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In brief

Deutsch et al. show that H&E slide scores
of immune response and necrosis predict
outcomes following immune checkpoint
blockade in renal cell carcinoma. When
combined with PBRM1 mutational status,
patients are further stratified. The
influence of tumoral necrosis on
infiltrating immune cells has broad
translational relevance for tissue-based
biomarker development.
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SUMMARY

With a rapidly developing immunotherapeutic landscape for patients with metastatic clear cell renal cell carci-
noma, biomarkers of efficacy are highly desirable to guide treatment strategy. Hematoxylin and eosin (H&E)-
stained slides are inexpensive and widely available in pathology laboratories, including in resource-poor
settings. Here, H&E scoring of tumor-infiltrating immune cells (TILP"“S) in pre-treatment tumor specimens using
light microscopy is associated with improved overall survival (OS) in three independent cohorts of patients
receiving immune checkpoint blockade. Necrosis score alone does not associate with OS; however, necrosis
modifies the predictive effect of TILP'"“S, a finding that has broad translational relevance for tissue-based
biomarker development. PBRM1 mutational status is combined with H&E scores to further refine outcome pre-
dictions (OS, p = 0.007, and objective response, p = 0.04). These findings bring H&E assessment to the fore for
biomarker development in future prospective, randomized trials, and emerging multi-omics classifiers.

INTRODUCTION

The therapeutic landscape for patients with metastatic clear cell
renal cell carcinoma (mccRCCQ) is rapidly evolving, and includes
regimens with immunotherapeutic and antiangiogenic agents,
either alone or in combination.’ First-line treatment options
include combination anti-PD-1 + anti-CTLA4 blockade and
anti-PD-1 + TKI, with an option for anti-PD-1 monotherapy,
among others, in patients who cannot tolerate or who have pro-
gressed on other regimens.? With a number of therapeutic op-
tions now available, there is an unmet need for biomarkers that
can help match a patient to the regimen most likely to result in
clinical benefit. Such pairings would ideally also help minimize
unnecessary therapeutic exposure and associated toxicities.
FDA-approved pre-treatment tumor biomarkers such as PD-
L1 immunohistochemistry (IHC) and tumor mutational burden
(TMB) that associate with response to anti-PD-(L)1-based thera-
pies in non-small cell lung carcinoma (NSCLC) and other cancers
are not predictive in patients with mccRCC.>* Mutations in
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PBRM1 have also been explored as prognostic and predictive
biomarkers. PBRM1 is a member of the SWI/SNF chromatin re-
modeling complex, and mutations in this gene are seen in ~40%
of patients with RCC.” Initial reports suggested that loss of func-
tion in PBRM1 led to an enhanced interferon-y (IFN-y) gene
expression profile and higher cytotoxic T cell activity when
compared with controls.® However, a large follow-up study
that tested the association between PBRM1 mutation and tran-
scriptomic data from 594 patients with ccRCC failed to provide
additional support for those findings.® When deployed as a sol-
itary biomarker, PBRM1 mutational status appears to be
modestly associated, at best, with survival after immune check-
point blockade (ICB).”:®

In other tumor types, multimodality and multiplex biomarkers
have been shown to have higher predictive value for response
to ICB than unidimensional markers.® To that end, the combina-
tion of gene expression signatures with TMB and PD-L1 IHC was
explored in patients with mccRCC receiving ICB, but this strat-
egy failed to validate in independent cohorts.'®"" Multiplex
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Figure 1. Examples of TILP"“® and necrosis
scoring in patients with metastatic ccRCC
treated with anti-PD-1

Left: photomicrograph of a pre-treatment spec-
imen with TILP“S = 0, i.e., no evidence of pre-ex-
isting immune response to tumor, with a substan-
tial amount (>10% of surface area) of necrosis
(demarcated by dashed line). Scale bar, 400 pm.
Right: sample TILPY“S = 1 with evidence of infil-
trating immune cells (black arrows) and no necro-
sis present. Scale bar, 200 pm. H&E staining, both
panels.

