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Abstract

Enrolling patients in immunotherapy clinical trials is becoming increasingly
competitive. Virtual clinical trials can help investigators answer key questions
despite this. For example, pembrolizumab is the recommended first-line treat-
ment for non-small cell lung cancer (NSCLC) with no driver alterations and a
programmed death ligand 1 (PD-L1) Tumor Proportion Score >50%. Salvage ther-
apies for relapsed/refractory patients are limited. Retrospective studies suggest
that a subset of patients may benefit from pembrolizumab beyond progression;
these results have not been validated in a prospective study. We constructed digi-
tal twins of patients and simulated clinical trials to predict the best salvage ther-
apy after progressive disease (PD) on pembrolizumab. Response dynamics were
evaluated at the lesion level to represent patients who experience systemic PD
while individual lesions continue shrinking. With >25,000 radiographic lesion
measurements from >500 patients, we simulated responses to pembrolizumab,
chemotherapy, and PD on pembrolizumab followed by either pembrolizumab be-
yond progression or salvage chemotherapy. Switching all progressors to salvage
chemotherapy was suboptimal. Virtual trials predicted progression-free survival
(PFS) from pembrolizumab beyond progression to be comparable with salvage
chemotherapy in patients whose PD was due to nontarget progression. A PFS-
optimized regimen may improve disease control rates >15%. Pembrolizumab
beyond progression may benefit a subset of patients with PD-L1-high, driver
alteration—free NSCLC, but prospective studies are warranted.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Virtual clinical trials are a pharmacometrics tool commonly used to inform
clinical trial design. Within oncology, however, these methods primarily employ
population-level data without accounting for the within-patient variability of met-
astatic disease. Pembrolizumab is a programmed cell death protein 1-targeting
immunotherapy that elicits heterogenous responses in patients. Under current
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disease progression grading guidelines, this can result in patients being classified
as treatment resistant even when many lesions (metastases) are still responding.
Patients subsequently switched to salvage chemotherapy may be exposed to un-
necessary toxicity.

WHAT QUESTION DID THIS STUDY ADDRESS?

Pembrolizumab monotherapy is the recommended first-line treatment for non-
small cell lung cancer with no driver alterations and programmed death ligand 1
>50%. The best salvage therapy for patients who progress on pembrolizumab in
this setting is unknown.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

We evaluated whether and for whom pembrolizumab beyond progression could
be beneficial. We used or derived individual patient-level lesion measurements to
account for within-patient heterogeneity in treatment response and conducted a
series of virtual clinical trials. We predicted patients for whom pembrolizumab
beyond progression could be beneficial.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

Our study creates impetus to prospectively evaluate pembrolizumab treatment
beyond progression in a subset of patients to determine the characteristics associ-

ated with response.

INTRODUCTION

Immunotherapy has revolutionized the treatment of
many cancers. Unfortunately, the subsequent prolifera-
tion in the number of immunotherapy clinical trials has
caused considerable competitiveness in patient enroll-
ment.! Virtual clinical trials can be valuable tools for dem-
onstrating proof of concept and generating hypotheses ex
ante, thereby improving the success rates of real clinical
trials.

Pembrolizumab is an antibody inhibitor of pro-
grammed cell death protein 1 (PD-1) recommended for
the first-line treatment of advanced programmed death li-
gand 1 (PD-L1) Tumor Proportion Score (TPS) >50% (PD-
L1-high) non-small cell lung cancer (NSCLC) without
driver alterations.” However, within-patient responses to
pembrolizumab are heterogeneous, with frequent reports
of spatiotemporally dissociated patterns of response and
progression.** This leads to situations under the Response
Evaluation Criteria in Solid Tumors (RECIST) Version 1.1,
where patients with nontarget progression or new metas-
tases can be classified as having progressive disease (PD)
regardless of target lesion response.*” As a result, patients
who progress on pembrolizumab might be switched to
salvage chemotherapy even while some or most of their
lesions are still responding.® Determining the optimal sal-
vage therapy after treatment failure in the PD-L1-high,
driver alteration-free setting remains a challenge given
the limited repertoire of approved therapeutics. This issue

is also hard to address in clinical trials considering the
competitive clinical trial landscape for immunotherapies.

