respectively.
At 50 mg/ml, IVIG treatment resulted in 73.248.6, 96.7+0.3, and 90.0+4.3% reductions

in cell number for the 7E3, AP-3, and 1B7.11 cells, respectively.

Similarly, IVIG treatment led to concentration dependent inhibition of antibody
production from each cell line. Differences determined at 120 h are the following: 0.5
mg/ml IVIG led to 9.248.5, -2.946.2, and 26.4+7.1% reductions in IgG concentration for
the 7E3, AP-3, and 1B7.11 cells, respectively; 5 mg/ml IVIG led to 34.2+2.1, 42.3+5.1,
and 64.6+1.8% reductions in IgG concentration for the 7E3, AP-3, and 1B7.11 cells,
respectively; and 50 mg/ml led to 69.5+1.7, 97.440.2, and 90.4+0.8% reductions in IgG
concentrations for the 7E3, AP-3, and 1B7.11 cells, respectively. Statistically significant
differences from control were observed in each cell line (p<0.01) for both cell numbers

and antibody concentrations.

Mathematical modeling was used to characterize the time course of the effect of IVIG on
cell proliferation, and to estimate the sensitivity of each of these cell lines to IVIG. The

best-fit lines from these analyses are shown in figures 1A, 2A, and 3A for the 7E3, AP-3,
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and 1B7.11 cell lines, respectively. Table 1 shows the parameter values resulting from
the modeling. The IC50 values reveal no significant difference in cell sensitivity to
IVIG, suggesting that IVIG effects are not specific for the anti-platelet antibody

producing cell lines.

Figures 1B, 2B, and 3B show the time course of IVIG effects on antibody production.
Modeling the data revealed that IVIG effects on antibody production could be entirely
attributed to the effects of IVIG on the apparent cell growth rate. Addition of IVIG
inhibition parameters to the antibody production portion of the model did not improve the
fits. Parameters for antibody production obtained from the non-linear least squares

regression analysis are shown in table 2.

Neither the cell count nor the IgG concentration data for the 50 mg/ml IVIG samples
were used in the modeling analysis, due to concern of potential confounding factors (see
discussion). However, the 50 mg/ml IVIG data are shown in figures 1-3, to illustrate that
this concentration of IVIG led to almost complete suppression of both cell growth and

antibody production.
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Discussion

Soon after Imbach et al. reported efficacy of IVIG in ITP, researchers began investigating
the mechanism of these effects. The earliest report that IVIG may inhibit autoantibody
production in ITP patients came from Tsubakio et al. in 1983, in a study that found

decreased titres of various auto-antibodies, in vivo, following IVIG infusion in a small

number of patients.4 Additionally, this study reported suppression of pokeweed mitogen-
induced immunoglobulin synthesis, in vitro, from peripheral blood mononuclear cells
isolated from the patients that received IVIG. The decreased in vivo autoantibody levels
in this study were attributed solely to decreases in antibody production; however, this
conclusion is not completely justified, as it is now understood that IVIG treatment

increases the elimination rate of autoantibodies, also leading to decreases in antibody

levels.11, 12 Because of the possible dual effects of IVIG on antibody production and
antibody elimination, in vivo analyses of IVIG effects on autoantibody production have

been difficult.

Other researchers have also studied IVIG effects on antibody production, in vitro, and

have concluded that IVIG treatment may lead to decreased antibody production.5-8
Although it is accepted that IVIG treatment may decrease antibody production in certain
experimental systems, IVIG effects on specific anti-platelet antibody production have not
been as well studied. We hypothesized that IVIG may have effects on anti-platelet
antibody production, in addition to its effects on general antibody production. These
specific effects may occur as a result specific binding of anti-platelet antibodies to anti-

idiotypic antibodies present in IVIG. There is some evidence to suggest that anti-
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idiotypic antibodies may play a role in IVIG therapy of ITP.13, 14 One pathway by
which anti-idiotypic antibodies may lead to decreased antibody synthesis is by co-ligation

of the B-cell antigen receptor and the inhibitory FcyRIIb receptor, leading to apoptosis of

the B-cell.13 In the present work, a model system using hybridoma cells was used to test
whether IVIG had specific effects on anti-platelet antibody production. No evidence was
found to suggest that the effects of IVIG on anti-platelet antibody producing cells were
any greater (or less) than the effects on a control cell line. No significant differences in
sensitivity to IVIG effects between the 3 cell lines were found by ANOVA on the IC50

values.

In developing models to characterize the data, it was necessary to incorporate both time
and concentration dependencies into the growth rate constants. This was done in an
empiric fashion; however, it is reasonable that the growth rates should depend on time

and concentration. For example, there is an apparent lag phase before exponential

growth begins for hybridoma cells, when a new cell culture is initiated.16 Additionally,
it is apparent that a static culture will have a maximum number of cells that can be
supported. Therefore, we feel the empiric function for the growth rate constant is

justified.
Modeling of the data also revealed that after accounting for the effects of IVIG on

apparent cell growth rate, no further inhibition of antibody production rate was necessary

to characterize the antibody data. Thus it appears that the major effect of IVIG in this
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system was to regulate either cell growth or death, rather than to decrease the rate of

antibody production.

The inhibitory effects of IVIG on cell growth and antibody production occurred at
physiologically relevant concentrations of IVIG, suggesting that inhibition of antibody
production may occur in vivo. Furthermore, the supra-physiological concentration of
IVIG (50 mg/ml) almost completely inhibited the growth of the hybridoma cells (see
figure 4). However, the 50 mg/ml data were not used in the modeling analysis, because
of potential confounding influences due to high osmolarity. The osmolarity of the 50
mg/ml samples was ~850 mOsm, whereas the 0.5 and 5 mg/ml samples had osmolarities
of ~310 and ~360 mOsm, respectively. However, even without using the 50 mg/ml data
to characterize IVIG effects, simulations performed using the models predict almost
complete suppression of cell growth and significant suppression of antibody production,
for cells incubated in the presence of 50 mg/ml IVIG (data not shown). Thus, the
complete lack of cell growth and antibody production may result in large part from the
influence of IVIG, rather than the high osmolarity. In fact, other researchers have studied
IVIG effects on lymphocyte proliferation using both a dialysed and a clinical preparation
of IVIG, and have shown that both the clinical (hypertonic) and the dialysed (isotonic)
IVIG preparations led to significant decreases in cell viability.]7 Moreover, the
decreases in cell viability between cells incubated with the two preparations were very
similar up to 40 mg/ml IVIG. However, at 50 mg/ml IVIG, the hypertonic clinical

preparation led to greater decreases in cell viability than did the dialysed IgG preparation,
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supporting our suspicions that high osmolarity may be a confounding influence with the

clinical preparation at 50 mg/ml.