TILPUs score= 0
Necrosis score =1

immunofluorescence (mIF)/IHC platforms that allow the simulta-
neous assessment of multiple markers on one slide at single-cell
resolution have perhaps shown the most biomarker potential to
date in mccRCC."*"® These technologies are able to quantify
co-expression of multiple markers by single cells, and spatial re-
lationships between different cell types. They are also currently
expensive, time-consuming, require specialized expertise, and
typically analyze only ~1% of the tumor microenvironment
(TME) area available on the slide.

Histopathologic diagnosis assessed on an H&E-stained slide
is the “gold standard” for diagnosing and staging cancer in med-
ical practices worldwide. This staining modality, which has been
in clinical use for well over a century, is a part of routine surgical
pathology workflows. As such, it is a pre-existing resource that is
present for almost all patients and has largely been overlooked
as a possible source of biomarker information for ICB. Features
readily observed on H&E include the presence of immune cell
populations such as tumor-infiltrating lymphocytes (TILs), mac-
rophages, plasma cells, and neutrophils (when present), among
others. Necrosis is also readily identified on H&E slides and, in
contrast to miF, features such as TILs and necrosis are easily
identified across whole slides (100% of the TME captured for
evaluation) in meaningfully sized cohorts.

We hypothesized that infiltrating immune cells would serve
as a positive prognostic feature for outcomes following anti-PD-
1-based therapy in mccRCC, and that necrosis would adversely
influence outcomes. To that end, we examined pre-treatment
metastatic tumor specimens from patients with RCC that had
been stained with H&E to determine the biomarker potential of
these features as well as to assess the potential interplay between
them. We also examined PBRM71 loss of function in this context,
integrating H&E assessment of immune infiltrate and necrosis
with PBRM1 mutation status, to determine if there was added
value in the development of a combinatorial biomarker for patient
outcomes following anti-PD-1-based therapy.

RESULTS
Tumor specimens, patients, and treatments received

Across the 3 cohorts, 201 tumor specimens were assessed for
study eligibility, and 136 met inclusion criteria. The associated
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CONSORT participant flow diagrams
are shown in Figure S1. Specifically, we
studied 63 pre-treatment biopsies from
patients receiving nivolumab monotherapy as first- or later-line
therapy on CheckMate 009, i.e., the discovery cohort; 58 bi-
opsies from patients receiving later-line nivolumab (n = 19) or
everolimus (n = 39) on CheckMate 025 (validation cohort); and
15 biopsies from treatment-naive patients receiving nivolumab
plus ipilimumab on CheckMate 214 (extension cohort). Each bi-
opsy specimen studied corresponds to an individual patient.
Additional clinical details for each of these cohorts are provided
in Table S1.

TILP'"“S and necrosis scores on pre-treatment biopsies
and association with clinical outcomes

In the discovery cohort, patient specimens were scored for TIL-
Plus and necrosis (Figure 1). Speciments with a TILPYS score of 1
were associated with improved overall survival (OS) compared
with those with a TILP"S score of 0 (median OS not reached vs.
16.4 months, log rank test p = 0.008; Figure 2A). These findings
were then examined in an independent cohort receiving anti-PD-
1, with validation (median OS 40.0 vs. 4.4 months, log rank test
p < 0.0001). Next, we tested whether the presence of TILP"S
also correlated with OS in patients treated with anti-PD-1 +
anti-CTLA-4, and we observed a similar trend, although the
sample size for patients with metastatic lesions that had been
biopsied was limited. We also tested for an association with
PFS in each trial and treatment setting (Figure S2). A meta-anal-
ysis of all patients across the three cohorts, comparing those
with or without TILP"S, is shown in Figure 2B (hazard ratio [HR],
95% confidence interval [Cl]: 0.42 [0.23-0.74], median OS 47.9
vs. 16.0 months, respectively, log rank test p = 0.0006; and
HR, 95% CI: 0.67 [0.42-1.07] median PFS 7.5 vs. 2.7 months,
respectively, log rank test, p = 0.07). TILP"“® score also associ-
ated with objective response, p = 0.02. Notably, in the cohort
of patients treated with everolimus (control arm), the presence
of a pre-existing immune infiltrate did not associate with OS or
objective response, indicating that our findings are specific to
patients treated with ICB, Figure 2C.

