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Purpose. To develop a semi-physiological-based model describing simultaneously the time course of
immature and mature B-lymphocytes after topotecan (TPT) administration to tumor-bearing rats.
Methods. Twenty-four tumor-bearing BDIX male rats received a single 6 mg/kg intra-peritoneal dose of
TPT or saline. Mature and immature B-cell levels were measured every two days during three weeks and
showed a very different temporal pattern. Both B-cell populations
declined rapidly, reaching the nadir at 3–4 days after TPT administration; however, mature cells returned
to baseline at day 8, while immature B-cells stayed at nadir until day 9 instead. Data were modeled using
the population approach with NONMEM VI.
Results. The model developed maintains the proliferation, maturation and degradation elements of
previous published models for myelosuppresion. In order to describe the rapid recovery of mature cells,
it includes a peripheral compartment providing a constant supply of mature cells to the bloodstream.
Conclusions. The major contribution of the model is its new structure and the dynamical consequences,
demonstrating an independent behavior between mature and immature B-cells during recovery. The final
model could represent a good basis for the optimization of cytotoxic drugs oriented to attain a maximum
antitumor efficacy while minimizing hematological toxicity.
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INTRODUCTION

Chemotherapy complications are common among cancer
patients. Cytotoxic drugs impair cell renewal in tissues with high
reproduction rate, such as the gastrointestinal and the hema-
topoetic systems. One of the most prevalent side effects derived
from chemotherapy is the hematological toxicity, reflected as
leukopenia. Myelosupression is the most common dose-limiting
toxicity during a chemotherapy regimen and may compromise
treatment efficacy. In this regard, it is of major clinical interest to

understand which are the determinants for leukopenia develop-
ment in order to optimize dosing strategies and predict the
appearance of infectious complications (1,2).

Pharmacokinetic/pharmacodynamic (PK/PD) modeling is
well-suited to address that need (3). During the last years, semi-
mechanistic models for myelosupression have been used to
describe the hematological effects of different cytotoxic agents
already in clinical use or during development (4–9). However,
the question regarding whether the mechanism of drug action
and the complex process of blood cells production and homeo-
stasis are completely captured is still open. The answer is of
importance if, for example, one is interested in predicting the
time course of leukopenia on the basis of biological parameters
previously reported and on in vivo drug-related experimental
data. It is also relevant if we are willing to design a new dose
regimen based on the results of the PK/PD model. In the case of
leukopenia, PK/PDmodeling could be used to guide the decision
of whether or not to implement rescue treatment in the way of
GM-CSF (10,11).

PK/PD models for myelosupression usually consider com-
partments resembling blood cell maturation processes (4,5). The
readout of these models is mature cell number, ignoring the
immature population and taking as granted that the dynamic
behavior of mature cells follows the one of immature cells. For
example, Fig. 1A shows the general formof themodel developed
by Friberg et al. (4) and the simulated time course on each of the
cell compartments. As we can see, the dynamic behavior of
mature cells follows the one of immature cells, and the dynamic
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of immature population follows the behavior of the progenitor
cells (Fig. 1B). However, there is experimental evidence indicat-
ing that this kind of dynamic does not correspond to reality, at
least for the case of the B-cell lineage (12).

In fact, the lymphopenia caused by topotecan (TPT)
administered to tumor-bearing rats led us to observe a
cellular population dynamic as complex as the one shown in
Fig. 1C, which could not be described with the previous
published model applied to myelosuppression. Thus, the
discrepancy between time profiles experimentally observed
and those simulated using previous PK/PD models for myelo-
suppression justifies the endeavor of developing a new model.

B-cells are produced in the bone marrow. Early differ-
entiation occurs through a well-described mechanism of
intermediate subpopulations (pro-b, pre-b-lymphocytes). B-
cell maturation takes place in secondary lymphoid organs
such as the spleen (13). Mature B-cells continually travel
across the body searching for their cognate antigen (14).
Migration is controlled by chemokines secreted in response to
danger signals.

Although, the specific effect over lymphoid lineage cells
is not the most limiting factor in chemotherapy, the immune

system plays a fundamental role in the antitumor mechanisms
of action of conventional chemotherapy drugs including
cytotoxic agents. In particular, chemotherapy can promote
immunogenic cell death and release tumor antigens capable
of activating T- and B-cells (15,16). In the same way, cytotoxic
drugs can deplete tolerogenic immune cells that prevent
lymphocytes to mount a successful response against the
tumor.