We point out that the current experimental design does not easily lend itself to a
mechanistic interpretation concerning how IVIG is decreasing the apparent growth rate of
the hybridoma cells. The effect may be due to a decrease in the cell growth rate, an
increase in the cell death rate, or both of these effects. Because only total cell numbers
were measured (rather than living/dead cells), one cannot easily distinguish between the

two types of effects; however, some evidence exists in the literature to suggest that IVIG

directly induces cellular apoptosis. 17 The purpose of the present study was to determine
if anti-platelet antibody producing cells were more sensitive to IVIG effects than a
control cell line. No differences were seen between IVIG effects on the anti-platelet
antibody producing cells and on the control cell line; consequently, no further efforts
were made to study the mechanism of the general effects of IVIG on antibody

production, at this time.

In summary, IVIG treatment decreased the apparent rates of cell growth of 3 hybridoma
cell lines, in vitro. The decreases in cell growth led to decreases in the apparent rates of
antibody production from the cells. No difference was detected between IVIG effects on
the anti-platelet antibody producing cell lines and the control cell line. Thus, we
conclude that IVIG did not have specific effects on anti-platelet antibody production, in
this experimental system. However, because of the general effect of IVIG on antibody

production, further studies into the importance of this potential effect of IVIG in ITP are
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warranted. Our laboratory is currently developing animal models of ITP with which to
gain more insight into possible effects of IVIG on anti-platelet (and general) antibody

production, in vivo.
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Figure Legends
Figure 1. IVIG effects on 7E3-producing hybridoma cells. Panel A. IVIG effects on the

apparent growth rate of 7E3-producing cells are shown. Treatment groups are as follows:
no IVIG (@), 0.5 mg/ml IVIG (), 5 mg/ml IVIG (A), and 50 mg/ml (O). Cells were

counted using a Coulter Z1 electronic particle counter. The solid lines represent the best
fit of the data, using the mathematical model described in the Methods section, and
shown in scheme 1. Parameter values resulting from the modeling are shown in table 2.
IVIG decreased the apparent rate of cell growth, with an IC50 value of 2.9+0.6. Panel B.
IVIG effects on the apparent rate of 7E3 production are shown. Treatment groups are
designated by the same symbols as for the cell number data in panel A. IgG
concentrations were determined via ELISA. Solid lines represent the best fit of the data.
IVIG treatment led to decreases in the apparent rate of 7E3 production. The 50 mg/ml

data were not used in the modeling analysis, due to potential confounding factors.

Figure 2. 1VIG effects on AP-3-producing hybridoma cells. Panel A. IVIG effects on
the apparent growth rate of AP-3-producing cells are shown. Treatment groups are as
follows: no IVIG (@), 0.5 mg/ml IVIG (m), 5 mg/ml IVIG (A), and 50 mg/ml IVIG (0) .
Cells were counted using a Coulter Z1 electronic particle counter. The solid lines
represent the best fit of the data, using the mathematical model described in the Methods
section, and shown in scheme 1. Parameter values resulting from the modeling are
shown in table 2. IVIG decreased the apparent rate of cell growth, with an IC50 value of

6.4%1.5. Panel B. IVIG effects on the apparent rate of AP-3 production are shown.
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Treatment groups are designated by the same symbols as for the cell number data in
panel A. IgG concentrations were determined via ELISA. Solid lines represent the best
fit of the data. The 50 mg/ml data were not used in the modeling analysis, due to
potential confounding factors. IVIG treatment led to decreases in the apparent rate of

AP-3 production.

Figure 3. IVIG effects on 1B7.11-producing hybridoma cells. Panel A. IVIG effects on

the apparent growth rate of 1B7.11-producing cells are shown. Treatment groups are as
follows: no IVIG (@), 0.5 mg/ml IVIG (m), 5 mg/ml IVIG (A), and 50 mg/ml IVIG (0) .

Cells were counted using a Coulter Z1 electronic particle counter. The solid lines
represent the best fit of the data, using the mathematical model described in the Methods
section, and shown in scheme 1. Parameter values resulting from the modeling are
shown in table 2. IVIG decreased the apparent rate of cell growth, with an IC50 value of
4.1£1.8. Panel B. IVIG effects on the apparent rate of 1B7.11 production are shown.
Treatment groups are designated by the same symbols as for the cell number data in
panel A. IgG concentrations were determined via ELISA. Solid lines represent the best
fit of the data. The 50 mg/ml data were not used in the modeling analysis, due to
potential confounding factors. IVIG treatment led to decreases in the apparent rate of

1B7.11 production.
Scheme 1. Schematic representation of the mathematical model used to characterize
IVIG effects on cell growth and antibody production. Cell and IgG represent cell and

IgG concentrations in their respective compartments. Cell growth is determined by a 1* -
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order rate function, Kg(t), that is time- and cell-concentration dependent. It is upon this
rate function that IVIG exerts inhibitory effects in this model. Kig(t) is a zero-order,

time- and concentration-dependent rate function governing IgG production.
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Table 1. Parameter values obtained from the best fits of the cell concentration data.

Parameter Name 7E3 AP-3 1B7.11

a (hr?) 2.1£0.2x10™ 9.3+0.6 x10™ 3.6+0.5x10™
IC50 (mg/ml) 2.9+0.6 64+1.5 41418
Cellmax (cells/ml) | 1.5+ 1.2 x10° 6.9 £0.4 x10° 8.2+0.3 x10°
CellO(1) (cells/ml) | 3.2 +0.2 x10* 2.4+0.2 x10* 1.8+0.3 x10*
Cell0(2) (cells/ml) | 2.7 +0.1 x10* 2.5+0.2 x10* 1.8+0.3 x10*
Cell0(3) (cells/ml) | 3.3 +0.2 x10* 2.8+0.2 x10* 1.7+0.3 x10*
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Table 2. Parameter values obtained from the best fits of the antibody concentration data.

