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PD-1T TILs as aPredictiveBiomarker forClinical Benefit to
PD-1 Blockade in Patients with Advanced NSCLC
Karlijn Hummelink1,2, Vincent van der Noort3, Mirte Muller2, Robert D. Schouten2, Ferry Lalezari4,
Dennis Peters5, Willemijn S.M.E. Theelen2, Viktor H. Koelzer6, Kirsten D. Mertz7, Alfred Zippelius8,
Michel M. van den Heuvel2, Annegien Broeks5, John B.A.G. Haanen9, Ton N. Schumacher10,
Gerrit A. Meijer1, Egbert F. Smit2, Kim Monkhorst1, and Daniela S. Thommen9

ABSTRACT
◥

Purpose: Durable clinical benefit to PD-1 blockade in non–
small cell lung cancer (NSCLC) is currently limited to a small
fraction of patients, underlining the need for predictive biomar-
kers. We recently identified a tumor-reactive tumor-infiltrating
T lymphocyte (TIL) pool, termed PD-1T TILs, with predictive
potential inNSCLC.Here,we examinedPD-1TTILs as biomarker in
NSCLC.

Experimental Design: PD-1T TILs were digitally quantified in
120 baseline samples from advanced NSCLC patients treated with
PD-1 blockade. Primary outcome was disease control (DC) at
6months. Secondary outcomes were DC at 12months and survival.
Exploratory analyses addressed the impact of lesion-specific
responses, tissue sample properties, and combination with other
biomarkers on the predictive value of PD-1T TILs.

Results: PD-1T TILs as a biomarker reached 77% sensitivity
and 67% specificity at 6 months, and 93% and 65% at 12 months,

respectively. Particularly, a patient group without clinical benefit
was reliably identified, indicated by a high negative predictive
value (NPV) (88% at 6 months, 98% at 12 months). High PD-1T

TILs related to significantly longer progression-free (HR 0.39,
95% CI, 0.24–0.63, P < 0.0001) and overall survival (HR 0.46,
95% CI, 0.28–0.76, P < 0.01). Predictive performance was
increased when lesion-specific responses and samples obtained
immediately before treatment were assessed. Notably, the pre-
dictive performance of PD-1T TILs was superior to PD-L1 and
tertiary lymphoid structures in the same cohort.

Conclusions: This study established PD-1T TILs as predictive
biomarker for clinical benefit to PD-1 blockade in patients with
advanced NSCLC. Most importantly, the high NPV demon-
strates an accurate identification of a patient group without
benefit.

See related commentary by Anagnostou and Luke, p. 4835

Introduction
Immune checkpoint blockade (ICB) targeting the programmed cell

death-1 (PD-1)/PD-ligand 1 (PD-L1) pathway has dramatically chan-
ged the treatment of patients with advanced stage non–small cell lung
cancer (NSCLC). Significant improvement in survival, quality of life
and a favorable safety profile compared to chemotherapy has led
to the rapid and broad clinical implementation of this treatment
modality (1–6). However, approximately 60% to 70% of patients
progress within 6 months after treatment initiation (3, 5, 6). Hence,
predictive biomarkers are needed, in particular to identify patients that
are less likely to benefit to reduce overtreatment.

In analogy to molecular biomarkers that have been used for identi-
ficationof patientswith targetable oncogenes (7), ithasbeenassumed that
PD-L1 expression in tumors could predict benefit of anti-PD-1/PD-L1
therapy. Previous studies indeed have shown that pretreatment stratifi-
cation based on high expression of PD-L1 can identify patient subgroups
with improved response rates and survival (1, 2, 8), leading to the
approval of PD-L1 testing for newly diagnosed advanced NSCLC.
However, PD-L1 is not a perfect biomarker since multiple studies have
shown conflicting results with regard to its predictive potential (3, 5, 6).

As PD-1/PD-L1 blockade is thought to reactivate dysfunctional T
cells (9), an alternative strategy may be to develop biomarkers that
reflect the capacity of a tumor to mount an antitumor immune
response. We previously showed that the presence of a specific CD8þ

tumor-infiltrating lymphocyte (TIL) subpopulation, termed PD-1T

TILs, correlatedwith response and survival in a small cohort of patients
with NSCLC treated with PD-1 blockade (10). PD-1T TILs are a subset
of PD-1þ T cells characterized by high, tumor-associated expression
levels of PD-1, and are transcriptionally and functionally distinct from
other TIL populations with lower or no PD-1 expression. Importantly,
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PD-1T TILs show high tumor reactivity (10) consistent with subse-
quent work in other tumor types demonstrating that the capacity for
tumor recognition is strongly enriched in the dysfunctional T-cell
population that expresses high levels of PD-1 (11, 12). Moreover,
tumor infiltration by PD-1T lymphocytes was recently associated with
immunologic response to PD-1 blockade in a number of other tumor
types (13). Finally, PD-1T TILs predominantly localize in tertiary
lymphoid structures (TLS; ref. 10), which have been correlated with
clinical and immunologic response to ICB in other cancer
types (13–16). Collectively, these observations suggest that the pres-
ence of PD-1T TILs in a tumor may indicate that a tumor-specific T-
cell response has been mounted, and thereby represent a potential
biomarker to preselect patients for treatment with PD-1 blockade.
Particularly, the absence of PD-1T TILs in a tumormay signify the lack
of a tumor-reactive T-cell population and hence identify patients that
are unlikely to benefit.

In this retrospective observational study, we analyzed pretreatment
samples from two independent cohorts of patients withNSCLC treated
with PD-1 blockade to (i) train and validate PD-1T TILs as a predictive
biomarker; (ii) explore whether certain sample characteristics such as
sample type, sample location, or time of sampling influence the
predictive value of this biomarker; and (iii) evaluate the potential for
clinical implementation, by comparing and combining PD-1T TILs
with other predictive markers such as PD-L1 and TLS.

Materials and Methods
Patient enrollment and study endpoints

In this study, 164 patients with stage IVNSCLCwere identified from
two independent cohortswho started second or later linemonotherapy
with nivolumab (n¼ 128) or pembrolizumab (n¼ 36) betweenMarch
2015 and April 2018 at the Netherlands Cancer Institute/Antoni van
Leeuwenhoek hospital (NKI-AVL), The Netherlands. All patients had
pathologically confirmed stage IV NSCLC. Absence of sensitizing
EGFRmutations or ALK translocations was confirmed in 145 patients,
whereas in 19 patientsmutation statuswas unknown. Patients received
single agent nivolumab 3 mg/kg, administered as an intravenous
infusion, every 2 weeks for at least one dose or single-agent pembro-
lizumab 200 mg as an intravenous infusion every 3 weeks. Nivolumab
was provided within the Expanded Access Programme (EAP) from

Bristol Myers Squibb or in regular care after the drug was registered.
Pembrolizumab-treated patients were part of the control arm in the
PEMBRO-RT study (NCT02492568; ref. 17). Patients were random-
ized into a training and validation set. Randomization was stratified by
type of treatment (nivolumab vs. pembrolizumab) and treatment
outcome at 6 months.