Therefore, the main objective of this work is the
development of a new semi-mechanistic PK/PD model capable
of accurately and simultaneously describing the evolution of
immature and mature B-cells after TPT administration, taking
into account that lymphoid cells are involved in the toxicity and
efficacy effects.

Mature B-lymphocytes derive from immature precursors.
Immature B-cells can proliferate in response to new antigens,
while mature lymphocytes get involved in the defense agains,
previously encountered challenges. Therefore, in the case of
cytotoxic agents (i.e TPT) immature B-cell measurement
could serve as an indicator of susceptibility to infectious
complications. This phenomenon has already been reported
in patients after rituximab treatment that are more prone to
acquire influenza infections (17).

MATERIALS AND METHODS

The data presented and analyzed in the current work
were obtained from a study previously published (18) in
which the pharmacokinetics of TPT and the time course of
neutrophils, leucocytes, and total (immature and mature)
B-lymphocytes were modelled.

Animals and Tumour Implantation

Twenty-four males BDIX rats (CRIFFA, Barcelona,
Spain) weighing 300±25 g were housed in microisolator cages
under positive-pressure ventilation and maintained in closed-
shelf, laminar-flow racks to avoid contact with pathogens,
odors or noises and kept under standard laboratory con-
ditions. Sterilized food and water were available ad libitum.
To induce the tumor, 250 μL of PBS containing 1x106 DHD/
K12PROb cells (syngenic adenocarcinoma cell line of BDIX
rats) were subcutaneously injected into the right side of the
chest.

The protocol of the study was approved by the Animal
Experimentation Committee of the University of Navarra
and is in accordance with the applicable European guidelines.

Experimental Design and Haematological Response

Three weeks after cells inoculation, animals were ran-
domly divided into two groups: Group I (control group, n=11)
received an i.p. physiological saline (pH 3) solution, and
group II (treated group, n = 13) was administered i.p. with
6 mg/kg of TPT (prepared in saline pH 3).

To measure the haematological response, several blood
samples were collected at different times during the experi-
ment: before saline or TPT administration, corresponding to
baseline value of each animal, and every three or four days
during three weeks. Blood (250 μL) samples were collected in
EDTA-prepared tubes from the retro-orbital sinus with the

Fig. 1. A. Semi-mechanistic model of neutropenia proposed by
Friberg et al. (13); B. Simulated time course in each of the five
different compartments of the model after a single administration of a
cytotoxic drug; C. Immature (black) and mature (grey) B-cells
observed profiles in one of the animals treated with TPT at the dose
of 6 mg/kg administered intra-peritoneal.
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animal lightly anesthetized. All samples were always collected
between 9 and 10 a.m. and immediately processed. Pheno-
typic analysis of lymphocyte subpopulations in peripheral
blood samples was carried out according to the follow scheme
(19):

(i) An aliquot of each sample was used to determine the
total leukocyte counts by a Coulter MicroDiff II
Analyser (Coulter Corp., Hialeah, FL, USA) within
3 h of blood extraction.

(ii) The analysis of lymphocyte subsets was evaluated by a
flow cytometer (Becton-Dickinson, San Jose, CA,
USA) assay. The antibodies used to evaluate the
lymphocyte populations were CD90 to distinguish
between lymphocytes mature (CD90-) and immature
(CD90+), CD45 (for lymphocytes B), CD8 and CD4
(for lymphocytes T) and NK expression.

Briefly, 100μl of whole bloodwas added to tubes containing
10μl of R-Phycoerytrin(R-PE)-conjugatedmouse anti-rat CD90
(Thy-1) monoclonal antibody (Becton-Dickinson) and 10μl of
R-Phycoerytrin(R-PE)-conjugated mouse anti-rat CD45RA
(OX-33), anti-CD8 (OX8), anti-CD4 (W3/25) monoclonal anti-
body (Becton-Dickinson) and incubated for 15 min. Following
incubation, red cells were lysed using FACS Lysing Solution,
and the expression for the surface markers of different antigens
was analysed gating the region of lymphocytes. Labelled cells
with isotype-matched irrelevant monoclonal antibody were
included as a control. Absolute B- or T-lymphocyte counts were
calculated on the basis of total leukocyte number. Mature
B-cells were estimated by subtracting the number of CD90-
CD45+ cells from total B-cells identified by means of CD45RA
antibody. The same procedure was followed to estimate and
quantify the mature T-cells (CD90- CD4+; CD90- CD8+). With
this procedure mature (CD90- CD45+) and immature (CD90+
CD45+) B-cells could be separated and quantified for a
posterior analysis (20).

