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36.1 Introduction

Despite recent innovations, many life-threatenirgpases still lack effective treatments. In
March 2004, the Food and Drug Administration (FD#gency issued a major report that
identifies both the problems and the potential Sohs for bringing more breakthroughs in
the medical science to patients, as quickly anidiefftly as possible. The report looks at the
development processes for drugs, biologics, andaakdevices, and calls for a joint effort
of industry, academic researchers, product devetpgmatient groups, and the FDA to
identify key problems and to develop solutions: ‘A.new product development toolkit --
containing powerful new scientific and technicalthwels such as computer-based predictive
models... is urgently needed to improve prediciigbilnd efficiency along the critical path
from laboratory concept to commercial product.”][2Bhe role of the present chapter is to
demonstrate how the science of biomathematics edramessed for improving the solution
of safety issues in the critical path of drug depehent, in general, and in the transition
from the preclinical phases to Phase I, in paréicul

36.1.1 Biomathematics and its use for rationalizinglrug treatment
strategies: a short history

A new synthesis of ecology and 'hard' biology, eshlbiomathematics, emerged in the
second half of the 20th century in the scientif@menunity. Its role was to rationalize
complex biological processes. Thus, in contragbqoerimental biologists, who work at the
microscopic cellular level and develop analyticl$oihat are analogous to the stills camera
in photography, biomathematicians develop formuhagch effectively animate these shots,
allowing us to understand the dynamics of the cemplrocess we are investigating.
Biomathematics has enabled the development of geraf new theories dealing with
significant problems of disease progression androbrhitherto beyond the reach of 'snap
shot', experimental biology.
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But in spite of these efforts, until recently thérhedical research community was
unanimous in viewing biological systems as too clexpo enable accurate retrieval by
mathematical models. This declarable mistrust i power of biomathematics left the
biomedical sciences lagging behind other sciengesgn immature sequel of experimental
observations. In recent years, the somewhat dssilhed post-genomic era has rediscovered
biological complexity, renaming it “system biology’lt seems that, finally,
biomathematicians are becoming legitimate and alrbekved children of the scientific
community.

In the 1980’s, notions from population dynamicsénaeen used by Agur and colleagues to
develop relatively simple formulae describing thevgth patterns of interwoven populations
of healthy and cancerous cells, formulae which hageilted in new drug regimens where
the toxicity of chemotherapy has been significantbduced [2,3,63]. The power of
mathematics here was to prove the universalityheftheoretical results and, therefore, to
justify and encourage collaboration with cancereaesh experimentalists. The latter not
only verified the theory in the laboratory, but@fsnpointed the feasibility and strength of
the theory-to-lab arrow [4,5].

In the above mentioned mathematical models, pojpuiatare subjected to a loss process
due to randomly occurring environmental disturbanaehich are effective only during a
portion of the life-cycle. The models are studiatra large range of time-scales of the
environmental change and for different degrees ariamce in the system parameters.
Analysis shows that the expected survival timénheffgiopulation has a strong non-monotonic
dependence on the relation between the duratidheoflisturbance-resistant life-stages and
the periodicity of the environmental disturbancehisT effect, termed "resonance
phenomenon”, was found at integer and fractiondltiple of this relation. Interestingly,
persistence in all harshly-varying environmentssimown to depend on the degree of
resonance in the environmental and population psE®[2,6-8,64].

The universality of the resonance phenomenon, endriplication that the frequency of
environmental disturbances determines populatioowtfr, seemed to offer attractive
possibilities for the control of the cancer disealeus, Agur and colleagues have shown,
both theoretically and experimentally, how the reswe phenomenon could be employed
for choosing cytotoxic drug regimens that allowcdisination between different target cell
populations. More specifically, it was asserted three could determine the period of drug
pulses, so as to maximize the elimination of maligncells and, at the same time, to
minimize the destruction of drug-susceptible hesisc

In the first stage, it was necessary to investitfagegenerality of the resonance phenomenon
for the dynamics of different host cell populatioff® allow analytical tractability and,
hence, parameter-independent conclusions, delédgratude mathematical models of the
cancer patient were constructed, making simpliisdumptions that both tumor and target
host tissues are cells that vary only in cell-cyslgameters. The spatial arrangement of
these cells was hence ignored. The interest wasséaton comparing the overall behavior
of the tumor to that of the host target tissuesenmifferent chemotherapy regimens of cell-
cycle-phase-specific drugs, and on finding regimiinag are selective to cancer cells. The
conviction was that only a simplified model canriflathe underlying properties of the
biomedical scenario. Model analysis showed thatréisenance phenomenon is valid when
considering drug-
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induced myelotoxicity and tumor progression. Spealfy, the mathematical analysis
suggested that the efficacy/toxicity ratio of ogjtle phase-specific drugs would be
maximized at an integer or fractional multiple bBtmean cycle time of the host target
populations (this being denoted the "Z-method")s&pplies either when mean cancer cell-
cycle parameters differ from those of the targesthzell population, or when those are
similar butthe variation in the distribution of their cell-dgds larger [3,9,10].

It seemed mandatory, already at this level of gatie understanding of the system, to
carefully examine the plausibility of applying tAemethod to cancer and host cells. To this
end, a series of laboratory experiments was lauhcfiest examining the effect of drug-

pulsing rhythm on cell proliferation, in vitro, artden checking how varying the pulsing
rhythm of different drugs will affect disease preggion on the level of the whole organism.

Applying an antimetabolite chemotherapeutic drugta@bine (ara-C), to lymphoma cells
in vitro, it was experimentally shown that whenatadrug dose and total treatment duration
were kept constant, drug schedules exerting snifly higher cell growth were those

possessing periodicity that was an integer multgflthe average population cell-cycle time,
as evaluated by rates of DNA synthesis. In egaivain vivo experiments, mice were

treated by short ara-C pulses, having differentrithistions of the inter-dosing intervals,

including stochastically determined periodicity.Xiaty was evaluated by spleen weight,
differential peripheral blood measurements, kinetieasurements of bone marrow cell
proliferation (with bromodeoxiuridine labeling afldw cytometry analysis) and by overall

animal survival. Results of these trials proved sheeriority of the Z-method controlling

cell proliferation. In particular, it was shown thahen the inter-dosing interval is an exact
multiple of the inter-mitotic time of bone marrowes and progenitor cells, cell-cycle

kinetics are less affected, myelotoxicity is miniraad survival time of tumor bearing mice

is maximal [3-5,11].

The above experiments demonstrate that regimenkogimg a drug period, which coincides
with the inherent periodicity of bone-marrow celfgptect the bone-marrow rather well,
leading to increased life-expectancy of canceribgamice. In contrast, other regimens,
notably those employing intervals that are randoutibtributed around the same mean
periodicity, are extremely toxic. In general, thisrk is a proof of the concept that by using
a rational drug scheduling, based on the Z-metitoid, feasible to control drug toxicity
exerted onto the bone-marrow of cancer-bearing mibée at the same time delaying their
tumor progression. This conclusion has been furthgiported under more realistic and
complex tumor growth models (e.g., [12,13]) andamghysiologically-based mathematical
models of human hematopoiesis (e.g., [14]).

The above described mathematical models added tenganew insights on drug treatment
strategies, by considering fundamental effects eflular dynamics. Yet, to enable
mathematical tractability, drug-related charactarsswere treated very simplistically. For
this reason, only qualitative conclusions can l@wtrfrom these model analyses. Now that
the proof of concept has been provided, the maale9ecoming increasingly instrumental
in planning concrete treatment strategies. To thml, modeling of the underlying
pathological and physiological processes in a paiiee wedded with the detailed relevant
pharmacokinetics (PKs) and pharmacodynamics (P&sj),([15,65]). By uniting in one
framework the pharmacological properties of thegdwith the dynamic properties of the
cells in the target tissues, one obtains an imgtaveerstanding of how the timing of drug
administration, the inter-dosing interval, drug ctianation, and other aspects of
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treatment scheduling, may affect the patient. Bith@mnatics has the power of
integrating the vast biomedical and pharmaceuticedwledge into a concise

formal language, which enables intensive calcufetiof the outcomes of complex
processes. These calculations, being by far mamgoehensive and accurate than
any human intuition can be, justify their use fational treatment design at any
stage of the critical path, especially when pantiedclinical results collected in

several species are to be used for predicting tih@ain response.

36.1.2 Aims of this chapter

In this chapter, we will discuss the applicationnwdithematical modeling tools to
elucidate the hematological disorder, thrombocytigen different animal species,
and to accurately describe the efficacy and safdtythe thrombocytopenia
alleviating drugs, thrombopoietin and interleukib-1 Model validation in mice,
monkeys and humans, by the use of diverse expetain@rformation, will be
discussed, as well and the use of the animal mdoejzredicting human safety and
for improving patient treatment.

36.2 Thrombopoiesis

Any mathematical model describing a biological gssis based on a verbal model
of the process, that is, on an algorithm concisdbscribing its essential
physiological “flow”. We devote this section tobaef presentation of the verbal
model of thrombopoiesis, and to the subsequentriggion of a mathematical
model, constituting the essence of platelet devatop.