RECIST v1.1 was used to assess efficacy. Patients with progressive
disease (PD) who were not evaluable for response by RECIST were
determined by the treating physician as PD. Disease control [DC;
complete response (CR)/partial response (PR) or stable disease (SD)]
at 6 months following initiation of treatment was used as the primary
clinical outcome measure. We assessed DC at 12 months (CR/PR/SD
that lasted ≥12 months), progression-free survival (PFS) and overall
survival (OS) as secondary outcome measures to predict long-term
efficacy to PD-1 blockade. PFS and OS were defined as the time from
the date of initiation of treatment with PD-1 blockade to the date of
progression or death (for PFS) or death (for OS). Patients who had not
progressed or died were censored at the date of their last follow-up.

Pretreatment formalin-fixed paraffin embedded (FFPE) tumor
tissue samples were collected from all patients. Written informed
consent was obtained from all patients for research usage of material
not required for diagnostic use by institutionally implemented opt-out
procedure. The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Institutional Research Board of
NKI (CFMPB586). Forty-four patients (27%) were excluded based on
the following criteria: samples contained less than 10,000 cells in the
tumor area on a single cross-sectional slide (n ¼ 15), were obtained
more than 2 years before start of PD-1 blockade (n ¼ 14), were
obtained from endobronchial lesions (n ¼ 8), contained normal
lymphoid tissue (n ¼ 3), showed fixation and/or staining artefacts
(n¼ 3), or were non-NSCLC histology (n¼ 1; Fig. 1A; Supplementary
Table S1). We excluded bronchial biopsies as they frequently showed
unspecific antibody staining due to mechanical damage, and lymph
node resections due to the presence of PD-1 bright T cells in normal
lymphoid tissue, which could potentially lead to false-positive results.
Prespecified subgroup analyseswere performed to compare (i) samples
derived from tumor resections and biopsies, (ii) samples from primary
andmetastatic sites, and (iii) samples that were obtained either directly
before the start of nivolumab or pembrolizumab or before any prior
line of systemic treatment.

Fresh tumor samples were collected from 16 patients with NSCLC
undergoing primary surgical treatment between July 2017 and Feb-
ruary 2019 at NKI-AVL. The study was approved by the Institutional
Research Board of NKI-AVL (CFMPB484). All patients consented to
research usage ofmaterial not required for diagnostic use either by opt-
out procedure or via prior informed consent (after May 23, 2018).
Representative tumor tissue samples were procured from surgical
resection specimens by a pathologist. Half of each sample was for-
malin-fixed and embedded in paraffin for further histologic analysis,
the other half was immediately processed into tumor fragments that
were cryopreserved until further usage (see sample processing and flow
cytometry analysis).

Sample processing and flow cytometry analysis
For flow cytometry analysis, cryopreserved tissue fragments were

thawed and processed into single-cell suspensions by enzymatic
digestion using RPMI1640 medium (Thermo Fisher Scientific) sup-
plemented with 1% Penicillin–Streptomycin (Roche, 12.6 mg/mL
Pulmozyme (Roche) and 1 mg/mL Collagenase type IV (Sigma), as
described previously (14). Samples were then washed in PBS (Sigma),
filtered over a 150 mm/L filter mesh, resuspended in 50 mL PBS, and

Translational Relevance

Despite the clinical success of anti–PD-1 treatment, robust pre-
dictive biomarkers are still lacking. As PD-1 blockade can reinvig-
orate dysfunctional T cells, we hypothesized that new biomarkers
could bedevelopedbyassessing suchdirect effectors of the antitumor
immune response. We previously identified a tumor-reactive T-cell
population, termed PD-1T TILs, with predictive potential in a small
cohort of patients with non–small cell lung cancer (NSCLC). In this
study, PD-1T TILs were assessed as a predictive biomarker for
durable clinical benefit in two NSCLC cohorts treated with PD-1
blockade, reaching high-sensitivity and high-negative predictive
value. The predictive performance was superior compared with
PD-L1 and tertiary lymphoid structures. Therefore, this biomarker
may positively impact treatment decisionmaking in clinical practice,
as it improves patient stratification. Importantly, it specifically
identifies a patient group that is unlikely to benefit from PD-1
blockade, thereby providing a tool to reduce overtreatment.
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incubated with Fc receptor blocking agent (eBioscience) and with live/
dead Zombie UV (Biolegend) for 20 minutes at 4�C. Cells were
washed, resuspended in 50 mL of staining buffer [PBS (Sigma),
0.5% BSA (Sigma), 0.1% NaN3 (Invitrogen)] containing the below-
described antibodies, and incubated for 20 minutes at 4�C. After
washing twice, cells were taken up in 200 mL IC fixation buffer
(eBioscience) and incubated for 20 minutes. Subsequently, samples
were washed twice before data acquisition.

For staining the following antibodies were used: anti-CD45 PerCP
Cy5.5 (2D1, RRID:AB_1548697) from Invitrogen; anti-CD8 BUV563
(RPA-T8, RRID:AB_2870199), -PD-1 PE-Cy7 (EH12.1, RRID:
AB_10611585), all from BD Biosciences; anti-CD3 FITC (SK7, RRI-
D_AB2043993), -CD4 BV421 (SK3 RRID:AB_2566015), all from
Biolegend. PD-1T lymphocytes were identified by using peripheral
blood T cells from healthy donors as external reference to establish the
cut-off as described previously (10). Data acquisition were carried out
on a BD LSR II SORP cell analyzer (BD Biosciences). Data were
collected using the BD FACS Diva Software version 8.0.1, and further
analyzed with FlowJo v10.6.1 (Tree Star Inc.) and GraphPad Prism
v8.0e (GraphPad Software Inc.).

IHC
Separate IHC staining of consecutive FFPE tumor tissue sections

were performed on a BenchMark Ultra autostainer Instrument (Ven-
tanaMedical Systems). Paraffin sections were cut at 3 mm. Sections for
PD-1 staining were dried overnight at room temperature and stained
within 48 hours to reduce background staining. Prior to staining,
sections were initially baked at 75�C for 28minutes and deparaffinised
in the instrument with EZ prep solution (Ventana Medical Systems).
Heat-induced antigen retrieval was carried out using Cell Condition-
ing 1 (CC1; Ventana Medical Systems) for 32 minutes (CD68 and
CD20-CD3 double staining) or 48minutes (PD-1 and PD-L1) at 95�C.

PD-1 was detected using clone NAT105 (Lot no. V0002089, Ready-
to-Use, 16 minutes at RT; Roche Diagnostics; Catalog No.
7099029001). PD-L1 was detected using clone 22C3 (1/40 dilution,
1 hour at RT; Agilent/DAKO) andCD68was detected using clone KP1
(1/10,000 dilution, 32 minutes at 37�C; Agilent/DAKO). Bound
antibody was detected using the OptiView DAB Detection Kit (Ven-
tana Medical Systems). Slides were counterstained with hematoxylin
and bluing reagent (Ventana Medical Systems).