Several retrospective studies have found that a subset
of NSCLC patients who progress under immunotherapy
can still benefit from the same treatment beyond PD.” ™"
Biomarkers of this subset have not been conclusively
identified. We hypothesized that relevant knowledge
might be found within the heterogeneity of individual
lesion responses to pembrolizumab. This heterogeneity
is well appreciated across anatomical sites: lesions in the
liver, for example, respond poorly to pembrolizumab and
correlate with inferior patient-level responses in NSCLC.?
Ethical considerations have precluded rigorous prospec-
tive studies of the relationship between treatment beyond
progression and lesion-level response heterogeneity, leav-
ing biomarkers for patients likely to benefit from pem-
brolizumab beyond progression yet undiscovered."

To identify the patterns of PD most likely to respond to
pembrolizumab beyond progression, we employed virtual
clinical trials and in silico representations of individual
patients—so-called “digital twins.”'? Digital twins are an
important emerging tool used to derive clinical insights
from patient data and test hypothetical clinical scenar-
ios in a flexible, expedient manner. Within this study,
we constructed digital twins from publicly available le-
sion growth dynamics of NSCLC treated with pembroli-
zumab or platinum doublet chemotherapy and enrolled
them in virtual trials of hypothetical treatment regimens.
Importantly, although we were able to directly obtain
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lesion-level growth dynamics for NSCLCs treated with
chemotherapy, we needed to develop a method to infer
them from total tumor burden dynamics for NSCLCs
treated with pembrolizumab due to a paucity of accessible
data. These estimated growth dynamics were specific to
the lesions' anatomical locations. We also adapted a pub-
lished nontarget progression model for melanoma treated
with immunotherapy to approximate nontarget progres-
sion rates under pembrolizumab.” Henceforth, we refer
to PD caused by the appearance of new metastases or
the growth of nontarget lesions collectively as “nontarget
progression.”

Our final virtual cohort of digital twins comprised
1000 patients with realistic distributions of baseline tumor
burden across anatomical sites. After demonstrating our
model could robustly recapitulate monotherapy responses
to chemotherapy and pembrolizumab, we examined pa-
tients who progressed on pembrolizumab and simulated
treatment with either salvage chemotherapy or pembroli-
zumab beyond progression. This predicted a subset of pa-
tients who may benefit from pembrolizumab, supporting
prospective clinical investigation as well as the further use
of virtual clinical trials to generate testable hypotheses in
oncology.

METHODS

Creating a virtual cohort with
anatomically distributed baseline tumor
burden

Lesion-level response dynamics from Socinski et al.'?
were obtained from Project Data Sphere (registration
number: LungNo_Celgene_2007_108, ClinicalTrials.
gov identifier: NCT00540514). The study was approved
by institutional review boards at each participating
center and conducted in accordance with the princi-
ples of the Declaration of Helsinki and Good Clinical
Practice Guidelines of the International Conference on
Harmonization. All patients provided written informed
consent before study initiation. The control arm com-
prised 25,708 lesion diameter measurements from 524
patients with previously untreated advanced NSCLC.
We cleaned these data such that each lesion's site corre-
sponded to either one of seven anatomical sites reported
by Osorio et al.>—adrenal, bone, liver, lung, lymph node,
pleural, soft tissues—or “other.” Next, target lesion di-
ameter measurements made before or within 1 day after
treatment initiation were designated as baseline meas-
urements. We constructed the final bootstrapped vir-
tual cohort (1000 patients with 4109 lesions) from the
cleaned data by sampling with replacement.

Obtaining lesion growth dynamics
parameters under chemotherapy

Lesion-level response dynamics from Socinski et al."?
were segregated by anatomical site. We applied a nonlin-
ear mixed-effects population modeling approach to esti-
mate lesion growth dynamics parameters f, d, and g for
lesions in each anatomical site,'*!

