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ABSTRACT
The aims of this work were as follows: 1) to develop a semi-
mechanistic pharmacodynamic model describing tumor shrink-
age after administration of a previously developed antitumor
vaccine (CyaA-E7) in combination with CpG (a TLR9 ligand) and/
or cyclophosphamide (CTX), and 2) to assess the translational
capability of the model to describe tumor effects of different
immune-based treatments. Population approach with NONMEM
version 7.2 was used to analyze the previously published data.
These data were generated by injecting 5 � 105 tumor cells
expressing human papillomavirus (HPV)-E7 proteins into
C57BL/6 mice. Large and established tumors were treated with
CpG and/or CTX administered alone or in combination with
CyaA-E7. Applications of the model were assessed by com-
paring model-based simulations with preclinical and clinical

outcomes obtained from literature. CpG effects were modeled:
1) as an amplification of the immune signal triggered by the
vaccine and 2) by shortening the delayed response of the
vaccine. CTX effects were included through a direct decrease of
the tumor-induced inhibition of vaccine efficacy over time, along
with a delayed induction of tumor cell death. A pharmacodynamic
model, built based on plausible biologic mechanisms known for
the coadjuvants, successfully characterized tumor response in all
experimental scenarios. The model developed was satisfactory
applied to reproduce clinical outcomes when CpG or CTX was
used in combination with different vaccines. The results found
after simulation exercise indicated that the contribution of the
coadjuvants to the tumor response elicited by vaccines can be
predicted for other immune-based treatments.

Introduction
A great effort is ongoing with the use of cancer vaccines

since the identification of human cancer antigens that could
be specifically recognized by the immune system (Dougan and
Dranoff, 2009; Palucka and Banchereau, 2012). Cancer
vaccines aim to induce tumor-specific T cells capable of
reducing tumor mass and generating a permanent immune
response via memory T cells. However, and despite promising
initial results, poor clinical outcomes have been obtained
mainly due to the low effector response triggered by vaccines
in vivo, but also due to the appearance of tolerancemechanisms
mediated by immunoregulatory cell populations such as reg-
ulatory T cells (Treg) that dampen the immune response

(Alpizar et al., 2011; Finn, 2012). A clear benefit has been
observed both in preclinical and clinical settings when combi-
nation treatments targeting different aspects of the immune
system at once are used (Copier et al., 2009; Beatty et al., 2011).
Different alternatives to increase the immunologic effi-

cacy of immunotherapy have been discussed (Finn, 2003;
Rosenberg et al., 2004; Copier et al., 2009). Among them,
inhibition of the immunosuppressive mechanisms elicited by
the tumor through depletion of the Treg cell population has
shown promising results using drugs such as anti-CD25
antibodies or low doses of cyclophosphamide (CTX) (Onizuka
et al., 1999 ; Ghiringhelli et al., 2007; Alfaro et al., 2011).
Another approach widely studied has been the activation of
antigen-presenting cells (especially dendritic cells) or other
cells of the innate immune system to increase the number
and/or avidity of the antigen-specific T cells with adjuvants
such as Toll-like receptor (TLR) ligands or coadministration of
different cytokines to potentiate and promote cell survival
(Brody et al., 2010; Landrigan et al., 2011; Hong et al., 2012).
An example of these combination strategies is the work

published by Berraondo et al. (2007), in which a potent vaccine
obtained after the fusion of the adenylate cyclase of Bordetella
pertussis (an enzyme able to target antigen to dendritic cells) to
the human papillomavirus E7 protein (CyaA-E7) was used
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(Préville et al., 2005). However, a progressive loss of efficacy
was observed when the vaccine was used to treat larger tumors
in mice. In their work, the authors showed how combination
regimens of the CyaA-E7 with different coadjuvant therapies
such as CTX or CpG, a TLR9 ligand, could increase vaccine
efficacy (Berraondo et al., 2007). Moreover, a percentage of cure
(complete disappearance of tumor lesions) close to 90% was
observed when the three drugs were simultaneously adminis-
tered to treat large tumors, thus becoming an interesting
treatment strategy to be tested in human patients.
Although recent examples have shown an agreement be-