For double staining of CD20 (Yellow) and CD3 (Purple), CD20 was
detected in the first sequence using clone L26 (1/800 dilution, 32
minutes at 37�C, Agilent/DAKO). CD20 bound antibody was visual-
ized using anti-Mouse NP (Ventana Medical systems) for 12 minutes
at 37�C followed by anti-NP AP (Ventana Medical systems) for 12
minutes at 37�C, followed by the Discovery Yellow Detection Kit
(Ventana Medical Systems). In the second sequence of the double-
staining procedure, CD3 was detected using clone SP7 (1:100 dilution,
32 minutes at 37�C; Thermo Fisher Scientific). CD3 was visualized
using anti-Rabbit HQ (Ventana Medical systems) for 12 minutes at
37�C followed by anti-HQ HRP (Ventana Medical systems) for 12
minutes at 37�C, followed by the Discovery Purple Detection Kit
(Ventana Medical Systems). Slides were counterstained with hema-
toxylin and bluing reagent (Ventana Medical Systems).

PD-1, PD-L1, and CD68 immunostainings were scanned at 20�
magnification with a resolution of 0.50 per mm2 using an Aperio slide
AT2 scanner (Leica Biosystems). CD20-CD3 immunostaining was
scanned at 20�magnificationwith a resolution of 0.24 permm2 using a
3DHistech P1000 scanner.

For manual scoring, PD-L1 and CD68 IHC images were uploaded
on Slidescore, a digital pathology slide web platform that integrates a

slide viewer with a scoring sheet (https://www.slidescore.com). PD-1T

TILs, CD20, and TLS were digitally scored as described below.

Digital quantification of PD-1T TILs
PD-1TTILs are a subset of PD-1þTcells in the tumor tissue that can

be identified both by flow cytometry and by immunohistochemistry
(IHC). To quantify PD-1TTILs in FFPE tissue, a digital workflowusing
a PD-1T IHC scoring algorithm was established previously (10). For
this study, the automated detection of PD-1T TILs was recalibrated
using the Multiplex IHC v1.2 module of the HALO software,
v2.3.2089.69 (Indica Labs). To this end, an independent set of 16
NSCLC tumor samples was used to perform flow cytometry and IHC
analysis in parallel. PD-1TTILs are definedby bright, tumor-associated
PD-1 expression at levels that exceed those observed on peripheral
blood T cells (10). Hence, to determine the frequency of PD-1T TILs in
the NSCLC samples, PD-1 expression on intratumoral lymphocytes
was assessed by flow cytometry and compared with peripheral blood T
cells as external reference to establish the threshold for tumor-
associated PD-1 expression (Supplementary Fig. S1A). Next, a digital
IHC algorithm to quantify PD-1þ lymphocytes in matched FFPE
samples was generated (Supplementary Fig. S1B). The optical density
(OD) measured by this approach is reflective of staining intensity and
thereby PD-1 levels. To identify the optimal OD cut-off resulting in
similar frequencies of PD-1T TILs by IHC as by flow cytometry,
Pearson correlation coefficients were determined using thresholds
varying from 0.2 to 0.5 OD. The percentage PD-1 bright lymphocytes
obtained for each OD threshold in FFPE samples were normalized to
total lymphocyte counts and compared with the flow cytometry-
guided annotation of PD-1T lymphocytes. An OD of 0.25 showed
the highest Pearson correlation coefficient (R2 ¼ 0.615; P < 0.001;
Supplementary Fig. S1C and S1D) andwas selected as the threshold for
further automated PD-1T TIL quantification in FFPE tumor tissue.

For prediction of clinical benefit to PD-1 blockade, the tumor areas
were measured and the number of PD-1T TILs per mm2 tumor area
was determined (Supplementary Table S2). To this end, tumor areas
were annotated with a 0.5 mm margin from the tumor border and
necrotic areas were excluded with a 0.5 mm margin. Digital image
analysis was carried out by a trained MD (K.H.) and supervised by an
experienced pathologist (K.M.), blinded for clinical outcome. ROC
curves were used in the training set to establish an optimal cut-off of 90
PD-1T TILs per mm2 for discriminating patients with and without
clinical benefit (see Results).

PD-L1 scoring
Tumor PD-L1 expression was assessed according to the instruction

manual of the qualitative, clinical grade LDT IHC assay (22C3
pharmDx; Dako) as used in routine clinical practice at NKI-AVL. As
high concordance between the 22C3 and 22–8 PD-L1 antibodies has
been reported (18, 19), the 22C3 clone was also used to assess the
predictive value of PD-L1 for nivolumab. PD-L1 expression levels were
manually scored by a trained MD (K.H.) under the supervision of an
experienced pathologist (K.M.) blinded for clinical outcome. The PD-
L1 tumor proportion score (TPS) was determined by calculating the
percentage of PD-L1þ tumor cells of total viable tumor cells (Sup-
plementary Table S2). PD-L1 positivity was defined as tumor cells
showing circumferential and/or partial linear expression (at any
intensity) of PD-L1 on the plasma cell membrane. A CD68 staining
was manually evaluated and compared with PD-L1 stained slides to
avoid false-positive results due to PD-L1 expressing macrophages in
between tumor cells. PD-L1 IC was manually scored as the proportion
of tumor area that is occupied by PD-L1þ immune cells (IC) of any

PD-1T TILs as Precision Biomarker in NSCLC

AACRJournals.org Clin Cancer Res; 28(22) November 15, 2022 4895

D
ow

nloaded from
 http://aacrjournals.org/clincancerres/article-pdf/28/22/4893/3231998/4893.pdf by Leids U

niversity M
edical C

enter user on 22 August 2023

https://www.slidescore.com


intensity (IC0: <1%; IC1: ≥1% and <5%; IC2: ≥5% and <10%; and IC3:
≥10%) as described (20, 21).

Scoring of TLS
A CD20 (yellow)/CD3 (purple) double staining was used to

identify TLS. CD20-CD3 IHC images were scanned and analyzed
using HALO. Lymphoid niches were manually identified based
on the presence of B cell (CD20þ) clusters and T cell (CD3þ)
zones as described (22, 23). Next, areas were measured in HALO
and assigned as TLS (>60,000 mm2) or lymphoid aggregate (LA;
10,000–60,000 mm2; ref. 16). Finally, tumor areas were digitally
annotated as described above and the number of TLS per mm2 and
the combined number of TLS and LA (TLSþLA) per mm2 tumor
area were determined (Supplementary Table S2).

CD20 quantification by digital image analysis
The Area Quantification v1.0 module of the HALO software was

used to generate an analysis algorithm to measure the total area with
CD20 expression on the CD20/CD3 images. The total CD20þ area was
selected because the dense clustering of CD20þ cells in TLS precluded
the setup of a reliable algorithm to quantify cell numbers. Tumor areas
were digitally annotated as described above and the CD20þ area was
normalized per mm2 tumor area (Supplementary Table S2).

Statistical analysis
Patient characteristics were descriptively reported using mean

� SD, IQR, or frequencies (percentages). Differences in patient and
sample characteristics between cohorts (training and validation),
between outcome groups (disease control vs. PD) and between
groups created by the biomarker were assessed using the Mann–
Whitney test for continuous data, Fisher exact test for categorical
data, the linear-by-linear association test for ordinal variables, the
unpaired t-test for variables with two levels and the Kruskal–Wallis
test for variables with more than two levels. Differences were
considered statistically significant if �, P < 0.05; ��, P < 0.01;
���, P < 0.001, or ����, P < 0.0001.

