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Development and validation of an integrative
pan-solid tumor predictor of PD-1/PD-L1
blockade benefit

Abstract

Background Anti-PD-1 and PD-L1 (collectively PD-[L]1) therapies are approved for many

advanced solid tumors. Biomarkers beyond PD-L1 immunohistochemistry, microsatellite

instability, and tumor mutation burden (TMB) may improve benefit prediction.

Methods Using treatment data and genomic and transcriptomic tumor tissue profiling from

an observational trial (NCT03061305), we developed Immunotherapy Response Score (IRS),

a pan-tumor predictive model of PD-(L)1 benefit. IRS real-world progression free survival

(rwPFS) and overall survival (OS) prediction was validated in an independent cohort of trial

patients.

Results Here, by Cox modeling, we develop IRS—which combines TMB with CD274, PDCD1,

ADAM12 and TOP2A quantitative expression—to predict pembrolizumab rwPFS (648

patients; 26 tumor types; IRS-High or -Low groups). In the 248 patient validation cohort (248

patients; 24 tumor types; non-pembrolizumab PD-[L]1 monotherapy treatment), median

rwPFS and OS are significantly longer in IRS-High vs. IRS-Low patients (rwPFS adjusted

hazard ratio [aHR] 0.52, p= 0.003; OS aHR 0.49, p= 0.005); TMB alone does not sig-

nificantly predict PD-(L)1 rwPFS nor OS. In 146 patients treated with systemic therapy prior to

pembrolizumab monotherapy, pembrolizumab rwPFS is only significantly longer than

immediately preceding therapy rwPFS in IRS-High patients (interaction test p= 0.001). In

propensity matched lung cancer patients treated with first-line pembrolizumab monotherapy

or pembrolizumab+chemotherapy, monotherapy rwPFS is significantly shorter in IRS-Low

patients, but is not significantly different in IRS-High patients. Across 24,463 molecularly-

evaluable trial patients, 7.6% of patients outside of monotherapy PD-(L)1 approved tumor

types are IRS-High/TMB-Low.

Conclusions The validated, predictive, pan-tumor IRS model can expand PD-(L)1 mono-

therapy benefit outside currently approved indications.

https://doi.org/10.1038/s43856-023-00243-7 OPEN

#A list of authors and their affiliations appears at the end of the paper.

Plain language summary
Therapies activating the immune

system (checkpoint inhibitors) have

revolutionized the treatment of

patients with advanced cancer, how-

ever new molecular tests may better

identify patients who could benefit.

Using treatment data and clinical

molecular test results, we report the

development and validation of

Immunotherapy Response Score

(IRS) to predict checkpoint inhibitor

benefit. Across patients with more

than 20 advanced cancer types, IRS

better predicted checkpoint inhibitor

benefit than currently available tests.

Data from >20,000 patients showed

that IRS identifies ~8% of patients

with advanced cancer who may dra-

matically benefit from checkpoint

inhibitors but would not receive them

today based on currently available

tests. Our approach may help clin-

icians to decide which patients

should receive checkpoint inhibitors

to treat their disease.
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Anti-PD-1 and anti-PD-L1 (PD-[L]1) monoclonal anti-
bodies, known as checkpoint inhibitors (CPIs), have
transformed cancer care, and are approved for use in

multiple tumor types and pan tumor indications (microsatellite
instability high/mismatch repair deficient [MSI-H/dMMR] and
tumor mutation burden [TMB] ≥ 10 mutations/megabase [Muts/
Mb])1–3. Improved biomarkers capable of predicting anti-PD-(L)
1 benefit have the potential to expand CPIs to additional patient
populations outside of currently approved indications, and to
focus their application more effectively on likely responsive
patients when alternative therapies exist. PD-L1 immunohis-
tochemistry (IHC) is required for treatment in many tumor types
and serves as a companion diagnostic biomarker; although anti-
bodies, staining platforms, PD-L1 expressing cells included in
scoring algorithms, and cutoffs vary across tumor types4–14. In
addition, high TMB predicts CPI response across multiple tumor
types, although TMB determination approaches vary across stu-
dies and tests, only a fraction of TMB high (TMB-H) patients
benefit, and a single TMB cutoff may not be optimum across
tumor types or CPIs15–24. For example, in the KEYNOTE-158
study of 9 tumor types leading to pan-solid tumor approval of
second-line pembrolizumab (anti-PD-1) in patients with TMB ≥
10 Muts/Mb by the FoundationOne companion diagnostic
(CDx) comprehensive genomic profiling (CGP) device, objective
responses were observed in 37%, 13%, and 6% of patients with
TMB ≥ 13 Muts/Mb, ≥10 and <13 Muts/Mb, and <10 Muts/Mb,
respectively25,26.

Additionally, although only pembrolizumab is approved for
patients with high TMB, numerous retrospective and prospective
analyses support the clinical utility of high TMB by compre-
hensive genomic profiling (CGP) for predicting durable responses
to other anti-PD-(L)1 monotherapies, including both other PD-1
(e.g. nivolumab) and PD-L1 (e.g. atezolizumab) monoclonal
antibodies27–32. Notably, in prospective basket studies of patients
with ≥2nd line solid tumors having high TMB by FoundationOne
CDx treated with nivolumab or atezolizumab, ORRs of 28%
(n= 10/36) and 19% (n= 17/90), respectively, were observed in
patients with TMB ≥ 10 Mut/Mb, with increased ORRs of 47%
(n= 8/17) and 38% (n= 16/42), respectively, in patients with
TMB ≥ 16 Mut/Mb31,32. In addition to potentially identifying
patients outside of current indications who may benefit from PD-
(L)1 monotherapy, given the increasing number of approved PD-
(L)1 combination therapy regimens and the thousands of ongoing
combination trials, biomarkers enabling the identification of PD-
(L)1 monotherapy benefit is of particular importance in tumor
types where only combination therapy regimens are approved (or
monotherapy is only approved in later lines) as combination
regimens have increased clinical and financial toxicity and a
recent meta-analysis demonstrating essentially no evidence for
additive or synergistic benefit between PD-(L)1 therapies and
other agents in approved combination regimens33.

Numerous translational research studies have demonstrated
that PD-L1 expression, TMB (with clonal TMB showing
increased predictive ability vs. TMB methods including all
somatic mutations), and other immune related gene expression
markers focusing on the tumor microenvironment (TME) are
independent predictors of response15,34–47. For example, in
bladder cancer, multiple studies have demonstrated the potential
for PD-L1 by IHC, TMB, and T-cell-inflamed gene expression to
predict PD-(L)1 therapy benefit, whether alone or in combination
with chemotherapy, with an only increasing need to maximize
PD-(L)1 benefit given the number of other approved agents in
different therapy classes (chemotherapy, antibody drug con-
jugates and small molecule inhibitors) that must sequenced48–53.

Importantly, however, a single, integrative, clinically applicable
and validated test for treatment selection across solid tumors is

lacking. Herein, leveraging PD-(L)1 therapy treatment data and
CGP plus quantitative transcriptomic profiling (CGP+ qTP) data
from the Strata Trial (NCT03061305)—an observational clinical
trial evaluating the impact of molecular profiling on patients with
advanced solid tumors—we report the development and valida-
tion of an integrated Immunotherapy Response Score (IRS) that
predicts pan-solid tumor PD-(L)1 benefit by both real-world
progression free survival (rwPFS) and overall survival (OS) by an
analytically and clinically validated CGP+ qTP laboratory
developed test (LDT) applicable to minute formalin-fixed paraf-
fin-embedded (FFPE) tissue specimens.