N, = N, fe~¥ + Ny(1 - f)e¥, €]

where N, represents tumor burden at time t, N, rep-
resents baseline tumor burden, f represents the fraction of
treatment-sensitive cells at baseline, d represents the death
rate of treatment-sensitive cells, and g represents the growth
rate of treatment-resistant cells. Default software recom-
mendations in Monolix 2021 R1 (Lixoft)'® were used to
select error models and correlation models (Appendix S1).
The best objective response (BOR) of each lesion was calcu-
lated by taking the nadir of non-baseline measurements for
each patient and stored alongside its corresponding f, d, and
g parameters. The end result was a chemotherapy response
matrix C, where each row contained values for f, d, g, and
anatomical site s, and m is the number of lesions in Socinski
etal?

s fiodo&
C= :+ &+ & ()
Sm fm dm gm
Simulating chemotherapy

All treatment simulations were conducted in MATLAB
R2020b (MathWorks). To simulate treatment, each lesion
was assigned a random row vector of f, d, and g parameter
values from the chemotherapy response matrix given an
anatomical site s. These parameters were then used with
Equation (1) to simulate lesion-level response dynamics
under 18weeks of chemotherapy with radiographic as-
sessments every 6weeks."? Patient-level tumor burden
was calculated by summing the diameters of all lesions
in a patient at any given time. Response and progression-
free survival (PFS) were calculated per RECIST Version
1.1 from tumor measurements at each simulated radio-
graphic assessment. Of note, we classified PD as due to
target, nontarget, or target and nontarget progression by
adapting the total tumor burden-based nontarget progres-
sion model in Kumar et al.” to NSCLC with data from Lee
etal.l’ (Appendix S2). Objective response rate (ORR) was
calculated by summing the proportion of patients who
achieved partial response (PR) or complete response.
Disease control rate (DCR) was calculated by summing
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the ORR with the proportion of patients who achieved
stable disease (SD).

Obtaining lesion growth dynamics
parameters under pembrolizumab

Patient-level tumor burden dynamics of 88 driver
alteration-free NSCLC patients treated with first-line
pembrolizumab monotherapy were reported in Nishino
et al.'"® The majority (84%) of these patients had PD-L1
TPS >50% before treatment initiation. Without access to
the underlying data, we manually extracted the tumor
burden dynamics of 77 patients with WebPlotDigitizer."’
This provided sufficient data to use within Monolix 2021
R1 to perform nonlinear mixed-effects population mod-
eling and obtain parameter values for f, d, and g. We then
calculated patient-level BORs by taking the nadir of non-
baseline measurements. This was stored in an interim ma-
trix M alongside its corresponding f, d, and g parameters.
We also calculated a composite growth rate ¢ for each
patient,20

log(?)_ 3)

The interim matrix M of patient-level pembrolizumab
response parameters could be represented as follows,
where n is the number of patients in Nishino et al.,'®

PBOR, ¢ fi di &
M= : S A 4)
ljlg(len qbn jh ‘in é?n

Next, we extracted anatomical site-specific best re-
sponses of 480 lesions treated with anti-PD-1 monother-
apy in Osorio et al.® using WebPlotDigitizer."” From this
matrix P’, lesion-level BORs were compared against the
nearest patient-level BORs in M and assigned their asso-
ciated f, d, g, and ¢ parameters. Because the lesion BORs
in Osorio et al.® were from a primarily pretreated popula-
tion and M contained response parameters from first-line
pembrolizumab,® indexing within M was done after sub-
tracting the difference in response rates r between the two
studies. Letting ¢ = number of lesions in Osorio et al.* and
* denote all elements within a vector, we have

BOR; s
1)/ — . .

BORq Sq

ASCPT

ieNn|1,q]
My=9M;, j= min<|M*,1—r—P{,1|) . (5)
jeNNI[1, n]

The end result was a scaled pembrolizumab response
matrix P containing values for f, d, g, ¢», and an anatomical
site for each lesion in Osorio et al.,

BOR; s; pBOR; ¢, fi di &
P= [P’ M’] = : : [ (6)

BOR, s, pBOR, ¢, f, d; &

Simulating pembrolizumab monotherapy
with intrapatient correlation in
growth dynamics

