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ABSTRACT

The antitumor efficacy of an intratumoral injection of a genetically engineered oncolytic vaccinia virus carrying human IL-7 and
murine IL-12 genes (hIL-7/mIL-12-VV) was demonstrated in CT26.WT-bearing mice. In the CT26.WT-bearing mouse model, the
efficacy of the combination of hIL-7/mIL-12-VV plus the anti-programmed cell death protein (PD)-1 antibody was determined to
be correlated with the timing of administration: greater efficacy was observed when hIL-7/mIL-12-VV was administered before
the anti-PD-1 agent instead of simultaneous administration. To identify an optimal dosing regimen for first-in-human clinical
trials, a multiple model-informed drug-development (MIDD) approach was used through development of a quantitative systems
pharmacology (QSP) model and an agent-based model (ABM). All models were built and verified using available literature and
preclinical study data. Multiple dosing scenarios were explored using virtual populations by altering the interval between hIL-7/
hIL-12-VV and pembrolizumab administration. In contrast with observations from preclinical studies, both the QSP and the
ABM models demonstrated no antagonistic effect on the dose-dependent antitumor efficacy of hIL-7/hIL-12-VV by pembroli-
zumab in simulations of clinical therapy. Based on the MIDD strategy, it was recommended that the highest dose of hIL-7/hIL-
12-VV and pembrolizumab should be administered on the same day, but with pembrolizumab administration following hIL-7/
hIL-12-VV administration. Multiple different modeling approaches uniquely supported and informed the first-in-human clinical
trial design by guiding the optimal dose and regimen selection.

1 | Introduction QSP modeling is an interdisciplinary approach that combines

mechanistic modeling, computational techniques, and exper-

In recent years, the field of cancer immunotherapy has revolu-
tionized oncology by harnessing the body's immune system to
recognize and eradicate tumors. However, designing effective
immunotherapies and optimizing treatment strategies in this
complex and dynamic field presents significant challenges. To
address these challenges, quantitative systems pharmacology
(QSP) modeling and/or agent-based modeling (ABM) have
emerged as powerful tools for understanding and predicting
the behavior of immuno-oncology systems [1].

imental data to gain insights into the complex interactions
between drugs, disease processes, and the human body [2].
In the application to clinical pharmacology and more spe-
cifically immuno-oncology, QSP models aim to capture the
intricate dynamics of the immune system and tumor microen-
vironment, as well as the effects of immunotherapeutic agents
such as immune checkpoint blockers (ICBs), chimeric antigen
receptor T-cell (CAR-T) treatments, and bispecific antibody
therapies [3-5].
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Summary

« What is the current knowledge on the topic?

o Oncolytic viruses (OVs) have the potential to sen-
sitize tumors to immune checkpoint blockade,
potentially increasing patient response rate. The
combination of an OV with an immune check-
point blocker is currently being studied in clinical
trials using a sequential administration strategy.
However, their interaction potential is not fully
understood and has not been investigated quantita-
tively by mechanistic modeling.

« What question did this study address?

o The present study explores quantitatively the poten-
tial for interaction between an immune checkpoint
blocker and an OV, with specific focus on the ad-
ministration schedule of the 2 agents in relation to
each other. The study helps to explain differences
between the preclinical and clinical assessments.

« What does this study add to our knowledge?

o This study provides a strategy for selection of an op-
timal clinical study design for the dosing of an OV
followed by an immune checkpoint blocker, based
on multiple MIDD.

« How might this change drug discovery, development,
and/or therapeutics?

o The present study highlighted the uncertainty of
translating a dosing schedule from preclinical ani-
mal studies to first-in-human administration. In ad-
dition, it presented a multiple modeling approach to
understand the complex biology involved with OV
administration. The outcomes were used to support
a clinical study design.