tween xenograft-derived results with cytotoxic and targeted
agents when using the proper quantitative framework and
clinical response (Rocchetti et al., 2007; Wong et al., 2012),
quantitative analysis applying population pharmacokinetic/
pharmacodynamic principles is still scarce in the area of im-
munotherapy, especially in preclinical tumor models and, more-
over, in combination dosing regimens (Gorelik et al., 2008; Choo
et al., 2013).
A couple of modeling approaches have been proposed to

study the interaction between coadministered drugs, assum-
ing that both drugs induced a direct killing of tumor cells
(Koch et al., 2009; Rocchetti et al., 2009). However, when
dealing with immune system, more mechanistic models are
required to better capture the complexity of the system and
the effects triggered by the different therapies. In this regard,
noteworthy models include the one proposed by Bunimovich-
Mendrazitsky et al. (2011) to describe the interactions of
immune and tumor cells after combined administration of
bacillusCalmette-Guérin and interleukin 2 in superficial bladder
cancer, or the one proposed by Harrold et al. (2012) including
receptor occupancy and signal transduction dynamics to pre-
dict tumor growth profiles after administration of rituximab in
combination with an apoptosis-inducing ligand or a cytotoxic
agent.
A pharmacokinetic/pharmacodynamic (PK/PD) model to de-

scribe the antitumor response triggered by single immuno-
therapies has been previously developed and validated in our
group (Parra-Guillen et al., 2013). The aim of the present work
was to expand the mathematical modeling framework de-
veloped to incorporate the pharmacodynamic effects triggered
by coadjuvants in immunotherapy, capturing the key biologic
mechanisms implied in a simple butmeaningful way.Moreover,
we evaluated the translational impact of the semimechanistic
PK/PD drug combination model by comparing model-based
simulations with efficacy results derived from clinical trials
extracted from literature (Höltl et al., 2005; Rynkiewicz et al.,
2011; Walter et al., 2012).

Materials and Methods
Experimental Data and Studies Design

Data published by Berraondo et al. (2007) regarding combination
therapy were used to build the PK/PD drug combination model. In
brief, in their experiments, 5� 105 TC-1 tumor cells expressing human
papillomavirus E7 protein were injected into the shaved backs of 5-
week-old female C57BL/6 mice and the efficacy of CTX (Sigma-Aldrich,
St. Louis,MO) and/or CpG (CpG1826: 5-TCCATGACGTTCCTGACGTT-
3, synthesized by Proligo, Boulder, CO) in combination with CyaA-E7
vaccine was tested under different experimental settings (Fig. 1).
CyaA-E7 and CpG were given intravenously, whereas CTX was ad-
ministered intraperitoneally. CpG was complexed with the cationic

lipid N-[1-(2,3-dioleoyloxyl)propyl]-N,N,N-trimethylammoniummethyl
sulfate (DOTAP; Roche, Indianapolis, IN) to protect it fromdegradation
and to facilitate its uptake (Honda et al., 2005).

Bitherapy. A single 50-mg dose of CyaA-E7 on day 25 in com-
bination with either a 30-mg dose of CpG on the same day or 2.5-mg
dose of CTX on the previous day were given (n 5 12 in both ex-
periments). Two additional groups of mice receiving CpG (n 5 12) or
CTX (n 5 11) in monotherapy with the same dosing schedule were
also included.

Tritherapy. A single dose of CyaA-E7 (50 mg) on day 25 (n 5 18),
30 (n5 12), or 40 (n5 12) after tumor cell inoculation, along with CpG
(30 mg) on the same day, and CTX (2.5 mg) on the previous day were
administered. A group receiving a combination of CpG on day 25 and
CTX on day 24 (n 5 17) at the same dosing level was also considered.

Tumor size measurements were reported as the average of two
perpendicular diameters and mice with a tumor size higher than
20 mm were sacrificed according to the institutional guidelines for
animal care.