7E3 AP-3 1B7.11
b (ng/hr*/cell) 1.4+0.5 x10° 7.7+0.7 x10°® 6.7+0.8 x10°
IgGmax (ng/ml) 4 + 40 x10* 1.2+0.1 x10* 1.3+0.3 x10*
IgGO(1) (ng/ml) 550 + 70 310 + 40 620 + 70
1gG0(2) (ng/ml) 530 + 60 310 + 40 540 + 60
IgGO(3) (ng/ml) 430 + 60 320 + 40 500 + 60
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Figure 1A.
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Figure 1B.
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Figure 2A.
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Figure 2B.
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Figure 3A.
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Figure 3B.
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CHAPTER
SEVEN

PHARMACOKINETIC AND PHARMACODYNAMIC MODELING OF
THE EFFECTS OF INTRAVENOUS IMMUNOGLOBULIN ON ANTI-
PLATELET ANTIBODY DISPOSITION IN A RAT MODEL OF
IMMUNE THROMBOCYTOPENIA
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Abstract

Recently, our laboratory reported that intravenous immunoglobulin (IVIG) treatment
increased anti-platelet antibody (7E3) clearance in a rat model of immune
thrombocytopenic purpura (ITP). However, because of the multi-faceted nature of IVIG
therapy, the importance of this increase in anti-platelet antibody clearance to the total
therapeutic effect of IVIG was unclear. The purposes of the present study were 1) to
develop a new, mechanistic model of IgG pharmacokinetics; 2) develop a
pharmacokinetic/pharmacodynamic (PK/PD) model relating 7E3 concentrations to the
platelet count time course observed following 7E3 treatment; and 3) use these
mathematical models to gain insight into the importance of increased 7E3 clearance
relative to the total effect of IVIG in this model of ITP. A mechanism-based
pharmacokinetic model was developed that adequately characterized IVIG effects on 7E3
pharmacokinetics. The structure of this model is based on competition between IgG
molecules for occupancy of the protective FcRn receptor. The model accurately captured
anti-platelet antibody concentration vs. time data in the rat and in the mouse, in the
presence and absence of IVIG, and in mice lacking expression of the FcRn receptor. An
indirect response PK/PD model was also developed, which accurately characterized 7E3
effects on platelet counts. Using these models, it was estimated that 50+11% of the total
protective effect of IVIG in this acute model of ITP can be accounted for by this increase
in 7E3 clearance. This work demonstrates the potential utility of PK/PD modeling in
gaining a better understanding of the relative importance of specific mechanisms of drug

action in complicated therapeutic situations.
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Introduction

Immune thrombocytopenia (ITP) is an autoimmune disease characterized by decreased
platelet counts and increased platelet destruction (Fujisawa et al., 1991; Newland and
Macey, 1994). This increased platelet destruction is believed to be due to the interaction
of anti-platelet antibodies with proteins on the surface of the platelet, eventually leading
to the destruction of the platelet (Berchtold and Wenger, 1993; Fujisawa et al, 1991).
Imbach et al. (Imbach et al., 1981) first showed in 1981 that administration of high-doses
of pooled immunoglobulin, intravenously, leads to increases in platelet counts in many
patients with ITP. However, despite much research over the past 20 years, the
mechanism of action of intravenous immunoglobulin (IVIG) treatment in ITP is still

unclear.

Various laboratories have reported at least 6 general ways that IVIG may be achieving
beneficial effects in ITP. According to studies in humans, and in several different
experimental systems, IVIG may increase platelet counts by blocking Fc-mediated
platelet destruction (Fehr et al., 1982), interfering with complement mediated platelet
destruction (Basta et al., 1989), modulating the idiotype-anti-idiotype network (Berchtold
et al., 1989; Mehta and Badakere, 1996), increasing platelet production (Grossi et al.,
1986), decreasing anti-platelet antibody production (Tsubakio et al., 1983), and
increasing the expression of inhibitory receptors that block platelet phagocytosis
(Samuelsson et al., 2001). Unfortunately, it has been very difficult to determine which of
these effects, if any, are important for the increase in platelet counts seen following IVIG

therapy of ITP in the clinical situation. We feel that determination of the pathways by
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which IVIG achieves beneficial effects may lead to the development of new, cost-

effective therapies of ITP.

The investigation of mechanisms of IVIG action in humans is complicated by a number
of factors. Perhaps most importantly, there are no reliable assays for determination of
anti-platelet antibodies (Raife et al., 1997). Without assays for pathogenic antibodies, it
is impossible to quantitatively relate the antibody concentrations to the effects produced
on the platelet counts. Other complicating factors include the widely fluctuating nature of

the disease, and the large inter-patient variability in platelet counts.

We have proposed that the use of animal models of ITP may eliminate some of the
difficulties encountered in the human condition, while still providing relevant
information to the development of new therapies of ITP. Recently, we reported a
quantitative rat model of ITP (Hansen and Balthasar, 2001). This model of ITP was
produced by intravenous administration of a monoclonal anti-platelet antibody, 7E3, to
rats. Subsequent studies showed that IVIG administration protected the rats from 7E3-
mediated thrombocytopenia, in a dose-dependent fashion. In studying IVIG effects in
this model, we found that IVIG treatment increased the clearance of 7E3. However, at
that time, it was difficult to determine whether this effect of IVIG on anti-platelet
antibody disposition was related to the therapeutic effect on platelet counts (Hansen and

