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Efficacy of Pembrolizumab and Biomarker Analysis in 
Patients with WGS-Based Intermediate to High Tumor 
Mutational Load: Results from the Drug Rediscovery 
Protocol 
Birgit S. Geurts1,2, Laurien J. Zeverijn1,2, Lindsay V.M. Leek1,2, Jade M. van Berge Henegouwen3, 
Louisa R. Hoes1,2, Hanneke van der Wijngaart4,5, Vincent van der Noort6, Joris van de Haar1,2, 
Annemiek van Ommen-Nijhof7, Marleen Kok7, Paul Roepman8, Anne M.L. Jansen9, 
Wendy W.J. de Leng9, Maja J.A. de Jonge10, Ann Hoeben4,5, Carla M.L. van Herpen11, 
Hans M. Westgeest12, Lodewyk F.A. Wessels2,13, Henk M.W. Verheul10, Hans Gelderblom14, 
and Emile E. Voest1,2 

�
 ABSTRACT 

Purpose: To evaluate the efficacy of pembrolizumab across 
multiple cancer types harboring different levels of whole-genome 
sequencing–based tumor mutational load (TML; total of non-
synonymous mutations across the genome) in patients included 
in the Drug Rediscovery Protocol (NCT02925234). 

Patients and Methods: Patients with solid, treatment- 
refractory, microsatellite-stable tumors were enrolled in cohort 
A: breast cancer cohort harboring a TML of 140 to 290, cohort B: 
tumor-agnostic cohort harboring a TML of 140 to 290, and co-
hort C: tumor-agnostic cohort harboring a TML >290. Patients 
received pembrolizumab 200 mg every 3 weeks. The primary 
endpoint was clinical benefit [CB; objective response or stable 
disease (SD) ≥16 weeks]. Pretreatment tumor biopsies were ob-
tained for whole-genome sequencing and RNA sequencing. 

Results: Seventy-two evaluable patients with 26 different his-
totypes were enrolled. The CB rate was 13% in cohort A [3/24 

with partial response (PR)], 21% in cohort B (3/24 with SD; 2/24 
with PR), and 42% in cohort C (4/24 with SD; 6/24 with PR). In 
cohort C, neoantigen burden estimates and expression of in-
flammation and innate immune biomarkers were significantly 
associated with CB. Similar associations were not identified in 
cohorts A and B. In cohort A, CB was significantly associated 
with mutations in the chromatin remodeling gene PBRM1, 
whereas in cohort B, CB was significantly associated with ex-
pression of MICA/MICB and butyrophilins. CB and clonal TML 
were not significantly associated. 

Conclusions: Although pembrolizumab lacked activity in co-
hort A, cohorts B and C met the study’s primary endpoint. 
Further research is warranted to refine the selection of patients 
with tumors harboring lower TMLs and may benefit from a focus 
on innate immunity. 

See related commentary by Hsu and Yen, p. 3652 

Introduction 
Over the past decade, immune checkpoint blockade (ICB) has 

impacted anticancer treatment by demonstrating robust, durable 
responses (1). However, a substantial proportion of patients still do 
not achieve benefit, although toxicity could be severe, highlighting 
the urgent need to identify additional predictive biomarkers for 
adequate patient selection. 

High tumor mutational burden (TMB) is increasingly recog-
nized as a predictor of favorable response to ICB. The underlying 

assumption is that a high TMB leads to increased generation of 
neoantigens, subsequently enhancing the immunogenicity of tu-
mors and thereby rendering them more sensitive to immuno-
therapy (2–4). Several studies have reported that high TMB 
is associated with higher response rates to ICB therapy across a 
wide variety of cancer types (5–8). For instance, the KEYNOTE- 
158 study, evaluating pembrolizumab, demonstrated an objec-
tive response rate of 29% in patients with tumors harboring high 
TMB [defined as ≥10 mutations per megabase (mut/Mb) as de-
termined by the FoundationOne CDx assay] compared with an 
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objective response rate of 6% in the non–TMB high group (9). 
Based on these results, the FDA approved pembrolizumab for 
the treatment of patients with unresectable or metastatic TMB- 
high solid tumors, defined as ≥10 mut/Mb (as determined by 
an FDA-approved test), who progressed on prior treatment and 
for whom no satisfactory alternative treatment options are 
available (10). 

Importantly, neoantigens are largely derived from non-
synonymous mutations that result in novel peptides. Synonymous 
mutations, in contrast, do not result in amino acid changes and are 
therefore less likely to be directly involved in tumor immunoge-
nicity (4, 11, 12). Based on this assumption, we selected tumor 
mutational load (TML), defined as the total number of only non-
synonymous somatic mutations across the genome, rather than 
TMB, which generally also takes synonymous mutations into ac-
count, as a biomarker for patient selection. 