Calculation of the area under the ROC curve (AUC) was used as a
measure of discriminatory ability for the biomarkers considered. The
predictive performance of different biomarkers or biomarker combi-
nations on the same patient population was described in terms of
sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) and compared using the McNemar test. The
predictive accuracy of the same biomarker on different samples (e.g.,
resections vs. biopsies) was assessed using AUCs and compared in a
one-sided permutation test. Survival curves were plotted using the
Kaplan–Meiermethod and compared between groups identified by the
various biomarkers using the log-rank test.

To assess the predictive performance of PD-1T TILs (discretized at
90 per mm2) and PD-L1 (discretized at either 1% or 50%) in com-
bination, bivariate models were constructed using the validation
cohort. We considered two types of models: in one case, patients were
considered to have clinical benefit if both (PD-L1 and PD-1T TILs), or
one of the two markers were above their respective threshold. Patients
were considered to experience disease progression if both markers
were below their respective threshold. In the other case, patients were
considered to have clinical benefit only if both markers (PD-L1 and
PD-1T TILs) were above their respective threshold. Patients were
considered to experience disease progression if both, or one of the
two markers were below their respective threshold. As the first model
yielded the better predictive performance, we used this model to test
the two choices for the PD-L1 threshold.

Bivariate models of PD-L1 TPS (discretized at either 1% and 50%)
and PD-L1 IC (discretized at a score of 2) were constructed using all
nivolumab-treated patients (n¼ 94). The same type ofmodel was used
as described for PD-1T TILs and PD-L1 TPS above. Correlations
between PD-L1 TPS and PD-L1 IC or PD-1T TILs and PD-L1 TPS,
respectively, were evaluated using linear regression analysis.

Data availability
All relevant data are presented in the paper or included as Supple-

mentary Tables. Raw data generated in this study are available upon
reasonable request from the corresponding authors.

Results
PD-1T TILs as biomarker in NSCLC

To assess their predictive potential, we quantified PD-1T TILs in
pretreatment samples from 120 patients with advanced stage NSCLC
treated with either pembrolizumab (n ¼ 26) or nivolumab (n ¼ 94).
Because the pembrolizumab-treated cohort was substantially smaller,
we randomized half of the pembrolizumab treated and one third of the
nivolumab treated patients in a training set (n¼ 43). The remainder of
the patients was included in a validation set (n ¼ 77; Fig. 1A). Each
sample set consisted of 30% of patients that obtained disease control
(DC) at 6 months of treatment with PD-1 blockade. Clinicopatho-
logical characteristics and treatment outcomes are summarized in
Supplementary Table S3. Sample characteristics are shown in Supple-
mentary Table S4. None of these characteristics differed significantly
among the training and validation set.

PD-1TTILs are a subpopulation of PD-1þT cells defined by a bright,
tumor-specific PD-1 expression level. To quantify the PD-1TTIL subset
in FFPE tissue, we established an automated digital quantification
workflow as described previously (10), allowing to reliably distinguish
these cells from other PD-1þ cells (Fig. 1B; Supplementary Fig. S1 and
Materials and Methods). Next, we determined the frequency of PD-1T

TILs per mm2 tumor area that best discriminated patients with or
without DC at 6 months (DC 6m) in the training set (n ¼ 43). To
minimize the risk of undertreatment due tomisclassification of patients
with clinical benefit, we aimed for a sensitivity and negative predictive
value (NPV) of ≥90%, and a specificity of the biomarker of at least 50%
to limit overtreatment. Sensitivity and specificity reflect the predictive
accuracy of identifying patients withDC 6m and with PD, respectively.
The NPV reflects the probability of having no benefit to PD-1 blockade
for patients with a biomarker result below threshold.

In the training set, the median number of PD-1T TILs per mm2 was
255 with an IQR between 86 and 356 in the DC 6 m group versus 51
(IQR, 28–84) in the PD group (P < 0.01; Fig. 1C). To select the optimal
biomarker cut-off, we performed an ROC analysis. The area under the
ROCcurve (AUC)was 0.79 (95%CI, 0.61–0.98), demonstrating a good
discriminatory ability of the biomarker (Fig. 1D). As cut-offs reaching
the intended sensitivity and NPV ≥90% had a very low specificity
(10%), we decided to select the cut-off matching the highest sensitivity
as well as a specificity of at least 50% to reduce overtreatment. This
resulted in a cut-off of 90 PD-1TTILs permm2, reaching a sensitivity of
79% and a specificity of 83% (Table 1). The chosen cut-off had a high
NPVof 89% as indicated by the large fraction of patients with PD in the
group with less than 90 PD-1T TILs per mm2 (Fig. 1E).

To validate our findings, we next assessed the frequency of PD-1T

TILs per mm2 in the validation set (n ¼ 77). The median number of
PD-1T TILs per mm2 was 150 (IQR, 89–231) in patients with DC 6 m
versus 49 (IQR, 15–152) with PD (P < 0.01; Fig. 1F). The AUC of
the ROC curve was 0.72 (95% CI, 0.60–0.84), indicating a similar
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performance as in the training set (Fig. 1G). The biomarker also
reached a comparable sensitivity (77%) andNPV (88%), but somewhat
lower specificity (67%; Table 1). Importantly, we still observed a
substantial enrichment of nonresponding patients in the PD-1T low
group (Fig. 1H).

Assessment of secondary endpoints: DC at 12 months and
survival

Since approximately 60% to 70% of patients treated in second-line
with PD-(L)1 blockade progress within 6 months, and an additional
10% to 20% progress within 12 months (3, 5, 6), we also assessed the
value of PD-1T TILs to predict DC at 12 months (DC 12m). Two
patients in the training and eight patients in the validation set

experienced disease progression between 6 and 12 months, and were
therefore included the PD group in this analysis (Fig. 1A).Median PD-
1T TIL numbers were comparable with the DC 6 m analysis [training
set, DC 12m: 282 (IQR, 192–363), PD 44 (IQR, 27–83), P < 0.0001;
validation set, DC 12m: 202 (IQR, 114–312), PD: 49 (IQR, 17–160),P<
0.001; Supplementary Fig. S2A and S2B]. Using the same cut-off of 90
PD-1T TILs per mm2 the ROC curve yielded a high AUC in both data
sets of 0.89 (95%CI, 0.73–1.00; Fig. 2A, training set) and 0.78 (95%CI,
0.68–0.88; Fig. 2B, validation set). Importantly, in the DC 12 m
analysis our predefined cut-off reached the intended criteria with a
sensitivity of 92% and an NPV of 96% in the training set, and of 93%
and 98%, respectively, in the validation set. In both cohorts, a
specificity of >50% was maintained (84% in the training set, 65% in

Figure 1.