Methods
Cohort. The Strata Trial (NCT03061305), is an observational
clinical trial evaluating the impact of molecular profiling on
patients with advanced solid tumors. It has been centrally
reviewed and approved by Advarra Institutional Review Board
(IRB; IRB Pro00019183) prior to study start; this study was
performed in accordance with the Declaration of Helsinki and we
have complied with all relevant ethical regulations. All patients
provided written informed consent for Strata Trial participation,
except at institutions where a waiver of informed consent was
granted by the central and/or local IRB (if not ceded to central
review) and applied due to minimal risk of using surplus tissue
specimens (Supplementary Data 1). At enrolling health care
systems, all adult patients with locally advanced (stage III),
unresectable or metastatic (stage IV) solid tumors and available
FFPE tumor tissue were eligible; the protocol also allowed
enrollment of patients with rare early-stage tumors.

The Strata Clinical Molecular Database (SCMD) contains
deidentified subject, molecular profiling, treatment, and survival
data for all enrolled NCT03061305 participants. Prior antineo-
plastic therapy, including start and stop dates, were collected for
trial participants at the time of study entry. Antineoplastic
therapy data and survival status were prospectively collected for
up to 3 years from the time of enrollment and/or informed
consent. First, a case series analysis was performed herein
focusing on the development of an integrative CGP+ qTP based
PD-(L)1 benefit predictor, an exploratory aim of the trial. Post-
hoc power analysis was not performed to determine the sample
size of this discovery cohort. A power analysis was then
performed to determine the cohort size needed for an
independent validation cohort as described below. Patients in
the SCMD tested by a version of StrataNGS assessing TMB (see
Biomarker Data below) with parallel gene expression testing data
completed between 25 January 2017 to 12 July 2022 were eligible
for analysis with a data cutoff of 12 July 2022; for the discovery
cohort, only patients tested through 04 May 2021 were eligible
and the data cutoff date was the same as the overall cohort.
General validity analyses of the SCMD are described in
the Supplementary Methods.

For both the discovery and validation cohorts, common
inclusion criteria were: valid TMB measurements from StrataNGS
testing (including meeting the overall 20% tumor content
requirement), valid immune gene expression quantification from
an investigative multiplex PCR based transcriptomic profiling
test, and documented treatment with at least one antineoplastic
agent. For the discovery cohort, additional inclusion and
exclusion criteria included: (1) treatment with a pembrolizumab
containing systemic line of therapy, (2) the tested tissue specimen
was collected prior to the systemic pembrolizumab line start date,
and (3) the patient had no prior anti-PD-(L)1 or CTLA4 blockade
therapy prior to the pembrolizumab line start date. For the
validation cohort, additional inclusion and exclusion criteria
included: (1) treatment with systemic non-pembrolizumab anti-
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PD-(L)1 monotherapy, (2) the tested tissue specimen was
collected prior to the PD-(L)1 therapy start date, (3) had no
prior anti-PD-(L)1 or CTLA4 blockade therapy prior to the non-
pembrolizumab PD-(L)1 line start date, and (4) patients were not
in the discovery cohort. Additional inclusion/exclusion criteria
for other analyses are described below and in the overall study
diagram (Fig. S1). Except in the analysis specifically assessing IRS
performance in samples collected after PD-(L)1 therapy, patients
with samples collected after the start date of the analyzed therapy
line were excluded from all analyses.

Source data verification in the Strata Trial was performed for
high-risk data fields such as demographics and treatment history
per an approved Trial Monitoring Plan. Data completeness,
consistency, and quality assurance checks were performed across
the Strata electronic data capture (EDC) system per an approved
Data Management Plan; 100% source data verification was
performed for the discovery cohort. Additional details on the
Strata Trial experience and Strata molecular profiling have been
described54–56.

Real-world treatment data. Patient treatment history from
electronic health records (EHRs) or manual updating was stan-
dardized to enable derivation of real-world progression free
survival (rwPFS) by time to next therapy (TTNT) and OS. All
medications were classified into anti-neoplastic or non-
antineoplastic treatments, and all anti-neoplastic treatments
were further subclassified (e.g chemotherapy, immune-oncology
[IO; PD-(L)1 or CTLA4], oncogene TKI, hormonal, etc); non-
antineoplastic treatments were excluded from further considera-
tion. Line of therapy assignment was performed in two stages:
first, single-dose treatments with consecutive doses administered
within 90 days were combined into a course of treatment with a
single start and end date; next, non-overlapping lines of treatment
were inferred by considering each course of medication sequen-
tially by start date. Subsequent treatment courses that began more
than 30 days after the start of a given line of treatment, or whose
duration of overlap with the line was less than 50%, were con-
sidered to establish a new line of treatment. Any treatment line
with more than one anti-neoplastic therapy administered during
the line was considered combination therapy. First line chemo
and/or hormonal therapies which concluded 180 days or more
prior to the start of subsequent therapy were considered as
adjuvant.

To determine rwPFS, an effective end date was defined for each
course of treatment as either (a) date of last record if treatment is
ongoing (censored), (b) date of death (event), (c) the start date of
the subsequent therapy line (event), or (d) the latest available end
date (censored if no subsequent line of therapy or death). rwPFS
was calculated as the difference, in months, between the start date
and effective end date of the treatment line. OS was calculated as
the difference, in months, between the start date of the treatment
line and date of death (or censoring).

Biomarker data. Multiplex PCR-based comprehensive genomic
profiling (PCR-CGP), including TMB assessment, was performed
on FFPE solid tumor tissue using StrataNGS (Strata Oncology,
Ann Arbor, MI). The current version of StrataNGS is a 437 gene
laboratory-developed test (LDT) for FFPE tumor tissue samples
performed on co-isolated DNA and RNA, which has been vali-
dated on over 1,900 FFPE tumor samples, and is covered for
Medicare beneficiaries55. While earlier StrataNGS versions were
also used during the study period, all had similar performance for
the TMB assessment (and MSI) used herein56. In parallel,
immune gene expression was determined by analytically and
clinically validated multiplex PCR-based qTP via an

investigational/supplementary test performed on the same co-
isolated RNA as described54; different versions of this quantitative
transcriptomic profiling test have been run in parallel with
StrataNGS (assessing 26, 46, and currently 103 expression tar-
gets), with panel specific scaling validated by concordance ana-
lyses performed as needed. One or more exon-spanning PCR
amplicons were selected for each target gene and multiple
housekeeping genes (see Supplementary Methods) were included,
with three pan-cancer stable housekeeping genes used for clinical
testing. qTP was performed using Ampliseq after reverse tran-
scription followed by Ion Torrent-based next-generation
sequencing. Expression target transcripts were measured in nor-
malized reads per million (nRPM), whereby raw expression target
read counts were normalized by a factor that results in the
median housekeeping gene expression value matching the same
gene’s standard reads per million in a reference FFPE normal cell
line sample (GM24149) run in parallel with all clinically tested
samples54. Relevant components of the analytical and clinical
validation of the current version of the integrated CGP+ qTP
LDT that includes the IRS model are described in the Supple-
mentary Methods.

Statistical analysis. Unadjusted rwPFS and overall-survival (OS)
across groups and treatments were visualized using the Kaplan
Meier method. Adjusted rwPFS and OS analyses were performed
to compare group outcomes (by adjusted hazard ratios and two-
sided p-values) using Cox proportional hazard models unless
otherwise specified. Covariate adjustments shared between all
models include age and gender. Repeated measures were
accounted for in settings where participants had multiple records
(e.g., prior treatment then pembrolizumab monotherapy). Ana-
lysis dependent covariates, as appropriate, included IRS group,
tumor type (most prevalent in cohort vs. all other types), systemic
therapy line number, TMB status (High vs. Low), therapy type
(monotherapy or combination), PD-(L)1 therapy type (PD-1 or
PD-L1 therapy), CDKN2A status (wild type or deep deletion) and
tumor content (continuous). The indicated analysis used MSKCC
definition of TMB sensitive tumor types (MSI-H, POLEmutant,
non-small cell lung cancer [NSCLC], head and neck cancer, or
melanoma as TMB sensitive; all other samples as TMB
insensitive)57 instead of most prevalent tumor type vs. all others.
Performance status (or surrogates) were not available from data
collected as part of the Strata Trial. Proportional hazard
assumptions were checked for each model and cohort of interest
using Schoenfeld residuals. Unstratified analysis results are pre-
sented throughout, as stratifying analyses to preserve propor-
tional hazards produced similar covariate effect sizes where the
assumption was not met (discovery cohort); all monotherapy
discovery cohort analyses and validation cohort analyses met
proportional hazard assumptions. Where specified, the two-sided
log-rank test was used to test rwPFS and OS curve differences
(Benjamini Hochberg adjusted as appropriate).