36.2.1 Biology

Platelets are components of the hematopoietic ysdbeing the nucleus-lacking
derivatives of megakaryocytes (MKs). Platelets fiorcprimarily in processes of
thrombus formation and vascular repair, but alseehmles in natural immunity
and metastatic tumor biology. Platelet counts ialthg humans average at 150-400
billion cells per one liter of blood, a homeostaslsch is crucial to maintain. Low
counts may lead to severe hemorrhage, renal fadunct other disorders, while high
counts indicate poor prognosis with respect to ioc&escular diseases and
malignancies. Thrombopoiesis, the formation of digatelets, has been studied
for the last century, though critical advances um anderstanding of the unique
processes that accompany it are only of the lasadle We refer the reader to
figure 36.1 for an illustration of the process daditerature for a more elaborate
description [16-19].

Normal platelet formation begins with bone marromgenitors of the lineage,
which descend from hematopoietic stem cells antifprate in response to certain
growth factors. The next stages in the sequencehiavthe immature forms of
MKs (promegakaryoblasts and megakaryoblasts), wttieln develop into larger,
mature MKs. As the cells mature into MKs, they graltly lose their ability to
divide, but
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FIGURE 36.1: The process of thrombopoiesis. Uncommited progenito the
bone marrow (hematopoietic stem cells) proliferatel develop into commited
progenitors of the megakaryocyte (MK) lineage, khifurther develop into
immature forms of MKs (promegakaryoblasts and megaiblasts). These then
develop into larger, mature MKs. Maturation of sed coupled with loss of the
mitotic ability, but endomitosis and polyploidity maintained until the early stages
of MK fragmentation and systemic distribution oglets. TPO, derived from the
liver and kidney constitutively, is a primary meidia of the platelet formation
process, and is sequestered by platelets and MiKsek as non-specifically.

maintain the function of DNA synthesis, thereby emgbing endomitosis and
attaining a polyploid state. Finally MK fragmentatioccurs, resulting in release of
platelets, first to bone-marrow sinusoids and thenthe systemic circulation.
Radiolabeling studies indicate that the amountlafegbets normally consumed by
hemostasis is very small and constant. The higbfjulated process of platelet
consumption is induced by their adhesion to vonlidnd factor (VWWF) and
extracellular matrix components of damaged bloodsek wall underlying the
endothelium. Following platelet adhesion, a clofaemed and the vessel wall is
recovered. With a life span of approximately teysjainconsumed platelets that
senesce are removed by macrophages of the retimldtieelial system, mostly in
the spleen.

Thrombopoietin (TPO), a glycoprotein produced bye thiver and kidney
constitutively and by the bone-marrow upon demaisdcharacterized as the
primary regulator of platelet formation. Though floeus was set on TPO already
in the late 60's, it was successfully cloned only1992. TPO acts in all stages of
thrombopoiesis, its receptors being expressed ch eeall type in the lineage.
Interestingly, systemic and bone-marrow levels BfOTare inversely correlated to
platelet numbers: due to high affinity platelet+iega TPO receptors, increased
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amounts of platelets result in high internalizatioh TPO, forming successful
autoregulation of the thrombopoiesis. It is notédttslightly less significant
cytokines, namely the interleukins 3, 6, 11, amairstell factor (SCF), stromal cell-
derived factor 1 (SDF-1) and granulocyte macrophegleny-stimulating factor
(GM-CSF), were also identified as modulators inmalr platelet formation, each
acting in different developmental phases, and saotieg in synergy with others.
Studies indicate that effects of the surroundirsgue, comprised of fibroblasts,
endothelial cells, and macrophages, are also ofalmhfy of augmenting
thrombopoiesis, though these environmental fachoesnot thought to be critical
since platelets are easily produced also in vitro.

The manipulation of molecular and genetic techriquethe last two decades has
greatly boosted the understanding of biologicahpalys and mechanisms involved
in platelet formation. Nonetheless, at the currstdge, the regulation of
thrombopoiesis, the central molecular componenkingapart in it, and their
significance for therapeutic intervention in platehssociated illnesses, are yet to
be clarified.

36.2.2 Mathematical modeling

Although the intricacies of thrombopoiesis are fiaom being fully elucidated,
current knowledge enabled the verbalization, arlisequently the mathematical
formalization of a basic thrombopoiesis-describimgdel. Schematized in figure
2.2, and elaborated elsewhere, the model dividetiire thrombopoietic lineage
into seventeen compartments. Every compartmentepgxdor the first, is
represented by time-dependent age distributionrevtiee number of cells is given
as a function of discrete age (time spent in thegartment) and time. The number
of cells in the first compartment is a functiontimfie only. There are six groups of
compartments in the model, in accordance with theve-mentioned structure of
the thrombopoietic lineage. The subdivision of $hegroups is as follows: (a) one
compartment of lineage-uncommitted progenitors (Y@B) one compartment of
lineage-committed progenitors (CP), (c) six comparits of endomitotic
progenitors (EP), (d) four compartments of devalgpprogenitors (DP), (e) four
compartments of MKs, and (f) one compartment obblairculating platelets.

The first compartment, UCP, refers to all bone marhematopoietic progenitor
cells that can differentiate into more than one l{e.g., pluripotent stem cells,
CFU-GEMM, etc). We assume one homogeneous UCP atpn) as its division
into various sub-populations is not feasible, sikicetic data regarding the various
sub-populations of the UCP compartment (i.e. rafggoliferation, maturation and
self-renewal) is rather scarce. In our model, ogfllthis compartment proliferate at
a certain rate UCP) and differentiate into MKs or other precursdased on
previous studies showing that the probabilitiestei cell differentiation into any
given hematopoietic lineage are constant, it wasragd that a fixed proportion of
mature uncommitted progenitor cells flows into thteombopoietic lineage
( UCP). Apoptotic cell death may have a significaffiée on cell numbers in the
proliferating compartments. Thus, we included ftea together with the effect of
cell proliferation into the total amplification o€ell number in a specific
compartment. As currently no information is avaiéaboncerning apoptosis in the
non-proliferating MK compartments, this issue wasrebarded in these
compartments.
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FIGURE 36.2: A scheme of the thrombopoiesis mathematical modet. model
consists of seventeen compartments which can kstectd in the following six
groups: (a) one compartment of lineage-uncommsgtedh cell progenitors (UCP),
(b) one compartment of lineage-committed progegsi{@P), (c) six compartments
of endomitotic progenitors (EP) of ploidies 4N, 8N, 32N, 64N 128N, (d) four
compartments of developing progenitors (DP) ofgliles 16N, 32N, 64N 128N, (e)
four compartments of megakaryocytes (MKs) of plesdil6N, 32N, 64N 128N,
and (f) one compartment of individual, blood-ciatithg platelets. Relevant key
parameters included in the kinetic calculationstloé different compartments:
amplification rate; flow-on fraction (flowon); trait time; and rate of platelet
release. The arrows indicate the direction of hetanpartmental cell flow.

The CP compartment stands for an age distributioprogenitor cells already
committed to the thrombopoietic lineage, but stéipable of proliferation. The
compartment is characterized by a transit timeéP) and a number of mitoses
(Nm). The latter represents the average numberose$iple cell divisions at that
stage. This number may be non-integer, considetitag certain cells can be
quiescent and undergo fewer mitoses than otheils l€aving CP enter the first of
the six EP compartments, which comprises cells lthae lost proliferation ability

and yet are not sufficiently mature to release gids. Thus, this subgroup of
compartments, namely EP4, EP8, EP16, EP32, EP64ERI®8, are formed

according to the biologically-known sequence ofscef the MK lineage bearing
ploidy of 4N, 8N, 16N, 32N, 64N and 128N, respeelyv These endomitotic

precursors cannot divide, but continue endomitoBie cells that enter the EP4
compartment are of ploidy 2N, at the exit they haleidy 4N, and so on for

subsequent EP compartments. It is assumed that ddKsrelease platelets only
after reaching the 16N-ploidy phase. Hence to arat platelet production in our
model, the EP16 compartment must be entered. Aéks spend their designated
transit time (EP) in an EP compartment, they can move to the et

compartment. Fractions of cells that continue entlsis after moving through

EP16, EP32 or EP64 are designat&f16, EP32 and EP64, respectively, where
in normal conditions EP64 = 0.
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Alternatively, cells at the EP16, EP32 or EP64 statay stop the endomitotic
process by entering the relevant DP compartmenighwis represented by four
subgroups of cells. DP cells of 16N, 32N, 64N a28N ploidy increase their
cytoplasmic contents prior to platelet productio@ells that have stopped
endomitosis after exiting EP16 compartment entéo iDP16; cells that have
stopped endomitosis after exiting EP32 compartreatgr into DP32, and so forth.
After spending a certain amount of tim®P) in the DP compartment, cells pass to
the corresponding MK compartment. The four sub-carmpents of this stage
signify cells capable of releasing platelets. MK@&mpartment receives cells
exiting from DP16, MK32 receives cell exiting frodP32, and so on. As in
previous compartments, here too the cells areibliged over age (time spent in the
compartment), yet there is no predefined transiteti Instead, the new cells
entering MK are assumed to have some initial rahgasapacity, indicating the
number of potential platelets, or total plateletéume, to be released until the cell
is exhausted. This capacity is assumed to be ldogearells of larger ploidy. Cells
release platelets continuously, and their releasiagacity is consumed until it
drops to zero, there upon disappearing from thepestment.