We reasoned that systemic factors such as patient immune
status might mediate diverse patterns of synchronous and
dissociated response to pembrolizumab. The correlation
in growth dynamics across lesions in each patient was ac-
counted for by simulating with within-patient response
correlation anywhere from perfect (p = 1) to nonexistent
(p = 0). A schematic representation of this process is pro-
vided in Figure S2. First, let Pt, denote a virtual patient ¢
with u baseline lesions in certain anatomical sites,

S1

Pt

To generate a parameter set that yielded within-patient
responses to pembrolizumab with a desired p, u vectors of
P,4 €P,,Nns were obtained and padded by replication
until all were of identical length. Vectors were then hori-
zontally concatenated into matrix X, where each column
contained possible values of ¢ for a single lesion. Let z rep-
resent the unique anatomical sites harboring lesions in the
patient, I(z) is the number of elements in z, lcm( W Wy )
represents the lowest common multiple of a vector, num(w)
represents the number of elements in a vector, and rep (17 R k)
represents k replications and vertical concatenations of vec-
tor v,

L= lcm( num(z, NP, ;) num(ze) NP, ;) )

L
=rep| P,,€Pt,,NP, ,, ——M
X =4[y Yb p< #a = eb num(Ptc,an*’Z)) (7
beNN[1,u]
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FIGURE 1 Digital twins were created from individual patient data. (a) Schematic of method for generating a virtual cohort, deriving

lesion growth dynamics, and simulating treatment. Data in Socinski et al.'* were obtained from Project Data Sphere and used to bootstrap

a virtual cohort of 1000 patients. Anatomical site-specific lesion size measurements of NSCLCs in Socinski et a

1.1* were then used to fit a

nonlinear mixed-effects model of lesion-level growth dynamics under platinum doublet therapy. Similarly, anatomical site-specific lesion

growth dynamics were obtained from Osorio et al.* and used in tandem with tumor burden dynamics from Nishino et a

1.8 to fit a nonlinear

mixed-effects model for lesion growth dynamics under pembrolizumab (see Methods). (b) Baseline lesion distribution observed in the

control arm of Socinski et al.'* (c) Lesion-level response dynamics of 524 patients treated with first-line carboplatin and paclitaxel'® obtained

from Project Data Sphere. For clarity, only one lesion per patient is shown. Additional anatomical sites, individual lesion-level model fits,
and parameter estimates are provided in the Appendix S1. BOR, best objective response

Values of ¢ were ranked within each column, de-
noted by f{X), for subsequent addition of Gaussian noise
and reranking. Based on the observation in Osorio et al.®
that ~20% of patients treated with pembrolizumab ex-
hibit highly synchronous responses, the top 20% ¢ ranks
were protected from this process; removal of these values
yielded X A random amount of Gaussian-distributed
noise was added to X', denoted by g(X). This was reranked
to yield Y. Next, Y was reconcatenated to the values origi-
nally removed from X to yield Y,

$oar1 boaor s
Y=1f (g (x))X'=| =~
b1 v drg
, | Xex'
Y = l v ] )]

p was then calculated for Y”. First, a correlation matrix
Z was calculated, giving pairwise correlations between
each column of Y’. A Fisher Z-transformation was per-
formed on the matrix, after which the unique off-diagonal
pairwise correlations, represented by h(x), were averaged.
An inverse Fisher transform was performed on this value
to yield p,

p= tanh( h(tanh=1(Z)) ) 9

In other words, the value of p represented the average
pairwise correlation in growth dynamics between any two
given lesions in a patient. If this average p deviated from
the desired p by more than an acceptable level of toler-
ance, the magnitude of Gaussian noise was iteratively ad-
justed to increase or decrease p. Once the desired p was
achieved, a random row vector v from the list was sampled
such that a value of ¢ for each lesion was obtained,

y= {Y;’*lxNU(l,L)nN}. (10)

Each lesion's ¢ value was used to assign it a corresponding
set of f, d, and g parameter values from P. For tumors located
in the “other” compartment, we sampled from the pooled
parameters of all other sites,

(v;nP,4) N (Pt,;NP,,)
ieNN[1,u]
beNn|1,q]

Ptr,=3P,,|b= . (11)

We used f, d, and g parameters and Equation (1) to simu-
late 16 weeks of pembrolizumab treatment with radiographic
assessment every 8weeks.'® Patient-level tumor burden, re-
sponse rates, and PFS were calculated as they were for che-
motherapy. To determine the best value of p to use for further
simulation and analysis, the simulated cohort's sum devi-
ance in ORR and PD from Nishino et al."® was calculated.
This process was repeated for all target values of p in [0, 1]
in increments of 0.01. The p that minimized the simulated
cohort's deviance in ORR and PD was carried forward.