For the predictive analysis using the internal comparator
cohort considering rwPFS on the immediately preceding systemic
therapy vs. subsequent pembrolizumab monotherapy, adjusted
Cox proportional hazards models were utilized to examine the
interaction between pembrolizumab vs. prior chemotherapy
rwPFS within the same patient and IRS status (IRS-high vs.
low). The likelihood ratio test for interaction compared the
reduced model, which excluded the IRS by treatment interaction,
with the competing full model, which included the IRS by
treatment interaction.

To determine the performance of IRS in a setting where both
PD-(L)1 monotherapy and combination therapy are used in the
same line, we limited the discovery cohort to the subset of
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patients with NSCLC treated with first line pembrolizumab
monotherapy or pembrolizumab+ chemotherapy combination
therapy. As PD-L1 IHC status and performance status were not
available and known confounders driving this treatment decision,
we performed nearest neighbor propensity score matching (with a
0.25 standard deviation caliper applied)58 using age, gender,
TMB, IRS, and the normalized PD-L1 expression component of
the IRS biomarker (see Supplementary Results for validation of
this biomarker vs. IHC in a separate cohort). All patients in the
combination therapy cohort who could not be matched to within
0.25 * standard deviation a monotherapy patient’s propensity
score were dropped. Confirmation that the final matched
monotherapy and combination therapy did not significantly
differ (two tailed t-tests for continuous variables and two-tailed
Fisher’s exact test for categorical variables; both at p < 0.05 as
significant) was performed. Kaplan Meier analysis was used to
visualize monotherapy vs. combination therapy rwPFS in the
separate IRS-H and IRS-L populations, using a two-sided log-
rank test to compare therapy group outcomes.

The correlation between rwPFS and OS was calculated using
Spearman’s p among patients with both a documented death
event and at least two lines of therapy. Throughout this study,
TMB-H was defined as ≥10Muts/Mb by StrataNGS, given the
previous validation of TMB by StrataNGS and high concordance
with TMB estimates from FoundationOne tissue testing (see Sup-
plementary Methods)55. All statistical analyses were performed in
R (v. 4), and SAS (v. 9.4). For all cohort analyses, two-sided p-
values < 0.05 were considered statistically significant.

Immunotherapy response score (IRS) model development and
validation. The association of TMB and 23 candidate immune
and proliferation gene expression biomarkers with pem-
brolizumab rwPFS was determined using Cox proportional
hazards regression in the 648-patient pembrolizumab (both
monotherapy and combination therapy) discovery cohort. TMB
measurements were log2-transformed and gene expression mea-
surements were log2-transformed and median-centered per
laboratory workflow prior to analysis. Feature selection was
performed via Lasso-penalized Cox proportional hazards regres-
sion in this 648-patient discovery cohort, with the Lasso penalty
term chosen as the value which maximized the concordance
index via 5-fold cross validation. Model coefficients for the five
features with non-0 coefficients in the Lasso model were finalized
via standard Cox regression. Individual patient IRS were derived
from the Cox model as:

IRS= 0.273758 * TMB+ 0.112641 * PD-1+ 0.061904 * PD-
L1 - 0.077011 * TOP2A - 0.057991 * ADAM12

We assigned patients to one of two IRS groups to compare
patient outcomes (i.e., Low (L) < 0.873569 and High
(H) ≥ 0.873569; more likely to benefit) based on balancing
minimization of the hazard ratio for IRS-H vs. IRS-L with
maximization of the IRS-H monotherapy population.

After locking the IRS model (and -H vs. -L threshold), a power
analysis was performed to determine the size of an appropriate
independent validation cohort. In the overall discovery cohort,
46% patients were IRS-H, and we observed an adjusted hazard
ratio for IRS-H vs. IRS-L rwPFS of 0.49 (47% event rate);
therefore, assuming an IRS-H to IRS-L ratio of 1:1 and a 50%
event rate, a validation cohort of 180 patients would have 90%
power to detect a similar (0.5) hazard ratio. We then identified all
(n= 248) patients in the SCMD meeting the above-described
validation cohort inclusion/exclusion criteria (the same as the
discovery cohort except only including any non-pembrolizumab
PD-(L)1 monotherapy treatment); the locked IRS model (and -H
vs. -L threshold) was then applied to these subjects.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Results
Clinical molecular data. The Strata Trial (NCT03061305) is an
observational clinical trial evaluating the impact of tumor mole-
cular profiling for patients with advanced solid tumors. De-
identified demographic, clinical and molecular data from patients
in the Strata Trial is maintained in the Strata Clinical Molecular
Database (SCMD). With a data-cutoff of 12 July 2022, the SCMD
contains clinical and molecular data from a total of 57,648 unique
patients with advanced solid tumors (from 47 tumor types) from
59 United States health care systems who had routine FFPE
tumor tissue molecularly profiled by the StrataNGS CGP test55,56,
with 9899 Strata Trial patients from 30 United States health care
systems (from 43 tumor types) having treatment data from at
least one systemic antineoplastic agent (Figure S1, and Supple-
mentary Data 2 and 3).

For all Strata Trial patients with treatment data in the SCMD,
antineoplastic treatment start and stop dates (for all prior
therapies and up to 3 years after Strata trial enrollment) were
obtained from automated electronic health record queries or
manual entry; data was updated regularly by submitting
institutions, and date of death was obtained similarly. Time to
next therapy (TTNT) as a measure of real-world progression free
survival (rwPFS) was determined directly from treatment start
and stop dates for each line of therapy accounting for adjuvant/
systemic therapy, monotherapy/combination therapy, potential
overlap of treatment start/stop dates, repeating lines of therapy
(whether monotherapy in combination) given the variance in real
world treatment patterns (Figure S2). Clinical results from the
overall 9,899 patient cohort, including shorter rwPFS with
subsequent therapy lines (as expected), as well as analyses
supporting the general validity of the SCMD, are shown in
Figure S3 &4 and described in the Supplementary Results.

Biomarkers of anti-PD-1/PD-L1 blockade benefit analysis. To
develop an integrative, CGP+ qTP based tumor-agnostic PD-(L)
1 blockade predictive biomarker, we first limited results to the 648
of 9899 (6.5%) patients in the SCMD who met all of the inclu-
sion/exclusion criteria (see Methods) including: valid TMB
measurements from StrataNGS testing (including meeting the
overall 20% tumor content requirement), valid immune gene
expression quantification from an investigative multiplex PCR
based qTP test, and with a pembrolizumab containing systemic
line of therapy (Fig. S1). As shown in Fig. 1a, this discovery
cohort was comprised of patients with 26 tumor types, with
NSCLC accounting for 265 (40.9%); tumor types and demo-
graphics are provided in Supplementary Data 2 and 3. rwPFS was
inferred for each patient as the time from starting the pem-
brolizumab containing therapy line to the time of stopping that
line and starting a new therapy line or death; both rwPFS and OS
were used for studying treatment outcome based on comparisons
of these endpoints (Supplementary Results and Fig. S5). The
clinical validity of TMB status by StrataNGS was confirmed as
shown in Fig. S6 and described in the Supplementary Results.