PD-1T TILs as biomarker for clinical
outcome to PD-1 blockade in NSCLC.
A, Study design for analysis of PD-1T

TILs in pretreatment samples from two
retrospective patient cohortswith stage
IV NSCLC treated with PD-1 blockade.
The training (n ¼ 43) and validation
(n ¼ 77) sets consisted each of 30%
of patients with disease control at
6 months (DC 6 m) of treatment.
Researchers were blinded for clinical
outcome. B, Representative PD-1 IHC
and digitalmark-ups showing PD-1T TILs
(brown) in a PD-1T TIL high andPD-1T TIL
low tumor sample, respectively.C,PD-1T

TILs per mm2 in pretreatment samples
from patients with DC 6 m (n ¼ 14)
and PD (n ¼ 29) in the training set
(n ¼ 43). Dashed line indicates a cut-off
of 90 PD-1T TILs per mm2. Medians,
interquartile ranges and minimum/
maximum shown in boxplots,
�� , P < 0.01 by Mann–Whitney U test.
D, ROC curve for predictive value of
PD-1T TILs for DC 6 m (AUC, 0.79;
95% CI, 0.61–0.98) in the training set
(n ¼ 43). E, Percentage of patients
with PD-1T high (≥90 per mm2; n ¼ 16)
and PD-1T low (<90 per mm2; n ¼ 27)
pretreatment samples showing DC 6 m
or PD. F andG, Same plots as shown inC
and D for patients with DC 6 m (n ¼ 22)
and PD (n ¼ 55) in the validation set,
��P < 0.01 (AUC, 0.72; 95% CI, 0.60–
0.84). H, Same plot as shown in E
for patients with PD-1T high (n ¼ 35)
and PD-1T low (n ¼ 42) pretreatment
samples in the validation set (n ¼ 77).
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the validation set; Table 1). Notably, in both data sets only 1/43 (2%)
and 1/77 (1%) samples from patients with DC 12 m showed a low
frequency of PD-1T TILs <90 per mm2, suggesting a reliable identi-
fication of a patient group with no long-term benefit from PD-1
blockade (Fig. 2C and D).

As additional secondary endpoints, we assessed progression-
free survival (PFS) and overall survival (OS) for patients with
more or less than 90 PD-1T TILs per mm2. Because this cut-off
was trained for prediction of DC at 6 months, PFS was signifi-
cantly longer in PD-1T high patients in the training set (HR, 0.30;
95% CI, 0.16–0.58; P < 0.001; Supplementary Fig. S2C). Notably,
PFS was also significantly increased in the validation set (HR,
0.39; 95% CI, 0.24–0.63; P < 0.0001) in PD-1T high pati-
ents (Fig. 2E). Likewise, OS was significantly longer in both the
training (HR, 0.27; 95% CI, 0.14–0.53; P < 0.0001; Supplementary
Fig. S2D) and validation set (HR, 0.46; 95% CI, 0.28–0.76;
P < 0.01; Fig. 2F).

Differences between lesion-specific and overall response
Although the presence of <90 PD-1T TILs per mm2 was strongly

associated with lack of benefit to PD-1 blockade, the PD-1T high group
was more heterogeneous with 27 of 51 patients showing progressive
disease within 12 months. It is known that progression can occur
heterogeneously across metastases upon PD-1 blockade (24). In
addition, response assessment by RECIST criteria is based on the
change in the sum of target lesion(s) and the development of new
lesions (25). Thus, patients can be classified as PD based on the
progression of some lesions whereas other lesions are stable or regress.
To explore whether such mixed responses occur in PD-1T high
patients with PD, we assessed responses to PD-1 blockade in a
lesion-specific manner. To this end, the percent increase or decrease
in diameter of the biopsied lesion during treatment was determined
using RECIST criteria. All patients showing PDwithin 12months, and
with at least two CT response assessments in which the biopsied lesion
could be measured, were included in this analysis. In total, 11 PD
patients in the PD-1T high group and 14 PD patients in the PD-1T low
group could be evaluated. Interestingly, we observed that only 27%
(3/11) of the biopsied lesions in the PD-1T high group showed
confirmed progression of the biopsied lesion (defined as ≥20% growth
compared with smallest diameter during treatment) compared to
71% (10/14) in the PD-1T low group. This indicates that the PD-1T

TIL biomarker correlates better with lesion-specific response thanwith
overall radiologic response according to RECIST, and that this could
account for at least part of the PD-1T high patients with PD (Fig. 3A).
For comparison, we also performed the same analysis in patients with
DC at 12months and found that 92%of the evaluable lesions (11/12) in
the PD-1T high group showed a durable response after a follow-up of
12 months.

Influence of patient and tissue sample characteristics on
predictive potential

Several factors including tissue and patient characteristics or prior
therapy can impact the predictive performance of biomarkers, as has
for instance been shown for PD-L1 (26–28). We therefore explored
whether clinicopathologic characteristics, intratumoral heterogeneity,
sample type, sampling site, or the time of sampling influence the
predictive performance of PD-1T TILs as a biomarker. First, we
examined a potential relationship of PD-1T TILs with clinicopatho-
logic characteristics. No significant differences were however observed
between the <90 and ≥90 per mm2 groups (Supplementary Tables S5
and S6). As heterogeneity of PD-L1 expression within lesions has been
found to limit the predictive performance of this marker, we next
assessed the heterogeneity of PD-1T TILs in five resection samples of
which two were PD-1T low (<90 per mm2) and three were PD-1T high
(≥90 per mm2).We randomly selected 10 intratumoral areas of 1 mm2

per sample and quantified PD-1T TILs in each area (Fig. 3B and C).
Although PD-1T TIL frequencies varied within a sample, the vast
majority of areas reflected the overall score of the sample as either PD-
1T TILs high or low. Thus, although PD-1T TILs showed some
intratumoral heterogeneity, the overall distribution could be captured
by assessing a relatively small area of the tumor.

Next, we compared the potential of PD-1T TILs to predict DC at 6
and 12 months in samples derived from either tumor resections or
biopsies. Performing ROC analysis, we observed that the AUC for
resected samples was higher than for biopsy samples though without
reaching significance, in line with the notion that biopsiesmay bemore
prone to sampling errors (Fig. 3D and E). Next, we compared samples
from primary and metastatic sites, which performed similarly with
respect to prediction of treatment outcome (Fig. 3D andE). Finally, we
compared samples that were taken either directly before start of anti-
PD-1 treatment or before prior systemic treatment. Samples that were
taken directly before anti-PD-1 treatment showed better predictive
value, reaching significance in the DC 12 m subgroup [AUC 0.91 (CI,
0.82–0.99) versus 0.74 (CI, 0.61–0.88), P ¼ 0.04] for samples taken
prior to at least one other systemic treatment (Fig. 3D and E). In
summary, these explorative analyses suggest that the predictive per-
formance of PD-1T TILs is even higher when assessed in a lesion-
specific manner and in samples that were taken shortly before start of
PD-1 blockade.

Comparison with PD-L1 as established biomarker
Pretreatment patient selection based on ≥50% or ≥1% tumor PD-L1

expression has been extensively studied, with contradictory
results (1–3, 5, 6). However, improved outcomes in the KEYNOTE-
024 study for patients with ≥50% PD-L1 expression have led to the
implementation of PD-L1 testing in routine diagnostics (2). Therefore,
we compared the predictive value of PD-1T TILs to the PD-L1 TPS in

Table 1. Predictive accuracy of PD-1T TILs and PD-L1, summary of training and validation results.