DATA ANALYSIS

The population approach using the First Order Condi-
tional Estimation method with the INTERACTION option
implemented in the software NONMEM, version VI (21) was
used to estimate the parameters of the potential model
candidates.

Inter-animal variability (IAV) was modelled exponentially
as pi¼ ppop�e�p, where ppop represents the typical estimate of
the parameter p in the population, pi corresponds to the value of
the p parameter in the ith individual, and ηp represents a random
variable symmetrically distributed around 0 with variance ofω2,
and corresponding to the deviation between the individual
parameter value and the typical population estimate.

Residual variability was initially described with a com-
bined error model of the form: Obsi,j=Predi,j×(1+εij,1)+εij,2,
where Obsi,j represents the observation (immature or mature
cells) in the ith individual at time jth, and Predi,j is the
corresponding model predicted value. The concentration
proportional and additive parts of the combined error
model are represented by (1+εij,1) and εij,2, respectively, and
both account for the deviation between the predicted and
observed values. ε1, ε2, are random variables symmetrically

distributed around 0 with variance of σ1
2 and σ2

2,
respectively.

Selection between models was based on the precision
of parameter estimates, goodness-of-fit plots, and the
minimum value of objective function [-2 log(likelihood);
–2LL] provided by NONMEM. For two nested models, a
decrease in 3.84, or 6.63, points in -2LL for an extra
parameter was considered significant at the 5 or 1% level,
respectively. In the case of models that were not nested,
–2LL was not used directly for comparative purposes, and
the value of the Akaike Information Criteria (AIC) (22)
computed as –2LL + 2×Np, where Np is the number of the
parameters in the model, was used instead. In those cases,
the model with the lowest value of AIC, given that
precision of model parameters and data description were
adequate, was selected.

The selected model was evaluated thorough the predic-
tive (visual and numerical) checks (23).

Visual predictive check: For each type of cell (immature
and mature) and for each treatment condition (control and
treated), one-thousand cell -vs.- time profiles were generated
based on the selected model and its parameter estimates. At
each experimental time, the 2.5, 50, and 97.5th percentiles
were then calculated, and the agreement between simulations
and raw data was inspected visually.

Numerical predictive check: One thousand datasets with
the same design characteristics as the original study were
simulated. The median value at nadir and the median time to
achieve the nadir were computed in each dataset for the case
of the immature and mature cells. Then, the 2.5, 50, and
97.5th percentiles of the distribution of the two data
descriptors (nadir and time to nadir) were calculated from
the 1,000 simulated datasets and compared with the corre-
sponding median values obtained from the raw data.

Graphical representations and generation of simulation
results were done with the S-PLUS 6.2. Professional Edition
(Copyright 1988, 2002 Insightful Corp.) software.

Model Description

Pharmacokinetic Model

Drug effects are incorporated in the model (see below) as a
function of the plasma concentration levels of TPT predicted by
the pharmacokinetic model (CP). Pharmacokinetics of TPT in
BDIX rats after i.p. administration of a 6 mg/kg dose have been
already reported (18). A two-compartmental disposition model
with a first-order absorption was used to describe the time
course of the observed levels of TPT in plasma. The three
ordinary differential equations (ODEs) corresponding to the
pharmacokinetic model used in the current analysis are

dAip

dt
¼ �KA �Aip

dAP

dt
¼ KA �Aip þ CLD

VT

� �
�AT � CLD þ CL

V

� �
�AP

dAT

dt
¼ CLD

VT

� �
�AP � CLD

V

� �
�AT

where dAip,P,T/dt represents the rate of change in the intra-
peritoneal, central (plasma), and tissue (peripheral) compart-
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ments, respectively; KA is the first-order rate constant of
absorption; CL is the total plasma clearance; CLD is the
intercompartmental clearance; and V and VT are the
apparent volumes of distribution of the central and
peripheral compartments, respectively. CP is calculated as
AP/V. The estimates of KA, CLD, CL, V and VT used in the
analysis were 20.1 day−1, 0.58 L×day−1, 1.32 L×day−1,
1.44 L, and 2.36 L, respectively. The magnitude of IAV
(expressed as coefficient of variation) for KA was 32%
(18). At time 0 (initial condition) Aip=Dose (6 mg/kg), AP

and AT=0.