To identify potential expression-based biomarkers of PD-(L)
therapy benefit beyond TMB, we first assessed the association of
pembrolizumab rwPFS with 23 candidate immune and prolifera-
tion gene expression biomarkers (from 21 genes; two amplicons
targeting separate exon-exon junctions of PDCD1 [PD-1] and
CD274 [PD-L1] were included) assessed across clinical RNA tests
run in parallel with the StrataNGS CGP test (which generates
TMB), with univariate predictor results shown in Table S1. Data
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on housekeeping gene selection, correlation of independent PD-1
and PD-L1 amplicons, correlation of tumor-type expression
profiles for candidate gene expression biomarkers between SCMD
and The Cancer Genome Atlas (TCGA) profiled tumors, and
analytical and clinical validation of the qTP component of the
CGP+ qTP test (including qRT-PCR and clinical IHC data from
>1,000 total FFPE tumors) is described in the Supplementary
Methods, Supplementary Results, Table S2, and Figs. S7 and S8.

Integrative immunotherapy response score (IRS) to predict
PD-(L)1 blockade benefit. To develop an integrative model
predictive of PD-(L)1 therapy benefit, we performed Lasso-
penalized Cox proportional hazards regression with five-fold
cross-validation in this 648 patient discovery cohort, with the
highest concordance index obtained using a five-term model that
included TMB, PD-1, PD-L1, ADAM12, and TOP2A (Fig. S9),
with increasing TMB, PD-1 and PD-L1 associated with longer

Pembro Discovery Cohort 

(n=648; 26 tumor types)

IRS

Non-Pembro PD-(L)1 Validation Cohort

(n=248; 24 tumor types)

NCT03061305

FFPE Tumor

DNA

RNA qTP

1st 2nd 3rd

SCMD

a

CGP

PD-1
PD-L1

ADAM12
TOP2A

TMB

Non-Small Cell Lung
Other
Unknown Primary
Head and Neck 

Bladder 
Melanoma
Esophagogastric
Renal Cell Carcinoma

Colorectal
Breast
Hepatobiliary
Small Cell Lung

0

25

50

75

100

0 6 12 18 24
Months

rw
P

F
S

 (
%

)

298 168 88 42 22
350 144 65 26 14

n, Events, Median rwPFS (95% CI)

IRS-H: 298, 107, 16.8 (14.9, 22.9)
IRS-L: 350, 198, 7.2 (6.2, 8.4)

b c

HR: 0.49, p < 0.0001

+++++++++++++
+++++++++++++++

+++++++++++++++++
++++++++++++++++++ +++++++++++ ++++ ++ +++ + + + +

++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++

+++++++++++ +++++++++++ ++++ +++++++++

Variable   

IRS (H vs L)

Age
Gender
Tumor Type
Line of Therapy

Mono vs Combo

HR: 95% CI

0.49 (0.39 - 0.63)

0.99 (0.98 - 1.00)
0.94 (0.75 - 1.18)
0.97 (0.75 - 1.26)
1.25 (1.06 - 1.48)

1.04 (0.80 - 1.33)
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

IRS-H

IRS-L

IRS-H
IRS-L
At risk 

Pembrolizumab

Fig. 1 Development of an integrative immunotherapy response score (IRS) model to stratify PD-(L)1 therapy benefit in patients with advanced solid
tumors. a Real-world treatment and molecular profiling data from formalin fixed paraffin embedded (FFPE) tumor tissue from patients enrolled in the
StrataTrial (NCT03061305) are collected in the Strata Clinical Molecular Database (SCMD). Molecular data from both DNA (yellow) and RNA (blue)
include both comprehensive genomic profiling (CGP) with both DNA and RNA components, and in-parallel quantitative transcriptional profiling (qTP)
comprised of RNA from analytically and clinically validated tests. To develop an integrative predictor of PD-(L)1 therapy benefit, we identified a cohort of
648 patients (from 26 tumor types) with available molecular information who were treated with a pembrolizumab (pembro; PD-1) containing systemic
therapy line of treatment. Lasso-penalized Cox proportional hazards modeling with five-cross validation was used to develop the IRS model for predicting
real world progression free survival (rwPFS; by time to next therapy), which includes tumor mutation burden (TMB; from CGP) and expression of PD-1, PD-
L1, ADAM12 and TOP2A (from qTP). The locked IRS model and threshold to assign patients to IRS-Low [L] or IRS-High [H; increased benefit] was then
applied to an independent validation cohort of 248 patients (from 24 tumor types) treated with non-pembrolizumab PD-[L]1systemic monotherapy. Pie
charts for the development and validation cohorts show tumor type distributions for the 11 most common tumor types and other tumor types. b IRS
stratifies pembrolizumab rwPFS in the development cohort. Pembrolizumab rwPFS in the development cohort stratified by IRS groups is shown by Kaplan
Meier analysis with the adjusted hazard ratio (HR) and p value (adjusted by variables shown in (c) for IRS-H vs. IRS-L. The number (n) of patients, events,
and median rwPFS (with 95% confidence intervals [CI]) for each group are shown. c IRS is robust to potential confounders in the development cohort.
Forest plot of variables included in the adjusted Cox proportional hazards model used to evaluate the ability of IRS to stratify pembrolizumab rwPFS.
Adjusted hazard ratios with 95% CIs are shown for each variable with statistically significant variables bolded. n= 648 patients (from 26 tumor types).
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pembrolizumab rwPFS, while increasing ADAM12 and TOP2A
were associated with shorter pembrolizumab rwPFS. As the same
feature set was also obtained via exhaustive combinatorial search
of all five-term models by standard Cox proportional hazards
regression, the five term Cox proportional hazards model was
used to generate the final integrative model (multivariate analysis
on the final five variable set is shown in Table S1). As shown in
Table S3, across 24,463 Strata Trial samples in the SCMD with
informative TMB and gene expression (regardless of treatment
data availability), TMB was minimally correlated with all final
model gene expression biomarkers (Spearman ρ= 0.032
[ADAM12] to 0.211 [TOP2A]), while correlation of individual
gene expression biomarkers ranged from ρ= 0.033 (PD-1 vs.
TOP2A) to ρ= 0.571 (PD-1 vs. PD-L1).

To evaluate the potential of the multivariate model to predict
PD-1/PD-L1 blockade treatment outcome, we derived individual
Immunotherapy Response Scores (IRS) from the final five
variable model, assigned the 648 patients to either IRS-High
[-H; n= 298 (46.0%); associated with greater benefit of PD-1/PD-
L1 blockade] or IRS-Low groups (threshold set by balancing
maximization of IRS-H group size vs. minimization of the
unadjusted rwPFS IRS hazard ratio), and compared group
outcomes by Kaplan Meier analysis and Cox proportional
hazards modeling after adjusting for age, gender, most frequent
tumor type (NSCLC) vs. others, line type (monotherapy/
combination therapy) and line of systemic therapy. As shown
in Fig. 1b, c, IRS-H patients had significantly longer pembroli-
zumab rwPFS (IRS-H vs. IRS-L median rwPFS 16.8 [95% CI:
14.9–22.9] vs. 7.2 [95% CI: 6.2–8.4] months, adjusted hazard ratio
0.49 [95% CI: 0.39–0.63], p < 0.0001) and OS (IRS-H vs. IRS-L
median OS Not Reached [95% CI: 29.9–NA] vs. 17.1 [95% CI
13.4-22.8] months, adjusted hazard ratio 0.53 [95% CI:
0.40–0.70], p < 0.0001; Fig. S10a, b). IRS-H also showed
significant rwPFS and OS benefit when using restricted mean
survival time analysis (prespecified periods of 24 months and
36 months, respectively), both in an unadjusted analysis (IRS-H
vs. IRS-L average event free rwPFS 15.70 [95% CI: 14.53–16.88]
vs.10.63 [95% CI: 9.61–11.65]; OS 25.50 [95% CI: 23.61–27.39] vs.
19.24 [95% CI: 17.48–21.00] and when adjusting for the same
CPH model covariates above (rwPFS IRS-H vs. IRS-L 4.80 [95%
CI: 3.20–6.41], p < 0.0001; OS IRS-H vs. IRS-L 6.00 [95% CI:
3.37–8.63], p < 0.0001) Table S4).