Clinical outcome Biomarker AUC Cut-off Sensitivity Specificity NPV PPV

Training (n ¼ 43) DC 6 m PD-1T TILs per mm2 0.7995% CI, 0.61–0.98 <90 vs. ≥90 79% 83% 89% 69%
Validation (n ¼ 77) DC 6 m PD-1T TILs per mm2 0.7295% CI, 0.60–0.84 <90 vs. ≥90 77% 67% 88% 49%

% PD-L1 TPS 0.5895% CI, 0.43–0.74 <1 vs. ≥1 41% 67% 74% 33%
<50 vs. ≥50 23% 95% 75% 63%

Training (n ¼ 43) DC 12 m PD-1T TILs per mm2 0.8995% CI, 0.73–1.00 <90 vs. ≥90 92% 84% 96% 69%
Validation (n ¼ 77) DC 12 m PD-1T TILs per mm2 0.7895% CI, 0.68–0.88 <90 vs. ≥90 93% 65% 98% 37%

% PD-L1 TPS 0.6895% CI, 0.51–0.86 <1 vs. ≥1 57% 70% 88% 30%
<50 vs. ≥50 29% 94% 86% 50%
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the validation set (Fig. 4A). The fraction of disease control and PD for
patients with tumors expressing ≥50%, 1% to 50%, or no PD-L1 are
shown in Supplementary Fig. S3A (DC 6m) and Fig. 4B (DC 12m).
ROC analysis of PD-L1 TPS to predict DC 6m and DC 12m showed a
lower AUC compared with PD-1T TILs (0.58; CI, 0.43–0.74 and 0.68;
CI, 0.51–0.86; Supplementary Fig. S3B; Fig. 4C; Table 1). A cut-off

using 50% PD-L1 TPS showed a substantially lower sensitivity (23%–
29%) and lower NPV (75%–86%) compared with PD-1T TILs
(Fig. 4D; Table 1). Both sensitivity and NPV were slightly higher
using a cut-off of 1% PD-L1 TPS (41–57% and 74–88%, respectively),
but still below the values observed for PD-1T TILs (Fig. 4D; Table 1).
Also, additional cut-offs using 5% and 10% PD-L1 TPS, which have
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Figure 2.

PD-1T TILs can effectively discriminate patients with long-term benefit from patients with progressive disease. A, ROC curve for predictive value of PD-1T TILs for DC
12m in the training set (n¼ 43; AUC, 0.89; 95%CI, 0.73–1.00) and (B) in the validation set (n¼ 77; AUC, 0.78; 95%CI, 0.68–0.88).C, Percentage of patientswith PD-1T

high (≥90 per mm2; n¼ 16) and PD-1T low (<90 per mm2; n¼ 27) pretreatment samples in the training set showing DC 12m or PD.D, Same plot as in C for PD-1T high
(n ¼ 35) and PD-1T low (n ¼ 42) pretreatment samples in the validation set (n ¼ 77). E, PFS of patients with PD-1T high versus PD-1T low pretreatment samples
(median, 5.7 months vs. 2.2 months; HR, 0.39; 95% CI, 0.24–0.63; ����, P < 0.0001) in the validation set (n¼ 77). F,OS (median, 10.7 months vs. 6.5 months; HR, 0.46;
95% CI, 0.28–0.76; �� , P < 0.01). Tick marks represent data censored at the last time the patient was known to be alive and without disease progression or death.
P value was determined by log-rank test.
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previously been evaluated as biomarker cut-offs for treatment with
nivolumab (3, 6), did not improve prediction compared with PD-1T

TILs (Supplementary Table S7). Notably, when the predictive perfor-
mance of PD-L1 TPS was assessed in the different subgroups using the
full dataset as done for PD-1T TILs, we observed a similar trend
towards a higher AUC in tumor resections and in samples taken
directly before start of PD-1 blockade. However, even after adjusting
for these potential confounders, PD-1T TILs remained superior to PD-
L1 TPS in predicting clinical benefit (Supplementary Fig. S3C and
S3D).

Next, we evaluated PFS and OS for PD-L1 TPS ≥50% and ≥1% in
the validation set. Similar to reports from previous trials (1, 2, 8),
PD-L1 TPS ≥50% enriched for patients demonstrating improved
PFS and OS (HR, 0.36; median PFS, 30.3 months vs. 2.4 months,
and HR, 0.40; median OS, 32.2 months vs. 7.2 months), of which
only PFS reached significance. However, this finding was based on
only 8 patients in the PD-L1 ≥50% subgroup and may therefore

been prone to sample size error (Fig. 4E and F). Patients with
PD-L1 TPS ≥1% showed slightly better PFS and OS in the validation
set though without reaching significance which is comparable with
other studies (refs. 3, 5, 6; Fig. 4G and H).

We noticed that the fraction of patients with PD-L1 TPS <1%
observed here was higher than in previous studies (60% as com-
pared with app. 30%), which could be caused by our more stringent
scoring method using CD68 staining to avoid false-positive PD-L1
levels. Therefore, we assessed whether the combination of PD-L1
TPS and PD-L1 expression on immune cells (PD-L1 IC) could
improve prediction. The correlation of PD-L1 TPS and PD-L1 IC
was low (Supplementary Fig. S4A and S4B). Combining PD-L1 TPS
at either 50% or 1% cut-off and PD-L1 IC≥2 indeed improved
predictive accuracy, that is, compared with PD-L1 TPS >50%, by
reaching a similar sensitivity as PD-1T TILs but still substantially
lower specificity (Supplementary Fig. S4C and S4D; Supplementary
Table S8).
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Figure 3.

Impact of lesion-specific response and tissue sample properties on the predictive accuracy of PD-1T TILs. A, Percentage of responsive versus progressive lesions
during treatment in the PD-1T high (≥90 per mm2; n ¼ 11) and PD-1T low (<90 per mm2; n¼ 14) group of patients with PD within 12 months. A lesion was defined as
progressive when ≥20% growth was seen compared with the smallest diameter during treatment. B, Example of a PD-1T high IHC staining with 10 individually
annotated tumor areas of 1 mm2. C, Quantification of PD-1T TILs per each mm2 area in five resection specimens. Each dot indicates an individual measurement. Two
tumors are PD-1T low (gray shades), and three tumors are PD-1T high (red shades). The cross indicates PD-1T TILs per mm2 normalized per total tumor area. D and E,
The predictive value of PD-1T TILs in the total cohort and different subgroups. Each comparison is marked in a gray square. Shown is the AUC for DC 6m (D) and 12 m
(E) with 95% CI interval. P value was determined by one-sided permutation test.
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Previous studies have evaluated the combination of PD-L1TPSwith
other biomarkers such as TMB or CD8 and CD4 T-cell infiltration to
increase predictive accuracy (29–33). Therefore, we investigated
whether the combination with PD-L1 TPS could further improve the
predictive value of PD-1T TILs. The correlation between PD-1T TILs