Physiological-Based Model for B Lymphocyte Lineage Cells

Different models were fit to the immature and mature
cell data and discussed in the “Results” section. The main
focus of this model-building stage was to develop a model
that adequately describes the observations with precise
estimation of parameters. Initial parameter estimates for the
different models explored were approximated using the
System Dynamics (SD) framework that combines the power
of differential equations with a graphical design and repre-
sentation of the variables. The models were simulated in the
VENSIM (Ventana Systems, Inc., MA, United States.) and
MATLAB (The Mathworks, MA, United States) computing
environments.

The final selected model that appears schematically
represented in Fig. 2 and consists of the following system of
ODEs:

dProl
dt

¼ kprol �DEffect � Prol� Prol0
Prolt

� �g1
� ktr � Prol

dImm
dt

¼ ktr � Prol� ktr � ð1þ �SLP � tÞ � Imm

dMat
dt

¼ ktr � ð1þ �SLP � tÞ � Immþ kpool �Delayed3 � kcirc �Mat

DEffect ¼ 1��Drug � CP

dDelayed1
dt

¼ kdel � Mat0
Matt

� �g2
� kdel �Delayed1

dDelayed2
dt

¼ kdel �Delayed1 � kdel �Delayed2

dDelayed3
dt

¼ kdel �Delayed2 � kdel �Delayed3

where, dX/dt represents the rate of change in the
corresponding compartment [proliferative cells (Prol);
immature cells (Imm), mature cells (Mat), and Delayed];
kprol, ktr, and kcirc, are the first-order rate constants of
proliferation, maturation, and degradation, respectively.
DEffect, accounts for the lymphocyte effects of TPT, where
θDrug reflects the magnitude of such effects. The parameter
θSLP allows for describing the decrease in the immature
cells observed in the control group. This effect could be
explained by tumour inoculation and physical stress. The
continuous supply of matured cells into the bloodstream
from a peripheral compartment (i.e., spleen) is represented
by kPool×Delayed3, where kpool is a zero-order rate
constant (assuming that the amount of cells in the
peripheral compartment remains constant regardless of
the perturbations occurring in the differentiated cells and
delayed compartments), and Delayed3, the magnitude of a

signal that affects kpool. This delay represents the time
required for cytokines, produced or stimulated by B-cells,
to promote B-cell homeostasis. This process needs a signal
transduction delay associated, for example, with novo gene
expression (24).

The model incorporates two feedback mechanisms
governed by γ1 and γ2, and the drug-induced change in
proliferative and mature cells with respect to the correspond-
ing levels at baseline Prol0 and Mat0, respectively. The feed-
back mechanism represented by (Prol0/Prolt)

γ1 has an
instantaneous effect on kprol.

On the other hand, the decrease of mature cells with
respect to Mat0 induces a non-instantaneous increase in the
lymphocyte supply. This delay is governed by the first-order
rate constant kdel. The initial conditions of the system are
given by the following expressions:

ktr ¼ kprol

kpool ¼ kcirc �Mat0 � ktr � Imm0

Prol0 ¼ Imm0

Mat0=θFrc×Imm0 [θFrc, represents the ratio (different
from 1) between Mat0 and Imm0, the baseline levels of
immature cells].

Delayed1;0 ¼ Delayed2;0 ¼ Delayed3;0 ¼ 1:

MODEL EXPLORATION

After developing a complex model as the one selected in
the current work, it is often desirable to explore its behaviour
varying the degree of perturbation. Hence, we have explored
the behaviour of the model simulating 1,000 time profiles of
immature and mature cells corresponding to different i.p.
doses of TPT uniformly distributed and ranging between 0
and 6 mg/kg. Simulations were based on the typical para-
meter estimates of the selected physiological model. It should
be taken into account that it is not possible to ensure that
model predictions at those dose/regimen scenarios would

Fig. 2. Schematic representation of the model selected to describe
simultaneously the time course of the immature and mature B-
lymphocytes after a single administration of TPT. Parameters are
defined in the text.
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describe data obtained under those experimental settings.
The aim of the simulation exercise was to explore the
dynamic properties of the model under different degrees of
perturbations.

Two types of TPT administration schedules were simu-
lated. The first one corresponded to a single TPT i.p. dose
(schedule A), and the second consisted of five doses
administered once daily (schedule B). The total TPT dose
administered in both schedules was the same.

Three types of descriptors were explored during that
simulation exercise: (i) time course of immature and mature
B-cells, (ii) contribution of the continuous supply of mature
B-cells represented by kPool, and (iii) the maximum percent-
age of toxicity calculated as 100×[1-(nadir/baseline)].