Conversely, ABM focuses on the behavior, interaction, and
fate of entities represented in the model over time at the indi-
vidual level using fundamental rules that govern the system
[6]. Owing to the computational burden, ABMs typically rep-
resent a singular level within a more complex system and are
subsequently linked to other modeling techniques (ODE-based)
to fully represent the larger system. In the context of immuno-
oncology, agents can represent various components, including
immune cells, tumor cells, cytokines, and therapeutic agents
[7]. The “Virtual Tumour” (VT) platform model, developed by
Physiomics (Abingdon, UK), is an ABM of a growing tumor-
cell population. This model aims to integrate and reproduce the
effects that antitumor drugs, or radiotherapy, have on tumor
cell-cycle progression and survival by reproducing the observed
pharmacokinetic (PK) exposures and pharmacodynamic effects
[8]. The VT model can predict how a tumor will respond to drug
exposure and has been used previously for optimizing the dosing
and scheduling of dual immuno-oncology combinations [9, 10].

Oncolytic viruses (OVs) are viruses that can disseminate in can-
cer cells and have emerged as a promising class of anticancer
agents [11]. These genetically modified or naturally occurring
viruses are designed to selectively destroy cancer cells, while
leaving healthy cells unharmed [12]. More importantly, OVs pos-
sess unique immunomodulatory properties that can augment
the antitumor immune response. By inducing immunogenic cell

death, promoting tumor antigen release, and modulating the
tumor microenvironment, OVs have the potential to sensitize
tumors to immune checkpoint blockade [13].

Immune checkpoint blockade is one of the most successful im-
munotherapy treatments. Tumor cells expressing programmed
death-ligand (PD-L)1 on their surface and with a lymphocytic
infiltrate, including melanoma, Hodgkin lymphoma, non-small
cell lung, bladder, gastric, renal, and ovarian cancers, have been
shown to respond well to anti-PD-1 therapy [14]. Among the re-
sponsive cancer types, although pembrolizumab or nivolumab
was effective in about 30%-40% of patients with melanoma
[15-18], the response rate in patients with advanced non-
small cell lung cancer was about 15%-19% [19, 20]. Moreover,
anti-PD-1 and anti-PD-L1 therapies showed a particularly low
response rate in “cold tumors” such as pancreatic cancer [21].
Therefore, expanding the successful application of immune
checkpoint blockade through combination therapy could have a
marked impact on treatment effectiveness.

Immune checkpoint blockade can also inhibit viral replication
through an increase in antiviral immunity and viral clear-
ance [22, 23]. This action was demonstrated when an OV was
combined with an anti-CTLA-4 antibody in Renca and MC38
tumor models, where the therapeutic benefit was found to be
dependent on the timing of the 2 agents, with some schedules
even producing antagonistic effects [23]. Similar timing de-
pendence was observed in another mouse study combining
an oncolytic vaccinia virus (OVV) with both anti-CTLA4 and
anti-PD-1 antibodies [24]. Hence, the exact administration
schedule of an OV and an ICB could be critical for efficacy. It
has been suggested that an initial period of viral replication
and direct targeting of the tumor before introducing an ICB is
required for achieving the optimal therapeutic outcome [23].
Several clinical trials have explored the combination using
a sequential administration strategy with varying dosing in-
tervals (e.g., 1-6 weeks) [25-29]. However, there has been no
clear evidence that immune activation by immune checkpoint
blockade decreases antitumor efficacy of OVs. Interspecies
differences between animal and human PK profiles are well
known, and the implementation of an optimal dosing regimen
determined by an animal model is not always translatable in
designing a human clinical study.

Translational predictions based only on preclinical experimental
data have high uncertainty due to interspecies differences in bi-
ology and kinetics. Modeling and simulation are tools for gaining
insight into the complexities demonstrated by such combination
therapies and can be utilized to optimize scheduling, while taking
interspecies differences into account. The application of multiple
modeling techniques within a model-informed drug-development
(MIDD) approach increases confidence in model-based recom-
mendations for optimal dosing schedules. In the present study,
the observed interaction between a tumor-selective OVV encod-
ing human IL-7 and murine IL-12, and an anti-PD-1 antibody was
analyzed in preclinical experiments. The interaction was then
predicted in humans by independent modelers through 2 differ-
ent modeling approaches: QSP modeling and ABM.

