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ABSTRACT
Therapeutic combinations of VEGFR tyrosine kinase 
inhibitor plus immune checkpoint blockade now represent 
a standard in the first- line management of patients with 
advanced renal cell carcinoma. Tumor molecular profiling 
has shown notable heterogeneity when it comes to 
activation states of relevant pathways, and it is not clear 
that concurrent pursuit of two mechanisms of action is 
needed in all patients. Here, we applied an in silico drug 
model to simulate combination therapy by integrating 
previously reported findings from individual monotherapy 
studies. Clinical data was collected from prospective 
clinical trials of axitinib, cabozantinib, pembrolizumab 
and nivolumab. Efficacy of two- drug combination 
regimens (cabozantinib plus nivolumab, and axitinib plus 
pembrolizumab) was then modeled assuming independent 
effects of each partner. Reduction in target lesions, 
objective response rates (ORR), and progression- free 
survival (PFS) were projected based on previously reported 
activity of each agent, randomly pairing efficacy data 
from two source trials for individual patients and including 
only the superior effect of each pair in the model. In silico 
results were then contextualized to register phase III 
studies of these combinations with similar ORR, PFS, and 
best tumor response. As increasingly complex therapeutic 
strategies emerge, computational tools like this could 
help define benchmarks for trial designs and precision 
medicine efforts. Summary statement: In silico drug 
modeling provides meaningful insights into the effects of 
combination immunotherapy for patients with advanced 
kidney cancer.

INTRODUCTION
Combination vascular endothelial growth 
factor receptor (VEGFR) tyrosine kinase 
inhibitor (TKI) plus immuno- oncology (IO) 
therapy constitutes a first- line standard for 
metastatic renal cell carcinoma (mRCC), with 
survival benefit over TKI monotherapy.1 2 IO 
monotherapy similarly achieves less striking 
efficacy compared with combinations. 
Transcriptomic and immunogenomic data 
highlight interpatient tumor heterogeneity 
and specific activation states of targeted 
molecular pathways pertinent for individual 
drug activity.3 To evaluate how these drugs 

combine, we performed in silico modeling4 
integrating monotherapy clinical data to 
simulate TKI/IO combinations.

METHODS
Objective response rates (ORR) and 
progression- free survival (PFS) data were 
collected from seven individual mRCC 
prospective studies conducted in TKI- naïve 
and immune checkpoint inhibitor naïve 
patients: monotherapy trials of axitinib, 
cabozantinib, nivolumab, and pembroli-
zumab; and, registration studies of axitinib 
plus pembrolizumab and cabozantinib plus 
nivolumab.1 2 5–9 Monotherapy data were digi-
tally measured using Plot Digitizer (V.2.6.9) 
and a custom Python script was written to 
extrapolate probability density function from 
each PFS curve. Each in silico patient was 
randomly assigned a PFS, response (yes/no), 
and maximal tumor reduction for each of the 
two drugs using published monotherapy data. 
Combination therapy was modeled under the 
assumption of independent treatment effects, 
hypothesizing that solely the more active of 
the two agents was determining the extent 
of benefit. Thus, for ORR, PFS and best 
response, each in silico patient was assigned 
the best values of the two individual ther-
apies. Each trial was run 1000 times, unless 
otherwise stated, with a median PFS resultant 
from each simulation. Empiric 95% CI esti-
mates were calculated from each run.

RESULTS
Monotherapy source data including ORR, 
PFS and overall tumor volume change were 
digitally measured from available clinical 
trials (see online supplemental figure 1 for 
measurements). To first test the model, we 
calculated single agent ORR and a PFS distri-
bution for each of the four agents (online 
supplemental figure 2). Next, using this in 
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silico monotherapy data, we modeled outcomes of the 
two combination therapies. The in silico median PFS for 
axitinib/pembrolizumab and cabozantinib/nivolumab 
were 17.9 months (95% CI 15.0 to 19.1) and 16.7 months 
(95% CI 14.4 to 19.3), respectively. Figure 1 contextu-
alizes these findings with PFS data from the published 

registration studies. Best radiographic responses in target 
lesions are summarized in figure 2 (together with data 
from published registration trials, online supplemental 
figure 3). In silico ORR for axitinib/pembrolizumab 
was 75.6% (95% CI 70.6 to 80.5) with 17.1% of patients 
achieving 100% target regression (95% CI 12.9 to 21.3). 