RESULTS

Fig. 1C shows the time profiles of immature and mature
B-lymphocytes after a single i.p. 6 mg/kg dose of TPT in one
rat chosen at random (for clarity). After drug administration,
the two populations followed a very different dynamic
pattern. Meanwhile, both type of B-cells declined rapidly,
reaching the nadir at 3–4 days; mature cells returned to
baseline levels at day 8. However, immature B-cells stayed at
low levels until day 9 and recovered baseline levels after three
weeks. The rebound phenomena occurring for the mature
cells is also very clear. Those dynamic patterns are consistent
in all animals treated with TPT, as it can be seen in the
observations displayed in Fig. 3.

Model Development

A total of 468 B-cell samples [mature: 234; immature:
234] were used to develop the selected model, which
maintains the proliferation, maturation and degradation
elements of previous published models (4,5). Drug effects
were incorporated on the first-order rate of proliferation as it
has been shown previously (4) and in accordance with the
known mechanism of hematological toxicity of anticancer
drugs.

The rapid recovery of mature cells, in part indepen-
dently of immature cells, led us to include a new compart-
ment for peripheral mature B-cells. Such compartment
provides a constant supply of mature cells to the blood-
stream at a constant rate given by the estimate of kpool.
However, after a perturbation (i.e. TPT administration)
strong enough to reach a threshold in circulating B-cells,
the pool increases the release of mature B-cells to the
bloodstream, allowing them to return to the basal state
previous to the perturbation. The biological significance of
the compartment has been reported previously in mice,
where the size of the peripheral B-cell pool is not
determined by the number of bone marrow precursors,
but instead of the available resources in terms of cytokines
or growth factors (25).

Table I lists the results of –2LL and AIC for the main
models fit to the immature and mature cell data.

The rebound observed in the profiles of mature cells was
captured by incorporating a delay in the signal originated by
the decrease on mature cells in respect to baseline, through a
series of transit compartments. Alternative models where the

maturation rate increased as a function of the decrease in the
immature or proliferation cells were also considered, but they
resulted in worse fits (see models 2 and 3 in Table I).

The well-established model for neutropenia (4) shows a
feedback mechanism on the rate of proliferation triggered by
the decrease in the circulating mature cells with respect to
baseline. However, in the current analysis, the best descrip-
tion of the data was obtained when the feedback was included
between proliferating cells and their own rate of proliferation.
Models 4 and 5 in Table I correspond to the models where the
feedback on the proliferation rate was controlled by the
immature or mature cells, respectively, and the resulted –2LL
and AIC values were clearly higher than the selected model
(model 1 in Table I). Models 6 and 7 in Table I indicate that
both feedback mechanisms were required to describe the data
(P<0.01).

Adding an extra transit compartment between the
progenitor and the immature compartments did not improve
the fit. The same result was found when the transit compart-
ment was located between the immature and mature cells
compartments (models not shown).

When an EMAX or a sigmoidal EMAX model was used to
describe drugs effects (model 8 and in Table I), parameters of
the drug effect model were highly correlated, and the –2LL
values remained almost unchanged in respect to the selected
model.

The decrease in the immature cells observed in the
control group, and shown in the upper left panel of Fig. 4,
could be described increasing ktr linearly as a function of time
(P<0.01)

Lastly, an extra elimination process from the immature
cells compartment was incorporated in the model, but the fit
did not improve (P>0.05).

IAV was tested in all model parameters but gave
significant results only for the parameters Immt0 and γ2 (P
<0.01). However, confidence interval for the two IAV
terms included the zero value. When the log-likelihood
profiling method was used to explore in more detail the
confidence intervals, it was found that the confidence
interval of IAV on γ2 included the zero value again, but
not in the case of the IAV for Immt0.

Residual variability in the case of the immature cells was
described with a combined error model. An additive model
was used in the case of the mature cells.

During the modeling exercise transformation, both sides
(i.e., logarithmic and box-cox) were also considered, but they
did not provide any benefit to model performance compared
to the linear scale.

Table II lists the population model parameter estimates
corresponding to the selected model. It is worth noting that
most of the parameters were estimated with high precision as
it is reflected by their coefficients of variation that are lower
than 20%. The confidence interval expressed in CV(%) for
IAV in γ2 calculated using the log-likelihood profiling
method, was 5.5–18%.