As PD-(L)1 combination therapy regimens vary across tumor
types and there is little evidence of even additive benefit from
currently approved PD-(L)1 combination regimens33, while TMB
has shown to be broadly predictive of monotherapy PD-(L)1
benefit25–32, we also restricted results in the discovery cohort to
just those patients treated with pembrolizumab monotherapy
(n= 421; 46.1% IRS-H). As shown in Fig. 2a, b, IRS-H patients
had significantly longer pembrolizumab rwPFS (IRS-H vs. IRS-L
median rwPFS 21.9 [95% CI: 16.1–NA] vs. 6.2 [95% CI: 5.2–8.2]
months, adjusted [as for the entire cohort except for line type]
hazard ratio 0.45 [95% CI: 0.33–0.61], p < 0.0001) and OS (IRS-H
vs. IRS-L median OS Not Reached [95% CI: 29.9–NA] vs. 15.5
[95% CI: 11.8–23.2] months, adjusted hazard ratio 0.52 [95% CI:
0.37–0.74], p= 0.0002).

Validation of the integrative IRS model to predict PD-1/PD-L1
blockade benefit. We next sought to validate the ability of IRS to
predict PD-(L)1 monotherapy treatment outcome by both rwPFS
and OS in an independent cohort. Based on a power analysis (see
Methods) we identified a sufficient cohort of all 248 of the 9899
(2.5%) eligible patients in the SCMD (valid TMB and gene
expression with documented anti-neoplastic agent treatment)
who met the same inclusion/exclusion criteria as the discovery

cohort, except they were treated with systemic non-
pembrolizumab anti-PD-(L)1 monotherapy (and were not in
the discovery cohort). As shown in Fig. 1a, the PD-(L)1 mono-
therapy validation cohort (n= 248; PD-1 n= 194 [78%] and
n= 54 [22%] PD-L1) was comprised of patients with 24 tumor
types (25% melanoma [most frequent tumor type]); tumor types
and demographics are provided in Supplementary Data 2 and 3.
All patients in the validation cohort were assigned to IRS-H or
IRS-L groups using the locked IRS model (48.4% IRS-H), and
group outcomes were compared after adjusting as for the dis-
covery monotherapy analysis (except adding therapy type [PD-1
vs. PD-L1] as a covariate). As shown in Fig. 2c, d, by Kaplan
Meier analysis, IRS-H patients had significantly longer PD-(L)1
monotherapy rwPFS (IRS-H vs. IRS-L median rwPFS 23.1 [95%
CI 17.1-32.9] vs. 10.2 [95% CI: 8.7–14.8] months, adjusted hazard
ratio= 0.52 [95% CI: 0.34–0.80], p= 0.003) and OS (IRS-H vs.
IRS-L median OS 40.4 [95% CI: 32.9–NA] vs. 21.4 [95% CI:
17.0–46.8] months, adjusted hazard ratio= 0.49 [95% CI:
0.30–0.80], p= 0.005) compared to IRS-L patients. As described
in the Supplementary Results and shown in Fig. S11, results were
similar when stratifying patients by PD-1 vs. PD-L1 therapy.
Taken together, these results demonstrate the development and
validation of an integrative, DNA and RNA based predictor of
PD-(L)1 blockade benefit, with IRS-H patients showing sig-
nificantly longer rwPFS and OS in an independent validation
cohort.

Comparison of IRS to TMB for predicting PD-1/PD-L1
blockade benefit. As described above, TMB has been shown to
predict both monotherapy PD-1 (pembrolizumab and nivolu-
mab) and PD-L1 (atezolizumab) benefit through both retro-
spective and prospective studies, although ORRs at the same
TMB cutoff vary across agents and TMB cutoffs. Hence, although
quantitative TMB is a component of the IRS model, both TMB
and IRS are reported as binary predictors (given the near
requirement of categorical biomarkers for clinical implementa-
tion), therefore, to have clinical utility, the IRS model should
identify a population of patients at least as large as the TMB-H
population with similar PD-(L)1 benefit. As shown in Fig. 2e, in
the 421-patient monotherapy treated subset of the discovery
pembrolizumab cohort, 194 (46.1%) and 130 (30.9%) patients
were identified as IRS-H and TMB-H, respectively, while in the
248-patient validation cohort, 120 (48.4%) and 78 (31.5%)
patients were identified as IRS-H and TMB-H, respectively. In the
pembrolizumab cohort, by Cox proportional hazards analysis,
both categorical TMB (TMB-H vs. TMB-L) and IRS (IRS-H vs.
IRS-L) were significant predictors of pembrolizumab mono-
therapy rwPFS (TMB-H vs. TMB-L adjusted hazard ratio 0.37
[95% CI: 0.25–0.54], p < 0.0001; IRS-H vs. IRS-L adjusted hazard
ratio 0.45 [95% CI: 0.33–0.61], p < 0.0001) and OS (TMB-H vs.
TMB-L adjusted hazard ratio 0.44 [95% CI: 0.29–0.67]; IRS-H vs.
IRS-L adjusted hazard ratio 0.52 [95% CI: 0.37–0.74]; Fig. 2e) in
models separately adjusted for IRS and TMB. However, in the
validation cohort, IRS, but not TMB, was an independent pre-
dictor of PD-(L)1 rwPFS (TMB-H vs. TMB-L adjusted hazard
ratio 0.87 [95% CI: 0.55–1.37], p= 0.54; IRS-H vs. IRS-L adjusted
hazard ratio 0.52 [95% CI: 0.34–0.80], p= 0.003) and OS (TMB-
H vs. TMB-L adjusted hazard ratio 0.86 [95% CI: 0.51–1.44],
p= 0.56; IRS-H vs. IRS-L adjusted hazard ratio 0.49 [95% CI:
0.30–0.80], p= 0.005, Fig. 2e) in models separately adjusted for
IRS and TMB (Kaplan-Meier plots of rwPFS and OS stratified by
TMB status are shown in Figure S6c & d). As shown in Fig. 2f,
across 24,463 Strata Trial samples in the SCMD with informative
TMB and gene expression (regardless of treatment data avail-
ability), the overall IRS-H population was nearly twice as large as
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the TMB-H population (20.9% vs. 10.8%). Kaplan–Meier analysis
of the discovery and validation cohorts stratified by IRS and TMB
status are shown in Fig. S12 and described in the Supplementary
Results.

Taken together, these results demonstrate that in both the
discovery and independent validation cohorts, IRS identifies a
larger proportion of patients than TMB alone with similar benefit
from PD-(L1) therapy, establishing clinical utility of the IRS

biomarker and demonstrating the value of integrating quantita-
tive gene expression with TMB for predicting PD-1/PD-L1
monotherapy treatment benefit. As described in the Supplemen-
tary Results and Fig. S13, CDKN2A deep deletion (homozygous
loss) status, which has improved upon TMB alone for predicting
monotherapy PD-(L)1 benefit in two recent studies59,60, was not
additive to IRS, further supporting the limitations of genomic
markers alone for predicting PD-(L)1 therapy response.
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Additional analyses supporting the robustness of the IRS model
to temporal sample collection (prior to CPI treatment) and
variable tumor content are described in the Supplementary
Results and Figs. S14 and S15.