The last compartment, PL, represents platelet sodistributed by age (time spent
in blood after the release). Distribution of medatglet volume (MPV) is also
computed in order to allow calculations of plateldegradation. The platelets are
readily consumed by the body in an age-independsariner, and in terms of
volume (platelets number multiplied by MPV). Thésealso a maximal life span
for old platelets, so that all non-consumed plaseltisappear upon reaching a
maximal age (denoted byPL). New platelets appear at every time step, lessed
by MK cells. This release is also described in gwhvolume, and at every time
step the amount and MPV are evaluated for the ratelpts, taking into account
the relative contributions of MK cells of differeploidies.

The formal description of the cellular compartmeastsupplemented by the model
for the endogenous TPO, which regulates the dyremicthe process. A one-
compartment PK model for TPO, with a constant potidn and a linear non-
specific clearance, is applied. In addition, thisran alternative, specific clearance
of TPO, achieved through the consumption by thédscg@kceptor binding and
internalization). To include this in the model, tdisutions of receptors per cell in
all the line-committed compartments (CP and theupgso that follow) are
incorporated. Formulae are constructed for receptonbers distributed over cell
age. Receptors, constantly produced by the celtduding platelets that have no
nucleus, bind free TPO and are internalized. Tiecethe non-specific clearance of
TPO, Michaelis-Menten behavior is assumed for TBE&eptor kinetics.

The major stabilizing feedback in the model is ée@wia the effects of TPO on the
cells throughout the lineage. Kinetic parametershef model’s compartments are
functions of TPO concentrations; In the UCP comparit, the amplification rate is
an increasing function of the TPO concentratiomiBirly, the number of mitoses
in the CP compartment is an increasing functiom®D. In contrast, the transit
times in CP, EP, and DP, and the EP flow-on (foactof cells that continue

endomitosis) are decreasing functions of the TPepotration. Finally, the MPV

of released platelets (and consequentially, the édcell volume) is an increasing
function of the TPO concentration in the MK compahts. For all the

dependencies listed above, sigmoid functions watturation for large values of
TPO concentration are used. In addition to thisdlieek, a TPO-independent
feedback on cell proliferation in the model, oradwding effect”, is included as

well. The amplification rate in UCP and number atases in CP are decreasing
functions of cell numbers in these compartmentspeetively. This represents
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internal regulation of cell proliferation in thestages. Such functions are also
assumed to have a sigmoid form.

The model is mathematically formalized accordinghe above description, using
discrete difference equations. The variables ofrtteelel (e.g. cell numbers) are
represented as functions of discrete time-poinit) w certain stept. The set of
the model equations describes the recursive caionlaf the system state for the
current time point, using the state of the systérpravious time points. For the
specific clearance model, steady-state approximatére used, as these processes
are on a much faster time-scale than all the régsh® model. The model is
simulated using a C++ code, and its parameterestimated either directly from
experimental measurements, or by fitting the madehe published experimental
data. The validation of the model is further ddsediin section 5.

36.3 Thrombocytopenia

Setting the essential rules for depicting thrombegis, as explained in section
36.2, it is possible to evaluate not only the hostatic behavior of the system, but
also its irregularities. Diversion from normal sigatate thrombopoiesis can arise
from various reasons, and can have several phygaalbconsequences. In this
section, we will discuss some of the main mechasiseading to low platelet
count, termed thrombocytopenia (TP). Both currewt future therapeutic avenues
will be illustrated.

36.3.1 Pathophysiology

The concise summary of TP pathophysiology, preskimtéhis section, is based on
extensive reviews of this pathology in the currkatatology literature, notably
[16,20,21]. The clinical significance of TP, chaemzed by a blood platelet count
of less than 150,000 cells per microliter, stenasnfithe major role of platelets in
the process of normal hemostasis. Low platelet tsoleéad to diminished ability of
hemostasis, and onsequently, increased bleedingepsity. Yet there are
important exceptions to this rule. Firstly, clinigasignificant bleeding occurs
regularly only when the amount of platelets deaeabeyond 10-20,000/pL.
Secondly, exact clinical manifestation of this dids depends on the underlying
pathophysiological mechanisms: While TP inducedldy platelet production
leads to increased risk of bleeding, TP causedxbgssive platelet consumption
may result in an elevated risk of thromboembolism.

TP can be caused by one, or more, of the follommeghanisms (elaborated in the
following section): (a) decreased platelet produrti(b) increased sequestration of
platelets, or (c) their accelerated destruction.iffidced by the first mechanism,
impaired production of platelets, accompanies aietsar of bone marrow
pathologies. Congenital hereditary decreased ptanud@ P, one of these cases, is
very rare. It can be caused by malfunctioning TRfeptor signaling (e.qg.,
amegakaryocytic TP) or by impaired MK fragmentatioto mature platelets. The
more common syndrome is acquired decreased predutR. This form of TP can
be a result of pathological bone marrow infiltratim hematopoietic malignancies
(leukemias and lymphomas) or in massive metasta$esxtramedullary solid
tumors. Alternatively, this could occur in myelogiastic syndromes and vitamin
B12 deficiency, when intrinsic maturation defeatse in the early hematopoietic
progenitors, with involvement of 1-3 hematopoidties. Extrinsic inhibitors of
hematopoietic progenitor proliferation, such as ¢gjotoxic drugs (anticancer
chemotherapy), (b) circulating auto-antibodies tidMimmune thrombocytopenic
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purpura, systemic lupus erythematosus, etc.), (@inf,tammatory cytokines
(sepsis), or (d) various viral infections (EBV, CMMIV, etc.), can induce this TP
form as wells.

Increased sequestration-TP, the second mechansna ¢ommon finding in
splenomegaly of any cause. A frequent consequehcelenic enlargement is
increased pressure in the portal vein, which caasaming of blood from the
spleen into the liver. This syndrome, referredgartal hypertension, is present in
a variety of chronic liver diseases and in caseparfal vein thrombosis due to
hypercoagulation states. In portal hypertensiocrgased sequestration is often the
only cause of TP. Other diseases with splenomegaherally produce TP of a
combined etiology. For example, splenomegaly i®eased with conditions of
leukemia and lymphoma, in which bone marrow irdiliton results in decreased
platelet production. Similar combinations of TP Im&gcisms appear in several
infectious disorders (e.g. brucellosis and visci&imhmaniasis) and inflammatory
diseases (e.g. Felty's syndrome and systemic jleveméumatoid arthritis).

Pathologically accelerated platelet destructiom (third mechanism of TP) can be
induced by either increased consumption, or by iphy/$actors. Physical platelet
destruction occurs upon increased blood shearsstesr valvular and intravascular
prosthetic devices. There are varying disordersyofeased platelet consumption
by pathological uncontrolled coagulation. Thrombdtirombocytopenic purpura
(TTP) and hemolytic uremic syndrome (HUS) are aisged with thrombosis,
rather than bleeding, despite low platelet coumicéRt progress in TTP research
reveals that the underlying pathology involves dased or absent function of a
protease known as a disintegrin and metalloproseingth a thrombospondin type
1 motif, member 13 (ADAMTS13), responsible for sfiecleavage of VWF. As a
consequence, large multimers of VWF are formed thedinitiate bouts of platelet
adhesion and activation. Conversely, pathogene$isHOS is incompletely
understood. Since this disorder appears typicdlbr aertain bacterial infection, it
is assumed that cross-reactive antibodies are megife for platelet activation in
this syndrome. Disseminated intravascular coaguia{DIC), distinct from the
latter two disorders by its simultaneous inductidéitboth thrombosis and bleeding,
is a common feature of several severe illnessdsidmy overwhelming sepsis,
poisoning due to snake bites, amniotic fluid endmliand fat embolism. The
pathogenesis of DIC includes uncontrolled activatid intravascular coagulation
pathways, leading to increased platelet consumption

Accelerated destruction-TP can also be attribubeichtnunological disorders. The
most recognized disorder of this type is immuneéofidthic) thrombocytopenic
purpura (ITP). The underlying pathology consistfafnation of auto-antibodies
against specific platelet surface antigens. Pletelevered with autoantibodies are
effectively and prematurely destroyed by the phgtgscof the reticuloendothelial
system. In the minority of cases, presence of autdodies to MKs is also
suspected, which results in TP of mixed etiologyoth decreased production and
accelerated destruction. Other diseases with autaime platelet destruction
include systemic lupus erythematosus and antipragpth antibody syndrome.
Drug-induced immune TP was observed upon the useaofy exogenous factors,
including heparin, gold, antibiotics and anti-imflenatory drugs. In these cases,
antibodies are formed against the complex of a ehitig platelet surface antigens.
In heparin-induced TP, thrombotic complications esenmon (similar to those in
TTP), since antibodies lead to excessive plateftation in addition to increased
clearance.

To examine the risk of TP in new drugs, or in yebe tried drug regimens, the PK
and PD of the drug should be simulated superimpogseal mathematical model of
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the underlying TP mechanism. However, how to deiteenthe specific TP
mechanism in each particular case is a very clgilgntask. While certain clues
can be received from patient's medical historysptal examination and peripheral
blood smear, bone marrow biopsy is frequently nextliiin order to evaluate
number of MKs. Low numbers are indicative of desezh production, while
increased numbers are associated with accelerattdidtion. Some cases remain
undefined, even after thorough laboratory invesiiga and manipulation of
extensive tools. The type of TP guides both furttlerical work-up for specific
underlying pathology, as well as possible treatnogaions.