The Drug Rediscovery Protocol (DRUP) is a clinical platform 
trial in which patients with advanced solid tumors who have 
exhausted all standard-of-care options are treated based on their 
tumor mutational profile with targeted therapies and immuno-
therapies outside the registered indications (13). DRUP aims to 
facilitate access to these drugs and to systematically collect efficacy 
and safety data. Furthermore, the DRUP structure creates the op-
portunity to explore determinants of (non)response by performing 
whole-genome sequencing (WGS) and RNA sequencing (RNA-seq) 
on fresh frozen pretreatment tumor biopsies. Details on trial design 
and results from other cohorts have been previously reported 
(13–19). 

In this study, we report the results of three different TML- 
guided cohorts in DRUP: pembrolizumab (anti-PD1) in a met-
astatic breast cancer cohort harboring a TML of 140 to 290 
nonsynonymous somatic mutations per genome (cohort A) and 
in two tumor-agnostic cohorts harboring either a TML of 140 to 
290 nonsynonymous somatic mutations per genome (cohort B) 
or more than 290 nonsynonymous somatic mutations per ge-
nome (cohort C). Furthermore, we performed exploratory ge-
nomic and transcriptomic biomarker analyses to refine patient 
selection. 

Patients and Methods 
Study design 

DRUP is an ongoing Dutch prospective, multicenter, non- 
randomized platform trial in which patients with advanced or 
metastatic solid tumors, multiple myeloma, or non–Hodgkin lym-
phoma, who have exhausted all standard-of-care options, are treated 
based on their tumor molecular profile with approved targeted 
therapies or immunotherapies outside the registered indication (13). 
Patients are enrolled in parallel cohorts, each defined by one tumor 
type, one molecular variant, and one study treatment. For selected 
biomarkers, such as TML, the protocol allows for tumor-agnostic 
cohorts. 

DRUP was approved by the Medical Ethical Committee of the 
Netherlands Cancer Institute in Amsterdam and is conducted in 
accordance with Good Clinical Practice guidelines and the eth-
ical principles of the Declaration of Helsinki for medical re-
search. Written informed consent was obtained from all included 
patients. DRUP is registered with ClinicalTrials.gov, number 
NCT02925234. 

Study population 
Eligible patients were ≥18 years old with advanced, treatment- 

refractory, and immunotherapy-näıve, microsatellite-stable solid 
tumors. Patients were selected based on TML as determined by 
WGS during routine diagnostics prior to study enrollment. Patients 
with breast cancer harboring an intermediate TML of 140 to 290 
nonsynonymous mutations across the genome were eligible for a 
tumor-specific breast cancer cohort (cohort A). In two tumor- 
agnostic cohorts, patients with all other cancer types harboring ei-
ther an intermediate TML of 140 to 290 or a high TML of >290 
nonsynonymous mutations across the genome were included (co-
horts B and C, respectively). These thresholds were chosen in 
consultation with the drug sponsor before the tumor-agnostic FDA 
approval of pembrolizumab. Patients with prostate or head and neck 
squamous cell carcinomas harboring a TML of 140 to 290 were 
enrolled in additional tumor-specific cohorts that were still open for 
accrual at the time of data cutoff. Patients with gastrointestinal 
tumors harboring a TML of 140 to 290 were also enrolled in ad-
ditional tumor-specific cohorts, but these were closed at the time of 
data cutoff due to a lack of clinical activity of pembrolizumab (13). 
Patients with melanoma, urothelial cell carcinoma, and non–small 
cell lung carcinoma were ineligible as at the time of enrollment, 
ICB was the standard-of-care therapy for these tumor types. Pa-
tients were accrued by 35 participating hospitals throughout the 
Netherlands. 

Patients had measurable disease according to the Response 
Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1; 
ref. 20) or Response Assessment in Neuro-Oncology (RANO) cri-
teria (21), an acceptable organ function, and an Eastern Cooperative 
Oncology Group performance status of 0 or 1. Patients were con-
sidered evaluable if response was radiologically or clinically evalu-
able and had received at least two treatment cycles. Nonevaluable 
patients were replaced and excluded from efficacy and biomarker 
analyses. 