The results were then compared to identify any consistencies
or discrepancies between model conclusions. By comparing
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the predictions from multiple modeling approaches, we can re-
inforce our confidence in the model-predicted dosing regimen
when exploring the combination of a tumor-selective OVV and
pembrolizumab in human clinical studies.

2 | Methods
2.1 | Mouse QSP Modeling

The combined effects of oncolytic adenoviruses and T-cell-
mediated oncolysis in a murine tumor model were previously
investigated using a semi-mechanistic QSP model [30]. Another
semi-mechanistic QSP model, which includes key elements
of the cancer immunity cycle, the tumor microenvironment,
tumor growth, and dose-exposure-target modulation features,
was developed to reproduce experimental data of CT26 tumor-
size dynamics in mice upon administration of radiotherapy
and/or a pharmacological immuno-oncology treatment such as
an anti-PD-L1 agent [31]. By combining these models, a semi-
mechanistic QSP mouse model that could explain the combi-
nation effects of OV and anti-PD-1 antibody was developed. A
diagram of the combined model is shown in Figure 1.

Four independent preclinical experiments in CT26.WT-
bearing mice (Expl—Exp4) were used to inform a preclini-
cal QSP model that describes the tumor volume dynamics in
response to intratumorally administered hIL-7/mIL-12-VV

and/or anti-PD-1 antibody. For a detailed description of the
preclinical experiments, see Supporting Information, in-
cluding Methods S1, Table S1, and Figure S1. The measured
tumor volumes were converted to tumor cell counts assuming
106cells/mm?3 [30]. Parameters specific to hIL-7/mIL-12-VV
(viral production size, infection rate, infected lysis rate, and
virus elimination rate), immune stimulation by IL-7 and IL-
12, and the tumor-growth rate constant for each experiment
were optimized in NONMEM version 7.5 (ICON Development
Solutions, Ellicott City, MD). In the analysis of combination
therapy of hIL-7/mIL-12-VV and anti-PD-1 antibody, the an-
tagonistic effect of the anti-PD-1 antibody was incorporated
hypothetically as direct enhancement of virus clearance by
the anti-PD-1 antibody. The ordinary differential equations
used for the semi-mechanistic QSP model for mouse are pre-
sented in Supporting Information.

2.2 | Human QSP Model Simulations

Several QSP models representing checkpoint blocker combination
therapies in the clinical setting have been proposed [3, 32, 33]. In
this analysis, the most recent QSP model was selected, as its mech-
anistic description was considered the most appropriate [33]. The
reported QSP model was modified in SimBiology, version 6.4.1
(Mathworks, Natick, MA) by incorporating OV and cancer cell in-
fection components. The model structure was the same as in the
preclinical semi-mechanistic QSP model, with some preclinical
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parameters further optimized for the present model application.
A diagram of the clinical QSP model is shown in Figure 2. The
human QSP model represented only the tumor where hIL-7/hIL-
12-VV, which carries human IL-12 instead of murine IL-12, was
injected. The equations and parameters used for the clinical QSP
model are listed in Tables S2-S5.

It was expected that hIL-7/hIL-12-VV would be administered
at a fixed concentration (pfu/mL), and that the volume of the
dose would be adjusted based on tumor size (longest dimension)
anticipating consistent virus concentration across tumor size, to
form 4 treatment groups:

1. 1.0mL for tumor size >1.0 to <2.0cm
2. 2.0mL for tumor size >2.0 to <3.0cm
3. 4.0mL for tumor size >3.0 to <4.0cm

4. 6.0mL for tumor size >4.0 to <4.5cm

Tumor-growth inhibition was investigated by simulation using
the mechanistic QSP model for humans. All simulations were
performed with MATLAB, version 2020a and 2023a (Mathworks,
Natick, MA, USA). At first, a set of parameters for 125 virtual
patients was generated, including a unique baseline tumor size
between 1.0cm and 4.5cm for each patient in a uniform distribu-
tion manner. The initial cancer cell number was set as 10° cells,
and then simulation was performed without any treatment up to
8000days, to identify the time for each patient when the tumor
grew to the designated baseline tumor size. If the tumor failed

to reach the designated size, the patient was eliminated from the
virtual population. The values in each node at the time when the
tumor reached the designated tumor size were extracted and sub-
stituted as initial conditions for each patient. The final simulation
was then performed for each patient in each treatment group for
up to 400days.