Mathematical Model and Data Analysis

Tumor size (Ts) measurements, including those values below the
limit of quantification (BQL) of 2 mm and treated as censored in-
formation (Beal, 2001), were described simultaneously based on the
population approach with the NONMEM version 7.2 (Beal et al.,
2006) using the Laplacian numerical estimation method. Data were
logarithmically transformed. Interanimal variability (IAV) in model
parameters was modeled using an exponential model, and an additive
error in the logarithmic domain of the transformed data was used to
describe the residual variability.

Model development was partly data driven and partly based on the
knownmechanism of action of CTX and CpG. It was performed in two
steps: 1) data after administration of CTX or CpG alone and in
combination with CyaA-E7 vaccine were described first, 2) models de-
veloped for bitherapy data (andmodel parameter estimates) were joined
together to describe the Ts effects after tritherapy by simulation without
any further parameter re-estimation.

Brief Description of the Vaccine Model for Ts Effects. The
model included the following main aspects: 1) linear tumor growth, 2)
kinetic-pharmacodynamic (K-PD) model (Jacqmin et al., 2007) de-
scribing vaccine (VAC) kinetics and vaccine effects through two transit
compartment (TRANVAC and SVAC), being effects over Ts controlled by
SVAC, 3) a regulatory compartment (REG) controlled by the tumor and
able to inhibit vaccine efficacy, and 4) finally, the existence of a
subpopulation of mice able to trigger only a temporal tumor response to
describe the relapse observed in a small size of the studied population.
Figure 2 presents the schematic and mathematical representation of
the vaccine model previously developed (yellow section), including
a table with the parameter estimates for both CyaA-E7 and interleukin
12 (IL-12) agents (Parra-Guillen et al., 2013).

The parameters characterizing the vaccine model are the following:
l is the zero order rate constant of tumor growth, k1 represents the
first-order rate constant controlling vaccine elimination and transit
between compartments, k2 is the first-order rate constant accounting
for SVAC degradation (k2_pop1 for responders and k2_pop2 for non-
responders), k3 is the vaccine efficacy second-order rate constant, and
k4 represents the first-order rate constant controlling the regulator
compartment dynamics. P(1) corresponds to the percentage of res-
ponders mice within the studied population, REG50 represents the
amount in the regulator compartment needed to inhibit vaccine activity
by a half, and g the steepness of the k3-versus-REG relationship.
Estimated interanimal variability on l and REG50 for CyaA-E7 and
IL-12, respectively, were also used.

Description of the Final Models Developed for Drug
Combination. Similarly to the vaccine case, pharmacokinetic data
were not available for either of the coadjuvants; therefore, exponential
decay was assumed following kinetic-pharmacodynamic approach
(Jacqmin et al., 2007) (eq. 1). Two transit compartmentswere introduced
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to account for the delayed response (TRAND and SD), where SD is the
compartment responsible of the effects over TS (eqs. 2–3), D refers either
toCTX orCpG, and kD represents the first-order rate constant controlling
coadjuvant drug elimination and transit between compartments.

dD
dt

5 2kD �D (1)

dTRAND

dt
5kD �D2kD � TRAND (2)

dSD

dt
5kD � TRAND 2kD � SD (3)

Using bitherapy data only, the following modifications accounting
for CpG induced response were incorporated into the model developed
for the CyaA-E7 effects: CpG both: 1) amplifies and 2) accelerates the
immune response triggered by the vaccine (eqs. 4–6):

dVAC
dt

5 2k1 � VAC� ð11SLPCpG � SCpGÞ (4)

dTRANVAC

dt
5k1 � ðVAC-TRANVACÞ � ð11SLPCpG � SCpGÞ (5)

dSVAC
dt

5k1 � TRANVAC � ð11SLPCpG � SCpGÞ2k2 � SVAC

1 k5 � SCpG � SVAC (6)

where k5 is second-order rate constant controlling SVAC amplifica-
tion induced by CpG and SLPCpG represents the linear effect triggered
by CpG over the vaccine compartment dynamics.