We next tested whether the presence of pre-treatment tumor
necrosis correlated with OS. The presence of geographic necro-
sis as a single feature did not associate with OS; however, it
modified the beneficial effect of having an immune infiltrate
when one was present. Patients whose tumors had substantial
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Figure 2. Pathologic scoring of H&E slides from metastatic specimens biopsied within 1 year of anti-PD-1 treatment initiation associates
with OS

(A) Left: in the discovery cohort of n = 63 pre-treatment tumor biopsies from metastases (CheckMate 009), OS was significantly increased in patients with a TILP'US
score of 1 as compared with 0 (log rank test, p = 0.008). Middle: these same findings are validated in an independent cohort of pre-treatment specimens from
metastases in patients with ccRCC treated with anti-PD-1 therapy (CheckMate 025) (p < 0.0001). Right: the findings were then extended into the pre-treatment
specimens from metastases in patients with ccRCC treated with combination anti-PD-1/CTLA-4 blockade (CheckMate 214), although the analysis was limited

due to the small number of pre-treatment biopsies available from metastatic lesions.

(B) Meta-analysis from the three trial cohorts (p = 0.0006).

(C) Notably, there was no significant association between TILP“S score and OS in patients treated with the mTOR inhibitor everolimus on the control arm of

CheckMate 025.

necrosis had inferior OS when compared with patients with the
same TILP"“S score, but whose tumors lacked necrosis, Figure 3A.
This finding was first observed in the discovery cohort and then
validated in the CheckMate 025 cohort, Figure 3B. There were no
patients receiving dual PD-1/CTLA-4 blockade who had sub-
stantial necrosis in their pre-treatment specimens, precluding
analysis. Similar to what was seen when TILPYS scores were
tested alone, combining TILP"“S and necrosis scores was not pre-
dictive of outcomes for patients receiving everolimus, Figure 3C.
Prior systemic therapy in comparison to no prior treatment did
not affect TILP“S or necrosis scores.

Combining PBRM1 loss-of-function mutation with H&E
scoring of immune cell infiltrates (TIL?'“S) and necrosis
provides a stronger predictor of OS and objective
response after anti-PD-1 therapy

PBRM1 mutations have previously been shown to associate with
response to anti-PD-1 treatment.” PBRM1 loss-of-function mu-
tation status was available for 48.5% (47/97) of the patients with
evaluable H&E-stained pre-treatment tumor specimens; these
patients did not differ substantially in baseline characteristics

from the remainder of the cohort (Table S2). PBRM1 mutation
status (mutant vs. wild type) in this subset correlated with OS
(HR, 95% CI: 0.33 [0.15-0.74], log rank test, p = 0.02). An asso-
ciation between PBRM1 mutation and TILP"S was not observed.

Given the relatively small sample sizes of patients in each
cohort having genomic data available for review, we performed
a meta-analysis examining whether the triple combination of
H&E-assessed TILP“S and necrosis and PBRM1 mutation had
increased precision in predicting OS after anti-PD-1-based ther-
apy. The combination of H&E scoring with PBRM1 mutation sta-
tus stratified patients into three groups, with patients having all
three positive factors, i.e., TILP® score of 1, necrosis score of
0, and the presence of a PBRM1 mutation, demonstrating the
best OS, Figure 4. Patients with two of the three features demon-
strated an intermediate survival, while those with only one of the
three features demonstrated the worst survival (median survival
not reached, 33.3 months, and 23.4 months for the three groups,
log rank test p = 0.007). The combination of H&E scoring with
PBRM1 mutation status resulted in an improved HR when
comparing patients with all three features present vs. only one
feature present (HR, 95% CI: 0.18 [0.04-0.78], log rank test,

Cell Reports Medicine 4, 100947, February 21, 2023 3
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Figure 3. Pathologic scoring of H&E slides in pre-treatment specimens from patients receiving nivolumab in CheckMate 009 and CheckMate

025 and everolimus in CheckMate 025

(A) In the n = 63 pre-treatment mMCCRCC specimens from CheckMate 009, OS was significantly increased in patients with a TIL°"“S score of 1 (blue line) as
compared with 0 (black line). When the presence of substantial necrosis (>10% of tumor surface area on slide) was taken into account (dashed lines), patients
showed inferior OS than their counterparts with the same immune infiltrate score but who lacked necrosis (solid lines) (log rank test, p = 0.03).