Balthasar, 2002a).
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Because [VIG-mediated increases in anti-platelet antibody clearance had not previously
been reported, studies were undertaken to better understand the mechanism of this effect.
It was hypothesized that IVIG elicits this effect by saturation of the Brambell receptor
(also known as FcRp) (Brambell et al., 1964), which protects IgG from catabolism. The
presence of a protective receptor for IgG had been postulated as early as 1964 (Brambell
et al., 1964), but was not identified until 1996, when several researchers showed that the
FcRp receptor was the same receptor responsible for transporting IgG across the neonatal
intestine (FcRn) (Ghetie et al., 1996; Junghans and Anderson, 1996). Mice lacking FcRn
demonstrate accelerated rates of IgG elimination and exhibit low levels of endogenous
IgG. Studies in control mice and in ‘knockout’ mice lacking expression of the FcRn
receptor have revealed that IVIG increases 7E3 clearance in control animals (consistent
with our observations in rats), but does not increase 7E3 clearance in knockout animals.
This finding is consistent with the hypothesis that IVIG increases anti-platelet antibody
elimination by saturation of FcRn (Hansen and Balthasar, 2002b). It is hypothesized that
this increase in antibody clearance may an important contributor to IVIG effects in

immune thrombocytopenia, both in the rat model of ITP and in humans.

In this study, we report a general model of IgG pharmacokinetics that characterizes IVIG
effects on 7E3 elimination. This model is a mechanistic model, based on competition
between IgG molecules for the FcRn receptor.  Additionally, we present a
pharmacokinetic/ pharmacodynamic (PK/PD) model of 7E3 effects on platelet counts,
and use modeling to estimate the importance of the effect of IVIG on 7E3 clearance,

relative to the total effects that IVIG has in the model. This work illustrates the concept
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of using PK/PD models of disease and therapy to quantitatively determine the importance

of one specific pathway in a complex therapeutic situation.
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Methods

IgG pharmacokinetic model. To develop a quantitative model of ITP, anti-platelet
antibody (7E3) pharmacokinetics (0.8-8 mg/kg) were studied in the presence or absence
of IVIG (0-2 g/kg), in jugular vein-cannulated Sprague-Dawley rats. Additional 7E3 (8
mg/kg) pharmacokinetic studies were then performed in mice lacking FcRn receptor
expression, and in control mice, again in the presence or absence of IVIG (1 g/kg), to
gain a better understanding of the role of FcRn in the observed effects of IVIG on 7E3
elimination. The methodology for obtaining these data is reported elsewhere (Hansen
and Balthasar, 2001; Hansen and Balthasar, 2002a; Hansen and Balthasar, 2002b). A
simple, mechanism-based pharmacokinetic model was developed to characterize all of

the 7E3 concentration vs. time data.

A schematic representation of the pharmacokinetic model is shown in scheme 1.

Differential equations describing the model are shown below.

%:_kupxcl+krethEX(1_fu)
dZE :kupxcl _kretXCEX(I_ﬁt)_kdengExﬁt

J P -4xC,, xR
le_Kd+Rt+Cl,T_ K, +R +C ;) —4xC ; xR,
! ZXCI,T

In these equations, C; and Cg represent IgG concentrations (nM) in the central and
endosomal compartments, respectively. kyp (hr'") and ke (hr'') are rate constants
characterizing the transfer of IgG from the central to the endosomal compartment and
vice versa, and Kgeg (hr'l) is a rate constant for the elimination of IgG. kg acts only on

the unprotected IgG, while ki acts only on FcRn-bound IgG. f, is the fraction of IgG not
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bound to FcRn in the endosome, C, 1 is the total IgG concentration (i.e., rat IgG + 7E3 +
IVIG) in the central compartment, and K4 (nM) and R; (nM) represent the apparent
affinity and capacity of the FcRn-IgG interaction in the endosome. The relationship for

f, was derived based on the following equilibria model:

1G] [FeR
IgG + FcRn < IgG-FcRn K, = [[‘? G]f [;Rn]]f
oG — FcRn

In this model, the brackets represent molar concentrations, and the subscripts denote
unbound concentrations. Mass balance equations were used for IgG and FcRn to obtain
the final relationship for f,. The same sets of equations were used to characterize 7E3
pharmacokinetics in both the rat and the mouse, with parameter values estimated

separately for the two species.

The 7E3 concentration-time data from the FcRn-deficient and the control mice were
fitted simultaneously. Because mice lacking expression of FcRn will have no return of
IgG to the central compartment (i.e., 1- f;, =0), the only parameters necessary to describe
7E3 disposition in these mice were k,, and the volume of the central compartment. Kq
was fixed at a value of 4.8 nM, a value that has been reported for the interaction of mouse
IgG with mouse FcRn (Popov et al., 1996). k. was set equal to k,,. The steady-state
mouse IgG concentration was set to be 1.47 x10* nM (2.2 mg/ml) (Junghans and
Anderson, 1996). All other parameters (Kgeg, kup, Vi, and R;) were estimated from a

simultaneous fitting of the data.

All six 7E3 rat pharmacokinetic data sets were fit simultaneously. The rat steady-state

IgG concentration was 1.03x10° nM (15.5 mg/ml) (al-Bander et al., 1992). K was fixed
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at a value of 500 nM, a value reported for the rat [gG-rat FcRn interaction (Sanchez et al.,
1999). Again, in fitting 7E3 data in the rat, k. was set equal to ky,, and the remaining
parameters were estimated. Initial conditions for the 7E3 equations were determined by
back-extrapolation of the 7E3 concentration vs. time plots. Initial conditions for the
IVIG concentrations were determined by dividing the dose of IVIG by the average
volume of the central compartment, as determined from the 7E3 initial conditions. All
data sets were weighted by 1/y%, and fits were performed using MicroMath Scientist.
IVIG, mouse, and rat IgG concentrations were not available for fitting, and were

simulated, using the same parameter values as 7E3.