Regarding CTX, its effects were incorporated into the model through
a direct decrease of the synthesis process of REG compartment, thus
diminishing the resistance phenomena, along with a delayed induction
of tumor cell death (eqs. 7 and 8),

Fig. 1. Individual raw data profiles. C57BL/6 mice were injected with 5 � 105 TC-1 cells (n = 13–19 mice per group) on day 0. Individual mice profiles,
computed as the mean of two perpendicular diameters, are shown after administration of a single dose of CyaA-E7 (yellow line), CpG (blue dashed line),
or CTX (green line) alone, in two-two combination or after tritherapy administration (Berraondo et al., 2007). A table summarizing the drug doses used
along with the day of dose administration has been included. Twomillimeters was considered as the limit of quantification (red dashed line). Frame plots
data belong to the monotherapy analysis previously published but are shown for comparison.
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dTs
dt

5l2 ðk3 � SVAC1k 6 � SCTXÞ � REGg
50

REGg
50 1REGg � Ts (7)

dREG
dt

5k4 � Ts� ð12SLPCTX � CTXÞ2k4 � REG (8)

where k6 is the CTX efficacy second-order rate constant and SLPCTX

represents the linear effect triggered by CTX over the REG com-
partment dynamics.

The initial conditions for all the compartments in the model were
zero with the exception of Ts. At the time of drug administration, and
given the absence of pharmacokinetic data, an arbitrary dose of value
1 was considered for VAC, CTX, and CpG. The combination model,
mathematically represented by the set of ordinary differential eqs.
1–8, is depicted schematically in Fig. 2 (gray area).

Model Selection and Evaluation. Selection between models
was based mainly on the goodness-of-fit plots and precision of
parameter estimates obtained from the analysis of one thousand
bootstrap datasets using the software Perl-speaks-NONMEM
(Lindbom et al., 2005). In addition, the minimum value of the ob-
jective function (MOFV) value provided by NONMEM and approxi-
mately equal to –2 � log (likelihood) (–2LL) was used (Beal et al.,

2006). Differences between two hierarchical (nested) models were
compared with a x2 distribution in which a decrease of 6.63 points in
–2LL was considered significant at the 1% level for one extra
parameter in the model (Beal and Sheiner, 1982). Non-nested models
were compared using the Akaike information criteria (AIC) (Ludden
et al., 1994). The model with the lowest value of AIC, given the
precision of model parameters, and an adequate description of the data
was selected.

Internal model evaluation was graphically explored by simulating
1000 datasets with the same study design characteristics as the original
one (Parra-Guillen et al., 2013). Simulated tumor size time-course,
percentage of BQL over time, and probability of cure at the end of
the study, including the 90% confidence interval, were plotted and
compared with the raw data. Probability of cure was calculated as the
ratio between the number of mice in which predicted tumor size was
below the limit of quantification at the end of the study and the total
number ofmice in each group. Externalmodel validationwas performed
using the tritherapy data as it has been described above for internal
model evaluation.

Preclinical Application of the Model. Data published by
Medina-Echeverz et al. (2011) were used (n 5 12). Briefly, 5 � 105

MC38 cells were subcutaneously injected to 5-week-old female C57BL/6

Fig. 2. Schematic representation of the combination therapy model. Previously developed vaccine model, equations, and parameter estimates for
CyaA-E7 and IL-12 administration in monotherapy are shown (yellow area) (Parra-Guillen et al., 2013). After CpG administration and through a transit
compartment (TRANCpG), the drug triggers a signal (SCpG) able to increase transit between vaccine compartments and induce the proliferation of the
vaccine signal (SVAC), which in turn will trigger tumor (Ts) death. On the other hand CTX is able to directly inhibit regulator compartment (REG)
proliferation and generate, through a delay compartment (TRANCTX), a signal (SCTX) able to induce tumor death. A description of the parameters can be
found under Materials and Methods.
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mice and 10 mg of a plasmid codifying for murine IL-12 administered
by hydrodynamic injection on day 23 in combination with CTX on the
previous day were given. Tumor size data were simulated using the
samemodel structure developed for CyaA-E7, but with the specific set
of parameters previously estimated for IL-12 immunotherapy
(summarized in Fig. 2) (Parra-Guillen et al., 2013), coupled with the
CTX model here developed. Simulations were graphically inspected
and compared versus raw data as described in model evaluation
section.