Simulating salvage chemotherapy or
pembrolizumab beyond progression

Virtual patients were treated with pembrolizumab mono-
therapy for up to 16weeks or until PD, at which point
progressors were cloned in silico and given either salvage
chemotherapy, pembrolizumab beyond progression, or a hy-
pothetical PFS-optimized regimen. This subsequent round
of therapy was maintained for 18 weeks, with radiographic
assessment simulated every 6 weeks. Salvage chemotherapy
was simulated by replacing the pembrolizumab-specific f, d,
and g parameters of a patient's lesions with a random set of
chemotherapy-specific f, d, and g parameters.

In virtual patients treated with PFS-optimized therapy,
tumor burden was simulated pro forma under 18 weeks
of either salvage chemotherapy or pembrolizumab be-
yond progression in parallel. The treatment that resulted
in longer PFS was retroactively selected as the subsequent
therapy. This virtual trial was repeated 1000 times for
analysis.
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RESULTS

Virtual trials recapitulate heterogeneous
clinical responses to treatment

Baseline patient data from a clinical dataset were adapted
to inform the tumor growth model (Figure 1a).>>!*'7!8
Patients had an average of ~4 target lesions, most com-
monly in the lung and lymph nodes (Figure 1b).
Representative spider plots of individual lesion response
dynamics are provided in Figure 1lc. These lesion-level
responses were used to create a virtual cohort of 1000 pa-
tients with realistic baseline tumor burden, anatomical
lesion distributions, nontarget progression rates, and site-
specific response dynamics.

Virtual patients were treated for 16-18 weeks with peri-
odic radiographic assessment of tumor diameters (Figure 2a).
We found that first-line chemotherapy and pembrolizumab
yielded comparable tumor control and PFS within this time
frame, with 57% and 56.2% remaining progression-free at
the conclusion of treatment, respectively. This is consistent
with clinical observations that the PFS advantage of pem-
brolizumab emerges over time?! (Figure 2b,c). Simulated
platinum doublet chemotherapy was able to recapitulate the
heterogeneity and response rate of patients in the control
arm of Socinski et al."* who received first-line carboplatin
and paclitaxel (29.7% vs. 31.4%; Figure 2d). Similarly, mono-
therapy simulations with moderate within-patient correla-
tion (p = 0.17; see Methods) were able to recapitulate the
response rate of patients who received first-line pembroli-
zumab (41.6% vs. 44.3%; Figure 2e). Importantly, these data
show the ability of the model to recapitulate the significantly
higher response rate of first-line pembrolizumab compared
with chemotherapy in this disease setting.

Patterns of response vary with therapy and
lesion location

Patients treated with virtual monotherapy were assessed
for within-patient heterogeneity in lesion responses across
anatomical sites. At the patient level, baseline lesion dis-
tribution across anatomical sites did not dramatically af-
fect lesion responses (Figure S3A,B). At the lesion level,
lesions in the liver and soft tissues at high risk of nonre-
sponse to pembrolizumab responded better to chemother-
apy, with rates of increase in lesion diameters >20% of 39%
versus 8% and 30% versus 0%, respectively (Figure 3a).
Interestingly, previous studies have reported that
liver metastases reduce the efficacy of anti-PD-1 ther-
apy in NSCLC.>* In our virtual cohort, patients with
liver metastases before treatment initiation experi-
enced shallower responses (mean [standard error of the

mean, SEM]: 4.4% [7.9] vs. —14.1% [3.1]) and shorter
PFS (week 16 surviving: 46% vs. 57%) under pembroli-
zumab than those without (Figure 3b-d). Conversely,
liver metastases conferred no difference in PFS under
chemotherapy, although they did slightly affect re-
sponse depth (mean [SEM]: —24.9% [2.1] vs. —32%
[0.8]) (Figure S3C-E).