PK/PD model of 7E3 effects on platelet count. An indirect response model was used to
characterize 7E3 effects on platelet counts. This model is a slight variation of the
traditional indirect response model describing drug-mediated stimulation of the
elimination of a response (Dayneka et al., 1993). A semi-empirical function,
incorporating physiologically relevant parameters describing platelet production and
elimination, was used to characterize 7E3 effects on platelet count. The semi-empiric
nature of the model was required because of the non-stationary platelet count in control
rats. A schematic representation of the model is shown in scheme 2. Plasma 7E3
concentrations were determined using the equations shown above, and the
pharmacodynamic parameters were fit separately, according to the equations shown
below.

dR
E - KO (t) _Kout X (1 +8 % C7E3 )>< R—- KSfV@SS xR

K,(t)=K; x(K, +mxt)
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In the above equations, Ko(t) (% hr'') is a platelet input function that is time dependent,
and is comprised of Ko (% hr'"), a physiologically relevant parameter describing platelet
production, and two empiric parameters, Ko and m (% hr?), necessary to characterize the
baseline platelet count time-course in control rats. Elimination of response is determined
by Kou (hr'), a physiologically relevant parameter for platelet elimination in control rats,
and by Kgess (hr''), an empiric parameter also required to characterize the platelet count
time-course in control animals. Ky and K, were fixed at 3%/hr and 0.03 hr'l,
respectively, and are considered to be physiologically reasonable values for platelet
production and platelet elimination rate constants in cannulated rats (see Meuleman et al.
(Meuleman et al., 1980) for platelet kinetics in cannulated rats). S (nM™) is a stimulation

parameter that allows 7E3 to stimulate the elimination rate of platelets.

Estimation of the importance of IVIG effects on 7E3 clearance. The PK model in shown
in scheme 1, and the PK/PD model shown in scheme 2 were used to estimate the
importance of the increase of 7E3 clearance following IVIG administration, relative to
the other effects IVIG may have on platelet count. For each dose of IVIG, the predicted
platelet count profiles were generated using the PK/PD model, based on the 7E3 kinetics
seen following that dose of IVIG. The effect areas (i.e., area between the effect curve
and the baseline) were calculated using WinNonlin software. These effect areas were
then compared to the actual effect areas observed following IVIG treatment. The ratio of
the predicted decrease in effect area to the actual decrease in the effect area was
determined to be the percentage of the total effect of IVIG due to the change in 7E3

pharmacokinetics.
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Results

Best-fit lines characterizing the effect of IVIG on 7E3 pharmacokinetics in control mice,
and in mice lacking FcRn expression, are shown in figure 1. As can be seen from figure
1, 7E3 concentrations decline mono-exponentially in mice lacking expression of FcRn.
However, mice expressing FcRn show the more characteristic poly-exponential decline

of 7E3 concentrations with time. Table 1 lists the parameter values obtained from the fit.

Characterization of 7E3 pharmacokinetics in the rat, in the absence or presence of IVIG,
is shown in figures 3 and 4, respectively. At the highest dose of IVIG, 7E3 clearance
(determined using non-compartmental analysis) was increased from 0.78+0.09 to
1.8540.19 ml hr' kg (Hansen and Balthasar, 2002a). All the rat 7E3 data were fit
simultaneously; however, the 7E3-alone and 7E3+IVIG data are plotted separately for
added clarity. As can be seen from the figures, this new, relatively simple model of IgG
pharmacokinetics was able to characterize 7E3 pharmacokinetics alone, and in the
presence of IVIG (i.e, a 2500-fold range of IgG doses), while accounting for endogenous
IgG levels.  Furthermore, the model was able to adequately characterize 7E3
pharmacokinetics in both the rat and the mouse. The parameter values resultant from the

best fits of the 7E3 data in the rat, are also shown in table 1.

The models predict that ~83 and ~79% of the IgG in the endosomal compartment will be
bound to FcRn, in the absence of IVIG treatment for mice and rats, respectively.
Following IVIG treatment, the model predicts that the fraction of mouse IgG bound to

FcRn will reach ~11% at the low point, and the fraction of rat IgG bound will reach
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~21% at the low point, following 1 and 2 g/kg doses of IVIG, respectively. Simulations
of the expected change in endogenous rat [gG concentrations following IVIG treatment
are shown in figure 4, and illustrate the relative magnitude of changes in IgG
concentrations that might be predicted for any given endogenous autoantibody

concentration following IVIG therapy, in this model.

Effects of 7E3 on rat platelet counts are shown in figure 5, with the lines representing the
best-fit of the data using the PK/PD model shown in scheme 2. Resulting parameter
values are shown in table 2. The model adequately characterized the time course of 7E3-
mediated decreases in platelet counts. The PK/PD model of 7E3 effects on platelet
counts, together with the PK model characterizing IVIG effects on 7E3 clearance were
used to determine the relative importance of the effect of IVIG on 7E3 clearance to the
total effect that IVIG had on preventing 7E3-induced thrombocytopenia in this model.
Figure 6, panel A, depicts model predicted platelet counts following 7E3 and IVIG
administration. This modeling assumes that the only effect of IVIG on platelet counts is
the increased clearance of 7E3 (i.e., the pharmacodynamic relationship between 7E3
concentrations and effects on platelet count remain unchanged). Figure 6, panel B, shows
the actual platelet count time-course following IVIG administration, as originally
reported in a previous study (Hansen and Balthasar, 2002a). A comparison of panels A
and B of figure 6 show that IVIG effects on 7E3 clearance cannot account for the total
effect of IVIG on platelet counts in this model. To determine the relative importance of
the pharmacokinetic effect of IVIG, effect areas were calculated, and the predicted

change in effect area was compared to the actual change in effect area, for each dose of
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IVIG (see table 3). The increase in 7E3 clearance can account for 50+11% of the total

effect of IVIG.
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Discussion

For the last 2 decades, researchers have been trying to understand the mechanisms by
which IVIG increases platelet counts in patients with ITP. Although many different
possible effects of IVIG have been identified, the relative importance of any one effect
has been difficult to determine. This study reports the mathematical characterization of a
disease model of ITP, in an attempt to determine the relative importance of a new
mechanism of IVIG action in ITP, recently reported by our laboratory. In so doing, we
have developed a new, general model for IgG pharmacokinetics. This model is
especially useful for characterization and prediction of antibody disposition following
high doses of antibody. The strengths of the model include its simplicity, its mechanistic

basis, and its ability to easily adapt to many different situations.