Figure 1 Forest plot of progression- free survival (PFS) of combination TKI/IO therapy. In silico combination (red) and published 
registration data (blue) reported, with 95% CI estimates. IO, immuno- oncology; TKI, tyrosine kinase inhibitor.

Figure 2 (A–B) Waterfall plot of best response of combination therapy. In silico combination (red) and published registration 
data (blue) are superimposed for combination cabozantinib plus nivolumab and axitinib plus pembrolizumab.
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For in silico cabozantinib/nivolumab, the model esti-
mated an ORR of 70.4% (95% CI 64.4% to 75.4%) with 
10.6% achieving 100% target regression (95% CI 7.4 to 
14.4).

DISCUSSION
As more complex therapeutic strategies emerge for 
patients with mRCC (eg, triplicate therapy), clinical 
tools which estimate efficacy thresholds are needed for 
clinical trial design and for benchmarking combination 
strategies. TKI/IO combinations have revolutionized 
outcomes for patients with mRCC, and superiority has 
been proposed to stem from the immunomodulatory 
effects of TKI which may promote IO activity. To esti-
mate the effects of combining agents, other computa-
tional models have previously been applied to assess the 
contribution of individual drug activity with IO therapy.10 
Here, we performed in silico modeling of TKI/IO combi-
nations by integrating monotherapy clinical trial data. 
Through random pairing of response and ‘best of two’ 
read- outs (which ignore additive treatment effects), our 
model produced ORR and PFS data comparable to TKI/
IO registration data. Undoubtedly, differences in study 
populations, dosing levels, and our inability to model 
how treatment- related toxicities affect drug exposure and 
treatment duration limit the accuracy of these projec-
tions. In addition, as the model relies on selection of the 
‘best- of- two’ treatment response, it is limited in simu-
lating progressive disease as it underestimates response 
in patients with tumors harboring cross- resistance to both 
TKI and IO therapies. Nevertheless, these findings high-
light how some patients may derive therapeutic benefit 
from early concurrent exposure to independent mech-
anisms of action with these agents. As the field looks 
forward to building on these doublet backbone thera-
peutic regimens, incorporating in silico modeling may 
allow for an enhanced appreciation of how these agents 
combine and may allow for early identification of combi-
nations which harbor negative interacting effects when 
clinical data deviate from modeled simulations. Lastly, 
these results call for further translational efforts which 
integrate biomarkers to adaptively match therapies with 
tumor phenotypes dynamically.

The following software/libraries were used
 ► NumPy: Harris, C.R., Millman, K.J., van der Walt, S.J. 

et al. Array programming with NumPy. Nature 585, 
357–362 (2020). DOI: 0.1038 /s41586- 020- 2649- 2.

 ► lifelines: Cameron Davidson- Pilon, Jonas Kalderstam, 
Noah Jacobson, Sean Reed, Ben Kuhn, Paul Zivich, … 
Dave Golland. (2021, March 3). CamDavidsonPilon/
lifelines: 0.25.10 (Version v0.25.10). Zenodo. http:// 
doi. org/ 10. 5281/ zenodo. 4579431

 ► Python V.3.7.3
 ► pandas: Jeff Reback, Wes McKinney, jbrockmendel, 

Joris Van den Bossche, Tom Augspurger, Phillip Cloud, 
… Mortada Mehyar. (2020, March 18). pandas- dev/

pandas: Pandas V.1.0.3. Zenodo. http:// doi. org/ 10. 
5281/ zenodo. 3715232

 ► Plot Digitzer (V.2.6.9). Source code for program is 
available: http:// plotdigitizer. sourceforge. net/
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