(B) Similar findings were observed in metastases from n = 19 patients from an independent cohort, CheckMate 025, who received anti-PD-1, p < 0.0001.

(C) In contrast, these findings did not predict patient outcomes for n = 39 patients receiving everolimus from CheckMate 025. This relationship could not be tested
in patients receiving anti-PD-1 + CTLA-4 dual blockade, as none of the specimens contained geographic necrosis.

p = 0.004), showing the benefit of the combinatorial biomarker
over H&E scores or PBRM1 mutation status alone. This associ-
ation was not dependent on whether anti-PD-1 was received
as first- or later-line therapy for mccRCC, Figure S3. The combi-
natorial score was also associated with objective response to
therapy (p = 0.04). Finally, TILP“S and PD-L1 IHC were also tested
for combinatorial value and showed potential utility in stratifying
patient outcomes after anti-PD-1-based therapy, Figure S4.

A PubMed search identified 38 publications across tumor types
that utilized multimodality biomarker approaches to predict pa-
tient outcomes following anti-PD-1-based therapies (Figure 5;
Table S3). None used H&E features as a part of their characteriza-
tion, further underscoring the underutilization of H&E-based in-
sights in biomarker discovery for anti-PD-1 therapies.

DISCUSSION

H&E-stained slides are only now starting to be characterized in
the context of immunotherapy. To date, they have been utilized
to assess pathologic response to neoadjuvant treatment in the
definitive resection specimen, or in on-treatment biopsies for pa-
tients with advanced unresectable disease.'*'” Here, we show
in independent cohorts that markers derived from pre-treatment
H&E-stained tumor tissue sections can be used to predict sur-
vival in patients treated with anti-PD-1-based therapies using a
routine surgical pathology workflow. Furthermore, our data
demonstrate the utility of a combinatorial biomarker including
H&E findings and PBRM1 mutation status for further stratifica-
tion of patients with mccRCC. This approach could be used to
identify patients who would be likely to respond to anti-PD-1
monotherapy, sparing unnecessary exposure to a second agent
and enhancing risk/benefit calculations when making that deci-
sion.'® Along the same lines, it also facilitates the identification
of a group of patients less likely to respond to anti-PD-1-based
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therapies (i.e., tumors with necrosis and no TILP“S), allowing
for enrichment of a population for clinical trials exploring alter-
nate therapeutic regimens.

One of the most widely explored tissue-based biomarkers for
prognosis and response to ICB is CD8* cytotoxic T cell infiltra-
tion into tumors. However, CD8" T cell density as a prognostic
and predictive biomarker is not as tightly linked to outcomes
for patients with ccRCC as is observed for many other tumor
types.'® Some studies in mccRCC have found increased CD8*
TIL density in specific tumor regions at baseline associated
with improved patient outcomes following anti-PD-1 ther-
apy,''"® while others failed to show an association.’® Numerous
studies in ccRCC have also shown that the CD8* T cells, when
present, are often dysfunctional.?'~>* Furthermore, CD8 staining
provides an evaluation of only a subset of immune cells, and it is
recognized that macrophages and B cells may also associate
with survival benefit following anti-PD-1 therapy.”* 2" The H&E
assessment performed herein includes evaluation of all lympho-
cyte subsets and associated macrophages, plasma cells, and
other immune cells allowing for a more holistic assessment of im-
mune infiltration.