Confirmation of the predictive nature of IRS. To establish the
IRS model as predictive and not prognostic, we first assessed an
internal comparator cohort for the pembrolizumab monotherapy
cohort, consisting of the 146 of 648 (22.5%) of patients who had
received a previous line of systemic therapy prior to pem-
brolizumab monotherapy (demographics and therapy types are
shown in Supplementary Data 4). For each patient, rwPFS was
determined for the line of systemic therapy immediately pre-
ceding pembrolizumab and the pembrolizumab monotherapy
line, with rwPFS stratified by IRS status assessed by
Kaplan–Meier analysis (Fig. 3a). While pembrolizumab mono-
therapy compared to the immediately preceding therapy line
rwPFS did not significantly differ in IRS-L patients (IRS-L pem-
brolizumab vs. immediately preceding therapy median rwPFS 5.2
[95% CI: 4.0–7.2] vs. 5.7 [95% CI: 4.6–6.4] months, log-rank
p= 0.15; Fig. 3b), pembrolizumab rwPFS was significantly longer
than the immediately preceding therapy line in IRS-H patients
(IRS-H pembrolizumab vs. immediately preceding therapy
median rwPFS 34.8 [95% CI: 11.9–NA] vs. 4.8 [95% CI: 4.0–6.8]
months, log-rank p < 0.0001; Fig. 3c). The test for interaction
(models shown in Table S5) between pembrolizumab vs. imme-
diately preceding treatment line and IRS status (IRS-H vs. IRS-L)
was significant (likelihood ratio test for interaction p= 0.001).
Notably, when this analysis was restricted to the 46 patients with

non-MSI-H (StrataNGS clinical testing) tumors in non-PD(L)1
monotherapy approved tumor types, only IRS-H patients still had
significantly longer pembrolizumab monotherapy rwPFS than the
immediately preceding line of therapy (IRS-H pembrolizumab vs.
immediately preceding therapy median rwPFS 11.9 [95% CI:
7.8–NA] vs. 3.2 [95% CI: 2.3–9.6] months, log rank, p= 0.005;
Fig. S16a, b). Additional analyses supporting the predictive nature
of the IRS biomarker, including a lack of significant association
with IRS status and non-PD-(L)1 or CTLA4 systemic therapy
rwPFS in >3000 SCMD patients, are described in the Supple-
mentary Results and shown in Fig. S16c, d. Taken together, these
results confirm the predictive nature of the IRS biomarker across
tumor types.

Exploratory analysis of IRS in patients with first-line non-small
cell lung cancer (NSCLC). As described above, despite little, if
any, evidence for additive or synergistic benefit of PD-(L)1 and
other agents in approved combination regimens, PD(L)-1 com-
bination regimens are rapidly being developed and moved to
earlier lines of therapy, highlighting the need for improved bio-
markers that can predict PD-(L)1 monotherapy benefit. For
example, in first line advanced NSCLC, both monotherapy
pembrolizumab and pembrolizumab+ chemotherapy are
approved for patients with PD-L1 IHC (TPS) ≥ 1% and ≥50%,
however prospective data is not available to guide monotherapy
vs. combination therapy decision making. Hence, in the pem-
brolizumab cohort, we identified 242 patients with NSCLC who
were treated with first line systemic pembrolizumab monotherapy
(n= 109) or pembrolizumab + chemotherapy (n= 133; Fig. S1).

Fig. 2 PD-[L]1 monotherapy real-world progression-free survival (rwPFS) and overall survival (OS) by immunotherapy response score (IRS) status.
a rwPFS for monotherapy pembrolizumab (pembro; PD-1 therapy) treated patients in the discovery cohort. Pembrolizumab monotherapy rwPFS in the
development cohort stratified by IRS groups is shown by Kaplan–Meier analysis with the adjusted hazard ratio (HR) and p-value for IRS-High [H] vs. IRS-
Low [L] groups. The number (n) of patients, events, and median rwPFS (with 95% confidence intervals [CI]) for each group are shown. b As in a, except
assessing OS. c, d As in a, b, except assessing rwPFS (c) and OS (d) in the independent validation cohort of patients treated with non-pembrolizumab PD-
(L)1 monotherapy. e Forest plots of adjusted HRs with 95% CI for IRS and tumor mutation burden (TMB; TMB-High [H]≥ 10 mutations/megabase) in
otherwise equivalent models separately adjusted for IRS and TMB (H vs. L for each) in both cohorts for rwPFS and OS. The Venn diagrams show the
number (n) and overlap of the IRS-H (blue) and TMB-H (red) populations in both cohorts. f Overlap of IRS-H and TMB-H populations in the 24,463
patients with informative IRS and TMB status (regardless of treatment status) in the Strata Clinical Molecular Database (SCMD).

Fig. 3 Confirmation of the predictive nature of the immunotherapy response score (IRS) biomarker. To establish the predictive nature of the IRS model,
we assessed an internal comparator in the pembrolizumab monotherapy cohort, consisting of the 146 patients who had received a prior line of systemic
therapy prior to pembrolizumab monotherapy (n= 146 individual patients). a For each patient, real-world progression-free survival (rwPFS) was
determined for the line of systemic therapy immediately prior to pembrolizumab (pembro; yellow) and the pembrolizumab monotherapy line (purple), with
rwPFS for each group then stratified by IRS status. b Kaplan–Meier analysis of pembrolizumab monotherapy rwPFS (purple) vs. prior systemic therapy
rwPFS (yellow) in the IRS-Low [L] subset of patients (log-rank p-value shown). The number (n) of patients, events, and median rwPFS (with 95%
confidence intervals [CI]) for each group are shown. c Kaplan–Meier analysis of pembrolizumab monotherapy rwPFS (purple) vs. prior systemic therapy
rwPFS (yellow) in the IRS-H subset of patients (log-rank p-value shown). The likelihood ratio test (LRT) p-value for interaction between pembrolizumab vs.
immediately prior treatment line and IRS status (IRS-L vs. IRS-High [H]) is also shown.
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Although this cohort is limited by a lack of PD-L1 TPS data, IRS
includes qTP expression of PD-L1, and we have validated the
accuracy of this individual transcript vs. TPS in NSCLC FFPE
tumor samples (Fig. S8). Consistent with both TPS and perfor-
mance status largely driving the monotherapy vs. combination
therapy treatment decision, we confirmed that monotherapy
treated patients were significantly older and had higher PD-L1
qTP expression compared to combination therapy treated
patients (Table S6). Hence, we performed propensity score
matching (see Methods) between the monotherapy and combi-
nation therapy groups using patient age, PD-L1 qTP expression,
TMB, gender and IRS, which after excluding 88 unmatchable
patients resulted in a final cohort of 154 patients (77 patients in
each group) without significant differences in any of these vari-
ables (Table S6). As shown by Kaplan Meier analysis of the
matched cohorts, in IRS-L patients, rwPFS was significantly
shorter in those treated with monotherapy vs. combination
therapy (median rwPFS 6.1 [95% CI: 4.6–12.1] vs. 9.8 [95% CI:
8.4-NA] months, log rank p= 0.006; Fig. 4a). In contrast, in IRS-
H patients, rwPFS was not significantly different in those treated
with monotherapy vs. combination therapy (median rwPFS 16.1
[95% CI: 12.9–NA] vs. 16.8 [95% CI: 12.1–NA] months, log rank
p= 0.93; Fig. 4b). Taken together, these results support pem-
brolizumab monotherapy as a potentially reasonable treatment
option for the 34% of patients with TPS scores 1-49% who are
IRS-H (Fig. 4c and S8), consistent with a recent report assessing
TMB across PD-L1 IHC strata in patients with first line NSCLC
treated with PD-(L)1 monotherapy27, and more broadly suggests
potential utility in identifying patients who may benefit from
monotherapy PD-(L)1 vs. combination therapy in current
indications.

Pan solid tumor distribution of IRS groups. In both the dis-
covery and separate validation cohorts, we demonstrated that IRS
identifies a larger population of patients than TMB but with
similar PD-(L)1 monotherapy benefit, however this analysis is
limited by the requirement that patients received PD-1/PD-L1
treatment. Hence, we sought to leverage IRS distributions across
tumor types (and pan-cancer biomarkers) in the entire SCMD to
understand the potential impact of IRS both within and outside of
currently approved PD-(L)1 monotherapy indications. Thus, we
determined IRS for the 24,463 patients in the SCMD
(NCT03061305) with informative TMB and gene expression data,
with 20.9% and 79.1% of all patients classified as IRS-H and -L,
respectively (Fig. 5a). PD-(L)1 monotherapy approved tumor
types61 (without consideration of PD-L1 IHC status) had a
substantially higher proportion of IRS-H patients (37.6%) than
non-PD-(L)1 monotherapy approved tumor types (11.7%)
(Fig. 5b). Tumor types with the highest proportion of IRS-H
group patients include several known to be highly responsive to
PD-(L)1 therapy, including lymphoma, non-melanoma skin
cancer, melanoma, NSCLC, and renal cell carcinoma (which
nearly invariably has low TMB) (Fig. 5c).