Extrapolation to Clinical Setting. A literature search in
Pubmed was performed to find clinical trials where immunotherapeu-
tic agents had been administered alone and in combination with CpG
and/or CTX. The following MeSH terms were used during the searches
“clinical trial,” “immunotherapy,” “vaccine,” “cyclophosphamide,” and
“CpG oligonucleotides.” Three articles were selected in which the im-
munotherapeutic agent under study had been given alone and in com-
bination with CTX or CpG:

1. Höltl et al. (2005): Safety and efficacy of allogenic dendritic cells
with and without CTX were evaluated in a phase I/II study. The
treatment consisted in three vaccinations in monthly intervals.
If applicable, a dose of 300 mg/m2 CTX infused during 2 hours
was given on days 3 and 4 prior each vaccination. Clinical
outcome was reported as mixed response (MR), stable disease
(SD), or progression disease (PD).

2. Rynkiewicz et al. (2011): CpG7909 safety and properties as
coadjuvant were evaluated in combination with BioThrax
(Anthrax Vaccine Adsorbed) in healthy volunteers. Intramus-
cular administrations of the vaccine mixed with 1 mg of CpG,
if applicable, on days 0, 14, and 28 were performed. Clinical
response was evaluated as percentage of subjects reaching a
threshold for seropositivity (5 mg/ml) when measuring anti-
protective antigen (main vaccine antigen) antibodies.

3. Walter et al. (2012): IMA901 vaccine for the treatment of renal
cell cancer in a phase II study was studied in patients. Seven
intradermal vaccine administrations in the first 5 weeks fol-
lowed by ten further vaccinations at 3-week intervals for
30 weeks were given. One single infusion of CTX (300 mg/m2)
3 days before first vaccine administration was given if ap-
plicable. Clinical response was assessed as partial response
(PR), SD, and PD according to the response evaluation criteria
in solid tumors (RECIST) criteria v1.0.

The contribution of CpG or CTX effects to the vaccine response in
the three different studies was calculated as the increment in the
clinical probability of response (SD1 PR) obtained when coadjuvant
therapies were incorporated. Then, the calculated contribution in
the different clinical trials was directly compared with the in-
crement on the probability of cure predicted by the model in mice.
This increment in mice was calculated using the median probability
of cure estimated using 1000 simulated studies where CyaA-E7
vaccine was administered on day 25 (dosing protocol achieving a
probability of cure comparable to the clinical response reported) in
combination with CpG (day 25) or CTX (day 24) and compared with
the probability of cure induced by CyaA-E7 administration in
monotherapy.

Results
Brief Description of the Data

When CpG was administered alone, almost no effect was
recognized (Fig. 1); however, when combined with the vaccine,
an efficacy improvementwas observed (percentage of curedmice
50 versus 14% when vaccine administered alone) suggesting
that CpG is able to improve vaccine response.
Regarding CTX, a certain effect of the drug in monotherapy

was observed (Fig. 1), although insufficient to cure any of the
treated mice. Similarly to the previous coadjuvant, when CTX
was administered in combination with CyaA-E7, an increased
percentage of cure was detected (58 vs. 14%).
When CTX and CpG were given in combination, the re-

sulting Ts profiles were found to be similar to those seen in the
CTX control group.

Models for Drug Combinations

The model described by eqs. 1–8 and represented in Fig. 2
provided adequate precision for parameter estimates (see
Table 1) and showed good performance in the individual (Fig.
3A) and in the population Ts profiles after bitherapy (both
above and below the limit of quantification data) (Fig. 4).
Moreover, the model described very well the results expressed
as a probability of cure (Fig. 3B). During model development,
a different number of transit compartments, likewise differ-
ent CpG or CTX effects over other model components, or
nonlinear models (e.g., Emax-type models) were explored and
fitted to the data without achieving better description of the
data. Supplemental Table 1 lists a summary of the main
models fitted to the data. Inclusion of interanimal variability
terms in the coadjuvant-related parameters was not supported
by the data. In fact, visual predictive checks shown in Fig. 4
suggest that the variability in the tumor size observations is
well captured by the model.
Merging together the selected models accounting for the