Tumor necrosis is also a feature that can be readily assessed
on H&E-stained slides. In patients with localized ccRCC, the
presence of tumoral necrosis has prognostic significance,”®
but the potential significance of ccRCC necrosis as a predictive
factor for immunotherapy outcomes has not previously been
characterized. Here, the presence of necrosis alone in pre-treat-
ment metastatic specimens did not associate with OS, which is
in keeping with a previous study in melanoma patients treated
with anti-PD-1."" However, when necrosis and immune cell
scores were combined, patient outcomes after immunotherapy
could be stratified. Namely, patients whose tumors had necrosis
and lacked TILP"“S had the worst median OS. For patients with
TILP'YS necrosis attenuated the otherwise favorable survival
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Figure 4. Combining TILP"“ and necrosis scores on H&E with PBRM1 mutation status in pre-treatment biopsies from metastases improves

OS prediction after anti-PD-1

Patients with score = 3 (TILP'“S, no or minimal necrosis, and PBRM1 mutation) showed significantly improved survival when compared with those with only a single
feature (score = 1). There were no patients that had a combinatorial score of zero. A statistically distinct intermediate prognostic group was also identified for
patients whose tumors harbored any two of these features (score = 2) log rank test, p < 0.0001). Patient level data are provided for H&E TILP"“® and necrosis score
and PBRM1 mutation status. Information regarding objective response status and the trial cohort is also provided (A, CheckMate 009; B, CheckMate 025; C,
CheckMate 214). CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.

benefit of the infiltrate. In preclinical studies, tumoral necrosis
has been shown to lead to the release of intracellular potassium
ions into the extracellular space, resulting in restrained T cell
effector function.?® The clinical/translational representation for
this immunometabolic finding, consistent with the findings
reported herein, has broad relevance for biomarker develop-
ment. As a general rule, necrotic tissue is summarily excluded
from tissue-based analyses, given the inherent difficulties of
characterizing protein, RNA, and DNA in these regions. This
exclusion typically takes place without additional notation or
characterization. Our findings suggest that the necrosis itself
may have inherent biomarker value and should be captured
and analyzed as a key descriptor of the TME.

Unidimensional predictive markers are the current mainstay in
clinical oncology. More recently, pre-treatment multimodality
biomarkers have been explored in different tumor types, and
there have been reports of improved biomarker performance
when multiple modalities are employed, e.g., in patients with
melanoma tested for an IFN-y gene signature and TMB.*° We re-
viewed the literature for multimodality biomarker approaches in
studies of patients with ccRCC receiving anti-PD-1-based regi-
mens and found strategies that combined whole exome

sequencing, RNA expression profiling, and IHC, although some
studies failed to validate in additional cohorts, or there was un-
clear additive benefit beyond the single biomarkers tested.'®
Here, we highlight the utility of combining H&E scoring with
genomic testing for PBRM1 mutations in identifying patients
either most or least likely to benefit from anti-PD-1, as well as
a group with an intermediate long-term outcome. We also found
that TILP"“S scoring and PD-L1 IHC may have additive value, sug-
gesting that H&E-stained slides combined with IHC merits addi-
tional exploration as another combinatorial biomarker strategy.

PBRM1 mutations have been associated with increased im-
mune-related gene expression signatures as well as CD8*
T cell infiltration in some studies, and with lower IFN-y and
JAK/STAT3 expression in others.”?%%"*2 We did not demon-
strate a clear interaction between the presence of TILP"S and
PBRM1 mutations, which would have been anticipated if there
was indeed a functional relationship between infiltrating immune
cells and this somatic genetic alteration with regard to immuno-
therapy response. While the functional significance of PBRM1
mutations in the pre-treatment TME remains somewhat unclear,
the lack of interaction of this feature with TILP"S allowed for
added biomarker value when combined with H&E slide scoring.
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One limitation of this study is that these results are based on
retrospective analyses of specimens from prospective clinical
trials. Our results suggest that H&E-based markers should be
included as a part of future prospective clinical trials to
further assess their ability to predict patient outcomes, both
independently and in combination with other assay modalities.
Another limitation of this study is that the genomic component
focused on PBRM1 as a singular gene. Additional somatic
genomic alterations such as 9p21.3 deletions, which have
also been associated with worse OS following ICB in patients
with mccRCC,?° could be tested for potential added value to
the combinatorial biomarker presented. Tumor specimens
should also be studied from patients receiving novel anti-PD-
1-based combination treatment regimens, e.g., anti-PD-1
plus VEGF inhibitor +/— anti-CTLA-4, as well as in the adjuvant
and neoadjuvant settings.”>*** Additional future explorations
could include the application of machine learning and deep
learning to automate H&E-based tissue analyses and poten-
tially discover new complex markers predicting treatment
outcomes.