and PD-L1 TPS was low (Supplementary Fig. S5A). Combination of
the two biomarkers naturally partitioned the patient population into
four groups: (ii) PD-L1 low (<50% or <1%)þPD-1T low, (ii) PD-L1
lowþPD-1T high, (iii) PD-L1 high (≥50% or ≥1%)þPD-1T low, and
(iv) PD-L1 highþPD-1T high (Supplementary Fig. S5B). We observed
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Association of PD-L1 with long-termbenefit and survival comparedwith PD-1T TILs.A, IHC analysis of PD-L1. Example of NSCLC tumorswith≥50%,≥1%, and 0%PD-L1
expression (PD-L1 TPS), respectively. B, Percentage of patients with ≥50% (n¼ 8), 1%–50% (n¼ 19), and 0% PD-L1 TPS (n¼ 50) in pretreatment samples showing
DC 12 m or PD in the validation set (n¼ 77). C, ROC curve for predictive value of PD-L1 TPS for DC 12 m (AUC, 0.68; 95% CI, 0.51–0.86) in the validation set (n¼ 77).
D, Sensitivity and specificity of PD-L1 TPS 50%and 1% for DC6mand 12m in comparisonwith PD-1T 90 permm2 in the validation set (n¼ 77).E,PFS (HR, 0.36; 95%CI,
0.18–0.70; � , P¼ 0.03) and (F) OS (HR, 0.40; 95% CI, 0.20–0.80; P¼ 0.06) of patients with ≥50% versus <50% PD-L1 TPS in pretreatment samples in the validation
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samples in the validation set (n ¼ 77). Tick marks represent data censored at the last time the patient was known to be alive and without disease progression or
death. P value was determined by log-rank test.
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an enrichment of PD patients in the <50% PD-L1þPD-1T low group
(35/38 when assessingDC 6m as clinical outcome, 38/38 for DC 12m).
Patients with DC 6mor 12mwere distributed over all four groups and
three out of four groups, respectively (Supplementary Fig. S5C and
S5D). A similar patient distribution was found for the combination
with 1% PD-L1 TPS (Supplementary Fig. S5E and S5F). The predictive
value of PD-1TþPD-L1 at 50% cut-off was comparable with PD-1T

alone with a few percent increase in sensitivity at the cost of a slightly
lower specificity (Supplementary Fig. S5G; Supplementary Table S9,
for details on prediction model see Materials and Methods section).
The sensitivity of PD-1TþPD-L1 at 1% cut-off was similar to
PD-1TþPD-L1 50%, but the specificity of this combination was below
50% (Supplementary Fig. S5G; Supplementary Table S9). Thus, the
predictive accuracy of PD-1T alone is not increased by parallel
quantification of PD-L1 levels.

PD-1T TILs and TLS
TLS are immune cell aggregates that form in the context of chronic

inflammation and have been described in many cancer types, includ-
ing NSCLC (34–36). A number of recent studies have shown that TLS
and B cells as one of their main cellular components are associated
with response to ICB in melanoma, renal cell carcinoma, and
sarcoma (14–16). Moreover, we previously showed in a small number
of NSCLC samples that PD-1T TILs appear to predominantly localize
in TLS and constitutively secrete CXCL13, a chemoattractant that is
crucial for the formation of TLS (10). For 91 of our pretreatment
samples for which additional FFPEmaterial was available, we assessed
whether TLS and B cells were present. To this end, CD20/CD3 double
IHC staining were performed to identify TLS by the presence of B-cell
clusters and T-cell zones, as described previously (10, 16, 22, 23, 35). A
CD3þCD20þ area was defined as TLS when its size was more than
60,000 mm2 in the annotated tumor area, and as lymphoid aggregate
(LA) when between 10,000 and 60,000 mm2. To estimate the presence
of B cells, we quantified the CD20-positive area per mm2 (Supple-
mentary Fig. S6A). This analysis revealed that TLS and TLS and/or LA
(referred as TLSþLA) were present in 30/91 (33%) and 46/91 (51%) of
tumors, respectively. B cells were found in 86/91 (95%) of tumors,
suggesting that the presence of these cells does not always relate to TLS
and LA (Fig. 5A). However, in most of the 40 samples without
TLSþLA, CD20þ area per mm2 was low (Supplementary Fig. S6B).
Next, we wanted to assess the localization of PD-1T TILs in relation to
TLS. To improve the accuracy of this analysis we focused on tumor
resections (n ¼ 32), for which the annotated TLS areas based on the
CD20/CD3 double staining were copied to a consecutive slide stained
for PD-1 to calculate the frequency of PD-1T TILs inside TLS (Fig. 5B
andC). The frequency of PD-1T TILs permm2was significantly higher
inside TLS compared with tumor areas outside of TLS (P < 0.0001;
Fig. 5D). We found similar results when performing the same analysis
including TLSþLA (Supplementary Fig. S6C). Of note, samples
without TLS or LA showed only very low frequencies of PD-1T TILs
(Fig. 5D; Supplementary Fig. S6C).

Next, we investigated whether the number of TLS was associated
with clinical benefit to PD-1 blockade in NSCLC as has been shown in
other tumor types (14–16). The ranges of TLS and TLSþLA per mm2

are shown in Fig. 5E and Supplementary Fig. S6D (DC 12m) and
Supplementary Fig. S6E and S6F (DC 6m). The AUC of TLS per mm2

was 0.62 (CI, 0.47–0.76) forDC 12m (Fig. 5F) and 0.62 (CI, 0.49–0.76)
for DC 6 m (Supplementary Fig. S6G), respectively, indicating a lower
predictive performance than PD-1T TILs in the same sample set.
Similar results were observed for TLSþLA per mm2 and CD20þ area
per mm2 (Fig. 5F; Supplementary Fig. S6G). As PD-1T TILs predom-

inantly localize in TLS, this observation would possibly be consistent
with subtypes of TLS that differ in the number of PD-1T TILs. To
investigate this, we quantified the frequency of TLS and of PD-1T TILs
inside and outside TLS in PD-1T high (n¼ 13) and PD-1T low resected
samples (n ¼ 10). Resected samples with no TLS were excluded from
this analysis (n¼ 9).We found that TLS numbers did not significantly
differ between both groups (Fig. 5G). However, tumors in the PD-1T

high group had significantly higher numbers of PD-1T TILs inside TLS
(Fig. 5H). In addition, in PD-1T high tumors also significantly more
PD-1T TILs were present outside of TLS (Fig. 5I) compared with the
PD-1T low group. Notably, PD-1T lymphocytes were only sparsely
present in the tumor parenchyma of PD-1T low tumors (Fig. 5I).
Altogether, these data suggest that in tumors responding to PD-1
blockade PD-1T TILs not only infiltrate TLS in higher numbers, but
also expand in the tumor parenchyma.

Discussion
mAbs that block the PD-1–PD-L1 axis have transformed the

therapeutic arsenal of advanced stage NSCLC. Nevertheless, most
patients still do not benefit fromPD-1 blockade, while they are exposed
to the risk of treatment-related toxicity. Because of this, there is an
evident clinical need for predictive biomarkers that can help reduce
overtreatment. On the basis of the rationale that the presence of tumor-
reactive PD-1T T lymphocytes is indicative of an ongoing antitumor
response (10), we here assess the predictive value of PD-1T TILs using
an algorithm-based quantitative PD-1 IHC assay in FFPE tissue
sections. We establish PD-1T TILs as predictive marker in two
independent advanced stage NSCLC cohorts treated with PD-1 block-
ade. Our data show that particularly low numbers of PD-1T TILs
accurately identify a patient group with no clinical benefit. Further-
more, high PD-1T TIL infiltration was observed in >90% of patients
with DC 12m. The high sensitivity and NPV of our biomarker of more
than 90% with a specificity of more than 50% should thus allow to
reduce overtreatment while minimizing undertreatment.