Individual model-predicted profiles for immature and
mature cells are shown in Fig. 3, and for all the animals
studied, the model describes the individual data very well. η-,
and ε-shrinkage (26) show values of 19 and 2.1% (immature
cells) and 2% (mature cells), respectively, indicating that
goodness-of-fit plots and the individual predictions shown in
Fig. 3 are reliable
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Fig. 4 shows the results obtained from the visual
predictive check where it can be observed that, for the two
groups of animals (control and treated) and the two types of
measurements (immature and mature), the model captures

very well the mean tendency of the data and their dispersion.
The results obtained from the numerical predictive check
indicated also that the model was supported by the data. For
the case of the immature cells, the median values of nadir and

Table I. List of Main Model Fit to the Immature and Mature Cells Data After Administration of TPT

Model Changes in model structure with respect to the selected model (Fig. 2) −2LL AIC ∆-2LL/AIC

1 None −365.849 −339.849 –

2 kprol � Immt0
Immt

h ig1
−291.475 −265.475 +74.374

3 kprol � Mat0
Matt

h ig1
−356.158 −330.158 +9.691

4 kdel � Immt0
Immt

h ig1
−122.739 −96.739 +243.11

5 kdel � Prol0
Prolt

h ig1
−327.935 −301.935 +37.914

6 γ1 = 0 −224.387 −200.837 +141.462

7 γ2 = 0 −263.301 −239.301 +102.548

8 DEffect ¼ 1� EMAX�Cg
P

Cg
50�Cg

P
−366.142 −336.142 −0.293

–2LL -2 log(likelihood), AIC Akaike Information Criteria, ∆-2LL/AIC changes in –2LL and AIC with respect to the selected model (Fig. 2),
respectively
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Fig. 3. Individual model predicted (solid lines) and observed (points) time profiles of immature (black) and mature (grey) B lymphocytes. Each
panel represents a single animal treated with TPT.
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time to nadir calculated from the raw data (0.06 cells×109/L
and 161 h, respectively) were well-described by the
simulations [median (2.5th–97.5th percentiles)]: 0.025
[0.0013–0.08] cells×109/L, and 153 [127–183]h, respectively.

The results for the mature cells are 0.47 cells×109/L and 96 h,
(raw data), and 0.45 [0.25–0.63] cellsx109/L and 101 [66–160] h
(model simulations).

MODEL EXPLORATION

The model behaviour was explored varying uniformly
the dose of TPTwithin the range from 0 to 6 mg/kg under two
different dosage designs. In the case of immature cells, TPT
produces a delayed loss (compared to the drug profiles in
plasma), since it is the decline in the progenitor population
which makes immature population decrease (Fig. 5A).
Fig. 5B shows the loss and rapid recovery of the mature cells
after the administration of different TPT doses. Although it is
evident that mature cells are influenced by the immature
cells, i.e. the loss of mature cells is produced by the loss of
immature cells, there is another input flow of new mature
cells, which does not depend on the immature population.
Such input, controlled by a non-linear positive feedback,
allows a fast return to homeostatic levels of mature B-cells.
The recovery is able to produce a rebound effect. That is,
after the loss of mature population, mature B-cells transiently
reach values over the normal count. This effect is mainly due
to the information delay in the feedback that controls the
input of new cells from the pool, and is proportional to the
loss of mature B cells.

Fig. 6 shows the time needed to recover 70, 80 and 85%
of the basal value for mature cells depending on the total
dose of TPT. Note that the time to recovery was longer for
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Fig. 4. Results from the visual predictive check. Points, observations. Lines, correspond to the 50th (solid)
and 2.5th and 97.5th (dashed) percentiles obtained from 1,000 thousand simulations corresponding to an
intra-peritoneal dose of TPT of 0 (control) and 6 mg/kg (treated).

Table II. Model Parameter Estimates Corresponding to the Selected
Model

Parameter Estimate CV(%)

Immt0 (cell×10
9/L) 2.22 4.6

θFrc (−) 0.72 3.5
kcirc (h

−1) 0.049 7.9
kprol (h

−1) 0.031 4.8
kdel (h

−1) 0.021 6.1
γ1 0.205 13.6
γ2 2.63 6.9
θdrug (mL×ng−1) 0.141 13.6
θSLP (h−1) 0.0018 11.6
IAVInmt0 (%) 10 60
Residual errorImmt (%) 25 34
Residual errorImmt (cell×10