36.3.2 Current therapy

In light of the different mechanisms for TP, treatrh is diverse and highly
dependent on the underlying cause. Generally, wedoade current therapy into
treatments directed against pathophysiological meicms, and symptomatic
treatment of TP-induced bleeding/thrombosis. Inrttegority of the cases, platelet
counts do not drop below 10-20,000 per microlitérbtood, so that serious
bleeding complications do not develop. Treatmenttld underlying causes
includes withdrawal of the offending stimulus, e.discontinuation of an
immunogenic drug, removal of VWF complexes by plasexchange in TTP,
replacement of mechanical prosthesis by a bioldgica, and also includes specific
treatment of malignancies and infections.

It is imperative to identify accelerated platelestiuction by the reticuloendothelial
system, for which splenectomy and/or administratiasf intravenous
immunoglobulins (IVIG) is indicated in refractoryases. Splenectomies lead to
decreased auto-antibody production, and removerge l&action of phagocytes
responsible for platelet destruction. IVIG, on thther hand, saturates antibody-
binding receptors on the phagocytes and suppréssigsnteraction with antibody-
covered platelets and MKs. Therefore, theoretidds should be more effective
in cases of MK-specific antibodies. This hypothediswever, has not been
examined clinically, due to technical difficultigsidentifying antibody specificity
in particular patients. Importantly, neither a sgletomy, nor IVIG therapy, are
effective in cases of direct complement-mediatetibady toxicity to platelets and
MKs.
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Symptomatic treatment of TP-associated bleedingrdess consists mainly of
transfusion of donor platelets. Platelet transfusi@are commonly used, with
approximately 9 million units yearly applied in théS alone. Though repeated
platelet transfusions may aid in preventing blegdihey can transmit both viral
and bacterial infections, and cause alloimmunizatibich requires HLA-matched
donors. Health care costs and inconvenience tcemtatialso pose a concern.
Furthermore, this treatment must be repeated egular and frequent basis, due to
the short half-life of donor platelets (3-4 daya)d since the underlying causes of
TP are left untreated. Platelet transfusions areeggecially low efficacy in
immunologically-mediated TP that involve an eveorsér platelet half-life.

36.3.3 Novel cytokine therapy

Over the past 15 years, attempts to find new thiesapo replace platelet
transfusions in the treatment of thrombocytopergomiers have naturally been
focused on the growth factors involved in normalothbopoiesis (see section
36.2). Interleukin (IL)-11, discovered in 1990 te & thrombopoietic growth factor
secreted from bone-marrow stromal cells, was tist fiandidate for this purpose.
The genetically-engineered form of this proteirgombinant human IL-11 (rhiL-

11) was evaluated for treatment in patients witim-ntyeloid malignancies that
suffered from chemotherapy-induced thrombocytopeama did, in fact, produce a
dose-dependent increase in platelets. RhIL-11,cepk in 1997 for prevention of
severe drug-induced thrombocytopenia, is currettitty only cytokine licensed in
the US for this purpose. However, with its only rastithrombopoietic activity and
its use often associated with intolerable sidecatffelL-11 has not satisfied the
demands for an efficacious thrombopoietic agebetapplied in the clinical setting
[22-24].

In light of the central role of TPO in the proligion and survival of MKs and
increased platelet production, its potential tolaep standard platelet transfusion
therapy and improve platelet harvesting efficacgd@mors seems even greater than
that of IL-11 [22,25]. Recombinant human TPO (rhTHRfas been examined for
exogenous application in patients with initial thMoocytopenic disorders, as well
as for treatment of chemotherapeutically-inducedeloguppression in cancer
patients. However, phase 1 studies with rhTPO ialthg individuals remain
disappointing: In a trial that was aimed at imprayplatelet yields in donors, some
of them developed immune-mediated TP due to appearaf auto-antibodies to
native TPO. Evaluation of rhTPO therapy has alsmentered difficulties due to
delayed peak platelet response and neutralizingoadies formed against the
pegylated molecule. It is believed that most congilons are caused by significant
antigenic differences between the native and recmanmb TPO proteins. As a
result, this molecule currently remains in its depenental stage, and is not yet
approved. Small TPO analogs and synthetic TPO-déragents are currently being
developed to bypass immunogenicity-related problg6s34].

Mathematical modeling of thrombopoiesis (as desdtiim section 36.2) and drug-
induced TP (as will be shown in section 36.6) cahia disentangling disease
dynamics and in deciphering pathophysiological naatdms underlying the

disease. In particular, mathematical models of Eff@eted thrombopoiesis and of
IL-11-induced side-effects, enable to propose impdotreatment schedules for
both drugs, obtaining maximum efficacy and subst#iytimproved safety (see
section 36.4 and 36.5). In turn, preclinical valida of these improved regimens
can give new hope for clinical application of thesgokines in their multiple

arenas.
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36.4 Modeling drug effects on thrombopoiesis

Innovative cytokine-based therapeutics of IL-11 afEO (see section 36.3)

developed for application in thrombopoiesis-relasgddromes and for efficiently

harvesting donor platelets have been extensivelgietl in the last decade or so.
Yet, even today, toxicity-related limitations ofobeof these molecules prevent their
clinical applicability. The following section wilbe dedicated to mathematical
models focusing on both beneficial and detrimentahsequences of these
therapeutic avenues, and on the manner by which mudels may be used to
suggest improved treatment strategies.

36.4.1 Toxicity modeling: Interleukin (IL)-11.:

Though IL-11 treatment has been approved for mmgadrug-induced TP for almost
a decade, its induction of intolerably toxic effebfas proved to crucially impede its
therapeutic use. The cytokine has been shown ¢t alivide range of side-effects,
mainly associated with blood volume expansion (BVE)hese include
complications of various grades of edema, anemiaural effusion, cardiac
arrhythmia, etc [23].

An initial and generalized perspective on this éssequired a mathematical model
of IL-11-induced BVE. However, the definitive medism underlying IL-11-
mediated water accumulation is yet to be discovemad the incomplete data [23,
35], restrict the possibility to produce a concreted reliable model for this
problem. Instead, a novel biomathematical appreehdeveloped so that not one,
but several mathematical models, each represeatinglternative mechanism for
BVE following IL-11 therapy, were devised and eatkd [36]. The underlying
assumption here was that by concurrently simulatimgitiple models, which
formally describe alternative mechanisms, but atbdpcing the same fluid-
retentive behavior, it is possible to faithfullypdet this effect despite the obscurity
of the actual mechanism and related data. Accolgimgnvergence of all models
to yield unified BVE dynamics was the charactecidty which their success and
predictive ability was measured. Furthermore, siteerange of different models
that capture the behavior of stable biologicaleys, e.g., body water homeostasis,
is assumed to be relatively narrow, the chancesrofing at a reliable model was
considered even greater in the drug-afflicted B¥&isg [36].

Three closely-related biologically-based models eveonstructed using ordinary
differential equations (ODESs) and standard Micleablenten kinetics. The models
incorporated basic water regulation propertiesdtleolume, pressure and vascular
compartments) and endocrinal feedback effects (eotments for BVE-
upregulating and downregulating hormones), togethéh the IL-11-induced
perturbation of the system. Notably, a short-teearonal influence or long-term
permanent structural changes were not consideesttjating the modeling to the
therapeutic time scale. The variation between tfierdnt models was expressed in
(a) the component directly affected by IL-11, be#ither blood volume or blood
vessels, and (b) the components affected by thecemél hormones, being both
vessels and volume (full effect) or only volume r{d effect). Thus, model 1
assumes IL-11-induced vessel enlargement and fidibeinal feedback; model 2
assumes IL-11-induced volume expansion and fulloeridal function; model 3
assumes IL-11-induced volume expansion and pagtialocrinal function. The
models were identical in all other assumptions.
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Dynamics of subcutaneously-administered IL-11 weepresented by a one-
compartment PK model, with first order absorptiooni the external tissue. IL-11
concentrations in the tissuel.][land plasma Q) are given by

IT CllT (36.1)
and

I, fc,l: c,l, (36.2),

where IT(t 0) is the administered IL-11 concentration, a!‘na(t 0) O.
The coefficient ¢ denotes the rate of drug transport from the pryntissue to the

plasma, 5 is the drug clearance rate, and the fraction afdferred drug, an
indicator of bioavailability, is f.

Blood pressure was described by considering itssatal correlation to heart rate,
stroke volume and systemic vascular resistance.hédat rate variability was
disregarded in experiments, and an inverse relshiprbetween vascular resistance
and vascular capacity was assumed, blood pressasalescribed to be a function
of blood volume and the vascular capacity (expregseéerms of vessel surface):

Ny
Vt
P(t) — .

O 5 eI

The function P(t) is blood pressure at time t, 8éhotes overall vessel surface at
time t, V(t) is blood volume at time t, ang is a parameter. Steady state values of

pressure, overall vessels surface and volume wien doy Pst' Sst’ and \/Sr

respectively.

Dynamics of the BVE-upregulating hormonesu()ﬂ and the BVE-downregulating
hormones (Iﬁ) were subjected to blood pressure variations, \aack therefore
given by

H, 9P, Pt dH,t (364

and

H, ,gPt P

st

d,H, t (36.5),

respectively. The description is general, and does refer to hormonal
concentrations per se, but rather, to effects d@stmatwith endocrinal deviations. In
equations 36.4 and 36.5, formation ratek, (2) and degradation rates (d1, d2) of
the endocrinal effects were taken as constantsplouitl pressure deviations from
steady state allowed formation of each factor utiegfunction

x if x>0
g(x)= 0if x0 (36.6).