The dose-dependent antitumor effect of hIL-7/hIL-12-VV was
simulated at 1x107pfu/mL, 1x10% pfu/mL, and 5x10® pfu/
mL. hIL-7/hIL-12-VV was administered intratumorally every
2weeks. The antitumor effect of hIL-7/hIL-12-VV at 5x 10% pfu/
mL in combination with pembrolizumab (400 mg, administered
once every 6weeks, starting from day 1, day 8, day 15, or day 29)
was simulated to test the combination treatment effect.

The simulated time course of the change in tumor volume from
baseline and the change in tumor diameter from baseline at
365days were analyzed visually. The objective response rate
(ORR) was calculated as the percentage of patients with 30% or
more reduction in tumor diameter, corresponding to the complete
response and partial response, based on Response Evaluation
Criteria in Solid Tumors (RECIST). Based on simulated tumor
volume-time course and ORR, an optimal regimen was proposed.

2.3 | Mouse ABM Modeling

A schematic diagram of the ABM is shown in Figure 3. The
development of a VT model for treatment of CT26.WT-bearing
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VT, Virtual Tumour model developed by Physiomics.

mouse with hIL-7/mIL-12-VV was conducted using a stepwise
process. The model structure was informed by a range of litera-
ture sources [34-40], while the model parameters were calibrated
against various data sets corresponding to experimental work re-
ported by Nakao et al. [41] First, the baseline growth dynamics of
the CT26.WT-bearing mice were calibrated against experimen-
tal data from control (untreated) tumors, the cell doubling time
being adjusted to fit the mean tumor-growth time course.

Calibration of the pharmacodynamic effects of hIL-7/mIL-
12-VV began with the simplest case of the unmodified virus
alone (control OVV) in CT26.WT tumors. The direct oncolytic
effect of the virus, the resulting induction of an adaptive immune
response, and lysis of tumor cells by activated tumor-infiltrating
lymphocytes (TILs) were all calibrated by fitting the correspond-
ing model parameters to the mean tumor-growth time course

for tumors treated with OVV (4x 107 pfu, on days 1, 3, and 5).
Next, the dose-response for induction of IL-7, IL-12, and IFN-y
by hIL-7/mIL-12-VV was calibrated, by fitting the model to data
describing the increase in levels of these cytokines 24h after
treatment with single low (4 x 10° pfu), medium (4 x 10° pfu), or
high (4x 107 pfu) dose of hIL-7/mIL-12-VV. The dose response
in terms of tumor-growth inhibition was also calibrated, by re-
fining the values of parameters that determine TIL activation in
response to interleukin production, and the interaction of the
various stimulatory (direct and indirect TIL activation, immu-
nogenic cell death, dendritic cell maturation, and immunogenic-
ity), and inhibitory (PD-L1 upregulation and inhibition of TILs)
factors. This was achieved by fitting the model parameters to the
mean tumor-growth time course for animals treated with low,
medium, or high doses of hIL-7/mIL-12-VV (on days 1, 3, and
5). Having defined a suitable set of parameters to represent the
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actions of hIL-7/mIL-12-VV in injected tumors across a range
of experimental studies, the effect on noninjected (distant) tu-
mors was then calibrated by fitting the model in parallel to the
mean tumor-growth time courses of injected and distant tumors
(responders only) treated with hIL-7/mIL-12-VV (2 x 107 pfu, on
days 1, 3, and 6). Finally, having established a consensus set of
parameter values that allowed the model to capture the mecha-
nism of action of hIL-7/mIL-12-VV across a range of data sets,
in both injected and distant tumors, the model was calibrated
for the effects of the anti-PD-1 antibody (DX400, the murine
surrogate for pembrolizumab, at 100 ug twice per week, start-
ing on day 6), alone and in combination with hIL-7/mIL-12-VV
(2% 107 pfu, on days 1, 3, and 6), by simulating the PK profile of
the antibody (from parameters given by Lindauer et al. in 2017
[42]) and fitting the model to the corresponding tumor-growth
time-course data.