In summary, there is currently an unmet need for robust pre-
dictive biomarkers for patients with mccRCC receiving immuno-
therapy that can be readily deployed across clinical settings.
Numerous unidimensional and multidimensional biomarkers
have been proposed, but they have not validated across multiple
cohorts. mIF has shown promise as a high-tech approach to
biomarker development in this setting, but is expensive, requires
specialized equipment, and is not yet standardized for clinical
use, even among leading academic institutions.’**> As shown
here, TILP“® and necrosis scoring predicted outcomes in inde-
pendent patient cohorts and does not require expensive equip-
ment or specialized expertise, positioning H&E as a “modality”
for biomarker development as well as for potential future clinical
use in resource-poor settings.
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Figure 5. Multimodality biomarker studies
identified by literature review

Each line in this network represents a study that
tested multimodality biomarkers in pre-treatment
tissue specimens for an association with patient
outcomes following anti-PD-(L)1-based therapy.
Each individual solid, curved line represents a
single study combining the modalities shown in
the green node. Each triangle indicates studies
that combined three modalities (DNA sequencing,
RNA sequencing, and IHC). The orange lines show
studies that were conducted using specimens
from patients with RCC. The blue lines show
studies conducted in other tumor types, including
NSCLC, melanoma, urothelial carcinoma, gastric/
gastroesophageal carcinoma, Merkel cell carci-
noma, triple-negative breast cancer, and head and
neck squamous cell carcinoma. The dotted or-
ange line represents this study. The 38 studies
identified upon literature review and included in
the network diagram are listed in Table S3.

H&E

Limitations of the study

Our results are limited by the proportion of patients in each of the
individual cohorts that had PBRM1 mutation status available.
Larger cohorts of patients will also be required to explore optimal
thresholds of TILP“S and percent necrosis from H&E slides for
biomarker development. Continued biomarker development
will take place in future prospective, randomized trials.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Tumor tissue from participants in CheckMate 009 https://www.clinicaltrials.gov/
the CheckMate 009 clinical trial ct2/show/NCT01358721
Tumor tissue from participants in CheckMate 025 https://clinicaltrials.gov/ct2/
the CheckMate 025 clinical trial show/NCT01668784

Tumor tissue from participants in CheckMate 214 https://clinicaltrials.gov/ct2/
the CheckMate 214 clinical trial show/NCT02231749
Deposited data

H&E whole slide scans with De-identified archival https://digital.pathology.
example TILP“S and necrosis scores specimens johnshopkins.edu/imageSets/5879

Software and algorithms

GraphPad Prism Dotmatics https://www.graphpad.com/
scientific-software/prism/

R R Core Team https://www.r-project.org/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Janis M. Taube, MD
(itaube1@jhmi.edu).

Materials availability
The study did not generate new unique reagents.

Data and code availability
o All data reported in this paper and any additional information required to reanalyze the data will be shared by the lead contact
upon request. This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All patients signed written informed consent prior to having any study procedures performed. This study was approved by the Johns
Hopkins Institutional Review Board and adheres to the REMARK criteria for biomarker discovery.*®

Clinicopathologic features of cohorts

The discovery cohort consisted of tumor specimens from previously-treated or treatment-naive patients with mccRCC who received
various nivolumab (anti-PD-1) monotherapy regimens on a multi-institutional biomarker study, CheckMate 009 (NCT01358721).° In
this study, prospectively-collected, image-guided core needle biopsies of ccRCC metastases that had not been exposed to previous
radiation therapy were required prior to treatment initiation. The second cohort consisted of patients with mccRCC whose tumors
progressed on antiangiogenic therapy and were randomized to receive either nivolumab or everolimus on CheckMate 025
(NCT01668784).° The third cohort consisted of treatment-naive patients with advanced or metastatic ccRCC who received four
doses of nivolumab plus ipilimumab (anti-CTLA-4) followed by nivolumab monotherapy, on CheckMate 214 (NCT02231749).%® To
align with the discovery cohort, only patients with tissue obtained from a metastatic site within 1 year of ICB initiation were examined
in the other two cohorts.