The vascular structure was described in two-dinweradi units, e.g. by relating to
the average surface of the inner endothelium laféood vessels. IL-11-induced
vessel surface enlargement (in model 1) and HUdadwasoconstriction or HD-
induced vasodilation (in models 1 and 2), were desd by biologically-

compatible non-linear functions. As described earlimodel 3 does not enable
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vascular resizing in response to IL-11 or hormordkthree models, however,
incorporate simple intrinsic feedback effects tgsag steady-state in blood vessel
dynamics. Thus, the equation for models 1, 2 arate3given by 36.7, 36.8 and
36.9, respectively.

olpt © JHyt o ,Hyt "

: ; - 2 S, St (36.7),
ke 1ot ™ k Hyt"™ k, Hyt?"*
S L Hy t . 2 Ho —  3;S, St (368),
ke H,t* k, H,t?>
and
S .S, St (36.9).

Vascular modification rates in response to IL-11),knd HD are denoted aﬁ,b
b1 and lé respectively, and?is the coefficient of direct vessel surface regjata
Parameters d(kl,kz and fyfq:fo are positive.

Volume dynamics were initially characterized by @ratabsorption-excretion
differences. Absorption rates were assumed noetiate from steady state values,
whereas excretion rates were taken as susceptibl&) tsystemic blood pressure
deviations, known to specifically act on renal watecretion, and to (b) the IL-11-
induced effects. The function of blood volume whasréfore described by the
difference between absorption rates, which weratzom (Ast), and excretion rates,
which were set as the pressure-related differeretevden normal steady-state
excretion (Est) and the excretion in the IL-11 soen(Edrug):
M
v A 2L E
P

st

Eqet  (36.10)

st

The power coefficientfsets the strength of the dependence of the votlvaeges

on the pressure variation. Assuming equal steaale stbsorption and excretion
rates (’%t:Est) under normal conditions, equation 36.10 turns int

L L
v E,1 b Pl gt (36.11),
Pst PSt

st drug

Excretion of volume in the therapeutic scenarie. (ihe term Edrug) was assumed
to be affected by the hormones in all three moddsdescribed above, in models 2
and 3 it was additionally assumed that the drugadtly influences volume
excretion. Both of these effects (IL-11 and hormaoredliated) were assumed to be
non-linear, and introduced into the volume dynangie®n in equation 36.11. For
model 1, this gave

vV E,1 Pt Pt
P. P,

st

' ' (Hot® pHot ® (36.12),
m H,t®*® m, Hyt?®
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while for models 2 and 3, the equation was

L M

v E 1 Pt Pt olpt ® L JHot ®
st
Py Py m Iet® m Hyt* m, Hyt?®*
(36.13).

The IL-11, HU and HD -afflicted rates of water extion are denotedogg1 and 9
, respectively. Parameter%rml,m2 and }:9,.0, are positive constants.

Subsequent calibration of the models was accongdisly obtaining and utilizing
data from a human study of IL-11 safety, and tpeédictive ability was evaluated
under different regimens of IL-11 therapy. Thesages of the work are further
described in section 36.5.

36.4.2 Efficacy modeling: Thrombopoietin (TPO)

As we have illustrated in section 36.3, plateldidilencies hamper the development
of improved therapeutic regimens for hematology ancology patients, as well as
in their clinical management [22,27]. The possibée of TPO to abrogate these
disorders has also been debated (section 36.3).Pkhef rhTPO therapy was
mathematically modeled in terms of ODEs, and solwaaherically using the Euler
method. This extension was simulated in conjunctidth the thrombopoiesis
model described in section 36.2 (see also [37,38]& independent PK model for
rhTPO was similar in its structure to that of englogus TPO, though the kinetic
parameters were assumed to be different. The refasahis lies in the fact that
exogenously-administered synthetic molecules haem lshown to differ from the
endogenous analogs in a number of characterigi]s The model extension also
assumes competitive binding of TPO and rhTPO tbreekptors. When describing
the PD of the drug, its effects were consideredlamto those of the endogenous
protein, the latter already existing in the modarameter calibration of the model,
as well as its retrospective and prospective vabdain different species, is
detailed in section 36.5.

36.4.3 Modeling combination therapy: chemotherapyad TPO
support

The consideration of TPO as a potential candidateafieviating chemotherapy-
induced TP in patients with malignant disorderse (section 36.3) introduces the
issue of combination therapy. The addition of TROatcytotoxic-drug affected
scenario, allowing restoration of the damaged thHropoietic system, can be
described via minor manipulation of the basic mathtical model. To do this, one
should take into account the effect of chemotharipe drugs on the
thrombopoietic lineage. Chemotherapy nonspecificdidmages all dividing cells,
particularly progenitor cells of the thrombopoietioeage. These targets are
represented by the UCP and CP compartments of B model (section 36.2).
Accordingly, the model assumes that the cytotoxigaeliminates dividing cells in
a concentration-dependent manner, and, possibpe(ding on the drug), in a cell-
cycle phase specific manner. The model incorpottiiedK of the drug, to obtain
the time course of drug concentrations in blood ahé bone marrow.
Subsequently, a PD model for this drug is applieé: apoptosis probability of a
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dividing cell is calculated as a function of itssg@mn in the cycle and of the current
drug concentration.

After constructing such a model and validatingditug developers and treating
physicians can explore the unlimited space of fbsstonjugate treatments, in
which the side effects of chemotherapy are suppteby use of exogenous TPO.
The model allows examining different treatment megis, predicting their possible
outcomes and selecting the best possible treatrsategies, while avoiding
adverse effects, such as those observed in clitrieéd of TPO. This identification
of improved treatment strategy can be done fogtreeral population, as well as on
patient-specific basis, the latter requiring thedfic model parameters of the
treated patient, which can be evaluated using ridevidual platelet profiles post
drug intervention.

36.5 Using the validated model for predicting impreed
efficacy/toxicity profile

As explained in section 3, clinical evaluation bflll and TPO was obstructed due
to safety problems. It was therefore imperativeirnteestigate the mathematical
models of TPO-mediated thrombopoiesis and IL-1ltosdi fluid retention
(sections 36.2, 36.4), in order to suggest howtrabme the limitations involved
in the development of these drugs. We will showthirs section how species-
specific model parameters can be evaluated anchdans by which retrospective
and prospective validation of the mathematical ned@eachieved. Thereafter we
will discuss model use for predicting improved clotherapy and supportive
administration regimens.

36.5.1 Model validation by retrospective human stuglresults: I1L-11
and TPO

Since modeling IL-11-mediated BVE has employed #pecially-developed

multiple modeling approach (see section 36.4) aheve-depicted diverse models
are considered validated and of predictive capgbdnly upon their arrival at

unified volume dynamics. The study therefore cdesisof two essential steps:
experimentally-based calibration and parallel assesit of model simulation-

derived BVE behavior. These procedures are desttibesafter [36].

In the first stage, model parameters were succgshlibrated to retrospectively
retrieve clinically-evaluated, blood volume measweats following daily IL-11
administration of 25 ug/kg doses to healthy volendefor a week [35]. The data
that served for approximation were collected dutimg first week, that is, within
the therapeutic time frame. However, subsequentlsiions of the models under
the same regimen failed to generate unified behaaioBVE dynamics (figure
36.3, upper panel). In contrast, when simulatioesewpreceded by calibration of
the models using data from stages both within fhefthe first week), and up to
one month following treatment termination, the autmlynamics were highly
similar between the models (figure 36.3, lower parla fact, the observed high
correlation between the numbers of experimentaitsaised for model calibration,
and models' increased similarity (data not showtmngthened the possibility that
by using more data points, model similarity and sthmeliability and clinical
predictability, can be improved.
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FIGURE 36.3: Comparison of alternative mathematical models fdERlynamics
following calibration by results of a clinical IL31study. Blood volume (liters)
measured during one week of IL-11 therapy (7 dadlges of 25 pg/kg), was taken
from a previous study in healthy humans. Three nspdlibrated with data from
either the therapeutic days (upper panel), or b therapeutic and post-
therapeutic windows (lower panel) were simulatedairthe above experimental
treatment schedule (data adapted from [36]).

In the second stage of the work, the predictabditthe models was evaluated in a
wider therapeutic spectrum. The models were siradlatnder IL-11 treatment
strategies of various durations, various inter-dgsintervals and various dose
intensities, where model-derived dynamics were ragaimpared to assess the
model robustness in portraying BVE dynamics. Highealues of similarity
between models, as shown by the difference indestewbserved when the
average IL-11 dose per day of the tested treatmexd close to that of the
experimental treatment of daily 25 pg/kg doses (gpae 36.4, as an example).
This suggests that in this example of obscure tiyxmechanism, one can trust the
model-derived BVE predictions for various IL-11 atments, provided their
average daily dose of IL-11 is in proximity to thaged in the original clinical
experiment.
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FIGURE 36.4: Model-derived BVE dynamics in therapeutic regimehat are
close to experimental schedules in average dosdgyevalues. Model simulations
under the experimental schedule (treatment 'exml) @ther regimens of various
durations, doses, and inter-dosing intervals (tneats 1-11), following calibration
with clinical measurements, are compared usinglitierence index (data adapted
from [36]).