2.4 | Human ABM Model Simulations

Consideration of the exposure-response relationships for pem-
brolizumab in syngeneic mouse models [42] and human [43]
shows that the 50% inhibitory concentration (IC,,) of receptor
occupancy in mouse and the clinical IC,, of interleukin (IL)-2
stimulation are comparable, suggesting that although the im-
mune systems are certainly different between the 2 species, the
concentration-response relationships for target engagement
might be similar. Furthermore, no adequate experimental data
were available to recalibrate the model taking differences be-
tween the mouse and human immune systems into account.
Thus, for the clinical simulations, immune-system parameter
values were retained from the mouse model. However, a clini-
cal model PK for pembrolizumab [42] was substituted for pre-
clinical PK, the tumor volume doubling time was adjusted to be
57 days [44], and initial tumor diameters of 10-20 mm and 5mm
were used for the injected and distant tumors, respectively, to
reflect the slower growth and larger size of clinical tumors.

The dose-dependent antitumor effect of hIL-7/hIL-12-VV was
simulated at 1x107, 1x 108, and 5x 108 pfu/mL. hIL-7/hIL-12-VV
was administered intratumorally every 2weeks. The antitumor
effect of hIL-7/hIL-12-VV at 1x107, 1x108, and 5x10® pfu/mL
in combination with pembrolizumab (400mg administered once
every 6 weeks starting, from day 1, day 4, day 8, day 15, or day 29)
was simulated to test the combination treatment effect.

The time course of the change in tumor diameter from baseline,
in injected and distant tumors, was simulated for 84 days after
the start of treatment. Based on these simulations, an optimal
dosing regimen was proposed.

3 | Results
3.1 | Mouse QSP Modeling

The list of parameters optimized for the mouse QSP model is
summarized in the Table S2. The model-estimated tumor-
volume-time profile and observed median tumor-size profile are
overlayed in Figure S2. The estimated parameter responsible for
the interaction between anti-PD1 antibody and OV—enhanced

viral clearance—showed 13.9% enhancement. This outcome
suggested that tumor-growth inhibition was sensitive to viral
elimination from the system and that the presence of anti-PD1
antibody critically impacted efficacy; virus-mediated tumor-
growth suppression in the absence of anti-PD1 antibody would
explain administration-sequence-sensitive efficacy. The model-
estimated tumor-volume-time profile demonstrated greater
antitumor efficacy using a regimen of hIL-7/mIL-12-VV admin-
istration in advance of anti-PD-1 administration compared with
simultaneous administration.

3.2 | Human QSP Model Simulations

Simulated injected tumor volume-time profiles in treatment
groups given 1x107, 1x 108, and 5%x10% pfu/mL hIL-7/hIL-
12-VV every 2weeks and the corresponding waterfall plots for
injected tumor diameter are presented in Figure S3. Tumor re-
sponse increased with increasing dose as the simulated ORRs at
1x107, 1x 108, or 5x 10 pfu/mL were 0%, 2%, and 22%, respec-
tively. Simulated injected tumor-volume-time profiles in combi-
nation therapy with pembrolizumab treatment, starting at 0, 1,
2, and 4 weeks after the start of hIL-7/hIL-12-VV treatment, and
the corresponding waterfall plots for injected tumor diameter,
are presented in Figure 4, indicated as H-OW, H-1W, H-2W, and
H-4W, respectively. The simulated ORRs when pembrolizumab
treatment started at 0, 1, 2, and 4 weeks after the start of hIL-7/
hIL-12-VV treatment were all the same across doses at 48%. No
obvious differences in any treatment regimen were observed.
Simulated ORR at day 100 was 21% for pembrolizumab treat-
ment starting at Oweeks after the start of hIL-7/hIL-12-VV, 21%
for 1week, 19% for 2weeks, and 15% for 4 weeks.