combination of CyaA-E7 with CpG or CTX and simulating
based on the corresponding final parameter estimates (Table 1),
a satisfactory prediction of the Ts profiles after administration
of tritherapy was obtained (Figs. 3 and 4) confirming the
robustness of the combination model.
The effect of mono-, bi-, or tritherapy over Ts and REG

compartments in both mouse populations (responders and
nonresponders) is explored in Fig. 5, assuming that the
CyaA-E7 is administered at day 25 where tumor shows
resistance. Both effects of CpG were related to the vaccine
compartments, and therefore, in the absence of vaccine, no
drug-related effects were observed. When vaccine was co-
administered with CpG, the area under the curve of the
signal vaccine was doubled and peaked approximately 7 days

TABLE 1
Parameters of the mathematical model developed

Parameter
CpG CTX

Mean Value (CV%) [2.5th–97.5th] Mean Value (CV%) [2.5th–97.5th]

kD (day21) 0.268 (5) [0.0533–0.420] 0.302 (21.3) [0.233–0.483]
SLPD (au21) 9.01 (8.1) [3.52–62.3] 2.30 (40.7) [1.25–4.48]
k5 (au21 · day21) 0.478 (14.7) [0.0847–1.65] —

k6 (au21 × day21) — 0.189 (45.6) [0.0606–0.283]
Residual error [Log (mm)] 0.166 (6.7) [0.144–0.189] 0.153 (4.7) [0.133–0.166]
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earlier. Although CpG did not have a direct effect over REG
compartment, an initial decrease on tumor size induced by
the faster and more potent vaccine response triggered by
CpG translated into a decrease in REG compartment levels,
and thus a reduction in the inhibitory REG effect over k3.
Although a small inhibitory reduction was quantified (from
99 to 97% on day 42 when SVAC concentrations peaked) it
proved to be enough to allow for tumor shrinkage in the
responders group.

Regarding CTX, a maximum effect was achieved 3.5 days
after administration with a 27% reduction on REG compart-
ment, enough to decrease the inhibitory effect triggered by
REG over k3 by 85%, and thus allowing vaccine to be effective
again. In the nonresponder group, tumor regrowth was ob-
served once the CTX was cleared from the body, estimating
a delay of disease progression of 9 days.
Although full tumor size shrinkage was observed with both

bitherapies or tritherapy in those mice responding to the

Fig. 3. Evaluation of model performance. (A) Tumor size observations (points) and individual model predictions (lines) of two illustrative mice per
dosing group (obtained using the MAXEVAL=0 option in NONMEM) are presented using a different color for each mouse. 2 mm was considered as the
limit of quantification (dashed line). (B) Probability of cure calculated over 1000 simulated studies is presented and compared with real data. Gray
shadow represents 90% prediction interval of the simulated data and points represents the raw probability of cure for the studies used during model
development (orange) and for the validation studies (blue).
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treatment (Fig. 5), higher percentage of cure (when variability
in the parameters is taking into account) (Fig. 3B) and faster
tumor shrinkage were predicted with tritherapy, reaching
maximum tumor shrinkage 8 days after treatment (vs. 20 or
42 days with CTX or CpG, respectively). Similarly, in the
nonresponders group, a prolonged time to disease progression
was observed with tritherapy (26 days) compared with both

bitherapies (15 for CpG and 18 for CTX days). This results
show the benefit of combining therapies with different
mechanism of action in the treatment of cancer.