The mathematical method applied in the case ofllistiows that given preliminary
experimental data from various stages of therapgjrming at phases within the
therapeutic window and ending at the recuperaeatigtstate, the different models
reliably predict dynamics of water retention withan certain span of IL-11-
administration strategies. Considering the recongadnIL-11 levels (10-100
pg/kg/day), and the above model-derived conclusigtisical studies evaluating
BVE within concentrations of 10, 20, 30, etc. pudday are required to form a
complete predictability frame of BVE within all eslant treatment scenarios. This
would then allow appraisal of the clinical appliddy of each of these IL-11
therapy schedules, as well as others.

As in the above-presented process of IL-11 modaluation, clinical information
was used for the TPO case. A thrombopoiesis cortipatd model was designed
on the basis of the mathematical descriptions oD-Tfduced thrombopoiesis
(elaborated in sections 36.2, 36.4), to enable lsitimn and evaluation of in vivo
platelet formation and to suggest therapeutic TB@mens of improved efficacy
and reduced immunogenicity [38]. The computer modes adjusted and validated
for both murine, simian and human, as will be efater below.

Currently human validation of the thrombopoiesismpaiter model is possible only
in retrospective, as the drug has not yet undergbeeappropriate regulatory
procedures enabling human administration. To rpgotvely validate the model it
was calibrated using a set of biologically reatisparameter values, so that
homeostatic behavior, i.e. a normative count of,320 platelets/| blood, was
retrieved in untreated conditions. Next, simulatioihthe computerized model
under recombinant human TPO (rhTPO) administraties carried out. Data from
a clinical trial [39], which included PK informatio(i.e. rhTPO concentration in
blood) and accurate platelet counts in respondéferent TPO dosages, served the
calibration process: Three patients were assignedat single IV bolus
administration of each of the four dosages 0.3, 0.8 or 2.4 g/kg. The three
platelet count curves for each dosage were averagdda single parameter set,
which enabled the model to accurately retrieveghdatdynamics observed under
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the various treatment regimens, as shown in figau® was identified. This
parameter set was determined as the representatitiee "average patient".

While TPO therapies pose many questions, suctsaffitcts on elevated platelet
counts in clonal thrombocytosis, the opposite ol namely that of reduced
platelet counts, introduces equally significantldrmges. Since TP is a common
dose-limiting side effect of cancer chemotherapsyts discussed in sections 36.3
and 36.4, accurate predictions of the chemothetagadly reduced platelet
dynamics are of importance when planning treatmeérdsallow predicting effect
of cytotoxics on thrombopoiesis in individual patie, the average “Virtual Patient”
was tested for its ability to retrieve the outconeésa standard chemotherapeutic
treatment by doxorubicin. The model was successftdlibrated in reference to
clinical published experimental data [40], as shdwnfigure 36.3 (lower right
panel) and improved TPO regimens were suggestedpBctive validation of the
generality and clinical predictability of the model warranted. A different
biomathematical approach, elaborated in sectioi,36es data from human and
animal cell culturing and from preclinical studi¢sat are available in the
pharmaceutical industry, in order to develop thetdie strategies with minimal
suppression of thrombopoiesis.
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FIGURE 36.5: Model predictions of platelet profiles in patierteated by TPO
and chemotherapy compared to clinical results. Agerplatelet counts in human
patients are plotted, following a single IV bollld PO administration of 0.3 g/kg
(upper left panel), 1.2 g/kg (upper right panel), or 2.4g/kg (lower left panel), or
an 1V infusion of doxorubicin for three days, tletal dose being 90 mg/m2 (lower
right panel). Simulation-generated curves are shbwthick lines; clinical results
are shown by thin lines.

In conclusion, the thrombopoiesis computer moded waccessfully calibrated to
accurately retrieve relevant clinical informaticflecting TPO therapy, as well as
to chemotherapy, but it is yet to undergo prospecthuman validation.
Importantly, the models described here for difféimombopoietic growth factors
are each targeted towards opposing aspects of ptherahile the IL-11
mathematical model attempts to define the toxiemgociated with drug-induced
alleviation of TP, the computerized-TPO model imedl at accurately predicting
the direct beneficial results of such therapy atglet restoration.
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36.5.2 Model validation in prospective animal triag: TPO applied to
the Virtual Mouse and Virtual Monkey

To use the model predictions for clinical decismmaking, one must still
substantiate the superiority of the model-suggestgaoved TPO regimens. This
task must be carried out in animals first, not odle to safety issues, but also
because typically in such cases, the agent in iques not yet approved for the
treatment of patients. Once a proof of concepmimals is provided for its power
to suggest improved regimens, the model can bedosteumental during the
clinical phases of drug development, for avoidingessive and unnecessary
toxicity and for reducing the number of patients Rihase | of the clinical
development. These steps are expected to paveddefor routine clinical use of
the computer-based prediction tool.

The underlying assumption in this work was that ioyed TPO schedules are
those employing the smallest drug doses requireathieve the desired efficacy.
This assumption is based on a biomathematical stiniigh examined the effect of
dose intensities on drug immunogenicity. Resultghid work suggest that for
given immuno-reactive system, there exists a dlitdrug dose for which the
relevant immunogenic threshold is expected to lmeeded, thus affecting patient
health [15].

To validate the model’s predictions in preclinieaiperiments with BALB/C mice
and Rhesus monkeys, the thrombopoiesis model Wiksatad to reflect murine or
simian thrombopoiesis. This was achieved by usitegature-derived data. The
species-adapted models, "Virtual Mouse" and "Virtuslonkey", were
subsequently used to adjust the improved TPO tratho the species in question,
and test this treatment in animal experiments. Witk is described hereafter [41].

Parameter calibration of the thrombopoiesis compuotedel was performed for
fine-tuning the model to accurately describe thropdiesis in each species. This
work involved definition of a biologically realistirange of values for each
parameter in murine thrombopoiesis [28,42-47] @mdas thrombopoiesis [22,48-
54], which were then entered as the initial par@mgalues, subsequently to be
fine-tuned according to the specific tested popaitat Ability of the model to
retrieve platelet profiles in each animal group Wen tested.

Next, the prediction accuracy of the thrombopoiesismputer model was validated
in mice. Specifically, simulating the model it wpsedicted that platelet counts,
similar to those achieved with the accepted TPOiadtnation schedule can also
be generated under different schedules of apprgciaduced TPO doses (figure
36.6, upper panel). Hence, two different admint&iraregimens were
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FIGURE 36.6: Model predictions of platelet profiles in miceated by TPO as
compared to experimental results. Upper panel: Tivembopoiesis model-
generated predictions indicating similar efficaoyplatelet formation between a
“conventional” single dose TPO treatment of 17.§/kg, and a model-suggested
reduced TPO treatment of four daily doses ofglkg each, comprising only 10%-
45% of the standard regimen. Experimental resultslatelet formation (middle
panel) and MPV measurements (lower panel) followgunventional rmTPO
therapy (black diamonds) and the alternative ther@ghite squares) in mice,
according to the above schedules, validate the hy@elictions. Treatments are
initiated at day 0. Average + s.d. of five mice atewn, per each entry (data
adapted from [38efs. 37 and 38.)
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were experimentally applied to mice clustered in ®xperimental arms, and their
subsequent responses were compared. Mice of gtafim (A) received a standard
regimen consisting of a single injection of 17.9Kkggrecombinant murine TPO
(rmTPO), which was well below the reported satugtevel [42]. The second arm
(B) tested the model-generated proposition thatstwme platelet yields can be
obtained in mice receiving a total dose of 8 ugikgd PO, divided over four equal
daily injections, whereas the null hypothesis hges that a significantly smaller
total dose of rmTPO would be less efficient in aliavg the platelet counts.

The results of the experiments, presented in fig@8é (middle panel), clearly
show that the platelet profile of arm A (a regimeihone 17.5 pg/kg rmTPO
injection), is similar to the profile of arm B (dgmg a regimen of four daily
2ug/kg rmTPO doses). The differences are statltigssignificant, as evaluated
by the student’s t-test. The average profiles dhkam A and B peaked at fairly
the same time (day 5 vs. day 6, respectively) arginzilar mean platelet counts of
27414193 x 109/L and 2685164 x 109/L, respectivaihe latter schedule
resulted in a slightly extended thrombocytosis. MR&¥own to decrease in platelet
production induced by low dose TPO in mice [55]swampared between arm A
and arm B as well (figure 36.6, lower panel). Reswhow that the familiar
phenomenon of MPV reduction also occurred similarligoth groups. Once again,
arm A had preceded arm B in reaching its nadirtbmué 24 hours (6.76 fL on day
6, vs. 6.74fL on day 7, respectively). Specific abe effects were not observed
following either treatment.

In order to evaluate in Rhesus monkeys the effiaaicthe treatment regimen,
already validated in mice, we first checked thdighof the simian thrombopoiesis
model to predict individual monkey responses tdedént TPO treatments. Next,
the simian response to the model-suggested schesdade simulated and the
resulting predictions were compared with the pkitekounts that were
experimentally obtained under the model suggesthddile.

To this end, model parameters were first evaluatefit the empirical platelet
profile of a single Rhesus monkey. The quantitdyivedequate simulations of
thrombopoiesis response to treatment were appf@nttheir resemblance to the
empirical results (figure 36.7). This calibrated dab was further validated in
several other monkeys, each receiving a differeny dchedule (see schedule in
figure 36.8, top panel).