3.3 | Mouse ABM Modeling

The model developed for CT26.WT-bearing mice described well the
observed data for baseline growth dynamics (Figures S4A, S5A,B),
tumor dynamics with unmodified virus alone (Figure S4B), tumor
dynamics with hIL-7/mIL-12-VV (Figures S4C, S5C), tumor dy-
namics of distant tumor (Figure S5B,D), tumor dynamics with
anti-PD-1 antibody (Figure S5E,F), and tumor dynamics with
combination therapy (Figure S5G,H).

3.4 | Human ABM Model Simulations

A consistent regression of the injected tumor was observed, while
the response of the distant tumor was more strongly dose depen-
dent (Figure S7). The combination responses for the 3 dose levels
of hIL-7/hIL-12-VV with or without pembrolizumab, dosed ac-
cording to 5 different schedules, are plotted in Figure 5. For all the
treatment schedules, there was no significant difference in the size
of the injected tumor at the 80-day endpoint. The results for the
noninjected tumor were more differentiated by 80days. For treat-
ment with hIL-7/hIL-12-VV alone, the tumor showed progression
at the lowest dose (1 x 107 pfu/mL), stasis at the intermediate dose
(1x108 pfu/mL), and regression at the highest dose (5x 108 pfu/
mL), with the tumor shrinking to approximately 38% of the ini-
tial size. In combination with pembrolizumab, stasis of the nonin-
jected tumor was observed consistently at the lowest dose of hIL-7/
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FIGURE 4 |

Predicted tumor volume-time profile (top) and waterfall plots (bottom) at dosing intervals of 0, 1, 2, and 4weeks between hIL-7/

hIL-12-VV and pembrolizumab administration to patients. hIL-7/hIL-12-VV was administered at high dose (H: 5x 108 pfu/mL) and pembrolizumab
was administered at 400 mg once every 6 weeks. H, high dose; H-OW, Oweeks between hIL-7/hIL-12-VV and pembrolizumab; H-1W, 1week between
hIL-7/hIL-12-VV and pembrolizumab; H-2W, 2weeks between hIL-7/hIL-12-VV and pembrolizumab; H-4W, 4 weeks between hIL-7/hIL-12-VV and
pembrolizumab; hIL-7/hIL-12-VV, vaccinia virus carrying human IL-7 and IL-12 genes; IL-7, interleukin 7; IL-12, interleukin 12.

hIL-12-VV. At the intermediate dose, the response showed some
dependence on the dosing interval between hIL-7/hIL-12-VV and
pembrolizumab: when pembrolizumab treatment was delayed
as long as 4weeks after hIL-7/hIL-12-VV treatment, the nonin-
jected tumor shrank to around 50% of the initial size, compared
with regression to around 30%-35% for shorter dosing intervals
(0-2weeks). This schedule dependence is not apparent at the high-
est dose, with all schedules resulting in regression of the tumor to
around 20%-25% of the initial size.

4 | Discussion

A multiple modeling approach was taken to inform the phase 1
first-in-human clinical study design for the dosing of an OV fol-
lowed by an immune checkpoint blocker. Overall, both models
(QSP and ABM) captured the observed preclinical data avail-
able. The preclinical semi-mechanistic QSP model demonstrated
successfully the observed difference in efficacy following differ-
ent treatment regimens. The model reproduced the preclinical
data where higher efficacy was observed with sequential ad-
ministration compared to simultaneous administration. More
specifically, the model demonstrated greater tumor reduction at
the injected tumor over the distant tumor (Figure S2). Although
in the preclinical experimental studies, a difference in efficacy
between treatment regimens was observed only at the distant
tumor, the number of mice showing regrowth of the tumor at
the injected site was larger following simultaneous administra-
tion, suggesting a weaker antagonistic effect might exist at the
injected tumor, as well as at the distant tumor. Taking these ob-
servations into account, the preclinical QSP model might over-
estimate the antagonistic effect of ICBs at the injected tumor.