Unconditionally applied salvage
chemotherapy after progression on
pembrolizumab yields suboptimal PFS

With successful recapitulation of responses to mono-
therapy, we simulated a pembrolizumab salvage therapy
trial to identify which patients, if any, could benefit from
pembrolizumab beyond progression (Figure 4a). Virtual
patients were treated with pembrolizumab for up to
16weeks or until PD, at which point they were compu-
tationally cloned. Each digital twin then received either
pembrolizumab beyond progression or salvage chemo-
therapy for 18 additional weeks. Progressors were strati-
fied by their initial cause of PD: target progression only,
nontarget progression only, or simultaneous target and
nontarget progression at the time of radiographic assess-
ment. PFS under subsequent therapy (PFS2) was then as-
sessed in each group.

We hypothesized that carefully selecting patients to
maintain on pembrolizumab beyond progression would
produce better cohort-level outcomes than uncondi-
tionally selecting salvage chemotherapy. To investigate
this, we also simulated a hypothetical “PFS-optimized”
regimen: whichever therapy yielded the longest PFS2
to the digital twins was provided to the virtual patient
at initial progression. It is worth noting that this is cur-
rently impractical to implement in clinical practice given
the lack of biomarkers guiding therapy selection in the
pembrolizumab-refractory, PD-L1-high, driver alteration-
free setting. Nevertheless, if salvage chemotherapy were
optimal for cohort-level outcomes, we expected there to be
no difference in PFS between the PFS-optimized regimen
and the salvage chemotherapy regimen. Instead, we found
that salvage chemotherapy significantly underperformed
the PFS-optimized regimen in patients with nontarget
progression, but not in patients with target-only progres-
sion (Figure 4b-e). Interestingly, although salvage che-
motherapy underperformed the PFS-optimized regimen
in DCR—BOR of SD or better (63.5% vs. 79.8%)—it pro-
duced a comparable response rate (31.6% vs. 32.7%). This
indicated that the primary benefit of the PFS-optimized
regimen was through maintenance of SD in a greater pro-
portion of patients as opposed to the generation of new,
latent responses.
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FIGURE 2 Digital twins recapitulate observed clinical responses to therapy. (a) Schematic of virtual clinical trial comparing
pembrolizumab versus chemotherapy. Treatment with chemotherapy was simulated for 18 weeks with radiographic assessment for response
every 6 weeks. Treatment with pembrolizumab was simulated for 16 weeks with radiographic assessment for response every 8 weeks. (b)
Median tumor burden (Equation 1) under chemotherapy (cyan) and pembrolizumab (red). Shaded regions represent the interquartile range.
(c) PFS under chemotherapy (cyan) and pembrolizumab (red). (d) Monotherapy responses to platinum doublet chemotherapy reported

in Socinski et al."® (top) and simulated patients (bottom). Horizontal dashed lines indicate thresholds for PD and PR, purple diamonds
represent individual lesions, cyan bars indicate patients with responses and no nontarget progression, and gray bars indicate patients with
responses and simultaneous nontarget progression. Treatment was simulated for 18 weeks with radiographic assessment for response every
6weeks. (e) Monotherapy responses to pembrolizumab in treatment-naive patients digitized from Nishino et al.'® (top) and simulated
patients (bottom). Horizontal dashed lines indicate thresholds for PD and PR, red bars indicate patients with PR or better based on target
lesion dynamics only, and p represents the average correlation of responses among lesions within each patient (see Methods). Neither
individual lesion response nor nontarget progression were assessed due to lack of availability in the published dataset. Ns, not significant
(log-rank test); ORR, objective response rate; PD, progressive disease; PFS, progression-free survival; PR, partial response