Application of the Model

Simulation studies were undertaken to assess the capac-
ity of the model to predict tumor response to different

Fig. 4. Visual and numerical predictive check to evaluate final model performance at population level. Simulated tumor size measurements above the
limit of quantification (upper panels) and percentage of data below the limit of quantification (lower panel) vs. raw data (points) are plotted over time for
CyaA-E7 bitherapy and tritherapy studies. Gray areas in the upper panels represent the 90% prediction interval of the simulated median. Gray areas in
the lower panels represent the 90% prediction interval of the simulated percentage of data below the limit of quantification. Solid and dashed black lines
are the simulated and raw median respectively. Two millimeters was considered as the limit of quantification (red dashed line).
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immunotherapeutic agents when administered in combina-
tion with either CpG or CTX using literature data.
Preclinical. Figure 6 depicts the model performance at the

individual and population level for IL-12. The results showed
that the combinationmodel developed can be applied to describe
the time-course of tumor size in experiments performed to
assess the response of different immune-therapeutic agents
such as IL-12 when drug and tumor cell line–specific param-
eters are considered.
Extrapolation to Clinical Setting. Simulation results

obtained from the model developed from preclinical data pre-
dicted an increase in the probability of cure of 0.27 [0.067–0.47]
and of 0.33 [0.20–0.60] for CpG and CTX, respectively, with
respect to monotherapy administration. Values similar to the
0.44 reported by Rynkiewicz et al. (2011) for CpG or the 0.17
and 0.25 reported byWalter et al. (2012), and Höltl et al. (2005),
respectively, for CTX.
In addition, a 20% reduction on the number of Treg cells

was found 3 days after treatment with CTX (Walter et al.,
2012), a value comparable to the 27% that is predicted by our
model assuming only one dose administration 24 hours prior
to vaccine administration, indicating the potential role of the
model in the optimization of future clinical trials.

Discussion
Over the past 30 years, vaccines have risen as an interesting

approach in the treatment and prevention of cancer for a wide

range of tumors. However, it is unlikely that a potent and pro-
longed immune response can be obtained with monotherapy,
as has been the case of chemotherapy.
Vaccine administration in combination with different co-

adjuvants to potentiate the triggered immune response or to
inhibit the immunosuppressive mechanism developed by the
tumor have proven to increase preclinical and clinical efficacy
achieved in immunotherapy (Ghiringhelli et al., 2007; Alfaro
et al., 2011; Mkrtichyan et al., 2011; Ge et al., 2012; Hong
et al., 2012).
Evaluation of a wide range of drugs is a fundamental step

in early drug development to assess synergistic, additive, or
antagonistic interaction. PK/PDmodels provide a useful frame-
work to assist in the evaluation and development of optimal
therapeutic regimens in combination strategies (Rocchetti
et al., 2009; Harrold et al., 2012).
In this article, we have expanded a previous semimechan-

istic model (Parra-Guillen et al., 2013) developed to characterize
tumor growth dynamics after administration of an antitumor
vaccine (CyaA-E7). The model was expanded to account for the
pharmacodynamic effects triggered by CpG and CTX, two
commonly used coadjuvants in immunotherapeutic regimens.
CpG is a TLR9 receptor ligand known to induce activation

and maturation of antigen-presenting cells such as dendrit-
ic cells, increasing the number of antigen-specific T cells
when coadministered with peptide vaccines (Speiser et al.,
2005; Krieg, 2008). In addition, a faster response to peptide

Fig. 5. Mean model performance. Tumor size (Ts) and regulator compartment (REG) profiles over time are presented for both mouse populations,
responders (left) and nonresponders (right), after administration of 50 mg of CyaA-E7 on day 25, 30 mg of CpG-B on day 25, and/or 2.5 mg of CTX on day
24, alone or in combination.
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administration, either measured as titer of antibodies (Ellis
et al., 2010; Rynkiewicz et al., 2011) or as number of specific
T cells (Speiser et al., 2005), has also been reported in
protocols where CpG was coadministered. Regarding CTX,

administration of low doses has been described to deplete
Treg cells by inhibiting their proliferation, and thus enhance
tumor response (Lutsiak et al., 2005; Walter et al., 2012).
Retaining a simplified representation of the biologic system,