We lastly examined the pan-solid tumor distribution of IRS
groups by TMB status, given the pan-tumor approval of
pembrolizumab in TMB-H tumors and prospective trials showing
efficacy of other PD-(L)1 monotherapies patients with TMB-H.
In both PD-(L)1 monotherapy approved and non-approved
tumor types, the vast majority of TMB-H patients were also IRS-
H (only 1.8% of overall patients were IRS-L/TMB-H [3.1% and
1.0% in approved and non-approved tumor types, respectively),
however the overall IRS-H population was nearly twice as large as
the TMB-H population (20.9% IRS-H vs. 10.8% TMB-H overall
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Fig. 4 Immunotherapy response score (IRS) for predicting pembrolizumab monotherapy vs. combination chemotherapy benefit in first line non-small
cell lung carcinoma (NSCLC). Propensity score matching (see Methods) was used to identify matched cohorts of patients with NSCLC treated with first
line systemic pembrolizumab (pembro) monotherapy (n= 77 patients) or pembrolizumab + chemotherapy (chemo) combination therapy (n= 77
patients) that did not significantly differ in age, gender, tumor mutation burden (TMB) status, PD-L1 expression by quantitative transcriptomic profiling
(qTP; the expression biomarker component of IRS), or IRS status; PD-L1 immunohistochemistry (IHC) was only available for 24/154 samples in the
matched cohort (see Fig. S8 for validation of PD-L1 by qTP vs. PD-L1 IHC). a Kaplan–Meier analysis of pembrolizumab monotherapy real-world
progression-free survival (rwPFS; orange) vs. pembrolizumab + chemotherapy combination therapy (yellow) in the IRS-Low [L] subset of patients (log-
rank p-value shown). The number (n) of patients, events, and median rwPFS (with 95% confidence intervals [CI]) for each group are shown. b as in
a, except the IRS-High [H] subset of patients. c Distribution of IRS status in a separate cohort of n= 276 NSCLC tumor samples with PD-L1 IHC (Fig. S8)
stratified by clinically relevant tumor proportion score (TPS) bins.
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[Fig. 2f]; 37.7% IRS-H vs. 22.6% TMB-H in approved tumor types
and 11.7% IRS-H vs. 5.1% TMB-H in non-approved tumor types,
respectively; Fig. 5d) with similar PD-(L)1 monotherapy benefit
as established herein. Critically, this analysis demonstrates that
7.6% of patients in non-approved tumor types are IRS-H/TMB-L,
representing a sizable population predicted to have benefit from
PD-(L)1 monotherapy.

Discussion
Leveraging a robust clinical molecular database from the Strata
Trial (NCT03061305), herein we developed an integrative
Immunotherapy Response Score (IRS) algorithm combining
TMB and quantitative gene expression from simultaneously
performed, clinically validated, multiplex PCR based DNA and
RNA NGS (StrataNGS CGP and a separate RNA panel for
quantitative transcriptomic profiling)54–56 to predict pem-
brolizumab (anti-PD-1) rwPFS (by time to next therapy) in 648
patients from 26 solid tumor types. We then validated the locked
IRS model—which incorporates TMB and quantitative gene
expression of PD-1, PD-L1, ADAM12, and TOP2A in a Cox
proportional hazards model—and IRS-H vs. -L threshold (IRS-H
as more likely to benefit) in an independent cohort of 248 patients
from 24 solid tumor types treated with other PD-(L)1

monotherapies. In this validation cohort, IRS-H status was
associated with significantly longer PD-(L)1 rwPFS (IRS-H vs.
IRS-L median 23.1 vs. 10.2 months; adjusted hazard ratio 0.52,
p= 0.003) and OS (median OS 40.4 vs. 21.4 months, adjusted
hazard ratio 0.49, p= 0.005) when adjusted for age, gender, line
of therapy, PD-1 vs. PD-L1 therapy, and tumor type. Notably,
TMB alone was not a significant predictor of PD-(L)1 rwPFS, nor
OS, in this cohort. When applied to all 24,463 patients in the
SCMD where IRS could be generated, the IRS-H population was
nearly twice the size of the TMB-H population (20.9 vs.
10.8%).While IRS-H was more frequent in tumor types known to
derive benefit from PD-(L)1 therapy, IRS-H occurred in subsets
of nearly every tumor type. Most importantly, among TMB-L
patients in tumor types without approved PD-(L)1 monotherapy,
7.6% were IRS-H (a potentially conservative estimate as many
approved indications have PD-L1 IHC requirements), repre-
senting a substantial population of patients with advanced solid
tumor who could immediately benefit from PD-(L)1 mono-
therapy treatment.

We confirmed the predictive nature of the IRS biomarker
through multiple approaches. Most importantly, in the subset of
pembrolizumab monotherapy treated patients who had at least
one prior line of systemic therapy, we confirmed the predictive
nature of the IRS model, as IRS-H patients had significantly
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longer rwPFS on pembrolizumab vs. their immediately preceding
systemic therapy, with a significant test for interaction between
IRS and pembrolizumab vs. prior therapy. Likewise, IRS status
was not significantly associated with first line rwPFS in >3000
patients treated with non-immunotherapy. Although the asso-
ciation of IRS with PD-(L)1 rwPFS and OS were similar in the
discovery (pembrolizumab) and validation (non-pembrolizumab
PD-(L)1 monotherapy) cohorts and was largely insensitive to
tumor type, TMB status, and pre- vs. post-non CPI therapy
sample collection—suggesting that the model captures universal
biological features of PD-(L)1 monotherapy benefit—the model
was less predictive in patients treated with pembrolizumab
combination therapy (combination and monotherapy pem-
brolizumab rwPFS adjusted hazard ratio 0.60 [95% CI: 0.41-0.89],
p= 0.01 and 0.45 [95% CI: 0.33-0.61], p < 0.0001, respectively)
and did not significantly predict combination PD-1+ CTLA4
(nivolumab + ipilumumab) benefit. These results suggest that
while different approaches are likely needed to best predict
combination therapy (or monotherapy of the non-IO compo-
nent) responses, particularly in light of a recent meta-analysis
demonstrating that there is little evidence for synergy between
CPIs and other agents in approved combination regimens33, the
IRS model can likely identify patients expected to benefit from
PD-(L)1 monotherapy in settings where only combination (or
both monotherapy and combination) PD-(L)1 therapy is indi-
cated. In support of this, in an exploratory analysis on a pro-
pensity score matched cohort of patients with NSCLC treated
with first line systemic pembrolizumab monotherapy vs. combi-
nation chemotherapy, while rwPFS was significantly worse in
IRS-L patients treated with monotherapy vs. combination
chemotherapy, no significant difference in rwPFS was present in
IRS-H patients treated with monotherapy vs. combination che-
motherapy. In a separate cohort of patients with NSCLC, we
demonstrate that approximately one third of those with PD-L1
IHC TPS 1–49% (where the monotherapy vs. combination che-
motherapy decision is most relevant) are IRS-H, suggesting
potential utility in identifying those patients most likely to benefit
from pembrolizumab monotherapy alone.