In the preclinical QSP model, the interaction of ICBs with
OV was represented as the enhancement of the clearance of

OV—assumed to result from antiviral antibodies generated
via stimulated immunity, which corresponds to the enhance-
ment of virus elimination rate constant. Conversely, the ob-
served regimen-sensitive tumor-growth inhibition of the
combination therapy might be numerically explained as the
presence of ICBs simultaneously enhancing the clearance rate
of infected tumor cells and the clearance of OV in infected
tumor cells, resulting in the elimination of OV from the sys-
tem. However, from the available experimental data, tumor
growth at the injected site was almost completely suppressed
in OV monotherapy and, hence, the enhanced T-cell-mediated
infected tumor-cell killing could not be identified. Regarding
elimination of the virus from the system, the enhancement of
viral clearance in infected cancer cells by activated cytotoxic
lymphocytes and the enhancement of viral clearance by anti-
viral antibody would be considered synonymous and result in
a similar outcome.

The preclinical ABM also captured successfully the range
of data for hIL-7/mIL-12-VV and anti-PD-1 therapy, both as
monotherapies and in combination. The model reproduced
the combination effect of hIL-7/mIL-12-VV with anti-PD-1
antibody in injected and distant tumors in the CT26.WT-
bearing mice.

Both preclinical models were then translated into human clini-
cal models to carry out predictive simulations, focusing mainly
on the impact of combination dose scheduling on efficacy. The
reported clinical QSP model [33] was modified in SimBiology
by incorporating OV and cancer cell infection components that
had been used in the preclinical semi-mechanistic QSP model.
Parameter translation was carefully considered to address the
overestimation by the preclinical model. The modified QSP
model for the clinical case study was used to simulate tumor-
growth inhibition only at the injected tumor because the clinical
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FIGURES5 | Predicted tumor diameter time-course profiles in the injected and noninjected (distant) tumor following administration of hIL-7/hIL-

12-VV (top row 1x 107 pfu/mL, middle row 1 x 108 pfu/mL, and bottom row 5x 10%pfu/mL, on days 1, 15, and 29) alone or in combination with pembroli-

zumab (400mg once every 6 weeks, starting on day 1, 4, 8, 15, or 29) to patients. hIL-7/hIL-12-VV, vaccinia virus carrying human IL-7 and IL-12 genes;

IL-7, interleukin 7; IL-12, interleukin 12; PEM, pembrolizumab. For reasons of clarity, prediction intervals have been omitted; predicted tumor diameter

time-course profiles in the noninjected tumor following administration of hIL-7/hIL-12-VV (1x 10® pfu/mL on days 1, 15, and 29) alone or in combina-

tion with pembrolizumab (400mg once every 6 weeks, starting on day 1 or 29), showing corresponding 90% prediction intervals, are given in Figure S8.

QSP model had a single tumor compartment. As the simulations
carried out using the preclinical QSP model demonstrated a
regimen-dependent efficacy difference at both the injected and
distant tumors, the clinical QSP model was considered more
applicable for investigating antagonism between the anti-PD-1
antibody and hIL-7/hIL-12-VV. The preclinical ABM was trans-
lated to the clinical setting by substituting clinical PX for pre-
clinical PK and adjusting the initial tumor size and doubling
time to better reflect clinical tumor-growth dynamics.

Both translated clinical models demonstrated that tumor-
growth inhibition by hIL-7/hIL-12-VV was dose dependent at
the tested doses of 1x107, 1x108, and 5x10® pfu/mL. In the
ABM, the dose-dependent effect was more apparent for distant
tumors, with antitumor effect at the injected tumor appearing
to be mostly saturated. The highest dose of 5x 108 pfu/mL was
selected for the combination predictions used for the QSP model
based on the recommended phase 2 dose. However, a range of
doses was still explored using the ABM.