A subset of nontarget progressors may identify the progressors who stood to benefit most
benefit from pembrolizumab beyond from pembrolizumab beyond progression. When
progression considering all progressors or target-only progres-

sors, pembrolizumab beyond progression was infe-
Given the room to improve cohort-level PFS2  rior to salvage chemotherapy in PFS2 and control
above salvage chemotherapy, we next attempted to of tumor burden (Figures 4b,c and 5a,b). However,
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FIGURE 4 Pembrolizumab beyond progression can prolong PFS in nontarget progressors. (a) Schematic of a virtual clinical trial
comparing pembrolizumab beyond progression versus salvage chemotherapy or a hypothetical PFS-optimized regimen. Treatment with
pembrolizumab was simulated for up to 16 weeks with radiographic assessment for response every 8 weeks. Progressors were cloned in
silico and assigned to receive treatment for 18 weeks with radiographic assessment for response every 6 weeks. (b) PFS2 in patients receiving
pembrolizumab beyond progression, salvage chemotherapy, or a hypothetical PFS-optimized treatment (see Methods). Data are pooled
across 100 trial replicates, with solid lines representing medians and shaded regions representing the 5th and 95th percentiles. (c) Same as
(b) for patients with target progression without nontarget progression. (d) Same as (b) for patients with nontarget progression without target
progression. (e) Same as (b) for patients with simultaneous target and nontarget progression at radiographic assessment. (f) Best response,
ORR, and DCRs in patients after treatment. See the Methods for calculation. Data are pooled across 100 replicates. Horizontal dashed

lines indicate thresholds for progressive disease and partial response, purple diamonds represent individual lesions from a representative
replicate, and colored bars indicate patients with responses and no nontarget progression. Gray bars indicate patients with no response as
well as patients with target lesion responses but simultaneous nontarget progression. *p <0.0005 (log-rank test). DCR, disease control rate;
ORR, objective response rate; PFS, progression-free survival; PFS2, progression-free survival under subsequent therapy

pembrolizumab beyond progression and salvage
chemotherapy produced indistinguishable PFS2 and
control of tumor burden in patients with nontar-
get progression (Figures 4d,e and 5c,d). As the PFS-
optimized regimen was significantly better than both

pembrolizumab beyond progression and salvage chem-
otherapy in this group, we inferred the existence of a
subset of nontarget progressors who indeed benefited
more from pembrolizumab beyond progression than
salvage chemotherapy.® In these patients, however, it
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is possible that pembrolizumab beyond progression
maintains SD in more patients as opposed to eliciting
deeper responses. This is reflected by the discrepancy
in the response and DCRs of salvage chemotherapy
and PFS-optimized therapy (Figure 4f).

Patients Patients

DISCUSSION

Our study leveraged virtual trial simulation to explore
the feasibility of treatment beyond progression with pem-
brolizumab in patients with PD-L1 TPS >50%.> Several
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assumptions made throughout this study are summarized
here:

« Driver alteration status and PD-L1 expression do not
alter the anatomical distribution of tumor burden

« Effects of wvariability in chemotherapy and pem-
brolizumab dose intensity are negligible across the
population

« Exponential, capacity-less tumor growth

« Differences in response rates to first-line and second-
line treatments with pembrolizumab are reflected in
different BORs

» Baseline patient covariates in Socinski et al.,'® such as
sex, weight, and immune status, are representative of
the population who would receive pembrolizumab

« Responses under carboplatin and paclitaxel are gener-
ally representative of platinum doublet chemotherapies

Patients whose target lesions progressed under pem-
brolizumab were unlikely to derive benefit from pem-
brolizumab beyond progression. Conversely, those who
had nontarget progression were most likely to benefit.
The population-level underperformance of salvage che-
motherapy compared with a hypothetical PFS-optimized
regimen was only noted in nontarget progressors. The re-
baselining of patients at PD for the purpose of RECIST
evaluation introduces the possibility that target lesions in
patients whose initial PD was due to nontarget progres-
sion may, in fact, still be shrinking. Taken in the context

of first-line pembrolizumab's high response rate, this
suggests that patients who are still responding favorably
on pembrolizumab but progress from a new metastasis
or nontarget lesion growth might be switched to less-
efficacious chemotherapies. This would then lead to an
inferior population-level PFS for salvage chemotherapy
PFS when compared with a hypothetical PFS-optimized
regimen. Naturally, a qualification would be that the new
metastasis did not appear in a terminal location such
as the brain. Whether patient-specific PFS- or survival-
optimized therapeutic selection is practically attainable is
an active area of investigation.