Fig. 6. External validation of the combination model using IL-12 experimental data. (A) C57BL/6 mice were injected with 5 � 105 MC38 cells on day 0.
Individual mice profiles, computed as the mean of two perpendicular diameters, are shown after administration 2.5 mg of CTX on day 22 alone or in
combination with 10 mg of a plasmid codifying for murine IL-12 administered by hydrodynamic injection on day 23. (B) Tumor size observations (points)
vs. individual model predictions (solid lines obtained with MAXEVAL=0 option in NONMEM) of two mice per IL-12 dosing group. (C) Simulated tumor
size measurements above the limit of quantification (upper panels) and percentage of data below the limit of quantification (lower panel) vs. raw data
(points) are plotted over time for CTX administered alone or in combination with IL-12. Gray areas in the upper panels represent the 90% prediction
interval of the simulated median. Gray areas in the lower panels represent the 90% prediction interval of the simulated percentage of data below the
limit of quantification. Solid and dashed black lines are the simulated and raw median respectively. (D) Probability of cure calculated over 1000
simulated studies is presented and compared with real data. Gray shadow represents 90% prediction interval of the simulated data and points
represents the raw probability of cure for the IL-12 studies. Two millimeters was considered as the limit of quantification (red dashed line).
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our model has mechanistically incorporated the known phar-
macology of the two coadjuvants, providing a successful de-
scription of the data comparable to other published results,
which reported a decrease of around 20% 3 days after CTX
administration (Walter et al., 2012) with a maximum effect
reached 4 days after treatments and a recovery around day 11
(Mkrtichyan et al., 2011).
During the model-building process it was found that the

incorporation of an extra effect of CTX represented as direct
tumor shrinkage resulted in a significant fit improvement
(Supplemental Table 1). Given the low doses used and the
absence of CTX effect when nude mice were used [see
supplementary figure in Berraondo et al. (2007)], this
unexpected result suggests that CTX might also trigger other
immune mechanisms represented by the parameter k6 in the
model.
It is worth noting that excellent predictions during trither-

apy treatment were obtained simulating from the models
developed with data from bitherapy without the need of further
model refinements. A similar type of exercise has also been
shown recently by Harrold et al. (2012).
The final developed model successfully described the data

from CyaA-E7 and IL-12, both at the individual and the
population levels, although some discrepancies were found for
the IL-12 case given the presence of a few mice that did
respond to CTX administration alone in contrast to what was
observed for CyaA-E7.
Despite successful model performance to describe the data,

a couple of model limitations have to be recognized. Lack of
pharmacokinetic data or pharmacodynamic information at
different dose levels or dosing regimens constitutes an im-
portant model limitation, since a proper link between drug
concentration and effect cannot be established. Consequently,
tumor size predictions under unexplored dosing regimens
scenarios should be performed with great caution, and further
experimental data will be needed to prove their validity. In
addition, given the existing model complexity and data
availability, interindividual variability in those parameters
related to the coadjuvant therapy could not be incorporated
into the model.
Given the minimum model developed to describe the

system, parameter estimates do not reflect a unique physio-
logic process but a mixture of them (e.g., vaccine transit
compartments reflect vaccine elimination and the different
immune processes triggered after antigen presentation that
ultimately lead to the proliferation of effector cells). There-
fore, a direct interspecies scale is not feasible using classic
allometric and/or species specific parameters.
Nevertheless, and regardless of previously mentioned

drawbacks, the model was able to describe well and in
a simplified manner the main mechanisms implied in the
biologic responses triggered by both coadjuvants. Further-
more, the model was able to anticipate the clinical impact of
adding CTX, or CpG coadjuvants to different immunothera-
peutic agents using literature data, underscoring model
robustness and translational capability to different clinical
scenarios, although tumor size information would have been
desirable to properly characterize the effect of the vaccines in
monotherapy.
In summary, a semimechanistic model to account for the

pharmacodynamic effects of two widely used coadjuvants in
immunotherapy, CTX and CpG, in combination with different

immunotherapeutic drugs has been proposed and validated
under different experimental conditions. Moreover, the model
was directly extrapolated to describe clinical outcomes, re-
garded as the percentage of individuals that would respond to
the treatment, confirming model robustness and applicability
to drug development.
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