Current FDA-approved PD-(L)1 biomarkers include PD-L1
IHC, TMB, and MSI-H (the latter indication was initially
approved without a companion diagnostic biomarker), however
these biomarkers have several practical challenges for clinical use
including variations in assay parameters, platforms, and pre-
dictive thresholds4,62–65. For example, although there are multiple
tissue TMB assays commercially available (LDTs, FDA cleared
devices, and a single FDA approved companion diagnostic
device), TMB testing typically has a large tissue requirement,
which is frequently not feasible in patients with advanced cancers,
and such approaches do not allow for parallel clinical assessment
of gene expression biomarkers. Likewise, liquid biopsy based
TMB is not directly translatable to tissue TMB, even when both
tissue and liquid biopsies are performed using FDA approved
CGP devices, as in a recent study of both single agent nivolumab
and nivolumab+ ipilimumab combination therapy, where blood
TMB’s predictive ability was conditional on tissue TMB status,
but not vice versa32. Hence, it is notable that our study herein
used assays performed as part of routine clinical testing on co-
isolated DNA and RNA, and are now integrated in a combined
analytically and validated clinical CGP+ qTP test with key
sample input requirements defined from over 30,000 con-
secutively received FFPE tumor samples for CGP testing: ≥20%
tumor content and 2 mm2 tumor surface area (from 10 × 5 µm
FFPE sections)55,56 Of note, only 37.5% and 43.5% of the dis-
covery and validation cohort, respectively, and 35.5% of the
24,463 total patients in the SCMD used to assess IRS distribution,
met the minimum tumor surface area requirements (≥25 mm2) of

FoundationOne CDx66, the FDA approved companion diagnostic
device to identify TMB-H tumors for pembrolizumab treatment.
Although outside the scope of the current manuscript, integration
of clinically validated qTP also has clinical utility outside of
immunotherapy treatment decision making for patients with
advanced solid tumors (Fig. S17), however, detailed discussion is
outside the scope of the current manuscript.

Our analysis has several potential limitations. First, our real-
world Strata Trial treatment dataset was biased toward tumor
types for which PD-(L)1 therapy is indicated, and thus, as
expected, was enriched for patients benefiting from PD-(L)1
therapy. Indeed, the proportion of IRS-H patients was greater in
the discovery and validation cohorts (combined 46.7%) than the
broader Strata Trial profiling dataset (20.9%). However, patients
with more than 20 tumor types were included in both the dis-
covery and validation cohorts, and these cohorts consisted of
both pembrolizumab and other non-pembrolizumab PD-(L)1
monotherapy-treated patients respectively. Additionally, we
confirmed the predictive nature IRS in the greater than first line,
off label (non-MSI-H, non-approved tumor types) population,
similar to the pivotal study of pembrolizumab in the TMB-H
population26. Second, the rwPFS endpoint includes some patients
who stopped treatment due to treatment toxicity (not assessable
herein) or switching therapy to a more appropriate regimen based
on molecular results (as described in the Supplementary Results)
and not disease progression, although this likely represents a
minority of events, and both rwPFS and OS results were highly
similar in both the discovery and validation cohorts. Additionally,
although we developed and validated the IRS model across
patients treated with multiple PD-(L)1 monotherapies and tumor
types, not all solid tumor types were represented in these analyses
and prospective studies could determine if more optimized
thresholds (or further stratification beyond two IRS groups) may
improve performance in specific tumor types or better predict
PD-1 vs. PD-L1 therapy benefit. Of note, IRS had essentially
similar predictive ability in both the training and validation
cohorts (Table S7) when the tumor type term in our adjusted
models (most common tumor type vs. others) was replaced with a
term using MSKCC defined TMB sensitive vs. insensitive tumor
types (MSI-H, POLEmutatnt, NSCLC, head and neck cancer or
melanoma as sensitive; all others as insensitive57), supporting the
more pan-solid tumor nature of IRS vs. TMB alone. Likewise,
although we showed that the inclusion of CDKN2A copy loss,
which has been identified in two studies as improving upon TMB
status for predicting PD-(L)1 response59,60, was not a significant
predictor of PD-(L)1 rwPFS or OS in either the discovery or
validation cohorts, future studies will be required to determine
whether inclusion of other single gene-based DNA biomarkers
identified as potentially predictive in one or more tumor types
(e.g. STK11, PBRM1, and ARID1A)59,60,67–73 or additional
immune related genes assessed on the current expanded qTP
panel can improve the performance of the IRS model; given the
clearly established clinical utility for MSI-H status, this biomarker
was not included in IRS model development. Limited PD-L1 IHC
data was available for subjects in the SCMD with PD-(L)1
treatment outcomes, and hence we are not able to directly
compare performance of IRS and PD-L1 IHC (or other immu-
notherapy response biomarkers beyond TMB), which is particu-
larly relevant for our exploratory analysis of pembrolizumab
monotherapy vs. combination therapy in first line NSCLC,
however we used propensity score matching by PD-L1 qTP
expression to mitigate this limitation. Notably, we chose to use
standard multivariate regression with a minimum number of
variables versus other approaches that have included a larger
number of immune related genes34,41,46 or used more advanced
machine learning approaches74 to leverage the highly quantitative
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nature of CGP+ qTP and minimize the risk of overfitting and
additional biological insights derived from the IRS model are
described in the Supplementary Discussion. Importantly,
although demonstration that IRS predicts PD-(L)1 monotherapy
rwPFS and OS at least as well as TMB in both the discovery and
independent validation cohorts establishes clinical utility in the
7.6% of IRS-H/TMB-L patients outside of currently approved
PD-(L)1 monotherapy indications, additional studies will be
required to establish the clinical utility of IRS-H in patients with
conflicting biomarker results (e.g. IRS-H/TMB-L) or where both
monotherapy and combination therapy are indicated (e.g. IRS-H
in PD-L1 IHC 1-49%). Likewise, in a post-hoc, exploratory
analysis in the combined discovery and validation cohorts, we
identified an ultra-low subset of the IRS-L population that shows
particularly poor PD-(L)1 rwPFS and OS (Figure S18 & S19),
suggesting that it may be possible to identify patients more likely
to benefit from other therapies in PD-(L)1 approved tumor types
when therapeutic choice is present. Together, these limitations,
which are largely due to the retrospective nature of this study
from an observational clinical trial (lack of randomization,
selection and confounding biases, variability in tumor types and
therapies, lack of actual progression event data, etc), support
continued assessment of IRS through additional blinded pro-
spective/retrospective studies and prospective studies in both
pan-solid tumor and tumor-type specific indications, such as
ongoing studies in NSCLC (NCT03793179) and basket studies
used to demonstrate utility of TMB alone25,26,31,32.

In summary, using treatment data and molecular profiling
from nearly 900 patients in the Strata Trial, a large observational
trial of patients with advanced cancer, we report the development
and validation of IRS, a biologically rational, integrative predictor
of pan-solid tumor PD-(L)1 monotherapy benefit (by both rwPFS
and OS) across solid tumors that identifies a population that is
nearly twice as large as TMB-H alone with similar PD-(L)1
monotherapy benefit. Importantly, IRS was developed and vali-
dated using a single, clinically validated NGS platform capable of
simultaneously performing CGP (required for TMB but also for
assessing non-immunotherapy treatment biomarkers) and
simultaneous, precise quantification of tumor- and tumor
microenvironment (TME)-relevant gene expression from minute
FFPE tumor specimens. In addition to potential utility of IRS for
refining treatment decisions in patients with approved PD-(L)1
indications, we show that across the >20,000 patient Strata Trial
population with evaluable IRS status, 7.6% of patients with tumor
types not approved for PD-(L)1 monotherapy were IRS-H/TMB-
L—a population shown herein to have similar or better PD-(L)1
benefit as TMB-H—markedly expanding the benefit of immu-
notherapy across solid tumors by addressing one of the most
important challenges in precision oncology.

Data availability
Due to applicable data sharing agreements and/or patient informed consent forms with
Strata Trial health care systems and participants, the authors are restricted from making
raw patient-level genomic sequencing data publicly available or deposited. Interested
parties may contact the authors at BD@strataoncology.com to request access for research
purposes, and such requests will be handled on a case-by-case basis. All clinical and
treatment data for the discovery and validation cohorts described herein (including the
raw TMB and expression biomarker data used to derive the IRS algorithm output) are
available in Supplementary Data 5; this file also provides source data for all figures on
separate tabs. All other data are available from the corresponding author on reasonable
request.

Code availability
The IRS model algorithm is available through GitHub [https://doi.org/10.5281/zenodo.
7510725].
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