This new model of IgG pharmacokinetics characterized well the effects of IVIG on 7E3
pharmacokinetics, in both the mouse and the rat. Although the structure of the model
readily allowed for characterization of the 7E3 pharmacokinetic data, unfortunately, at
this time, not enough data was available to allow for accurate estimation of all of the
parameters. For this reason, several assumptions were made to simplify the model, and
allow for more reliable estimation of parameter values. For example, the model was
simplified by forcing k. to equal k,,. Additionally, K4 values were fixed to reasonable
values obtained from the literature. However, these values may also not be relevant, as
these Ky values were determined from in vitro systems, and may not reflect the true
affinity for the interaction between IgG and FcRn in the endosome. Furthermore, the Kq4

values for endogenous rat (or mouse) IgG, human IgG and 7E3 were assumed to be
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identical in this model. This assumption is almost certainly incorrect. Future studies, in
which endogenous mouse or rat IgG concentrations and IVIG concentrations are
measured, may allow for more accurate estimation of some of the model parameters.
However, because the Ky values obtained from the literature are well below the
endogenous IgG levels, accurate estimation of this parameter may prove to be very
difficult. Combination of in vitro binding analyses with extensive in vivo data will likely

allow for more extensive model development, and more predictive power.

Interestingly, the modeling of IVIG effects on 7E3 kinetics led to predictions that the
FcRn receptor, the receptor responsible for protecting IgG from catabolism (Ghetie et al,
1996; Junghans and Anderson, 1996), is almost completely saturated at physiological
concentrations of IgG. This prediction is in line with the prediction of Brambell’s
original empiric model for IgG pharmacokinetics (Brambell et al, 1964). Because of this
saturation, modest increases in plasma IgG levels will immediately lead to increases in
IgG clearance, as little more IgG can bind to FcRn. This immediate increase in clearance
is perhaps most readily observed in the plots of endogenous mouse and rat IgG
concentrations following IVIG treatment. The model predicts that mouse and rat IgG
concentrations immediately begin to decrease, and then slowly return toward the steady-
state values as the total plasma IgG concentrations return toward normal. The accuracy
of these predictions will be improved in the future by accumulation of additional data

(e.g., endogenous IgG levels and IVIG levels following IVIG administration).
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To allow for determination of the importance of the effect of increased 7E3 clearance,
relative to the total effect that IVIG has in this rat model of ITP, a PK/PD model was
developed. To our knowledge, this is the first model of ITP that is quantitative with
respect to anti-platelet antibody concentrations, as well as the first attempt to develop a
PK/PD model relating plasma antibody concentrations to the platelet count time course.
We feel this type of approach can be invaluable for gaining insight into specific
processes, when a complicated situation such as IVIG treatment of ITP is under

consideration.

To characterize 7E3 effects on platelet counts, a semi-empiric approach was used. From
inspection of the baseline platelet count data in control rats, it was apparent that
unknown, ‘stress-related’ factors were acting to increase the apparent rates of input and
elimination of platelets, in control animals. This was likely due to the presence of the
cannula, the use of a small amount of heparin to keep the cannula patent, and the
sampling strategy (e.g., blood flowing through the cannula may cause platelet activation,
leading to changes in the apparent rates of platelet production and elimination). Because
of the magnitude of the change in platelet counts from baseline in control animals, it was
necessary to account for this change in order to understand 7E3 effects on platelet counts.
For this reason, the empiric portion of the model was developed to characterize the
changes in platelet counts in the control animals. By separating the input and output rate
determinants into empiric, or ‘stress-related” portions (defined by Ky’, m, and Kgess), and
physiologically relevant portions (defined by Ky and K,) it was possible to allow 7E3 to

act only on the physiologically relevant pathway of platelet elimination.
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Because these mathematical models accurately described 7E3 effects on platelet count, as
well as IVIG effects on 7E3 concentrations, it was possible to use the models to estimate
the importance of IVIG effects on 7E3 concentrations, relative to the total effect of IVIG.
The cumulative effect of 7E3 was defined as the area between the baseline and the
platelet count time course. Simulations were used to produce predicted platelet count
time curves based on 7E3 concentrations following IVIG treatment. These effect areas
were then compared to the actual effect areas observed following IVIG treatment (see
figure 6 and table 3). Interestingly, the effect of IVIG on 7E3 clearance could account for
approximately half of the total effect of IVIG, and is likely a major component of IVIG
effects, even in this acute model of thrombocytopenia. This conclusion would be nearly

impossible to reach without having mathematical models that characterize the system.

Although the effect of IVIG on anti-platelet antibody clearance were observed in mouse
and rat models of ITP, it is reasonable to suggest that IVIG would have similar effects on
anti-platelet autoantibody clearance in humans. Though the mechanisms defining IgG
catabolism have only recently been well appreciated, it has been known since the 1960°s
IgG clearance is dose-dependent in humans (Brambell et al, 1964), suggesting that this
pathway of IVIG effects would also be relevant in the clinical situation. Better data and
mathematical models will be necessary to fully understand the importance of this
potential mechanism of action of IVIG in humans. However, based on the simulated
endogenous mouse and rat IgG profiles (figure 4), we suggest that this pathway may at
least be a minor contributor to IVIG effects in humans, and may be a major contributor.

For example, if human autoantibody concentrations follow a similar time-course, as did
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the predicted endogenous mouse IgG concentrations (see figure 4), then, depending on
the initial autoantibody concentration, one might expect to see a dramatic and prolonged

effect on platelet counts due to this mechanism of action alone.

The modeling presented in this work demonstrates the use of PK/PD models to
understand the importance of a single mechanism of action of a potentially complex drug
therapy. However, both the disease model and the mathematical models have potential
for improvement. Future studies will attempt to further incorporate into the disease
model, any pathways found to be important to IVIG effects (e.g., IVIG effects on
complement- or Fc-mediated platelet destruction). Additionally, new animal models will
be developed to overcome the difficulties associated with the non-stationary baseline
platelet counts in control animals, and to allow for studies to be performed regarding
IVIG effects on anti-platelet antibody production. The relative importance of other
mechanisms of IVIG action will be determined, using similar methodology as was used

in these studies.