Our simulations also yielded a modest increase in re-
sponse rate to salvage chemotherapy after progression on
pembrolizumab (31.6% vs. 29.7%), in agreement with previ-
ous reports that first-line pembrolizumab enhances response
rates to salvage chemotherapy compared with first-line che-
motherapy.*** This may have been due to pembrolizumab
and chemotherapy exerting differential efficacy in different
anatomical sites, such that pembrolizumab “pretreatment”
shrunk tumors in anatomical sites that otherwise would
have responded poorly to chemotherapy—that is, one ther-
apy covering the other's bases with respect to biodistribution
or site-specific efficacy. The differential biodistribution of
chemotherapy, anti-PD-1 antibodies, and invigorated effec-
tor T cells remains underexamined in the setting of combi-
nation and sequential therapy.

Notably, although pembrolizumab plus peme-
trexed and platinum chemotherapy is currently the



PEMBROLIZUMAB TREATMENT BEYOND PROGRESSION

| 247

recommended first-line therapy for previously untreated
advanced NSCLC with PD-L1 TPS <50%,>*® we did not
have access to lesion growth dynamics data for patients
treated with this regimen. This is a clinically important
population that we therefore did not investigate. We advo-
cate for trial investigators to make lesion-level data avail-
able whenever feasible, as these data are instrumental to
robust studies of tumor growth dynamics under diverse
treatment regimens.

One potential limitation of our study was the absence
of simulated growth dynamics for new lesions, for which
diameters were not reported in our source dataset. It is
possible that growth of these nontarget lesions in the se-
quential therapy trial might have caused some patients re-
ceiving subsequent therapy to progress more quickly. We
considered this unlikely for two related reasons: first, these
patients by definition have tumor burden of at least 20%
greater than baseline, causing a second increase of 20%
to require substantially greater additional tumor mass;
second, new metastases are likely to be smaller than ex-
tant lesions. Metastatic lesion measurements might have
helped us assess patients via the immune RECIST criteria
and more accurately determine progression on pembroli-
zumab at radiographic assessments 4-8 weeks after initial
unconfirmed PD.%

As the field moves toward increasingly mechanistic,
biology-driven models, itisimportant tonote thatthe mech-
anism of action of PD-1 axis inhibitors is still emerging.*®
Although the originally implicated effector population in
humans was exhausted tumor-infiltrated lymphocytes,
mounting evidence suggests a substantial role for periph-
erally expanded lymphocytes.?*** Furthermore, important
immune covariates such as tumor infiltration, baseline
Ilymphocyte and leukocyte counts, and effector phenotype
distributions are highly variable, making many systems
model parameters challenging to justify when simulating
on an individual patient basis.>* Our study therefore pro-
vides a complementary “top-down” approach to predict
patient response to either continued anti-PD-1 therapy or
salvage chemotherapy upon partial progression. Despite
our model being biologically coarse grained, it is able to
integrate multiple sources of variability to make statisti-
cal predictions of patient response. However, one should
interpret this statistical evidence with the aforementioned
biological caveats in mind.

The intent of our work is not to identify specific bio-
markers from biology (e.g., PD-L1 expression or extent
of tumor lymphocyte infiltration) but, rather, to evalu-
ate macroscopic patterns of disease, such as metastatic
sites and tumor burden, which are associated with ther-
apeutic benefit by continued anti-PD-1 therapy beyond
progression. Treatment beyond (partial) progression has
become an interesting topic for immunotherapy, and

ASCPT

many retrospective analyses of trials have maintained the
field's continued interest. Concretely, we highlight that
those who progress per RECIST from nontarget sources
might still have benefit to gain from treatment beyond
progression.

Our findings broadly aligned with those of Metro et al.,
who found pembrolizumab beyond progression to be ben-
eficial for NSCLC patients with progression in <2 organ
sites.® Overall, this work supports (1) the continued de-
velopment of virtual clinical trials as a tool for generat-
ing clinical hypotheses and (2) the identification of better
salvage therapies for patients with PD-L1-high, driver
alteration-free NSCLC. Prospective studies in the subset
of patients who experience nontarget progression may be
warranted.
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