Interobserver variability in the assessment of biomarkers often
affects their predictive value. Here, we report a reliable and automated
method to perform digital quantification of PD-1T TILs, based on an
approach established in our earlier work (10). Previous studies have
shown the advantage of digital quantification by improving accuracy
and standardization of biomarkers (37–39). Although our method
allows automated quantification of PD-1T TILs, it still requires a
substantial user interaction, for instance as tumor areas need to be
manually annotated. Hence, for implementation into clinical practice
further studies are required to assess methods that could improve
standardization across centers, for instance using artificial intelligence
(AI) solutions.

Another common hurdle for biomarker development is caused by
tumor heterogeneity. Therefore, we aimed to understand whether
heterogeneity in PD-1T TILs occurs within and across lesions and
whether the presence of PD-1T TILs may thus be predictive for the
capacity of locally residing T cells to mediate antitumor immunity
upon PD-1 blockade. To this end, we first assessed responses at lesion-
level in patients defined as clinical progressors by RECIST criteria.
Importantly, we observed that only aminority of the assessed lesions in
the PD-1T high group progressed as compared with the PD-1T low
group, indicating a good correlation between the biomarker and
lesion-specific response. To assess the impact of intratumoral hetero-
geneity, we quantified PD-1T TILs inmultiple randomly selected small
tumor areas. Despite some level of variation, the vast majority of
individual measurements allowed to correctly classify a sample as
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Figure 5.

PD-1T high samples contain a higher density of PD-1T TILs inside and outside TLS. A, Percentage of pretreatment samples containing TLS (n ¼ 30), TLS and/or LA
(referred as TLSþLA, n¼ 46), and CD20þB cells (n¼ 86) in the remaining cohort (n¼ 91).B, Top: Example of a CD20-CD3 IHC double staining, with the black square
showing CD20þ B cells (in yellow) and CD3þ T cells (in purple) localizing in a TLS. Arrows indicate LA. Bottom: Example of a consecutive PD-1 IHC staining, with the
black square showing PD-1T TILs inside TLS. C,Digital markup showing the spatial distribution of CD20þ B cells (in green) and CD3þ T cells (in light blue), and digital
markup of PD-1T TILs (in red) and all other cells (in gray). D, PD-1T TILs per mm2 inside and outside TLS in resected samples (n ¼ 23), and of total tumor area for
resected samples with no TLS (n¼ 9). Medians, interquartile ranges, andminimum/maximum shown in boxplots (���� , P <0.0001 byMann–Whitney test). E, TLS per
mm2 in pretreatment samples from patients with DC 12 m (n¼ 20) and PD (n¼ 71). Shown is the mean, P¼ 0.054 by Mann–Whitney test. F, The predictive value of
PD-1T TILs, TLS, TLSþLA, and CD20þ area per mm2 for DC 12m (n¼ 91; note that this cohort is smaller due to the availability of FFPEmaterial). Shown are AUCs with
95% CI interval. G, TLS per mm2 in PD-1T low (<90 per mm2 of total tumor area; n¼ 10) and PD-1T high (≥90 per mm2 of total tumor area; n¼ 13) resected samples.
Medians, interquartile ranges, and minimum/maximum shown in boxplots (P ¼ 0.18 by Mann–Whitney test). H, PD-1T TILs per mm2 inside TLS and (I) outside TLS
in PD-1T low (n¼ 10) and PD-1T high (n¼ 13) resected samples. Medians, interquartile ranges, andminimum/maximumshown in boxplots (�� ,P <0.01; ���� ,P <0.0001
by Mann–Whitney test).
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PD-1T high or low, suggesting that PD-1T TIL infiltration can be
reliably captured in a relatively small area of the tumor. An additional
level of heterogeneity may result from, for instance, sample type,
sampling site and/or the time between sampling and initiation of
treatment. Thus, we explored the impact of these potential confound-
ing factors on the predictive value of PD-1T TILs as a biomarker. We
observed a trend towards increased predictive accuracy of PD-1T TILs
when measured in tumor resections as compared with biopsies. In
contrast, no difference in predictive value of the biomarker was found
between primary tumors and metastases. Hong and colleagues pre-
viously observed differences in PD-L1 expression levels in distinct
anatomical sites and showed that high PD-L1 was associated with
better clinical outcome in lung and distant metastases, but not in
lymph node biopsies (40). The low number of lymph node biopsies in
our sample set precluded the separate analysis of lymph node and
organ metastases, thus a possible differences in predictive value
between these sample sites should be further explored in future work.
Finally, we observed that samples taken immediately before start of
PD-1 blockade were more accurate for prediction of clinical benefit, as
shown by the higher AUC, reaching significance for prediction of DC
12m. Collectively, these data suggest that heterogeneity in PD-1T TIL
infiltration across and within lesions exist, and that PD-1T TILs may
therefore be reflective of the capacity of locally residing T cells to
control tumor growth upon anti-PD-1. Hence, it will be important in
future studies to address the mechanistic basis of this heterogeneity,
such as differences in local antigen availability,HLAexpression, or else.

A further aim of the study was to explore the association of PD-1T

TILs to other immune-related biomarkers, such as PD-L1 and TLS.
PD-1T TILs performed superior to PD-L1, because both 50% and 1%
PD-L1TPS showed substantially lower sensitivity andNPV. Predictive
performance could be improved when PD-L1 TPS and PD-L1 IC were
combined, but remained below that observed with PD-1T TILs.
Notably, whereas previous studies showed an additive value of PD-
L1 to TMB (30, 33) and PD-L1 to CD8 (31, 32), the combination of
either 50% or 1% PD-L1 TPS with PD-1T TILs did not improve
predictive accuracy. However, because the ≥50% PD-L1 group only
comprised 10% of the samples in the validation set, which is different
from previous reported percentages (1, 2), additional studies with
subgroups that are more balanced or including PD-L1 IC should
validate these findings. As another immune-related marker, TLS have
recently been associated with response and survival benefit to ICB in
multiple cancer types (13–16), and in previous work we observed that
PD-1TTILs predominantly localize inTLS (10). In this study, we found
a lower predictive accuracy of TLS and LA compared with PD-1T TILs.
The observation that tumors with high and low PD-1T TIL count do
not show substantially different frequencies of TLS, but vary in the
number of PD-1T TILs within TLS can explain the difference in
predictive value. Moreover, the increased infiltration of PD-1T TILs
in the tumor parenchyma in the PD-1T high group suggests that not
only expansion of PD-1T TILs in TLS, but also their infiltration in the
tumor may be required for an effective response upon PD-1 blockade
treatment. Further studies are needed to provide a more in-depth
characterization of TLS-associated and intratumoral PD-1T TIL
subsets and to investigate a potential role of TLS in the expansion
of these cells.

Taken together, we here established PD-1T TILs as a novel predic-
tive biomarker for durable clinical benefit to PD-1 blockade inNSCLC.
Importantly, the high NPV of the biomarker may allow for the reliable
identification of those patients that are unlikely to benefit from PD1
blockade, thus providing a tool to reduce overtreatment.
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