9/L) 0.17 61
Residual errorMat (cell×10

9/L) 0.39 13.9

Precision of parameter estimates is represented by the corresponding
coefficient of variation [CV(%)] calculated as the ratio between the
standard error provided by NONMEN and the estimate of the
parameter, and multiplied by 100. Inter-animal variability (IAV) and
residual variability are expressed as CV(%). Model parameters are
defined in the text.
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lower doses (1.5–2 mg/kg) than for higher doses (>3.5 mg/kg).
This phenomenon is explained by the presence of a delay in the
non-linear feedback effect for the mature subset. In response to
the decrease in that cell subset, the feedback starts to play a role
in order to recover the corresponding basal value as soon as
possible. However, due to the characteristics of this feedback
(not linear and delayed in time), its effect is not linear with
respect to the dose. Unfortunately, we have no additional
experimental data to support such behaviour detected by
computer simulations.

Fig. 7 shows that the dose-related increase in toxicity
(expressed as a percentage decrease with respect to baseline)
is steeper for progenitor cells (panel A) compared to
immature (panel B) and mature B-cells (panel C). Steepness
between immature and mature B-cells is similar; however, our
model predicts a plateau of 70% maximal toxicity for mature
and almost complete depletion of immature (and progenitor)
cells. Fig. 7 (panel D) shows the maximal fold change in
kPool×Delayed3 vs. dose relationship. This plot suggests that
there is a load capacity; however, those simulation results
have to be interpreted with caution, since doses greater than
6 mg/kg were not tested experimentally in the current study.

DISCUSSION

In the field of cancer research, PK/PD models have been
developed in different areas ranging from chemotherapy
mechanism of action to side effect prediction (27–29). The
majority of these models have been focused on the character-
ization of the time course of absolute neutrophil and leukocyte
counts caused by chemotherapy, and very few pay attention to
the specific effect over lymphoid lineage cells (4,5).

It is tempting to speculate that if one mechanism of
action of chemotherapy includes immunomodulation, a better
response to cytotoxic drugs could be obtained, minimizing the
harm impinged over antibody-producing B-cells. Therefore, a
measure of lymphoid toxicity could be used as a guide to
develop more effective dose regimens, incorporating pharma-
codynamic data to the predictions.

TPT induced a pronounced decrease in B-lymphocyte
subsets, including mature and immature cells. Evidence from
experimental data indicates that the dynamics of immature
and mature cells severely differ and, thus, cannot be assumed
that the latter is just a delayed dynamic of the former. Maybe,
the physiological reason for rapidly replenishing the mature B
is because this cell population is the principal factory of
antibodies, and a priority for the immune system is to
maintain antibody levels as normal as possible (30).

In this work, mature circulating B-cells recover baseline
values earlier than immature B-cells. To explain this phenom-
enon, it is necessary to have a source of mature B-cells with
self-replenishing capabilities. In the model, the inclusion of
the extra depot or pool in the mechanism corresponding to
mature cells was based on the results shown by Dammers et
al. (31), where rats treated with different antitumoral drugs
seemed to have relatively unaffected mature B-cell levels,
especially the recirculating B-cells, which are predominantly
located in lymphoid follicles. In fact, it has been reported that
only a minor percentage of the total lymphocytes in the body
resides in the blood (32). Moreover, it has been suggested
that control mechanisms for immature and mature B-cells
operate differently and also both populations differ in the

Fig. 5. Simulated time profiles for immature (A) and mature (B) B-
cells as a function of the intra-peritoneal dose of TPT given as a single
dose.

Fig. 6. Recovery time of mature cells to reach different degree the
70% (blue, circles), 80% (red, squares) and 85% (black, triangles) of
the basal value depending on the TPT dosage.
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sensitivity to drug effects. Immature B-cells depend com-
pletely on the continuous production of progenitor cells in the
bone marrow, while mature B-cells’ peripheral pool homeo-
stasis relies on the growth factors and cytokines at disposal,
requiring a small amount supply of newly formed cells (33).
Those results are also supported by the current study, where
the model developed does not contain a feedback loop
between mature and progenitor cells, used previously by
Friberg et al. (4), because the homeostatic regulation of B-cell
compartments has been shown to be independent. Never-
theless, this feedback is appropriated to describe the time
profiles of neutrophils in blood. In fact, Segura et al. (18)
showed the useful application of this mechanism for several
blood cells’ populations, including total lymphocytes. How-
ever, when an intermediate population is measured, such
mechanism was not able to describe the experimental data.
This observation allowed for including previous feedback in

the main organ affected (stem cell compartment) cytostatic
agents, such as TPT, acting during the S-phase of the cell-
cycle, cells in bone marrow, which divide rapidly, would be
mainly affected.