The tumor-growth-inhibition effect for a combination of
hIL-7/hIL-12-VV and pembrolizumab was simulated with
both models using administration intervals of 0, 1, 2, or
4weeks between hIL-7/hIL-12-VV and the subsequent dosing
of pembrolizumab. Based on the clinical QSP model, the ORR
at 365days after treatment and the tumor-growth-inhibition
profiles demonstrated no obvious differences between the
treatment schedules. The rank order for the best sequential
combination based on the estimated ORR at 100days after
treatment was 1 week >0week > 2weeks >4 weeks (Figure 4).
Although no obvious differences were observed at later times,
based on QSP model predictions, the regimen that might be
expected to demonstrate the highest efficacy would be a 1-
week interval between dosing of hIL-7/hIL-12-VV and pem-
brolizumab. Predictions demonstrated by the ABM agreed
with the QSP model at both low (1x107 pfu/mL) and high
(5% 108 pfu/mL) doses of hIL-7/mIL-12-VV. At the intermedi-
ate dose (1x 108 pfu/mL), there appeared to be greater sensi-
tivity to scheduling, with pembrolizumab administration on
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TABLE1 | Asummary comparing clinical QSP model and clinical ABM.

Clinical QSP model Clinical ABM
Software MATLAB, SimBiology Virtual Tumour (coded in MATLAB)
Number of equations 160 67
Number of species 124 34
Number of parameters 185 47
Time to run Approximately 2h Around 90s per individual simulation
(overall run time depends on the number
of individual simulations required)
Output No clear difference was observed. The No clear difference was observed. The rank order
rank order of efficacy for the interval of efficacy for the interval of pembrolizumab
of pembrolizumab administration administration after OV administration
after OV administration was 1 week was 1week >0week >2weeks >4weeks

>0week >2weeks >4 weeks

Limitations Only preclinical data available for calibration Only preclinical data available for calibration

No clinical validation

No clinical validation

Simulation of injected tumor only

Abbreviations: ABM, agent-based model; OV, oncolytic virus; QSP, quantitative systems pharmacology.

day 29 generating the weakest response in the distant tumor.
However, there was no appreciable difference, especially by
the end of the simulation period, between the responses for
dosing of pembrolizumab with other offsets (with dosing
starting on days 1, 4, 8, or 15). Based on the ABM, any sequen-
tial dosing where pembrolizumab is administered <29 days
following hIL-7/mIL-12-VV administration would be appro-
priate. Therefore, both models appeared to agree that combi-
nation scheduling (when the interval is <14 days) might not
have a significant effect on tumor-growth inhibition.

The results from both models helped to inform the clinical study
design. The schedule explored in the clinical study was hIL-7/
mIL-12-VV injected directly into the tumor on day 1 and day 15 of
two 28-daycycles. Patients in the combination cohort were given
pembrolizumab on cycle 1day 1, with subsequent infusions every
6weeks. This study design was selected based on the results gen-
erated by both models, the administration schedule of pembroli-
zumab, the administration schedule of hIL-7/mIL-12-VV, and
the burden on the clinical study site and the patients. Based on
all factors involved, day 1 dosing was selected and remained in
agreement with qualitative trend in the modeling results.

A summary comparing both models can be found in Table 1.
Overall, although both models take a different approach to the
present problem and resulted in similar outcomes, the degree of
complexity, ease of development, and limitations of each model
vary. A limitation of both models was that only preclinical ex-
perimental data were available for model calibration, hence
model translation to clinical applications could not be validated.
The omission of the distant tumor site was a specific limitation
for the QSP model.

A key aspect to the appropriate application of modeling and
simulation in drug-development and regulatory evaluation is
ensuring model credibility [45]. With increasing application of
MIDD approaches and the advances in computational analysis

techniques, it is important to consider all factors involved in
model building and interpretation. Some of those factors may
include: software; ease of development; model run duration;
platform versatility; and output type [46, 47]. Applying multi-
ple modeling approaches to a singular problem may offer con-
fidence when the model outcomes are the same. However, it is
possible that the model predictions will differ, leading to further
uncertainty. In such cases, the result from a model with higher
credibility, based on the degree of the uncertainty included in
the model, or the possible impact on patient safety (risk-benefit
analysis), should be prioritized.

In the present application, the MIDD approach resulted in
agreement between the 2 modeling approaches. Although un-
certainty remains from a quantitative perspective, the fact that
both models suggested the same qualitative trend reinforces
the MIDD recommendation for designing an optimal clinical
regimen.
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