Results in figure 36.9 demonstrate that the modadliptions run remarkably close

to the empirical data points. Note that as thespdatcounts were monitored in these
monkeys only once weekly, a mismatch is introduogal the comparison between

the empirical results and the daily predicted ceufiherefore, there is no reason to
assume that the peaks in the predicted responseafaym that were not tested

empirically, did not actually take place.

36.5.3 Predicting the optimal TPO toxicity/efficacyratio in monkeys

Once verified, the Virtual Rhesus model was simaddbr identifying an improved
TPO administration regimen. The model-based regimvaes then evaluated for
verifying its improved efficacy and safety profil€his was done in two monkeys
(see figure 36.8, bottom panel). The resulting &fiew in platelet counts peaked at
1700
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TPO. Fourteen daily doses of 5 pg/kg TPO were agpladministration days
marked by triangles (data adapted from [37 and.38])
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FIGURE 36.8 TPO administration schedules applied in simians rfwodel
validation. Upper panel: Five different schedulasnprising various combinations
of 5 g/kg doses of recombinant full length Rhesus monk®0D (each dose
indicated by triangles), were individually applital the studied monkeys. Lower
panel: model-suggested TPO schedules (also usswsdif 5 g/kg) applied to two
monkeys.
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FIGURE 36.9 Comparison of model predictions to experimentakgiket profiles
of Rhesus monkeys under various TPO treatment s&dgedThree monkeys
(upper, middle, and lower panels) were subjectedhttividual TPO regimens,
consisting of multiple dosing treatments of 5 ug/kBO, administration days
marked by triangles. Experimental measurementdatélet counts in blood were
performed weekly or bi-weekly (squares), and arettpl against model
simulations (solid line).

- 2400x109/L following each treatment cycle. Theulés of a second cycle of the
same treatment were similar to those of the fire# o, showing no neutralizing
Antibodies. Only when the dosing cycle was applfed the third time, low
antibody titers were detectable, which did not prolze TPO’s efficacy and did
not result in decreased platelet counts. The iddiai empirical responses of the
two monkeys to the first treatment cycle are shawfigure 36.10, top panel (to be
compared with a highly immunogenic response of ankep who underwent
another TPO treatment, figure 36.9, bottom panel).
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FIGURE 10 Superiority of the model-suggested TPO treatmehn¢dule validated
in Rhesus monkeys, as compared to other regimgaserpanel: empirical platelet
profiles of monkeys under the model-suggested Té&§dmen of 4 daily 5 pg/kg
doses (solid squares and circles) are plotted, r@diration days are marked by
triangles. Lower panel: Antibody titer and platgbedfiles of a monkey undergoing
an arbitrary treatment by 12 TPO doses.

These results show that the model predicted adtratien regimen of smaller TPO
doses with an interval of 24 hours yields platetaints that are equal in effect to
the more than double dose regimen, administered d®lus injection. This
experiment joins previous in vivo experiments wdther drugs in verifying a
mathematical theory discussed in section 36.1.lchwhssentially suggests that
treatment efficacy can be decisively influenced rgdulating the inter-dosing
interval according to the internal cell kinetichieTmonkey experiment supports the
model prediction of an equally efficient and nomiomogenic treatment, if dose is
fractionated by an appropriate dosing-interval.pdmantly, this schedule, adopted
for improving safety of TPO administered for plateharvesting in monkeys, has
been in use for the last five years, or so. No extveffects have been associated
with this model-suggested treatment.

In general terms, the experimental results in kailmal species supported and
validated the predictions of the mathematical madldal more efficacious treatment
with TPO can be implemented. Although, intuitivélynay not seem beneficial for
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the patient to replace a single injection by midtigloses, it is clearly of
significance for safety considerations.

The computerized mathematical model is capable wdcessfully predicting
treatment scenarios not yet tested experimentaiywell as of identifying safer
regimens. This tool is expected to be of aid ingesging improved drug strategies
for an individual or for a patient-population. Humtials are necessary for testing
the suggested improved TPO strategies, possibly conjunction with
chemotherapy.

36.6 Using the thrombopoiesis model for predictingan
unknown animal toxicity mechanism

Several pathophysiological mechanisms can accoomntdfug-induced TP (see
section 36.3), and the actual underlying mechaimiseach particular case can have
important therapeutic implications. Yet, no easifpplicable non-invasive
laboratory tests are available for distinguishimgween the different mechanisms
for TP. In this section, we describe the mannewhjch mathematical modeling
can help understand dynamics and etiology of dnagiéed TP.

A monoclonal antibody-based drug, developed againdatelet-unrelated antigen
and currently under preclinical evaluation, wasnfduto possess cross-reactive
effects eliciting severe TP in monkeys. Despitetira laboratory testing and
histological examination of bone marrow of affectedonkeys, the drug's
mechanism for inducing TP has not been eluciddtedn attempt to decipher the
underlying mechanism, we used the mathematical mméale TPO-regulated
thrombopoiesis [37,38], which was previously form{@d described in section 2)
and validated in vivo (as depicted in sections 3@ 36.5). This model was
extended to include the effect of the drug on MKu glatelets. Since the
mechanism is still unknown, several biologicallpyible alternatives were
examined. Antibodies can exert their effect eithley antibody-assisted
phagocytosis, or by complement-mediated direct cioxi[56]. In the first
mechanism, antibody-covered platelets or platedeiing MKs would be
efficiently removed by macrophages that bear spedintibody-recognizing
receptors. In the latter case, platelet-bound adids activate the complement
pathway that leads to cell membrane perforationcatiddestruction (figure 36.11).
Mathematical implementation of both antibody-meelibkilling mechanisms into
the PD-extended model was performed as follows. ¢@mnplement-mediated
toxicity, an “accumulated hits” model, according which each platelet suffers
from cumulative damage (“hits”) induced by antibedgdiated complement
binding, was suggested. Upon accumulation of aasemumber of “hits”, the
platelet is permanently damaged. The resulting godiby density function, P(t),
describing a fraction of platelets with a given ren of “hits” in time t post-
exposure, is given by the gamma function

t "e !
m!

Pt
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FIGURE 36.11 The “phagocytosis” putative mechanism and thes"hfutative
mechanism of drug-induced thrombocytopenia. In“gteagocytosis” mechanism
(upper panel), drug molecules bind to platelet mwegjakaryocyte surface antigens,
leading to their phagocytosis by the reticuloendbth system. In the "hits"
mechanism (lower panel), drug molecules bind toefdh surface antigens, leading
to complement activation and direct destructiothefcells.

where m is the number of “hits” needed for platelkestruction, and is the rate of
“hit” formation. The rate of “hits” is given by dnlear function of the antibody
concentration in blood:

aX b,

where X is antibody concentration , and a and tparameters.

For the case of antibody-mediated phagocytosis;fthagocytosis” model, it was
assumed that the rate of platelet “capture” by wltages has a form of Hill's
function, depending on the number of antibodieg #ra bound to the platelets
surface. This is described, as follows

Bi Dl

K2 i*’
where B(i) is the rate of capture of platelets thassess i bound antibodies, and K
and z are parameters. Since binding and dissogiafiantibodies from the platelet
surface are stochastic processes, the distribudfoplatelets with respect to the
number of bound antibodies, Vi, was explicitly cdited, so that the rate of
antibody-induced platelet elimination is given by
R V,*B .

Antibodies can act against mature platelets, boagow-derived MKs, or both.
Hence, several combinations of these suggestedtdrigjty mechanisms were
implemented in the extended model. Retrospectisalt® of real-life experiments
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in a number of individual Rhesus monkeys [37,38amgsed for comparison with
the simulated outcomes of these various alternativdels. For each combination,
the PD-associated parameters of the extended nvostel adjusted to best fit to
these experimental results. Only one of the contlina was expected to
consistently retrieve experimental data, and thesidentified as the preferable
mechanism underlying this antibody-mediated TP.tSy& platelet profiles in
individual monkeys following administration of migke or single doses of the drug
were compared with the best-fit profiles producegdnmmodels with different drug
effect mechanisms (figure 36.12). The analysishebé simulations indicated that
the “hits” model failed to predict dynamics of tideug-induced TP, while the
“phagocytosis” model coincided with experimentatadavodel results also show
that by assuming toxicity to both platelets and Mkather than to just platelets,
more precise predictions can be yielded.

We conclude that the developed computerized thrgoiesis model superimposed
by mathematical models for putative toxicity medsers can retrieve adverse
thrombocytopenic effects recorded empirically imisins. Different models of drug
toxicity mechanisms yield different profiles of bl platelets, yet the antibody-
mediated phagocytosis of platelets and MKs seemsnbst plausible mechanism
of the drug-induced TP in this situation. In thiai$ner, mathematical modeling can
help decipher the underlying mechanisms of othsordiers.

36.7 Transition to Phase |

Drug development is a costly and time-consumingeaxdr, due to its requirement
for enormous collections of data concerning thecatly and safety of the proposed
drug. The ability to extrapolate toxicity and effay data from animal to human is
therefore of great importance for efficiently ademy development of
pharmaceuticals. Yet, despite the efforts investethis direction, and the great
advances achieved in recent years, extrapolatiatatf from animals to humans is
still considered unreliable [57-59]. In this seatiove provide a detailed description
of an algorithm, which in conjunction with data rimocell cultures and animal
experiments, can be used for the modeling of dihjestimulated (drug-induced)
TP in humans, and show how this method enables ghwidal predictability of
this disorder.