Despite its descriptive capability, the model failed to
account for the oscillatory behavior that was observed in the
control groups during the first 2–3 days of the study (see
upper panels in Fig. 4). Explanations for such phenomena
together with the slight continuous decrease of the immature
cells in the untreated animals remain unclear, although
several explanations could be considered. For example,
tumor inoculation process is able to unleash an inflammatory
response impinging on immune function. In particular, tumors
produce immune suppressor signals that can account for the
observed profile of immature cells (34). On the other hand,
physical stress by the animal handling could be another of the
reasons (32).

Fig. 7. Simulated maximum percentage of toxicity (expressed as a percentage decrease with respect to baseline) in (A) progenitor population
(square), (B) immature cells (circle) and (C)mature cells (rhombus) as a function of the intra-peritoneal dose of TPTadministrated following schedule
A, single dose (black) or schedule B, five consecutive daily doses (grey). Maximal fold change in kPool×Delayed3 (mature pool input) (D).
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Nevertheless, those two unexplained phenomena do not
jeopardize the complex behavior of the B-cells’ system
registered in the treated groups with TPT, accomplished by
a very good performance of the developed model.

Another limitation of our study is that the available data
were not enough to get any insight into the dynamics of the
process that continuously and independently of the immature
cells supplies mature B-cells into the bloodstream. This
trafficking process was just simply characterized by the zero-
order rate constant kpool. It is possible that after prolonged
chemotherapy treatments that mechanism becomes less
efficient.

Therefore, the model selected did not take into account
the trafficking process that has been modelled several times in
animals and humans in the past, mostly after corticoids
administration. However, different models were explored in
an attempt to evaluate the well-known cell trafficking
mechanisms. When a peripheral compartment with first-order
rate constants kin and kout replacing the zero-order process
kpool was incorporated to the model (32), and the delay and
feedback processes were affecting kin, the value of AIC was
almost 100 points higher (with one extra parameter in the
model) than the selected model, indicating clearly that the
new model performed worse (model A in Supplementary
Material).

When a renewal process of the peripheral compartment
(model B in Supplementary Material) was included in the
previous model (35), the value of AIC was almost identical
(with two extra model parameters) to the one obtained from
the selected model.

However, in this case, the baseline value of B-cells in the
peripheral compartment was fixed to 45×109cells/L. That
value was based on the information provided in literature
(36), where it could be extracted as the ratio between B-cells
in spleen and blood, which is 28, approximately. In addition,
one parameter (kdeg) was very poorly estimated with a
coefficient of variation of 1,582%. The estimates obtained
for kin and kout were 0.000198 and 0.0057 h−1, respectively. It
is difficult to compare those estimates with others reported in
the literature because most of those studies were based on the
analysis of total lymphocytes (or T-cells) in blood without
discriminating as in our case between different subtypes and
subpopulations (32).

In general, immature cells represent less than half of
blood B-lymphocytes; however, in immunocompetent rats,
such as BDIX rats, the ratio between immature and mature
cells was significantly increased (33), an observation that is
supported by the estimates of the baseline values of immature
and mature cells found in the current study (2.21 vs. 1.50×109

cells, respectively). The estimate of kcirc corresponds to a half-
life of 14.1 h, which is in the range of the 26 h value reported
previously in the literature for healthy rats (37).

Stochastic differential equations have been used in the
development of complex pharmacokinetic/pharmacodynamic
models (38,39). Here, we have described simultaneously two
variables involving several feedback mechanisms using a less
sophisticated, but very effective, hybrid approach based on a
combination of qualitative (SD dynamics) and quantitative
techniques (parameter estimation). The advantage of this
approach was that SD, allowed to accurately propose the
structure of the model, reproduced qualitatively the most
reliable dynamics of the experimental data.

To summarize the results from the current work, the
model developed is the first to elucidate the in vivo role on
B-lymphocytes subpopulations. The combined measure of
mature and immature B-cells is also a unique feature of this
study. The major contribution of the model is its new
structure and the dynamical consequences, demonstrating an
independent behavior between mature and immature B-cells
during recovery. In addition, the selected model was further
elaborated with the addition of results from the literature to
describe the cell-trafficking processes between blood and
lymphoid tissues. The proposed models could represent a
good basis for the optimization of cytotoxic drugs oriented to
attain a maximum antitumor efficacy while minimizing
hematological toxicity.
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