For all three cohorts, specimens were excluded if a diagnosis of ccRCC could not be confirmed by a board-certified pathologist
(JMT) and/or available tumor biopsy tissue had <2 mm? surface area or exhibited poor tissue integrity. Information on objective
response by RECIST v1.1, OS, and risk assessment was also collected (see Table S1 for additional demographic and clinicopath-
ologic details). A subset of patients had multiple pre-treatment biopsies available. For these patients, the largest biopsy was
analyzed.

el Cell Reports Medicine 4, 100947, February 21, 2023


mailto:jtaube1@jhmi.edu
https://www.clinicaltrials.gov/ct2/show/NCT01358721
https://www.clinicaltrials.gov/ct2/show/NCT01358721
https://clinicaltrials.gov/ct2/show/NCT01668784
https://clinicaltrials.gov/ct2/show/NCT01668784
https://clinicaltrials.gov/ct2/show/NCT02231749
https://clinicaltrials.gov/ct2/show/NCT02231749
https://digital.pathology.johnshopkins.edu/imageSets/5879
https://digital.pathology.johnshopkins.edu/imageSets/5879
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.r-project.org/

Cell Reports Medicine ¢ CelPress

OPEN ACCESS

METHOD DETAILS

Scoring of H&E stained slides

H&E stained slides were reviewed by a board-certified pathologist blinded to patient outcome, for the presence of immune infiltrates
and necrosis, Figure 1. The mononuclear immune infiltrate, including tumor infiltrating lymphocytes, macrophages, plasma cells, and
other associated immune cells, termed TILP“S, was scored as “0” if no immune infiltrate was identified interfacing with tumor, or “1”
for the presence of immune infiltrate involving tumor. This could include TILP"YS tightly cuffing tumor nests and/or infiltrating between
tumor cells. Necrosis in any part of the TME was scored as “0” if none or focal (<10% of surface area involved by necrosis), or “1” if
substantial, geographic necrosis (>10% surface area).

Genomic studies, PD-L1 IHC, and combinatorial scores

PBRM1 loss-of-function mutations were determined by whole exome sequencing as previously reported.”-® Similarly, previously re-
ported PD-L1 IHC scores were obtained for these cohorts.>'® A combinatorial score was developed that included the TILP"“S score,
the necrosis score, and whether a PBRM1 mutation was detected. A score that combined TILP"“S and PD-L1 IHC expression was also
tested.

Literature review

We performed a PubMed search from inception through August 2021 to identify multimodality biomarker studies using pre-treatment
biospecimens for predicting clinical outcomes following anti-PD-1-based therapies, with the following search syntax: tumor muta-
tional burden OR mutational load OR mutational density OR gene expression profiling OR gene signature OR mRNA OR multiplex
immunofluorescence OR multiplex immunohistochemistry AND anti-PD-1 OR anti-PD-L1 OR nivolumab OR pembrolizumab OR ate-
zolizumab OR durvalumab OR BMS-936558 OR BMS-936559 OR MK-3475 OR MPDL3280A OR MEDI4736 OR MSB0010718C.
Separate searches using the following syntax were also deployed: (hematoxylin) AND (anti-PD-1 OR anti-PD-L1 OR nivolumab
OR pembrolizumab OR atezolizumab OR durvalumab OR BMS-936558 OR BMS-936559 OR MK-3475 OR MPDL3280A OR
MEDI4736 OR MSB0010718C); (pathology) AND (tumor mutational burden OR mutational load OR mutational density OR gene
expression profiling OR gene signature OR mRNA OR multiplex immunofluorescence OR multiplex immunohistochemistry) AND
(anti-PD-1 OR anti-PD-L1 OR nivolumab OR pembrolizumab OR atezolizumab OR durvalumab OR BMS-936558 OR BMS-
936559 OR MK-3475 OR MPDL3280A OR MEDI4736 OR MSB0010718C). The searches were limited to human studies with English
translation available. As the focus was on multi-modality biomarkers, studies combining multiple, distinct analytes detected using the
same ‘modality’ were not included, e.g. a combination of PD-L1 and CD8 by IHC did not qualify as ‘multimodality’. Studies with no
anti-PD-(L)1-treated populations, studies without or with only limited comparisons to clinical outcomes, studies investigating blood-
based profiling and/or hematologic malignancies, and studies with <15 patients were excluded.