As discussed in section 36.3, TP can result froemageutic intervention, such as
anticancer chemotherapy. The mathematical modglrofbopoiesis, described in
section 36.2, was used as a basic model for rétgeslinical cytotoxic drug-
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FIGURE 36.12 Model retrieval of drug-induced thrombocytopenia Rhesus

monkeys. Platelet dynamics derived from experimenfeur monkeys, receiving a
treatment of multiple doses (A-F) or a single hidse (G-L) of the drug. The
effects of each treatment on the monkey's platetefile were simulated by the
three mathematical models of alternative drug-tbxionechanisms. Model

predictions were then statistically compared withe texperimental results.
Simulation results of the “phagocytosis” model assg that the drug targets
platelets alone (left column panels), of the “phagosis” model assuming that the
drug targets both platelets and megakaryocytesdlmicolumn panels), or of the
“hits” model, assuming that the drug targets oribtgdets (right column panels).
Panels A-C, D-F, G-I and J-L correspond to datanfemch of the four monkeys.
Empirical data (thin lines) is shown vs. simulatierived dynamics (thick lines).

induced TP. Yet, to obtain a reasonable approxonatif the predicted toxicity in
humans, based on preclinical data, additional aptions and simplifications are
required. These are detailed below.

First, translation of drug PD from the preclinitalthe clinical stage is necessary.
One must consider (a) differences between in vénal in vivo data, and (b)
differences between PD parameters of different ispedBoth variation types
involve built-in inaccuracies: With respect to t@mparison between witro and

in vivo experiments, a few issues must be taken into axtc@ellsin vitro are more
sensitive to a drug, and thus more susceptibleug-thduced apoptosis. They have
higher mitotic indices due to less contact inhdsiti and are usually exposed to
constant levels of drug concentration over timdlsda the physiological, whole-
organism context, however, are of lower sensitititlya drug; the surrounding
microenvironment, consisting of high proliferatiagd less drug-susceptible cells,
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provides a constant influx of healthy cells inte tiotal pool, thereby limiting the
damage caused by the drug [60]. Differences in sxgmto growth factors between
the two experimental settings exist as well. Drampsstivity differs not only
betweenin vitro andin vivo settings, but also in various species, which nifgrd
in size of cells, mitotic indices of various comipaents and differential stages of
cells, apoptotic indices, transit times, sensiitit hormones, etc. [61].

In order to replicate clinical use of the drug, thesic mathematical model iss
extended to incorporate an additional formula far tirug PD. It is assumed that
bone marrow cells are exposed to systemic drugestnation at any time, as the
tissue is highly vascularized. The model also assurhat cells at different

developmental stages, denoted by a subscript X ()¢, CP, EP), are of diverse
sensitivity to the drug. The functional relationtween the concentration of the
cytotoxic drug in blood (CDbl) and the cytotoxicfexft (CE) is given by the

equation

CE,t fCD,t , (36.14)

where CEx denotes the fraction of bone marrow thr@poietic cells of a
differentiation stage X, eliminated following exqoe to CDbl at time t (CDbl(t)).

fCD,t 1

The dependence is represented by function f, wQere foranyt.

Most cytotoxic drugs target mitotic phases of teé cycle, and are thereby more
harmful to proliferating, rather than resting, sellAccordingly, by further
subdividing the model compartments into cell-cypleases (G0-G1 and S-G2-M
sub-compartments), a more accurate prediction of doxicity can be obtained.
For example, in the above model, representatidhi@® and CP compartments (see
section 2) uses cell-cycle length instead of arwaltfon rate. This allows us to
calculate, not only the total number of cells remag at every time point after drug
application, but also the number of cells at evaayg and cell-cycle phase. In EP
compartments, the age and the position in the eiidbencycle are synchronized,
thus there is no need for additional distributidime rest of the compartments,
consisting of non-dividing cells, are not consideisceptible to the standard
cytotoxic drug, and are therefore not subdividedhis manner. Cytotoxic drugs
that selectively target these stages can be addfesfter subdivision of those
compartments. In this complex form of the modelapzeters (e.g. compartments
sizes, transit times), are evaluated differenthyafbthe species examined, while the
model equations themselves remain of the sametstaic

Following adaptation of the model equations to udel the PD of the drug,
parameters are calibrated using the available @rpetal information. Preclinical
toxicity data to be used by the model consist effifatelet measurements over time
in one animal of a chosen species (S), which hasvsh(in previous in vitro
studies) higher sensitivity to the drug than otbeecies. Various sets of data are
obtained for a wide range of drug doses, so th#erdnt thrombocytopenic
responses, from low toxicity to grade 3-4 toxidtiare considered.

The model also exploits data from cell culture gssdor example, for the
estimation of the cytotoxic drug concentration, tiedel uses 1C20, IC50 and 1C90
(the concentrations of the drug leading to inhdsitof 20%, 50%, and 90% of in
vitro cell growth, respectively, as compared toreated cells), These are obtained
from toxicity tests of the platelet lineage-committbone marrow cells (the CFU-
Meg assay), in both human and species S-derivésl[62]. In the complex form of
the model, one may also use experimental toolselifaycle analysis, such as
standard cell-sorting assays.
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Based on this data, three functions f (Eg. 36.ddhoted as finVitroHu, finVitroS,
and finVivoS for human cell cultures, species 9 celtures, and preclinical S
species studies respectively, can be evaluategstimating the function finVivoS,
it is necessary to consider only the drug's killafect on bone marrow cells of
compartment X, the depletion of which is mainlypessible for platelet nadir (see
Eq. 36.14). X is identified by the time of the nadfter drug application, taking
into account the transit times of the different @omarrow compartments. As a first
approximation, only one compartment X of drug-sewsicells is assumed.

The parameters of function f in the clinical scém&finVivoHu), which cannot be
estimated as in the other three cases due to ladata, are thereby calculated
according to their counterparts: First, it is asedrthat between different species,
there is a linear relation between the drug killeffect observed in vivo and in
vitro (that is, the finVivo /finVitro ratio is cortant between diverse species). The
function finVivoHu is thereby obtained by shiftinthe IC values on the
concentration axis according to this relation, gsthe in vitro data of IC50
(IC50QinVitroHu) and IC90 (IC90inVitroHu). The relah itself is found by
comparing the in vitro and in vivo data for specgsrhen the shift of finVivoS to
finVivoHu on the concentration axis for IC50 is comted by the equation

IC50 IC‘,:_)OmVivoS lCSOIHVithHU (36.15).

inVivoHu
IC 50|nVitroS

The same method can be applied for 1C90.

The last step requires simulations of the modehwhe human parameters, under
different regimens, applying the finVivoHu effect the same type of bone marrow
cells as in species S. The clinical toxicity prefdf the drug, that is, the induction
and severity of drug-induced TP in humans, is tloeeepredictable. Importantly,
though, this estimation is a first approximationdaa safety factor should be
considered prior to initiation of clinical trials.

36.8 Conclusion

Mathematical models are instrumental in increasirgunderstanding of
intricate drug-patient interactions. Specifically, mathematically-based
method, termed Z-method, has been devised for asorg

efficacy/toxicity ratio of chemotherapeutics. Thestirod suggests that
safety of cell-cycle-specific drugs can be increabg resonating drug-
pulsing with the internal periodicity of target hosells replication.

Experimental verification of the Z-method in miceopides a proof-of-

concept for the utility of biomathematics in drugveélopment.

Increasing model complexity, a prerequisite for giuantitative precision
of its conclusions, was performed, in the aim afvnling a practical tool

for predicting drug effects on platelet counts.this end, thrombopoiesis
models of various mammal species have been dewkldpedels of TPO

supportive treatment have been prospectively vedilan mice and

monkeys.

Toxicity effects of IL-11 therapy and chemotherdmve been modeled
and various drug regimens were tested. Model vétidaunder data
limitation has been examined and the need to doplatent’s recovery
data has been emphasized. The range of the treasukedules under
which the models could reliably predict the outcenw drug therapy
under obscured biological knowledge has been define
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The thrombopoiesis model has been employed for esigg TPO
administration schedules, which would maximize drs@fety while
maintaining its efficacy. Dose fractionation, hayia well-calculated,
species-dependent dosing interval, preserves diect en platelet counts,
yet reduces its immunologic adverse effects belosvdinically relevant
threshold.

The above schedule, adjusted by the murine thromibeis model, was
validated in mice for efficacy. The monkey-adjustethedule derived
from simulations of the simian thrombopoiesis modehs validated in
Rhesus monkeys for both efficacy and toxicity. Nthve human model
may be employed for improving safety of TPO mimgtiand other
thrombocytopenia alleviating drugs.

To the best of our knowledge this is the first amste of a mathematical
model generating quantitative predictions, the igien of which was
validated in the preclinical setting.

The thrombopoiesis model can be used, in conjunchidh alternative
mathematical models, for deciphering unknown dnxgcity mechanisms
in different species. This can be achieved by caimgagreclinical study
results with the simulated drug-affected plateladfies, generated for
different models of putative drug toxicity mechansgs

In order to facilitate the transition from prectal studies to Phase I, the
mathematical models for the effect of investigagiodrugs on different
animal species can be adapted accordingly and atetlin the human
patient model for predicting parameters, the easlymation of which can
economize Phase | clinical trials.
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