In summary, IVIG effects in ITP patients are potentially multiple and complex. Our
group recently reported that IVIG acts to increase the clearance of anti-platelet
antibodies, and that this effect is mediated through the FcRn receptor. This work was
performed to characterize the effects of IVIG on anti-platelet antibody pharmacokinetics,
and to gain greater insight into the importance of that effect relative to the total
therapeutic effect that IVIG. It is estimated that increased 7E3 clearance can account for

approximately half of the total effect of IVIG in this acute model of ITP. We hypothesize
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that this effect would be even more beneficial in the clinical situation, in which anti-
platelet antibodies are slowly synthesized, rather than rapidly ‘dumped’ into the system.
We propose that this general modeling approach may be useful in gaining further insight
into the relevant mechanisms of IVIG action in ITP, and will point to the most effective

targets for new therapies of ITP.
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Figure Legends
Figure 1. 7E3 pharmacokinetics in mice. Mice were dosed with IVIG (1 g/kg), or saline,

followed by 7E3 (8 mg/kg). Treatment groups are designated as follows: 7E3+saline in
control mice (®); 7E3+IVIG in control mice (m); 7E3+saline in FcRn-deficient mice
(0); and 7E3+IVIG in FcRn-deficient mice (O). IVIG increased 7E3 clearance in control

mice, but not in knockout mice, demonstrating the importance of this receptor in
mediating the effect of IVIG on 7E3 clearance. Data were fit, simultaneously, to the

model shown in scheme 1; resulting parameter values are shown in table 1.

Figure 2. 7E3 pharmacokinetics in rats. Rats were dosed intravenously with 0.8 (@), 4

(m), or 8 mg/kg (A) 7E3. 7E3 concentrations were determined using an ELISA. Data

were fit (together with the data shown in figure 3) to the model shown in scheme 1.

Parameter values obtained from the fit are listed in table 1.

Figure 3. Characterization of IVIG effects on 7E3 pharmacokinetics in the rat. Rats
were dosed intravenously with 0.4 (@), 1 (m), or 2 g/kg (A) IVIG, followed by 7E3 (8
mg/kg). 7E3 concentrations were determined using an ELISA. Data were fit (together

with the data shown in figure 2) to the model shown in scheme 1. Parameter values

obtained from the fit are listed in table 1.

Figure 4. IVIG effects on endogenous mouse and rat plasma IgG concentrations.
Simulations were performed, using the parameter values listed in table 1, and the model

shown in scheme 1, to predict the effect of IVIG on endogenous mouse (panel A) and rat
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(panel B) IgG concentrations. Panel A. The upper line is the predicted endogenous
mouse IgG concentrations following 7E3 dosing alone. The lower line is the predicted
endogeneous mouse IgG concentrations following IVIG (1 g/kg). Panel B. The lines
represent predicted endogenous rat IgG concentrations following 7E3 alone (top line), 0.4

g/kg IVIG (2™ line), 1 g/kg IVIG (3" line) or 2 g/kg IVIG (bottom line).

Figure 5. Characterization of 7E3-mediated thrombocytopenia. An indirect response
PK/PD model (scheme 2) was developed to characterize 7E3 effects on platelet count.
These rats received saline (0), 0.8 (0), 4([1), or 8(A) mg/kg 7E3, dosed intravenously.
Platelet counts were determined using electronic particle counters. Best-fit lines are

shown; parameter values obtained from the fit are listed in table 2.

Figure 6. Importance of increased 7E3 clearance to total effect of IVIG. Simulations to
determine the relative importance of the effect of IVIG on 7E3 clearance were performed.
The models shown in schemes 1 and 2, and the parameters shown in tables 1 and 2, were
used to simulate the expected platelet count time course following IVIG treatment,
assuming there were no effects of IVIG other than the increase in clearance of 7E3 (panel

A). Actual platelet count time courses following IVIG and 7E3 treatment are shown in

panel B. IVIG treatment groups are designated as follows: saline (®), 0.4 g/kg (m), 1
g/kg (A), and 2 g/kg (#). All animals received 8 mg/kg 7E3. IVIG effects on 7E3

clearance can account for 50+11% of the total effect of IVIG in this model (see table 3).
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Scheme 1. Schematic representation of a new model for IgG pharmacokinetics. This
model for IgG pharmacokinetics is based upon protection of IgG catabolism by the FcRn
receptor. IgG moves from the central compartment to the endosome, where it can bind to
the FcRn receptor. Bound IgG returns to the central compartment, and unbound IgG is
eliminated. Differential equations describing the change in IgG concentrations with time

for each compartment are shown in the text. Notation is also defined in the text.

Scheme 2. Schematic representation of an indirect response PK/PD model for 7E3-
induced thrombocytopenia. Thrombocytopenia is induced in the rat by administration of
an anti-platelet antibody (7E3). 7E3 concentrations are described by the model in shown
in scheme 1. 7E3 concentrations in the central compartment then drive the
pharmacodynamic response, by causing an increase in the elimination rate of platelets.

The symbols are described in the text.
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Table 1. Pharmacokinetic parameters for 7E3.

Parameter Mouse Rat
kyp (d7) 1.03+0.09 2.5+0.6
Kdeg (d7) 0.4340.34 3.0+4.3
K4 (nM) 4.8° 500°
R (nM) 1.2240.30x10" 8.3+3.0x10*
Vi (mlkg") 66.942.0 39.946.0

*Parameter value fixed
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Table 2. Pharmacodynamic parameters for 7E3.

Parameter Value
S (aM™) 0.070£0.019
Kiress (hr™) 0.71£0.21
Ko™ 16.6+5.3
m (% hr) 0.16£0.03
Ko (% hr') 3?
Kout (hr™) 0.03*

*Parameter values were fixed
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Table 3. Importance of PK effect of IVIG relative to the total effect

Dose of IVIG (g kg™) | Pred. AUCE (% hr) | Actual AUCE (% hr) | % Total Effect
0 1713 17184379 -
0.4 1552 13084650 39.3
1 1462 1309+473 61.4
2 1347 978+504 49.6
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Figure 3.
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Figure 4A.
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Figure 4B.
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Figure 5.
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Figure 6A.