H&E scoring system development

TILP'"S score

In the CAP surgical pathology protocol for melanoma, TIL scores are recorded as a part of staging. In this system, TIL are graded as
absent, non-brisk, or brisk, i.e. a 3-tiered system. Foundational studies related to immunoactive molecule expression such as PD-
L1(B7-H1) expression in RCC (and melanoma) used a 4-tiered system, e.g., O=absent, 1=focal, 2=moderate, 3=marked.***° Given
that we were studying immune checkpoint inhibitors, we started with such a 4-tiered system. Notably, there were no cases that qual-
ified as score ‘3’, i.e. marked infiltration by TIL per the aforementioned criteria, in the discovery cohort. Additionally, there was no clear
advantage to distinguishing between a focal (score ‘1°) and a moderate (score ‘2’) infiltrate in the discovery cohort (Figure S5A), and
thus TILP"“S was reduced to a binary score of simply TILP"“® present (score ‘1°) vs. absent (score ‘0’).

Necrosis score

The assessment of necrosis on routine pathology in RCC evaluates necrosis simply as present or absent,*'“> while the CAP cancer
pathology protocol sheets for breast carcinoma and sarcoma include three categories. For breast cancer, necrosis is scored as not
identified; present, focal (small foci or single cell necrosis), i.e. <10% present; or central (extensive “comedo” necrosis).** We tried
this three-tiered scoring system to determine if there was any benefit in this setting, but did not find a difference in the discovery
cohort between cases that had no necrosis and those with small foci of necrosis <10% (Figure S5B), thus leading to the final binary
categories of < 10% or >10%.

Slide scans of specimens with scores

Example whole slide scans of 5 cases showing representative features for TILP“® = 0 or 1 and/or necrosis = 0 or 1 can be viewed at:
https://digital.pathology.johnshopkins.edu/imageSets/5879.

Reproducibility study

Two pathologists (J.J. and E.B.) who were not involved in the development of the scoring system were trained on 5 cases. Each
pathologist then independently scored 25 cases for TILP“S and necrosis. The resultant Kappa coefficient was 0.8, which represents
substantial agreement.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The Kaplan-Meier estimator was used to perform survival analysis to associate the biomarker scores with patient outcomes, using
the log-rank test to determine statistical significance. Fisher’s exact test was used to assess differences in scores by gender, as well
as to assess any potential differences in scores between patients who received prior systemic therapy (e.g., VEGF-targeted thera-
pies, cytotoxic chemotherapy). Ages of patients were compared using Mann-Whitney test. Fisher’s exact test was used to associate
TILP"s and the combinatorial score with objective response. All tests were two-sided, and P values of <0.05 were considered sig-
nificant. Analyses were performed in GraphPad and R.

ADDITIONAL RESOURCES
Further information relevant to the clinical trial CheckMate 009 (NCT01358721), CheckMate 025 (NCT01668784), CheckMate 214

(NCT02231749) can be found at https://www.clinicaltrials.gov/ct2/show/NCT01358721, https://clinicaltrials.gov/ct2/show/NCT01
668784, and https://clinicaltrials.gov/ct2/show/NCT02231749, respectively.
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