120

100 -

80 A

60 -

40 -

%Initial PLT Count

20 -

0 5 10 15 20 25
Time (hours)

204



Figure 6B.
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Although intravenous immunoglobulin (IVIG) therapy has been used to treat patients
with immune thrombocytopenia (ITP) for more than 20 years, the mechanism(s) by
which beneficial effects are achieved is still unclear. Many effects of IVIG have been
identified, either in humans or in various experimental models of ITP, but the relative
importance of any one effect is unknown. The focus of this dissertation was the
development and use of experimental models of ITP, with which to better understand

IVIG mechanism of action.

A major focus of this dissertation was to present the general concept of using
pharmacokinetic/pharmacodynamic (PK/PD) modeling, together with quantitative animal
models of disease, to understand the relative importance of any one mechanism of drug
action, in a complex therapeutic situation. This general approach has been applied in an
attempt to gain a better understanding of IVIG treatment of ITP. Chapters 2-5 presented
experiments performed to lay the foundation of this general approach, and chapter 7

demonstrated its application.

In other studies, an in vitro model system was used to determine the effects of IVIG on
anti-platelet antibody production (chapter 6), a potential mechanism of IVIG action that
could not be studied in the rat model presented in this dissertation. This work suggested
that IVIG treatment may lead to decreased anti-platelet antibody production, but that

these effects may not be specific to anti-platelet antibody producing cells.
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To facilitate the development of a passive model of ITP, we have produced, purified and
characterized large quantities of murine anti-platelet antibodies (see chapters 2 and 3).
Cells producing the anti-platelet antibodies were obtained from commercial sources, and
then either injected into mice, or grown in culture, to produce the desired quantities of
antibody. Antibodies were purified using Protein G affinity chromatography, and were
then characterized using SDS-PAGE and a specific activity assay developed in our
laboratory. Anti-platelet antibody preparations obtained using these techniques were

determined to be >90% pure.

Once purified anti-platelet antibodies were obtained and characterized, an enzyme-linked
immunosorbent assay (ELISA) was developed for application to the pharmacokinetic
characterization of anti-platelet antibody disposition in the rat (see chapter 2). This
sandwich ELISA was validated with respect to intra- and inter-assay variability, using
anti-platelet antibody-containing quality control samples. Intra-assay and inter-assay
recoveries of anti-platelet antibodies were within 10 and 20% of 100%, respectively. The
assay had no appreciable cross reactivity with pooled rat IgG, making this an ideal assay

to determine plasma pharmacokinetics of mouse antibodies in the rat.

To characterize a quantitative model of ITP, a range of anti-platelet antibody doses were
studied, in the rat. The anti-platelet antibody selected for model development, 7E3, was
administered to the rat through a jugular vein cannula (0.8-8 mg/kg). The ELISA
developed in chapter 2 was applied to the determination 7E3 concentrations in plasma,

platelet counts were determined using electronic particle counters, and bleeding tendency

210



was assessed following a standardized tail incision. Administration of 7E3 caused rapid,
severe, antibody-mediated thrombocytopenia, and increased bleeding tendency, the two
characteristics most identified with ITP in the clinical condition (see chapter 3). Thus, an
animal model, quantitative with respect to both anti-platelet antibody concentrations and

platelet counts, was in place with which to study IVIG effects.

Studies of IVIG effects in the rat model of ITP showed that IVIG protected animals from
severe 7E3-mediated thrombocytopenia, in a dose-dependent fashion (see chapter 4).
Interestingly, the dose-dependency of IVIG effects has not been well studied. Our results
suggest that studies investigating optimal dosing strategies of IVIG in ITP may be
beneficial. Because of the quantitative nature of the rat model of ITP, with respect to
anti-platelet antibody concentrations, this model allowed for characterization of IVIG
effects on anti-platelet antibody disposition, a study which had never before been
possible. Perhaps the most significant finding presented in this dissertation, IVIG
treatment increased the clearance of the anti-platelet antibody, in a dose-dependent
fashion. This increase in anti-platelet antibody clearance was shown to be a general
effect in this model (i.e., not facilitated by specific interactions between IVIG and 7E3),
and may contribute to the beneficial effects seen following IVIG treatment in this model

and in humans.

Further studies were performed to investigate the mechanism by which IVIG increased

anti-platelet antibody clearance. It was hypothesized that IVIG acted by competition

with 7E3 for occupancy of the recently identified FcRn receptor, responsible for
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protecting IgG from catabolism. Studies performed in mice lacking expression of the
FcRn receptor supported this hypothesis, by demonstrating the importance of the
presence of the FcRn receptor in mediating this effect of IVIG on 7E3 clearance (see

chapter 5).

Having obtained experimental support for a new mechanism of IVIG action in ITP,
together with a quantitative animal model of the disease, the general approach of using
disease and PK/PD models to quantitatively estimate the relative importance of a single
mechanism of action was then demonstrated (chapter 7). A mechanism-based model for
IgG pharmacokinetics was presented, that accurately characterized 7E3 kinetics under
diverse circumstances (e.g., in the presence or absence of IVIG, in the mouse and the rat,
and in mice lacking expression of the FcRn receptor). Additionally, an indirect response
PK/PD model was developed that accurately characterized 7E3-mediated
thrombocytopenia. Application of these models suggested that ~50% of the total effect
of IVIG, in this acute, passive model of ITP, could be accounted for by this increase in
clearance of 7E3 by IVIG. Simulations using these models predicted that this effect

might be even more pronounced in the human condition.

In summary, a new quantitative model of ITP has been developed in the rat. Efficacy of
IVIG in this model of ITP was demonstrated, and experimental evidence for a new
mechanism of IVIG action of ITP was presented. This work showed that IVIG may
affect anti-platelet antibody production, and that these effects were not specific for anti-

platelet antibodies, in a model system. A new approach to the study of IVIG mechanism
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of action in ITP was demonstrated through the use of quantitative disease models and
PK/PD modeling analyses. This type of analysis has lead to, and is expected to continue
to lead to, to lead a better understanding of IVIG mechanism of action in ITP. It is hoped
that these studies will lead to the development of new, improved therapies of ITP and

other autoimmune conditions.
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