Treatment, assessment, and evaluation 
Patients were treated with pembrolizumab 200 mg intravenously 

once every 3 weeks until disease progression or unmanageable 
toxicity. Radiological imaging for tumor response assessment, 
either CT or MRI, was performed at baseline and every 9 weeks 

Translational Relevance 
The need for biomarkers to predict immunotherapy efficacy remains 

urgent. Within the Drug Rediscovery Protocol (NCT02925234), 
we evaluated the efficacy of pembrolizumab (anti-PD1) in patients 
with tumors harboring an intermediate to high tumor mutational 
load (TML; total number of nonsynonymous mutations per 
genome). Patients were selected based on whole-genome sequencing– 
derived intermediate TML (140–290) or high TML (>290) and 
treated with pembrolizumab 200 mg every 3 weeks. We observed 
the highest clinical benefit rate (42%) in patients with tumors 
harboring high TML. Biomarker analysis provided insights that 
may improve precision immunotherapy, particularly in patients 
with tumors harboring lower TMLs. In these patients, only the 
expression of the innate immune biomarkers MICA/MICB and 
butyrophilins was significantly associated with clinical benefit. 
These findings may provide a rationale for future studies to focus 
on innate immune biomarkers to refine patient selection and 
develop novel treatment approaches. 

3736 Clin Cancer Res; 30(17) September 1, 2024 CLINICAL CANCER RESEARCH 

Geurts et al. 
D

ow
nloaded from

 http://aacrjournals.org/clincancerres/article-pdf/30/17/3735/3488016/ccr-24-0011.pdf by guest on 28 April 2025

http://ClinicalTrials.gov


(three cycles) thereafter. Interruption of treatment could be con-
sidered for patients with ongoing benefit after 2 years of treatment. 
For these patients, the protocol allowed recommencement of 
treatment in case of radiological or clinical progression, provided 
that the patient still met all eligibility criteria. 

Primary endpoints included clinical benefit (CB) and safety. CB 
was defined as an objective response (OR) or stable disease for at 
least 16 weeks, according to RECIST v1.1 or RANO criteria and 
measured at least two times. An OR was defined as a confirmed 
complete or partial response (confirmed when response was ob-
served on subsequent tumor measurements) according to RECIST 
v.1.1 and RANO criteria. Safety was measured by the frequency of 
grade ≥3 treatment-related adverse events (AE) occurring up to 
30 days after the last administration of the study drug. All AEs were 
graded according to the Common Terminology Criteria for Adverse 
Events version 4.03. Secondary endpoints included progression-free 
survival (PFS) and overall survival (OS). Biomarker analysis was an 
exploratory endpoint. 

During accrual, safety and accrual data were regularly reviewed 
by an independent data monitoring committee who monitored and 
advised on trial conduct. 

Biomarker analyses 
Prior to the start of treatment, all patients underwent a tumor 

biopsy for biomarker analysis including WGS and RNA-seq. This 
procedure was mandatory, unless patients had received WGS on 
tumor tissue prior to study enrollment, provided that no anticancer 
therapy was administered between the collection of tissue for WGS 
and treatment initiation in DRUP, or if deemed unsafe. For patients 
that did not undergo a biopsy for WGS in the context of our trial, 
previously obtained WGS data from routine diagnostics were used 
for biomarker analyses, if available. For biomarker analyses, we 
applied the WGS pipeline of Hartwig Medical Foundation (https:// 
github.com/hartwigmedical/pipeline5, version 3.4.2; detailed values 
per patient are reported in Supplementary Table S1). The results 
were assessed per cohort, and further subgroup analysis of patients 
was performed based on primary tumor type (breast vs. other tumor 
types). 

WGS 
WGS and preprocessing were performed on tumor biopsies and 

matched 10 mL blood sample for germline DNA. Sequencing was 
performed on the Illumina NovaSeq (2 � 151 bp reads) platform by 
the Hartwig Medical Foundation, as previously described (22–24). 
Samples with low tumor purity (<20%), with low DNA yield (<300 
ng), or lacking sufficient informed consent for the present study 
were excluded from the analysis. Briefly, reads were aligned to 
the reference genome GRCH37 using Burrows–Wheeler Aligner 
(RRID: SCR_010910). Somatic single-nucleotide variants, small 
insertions, and small deletions were called using SAGE (https:// 
github.com/hartwigmedical/hmftools/tree/master/sage). TMB, TML, 
structural variant load (SVL), clonality, ploidy, and purity were 
computed using publicly available bioinformatic tools GRIDSS, 
PURPLE, and LINX (https://github.com/hartwigmedical/pipeline5, 
version 3.4.2). TMB was defined as the total number of all non-
synonymous and synonymous mutations across the whole genome 
of the tumor per Mb, whereas TML was defined as the total number 
of nonsynonymous mutations across the whole genome. TML and 
TMB were determined by performing WGS on fresh frozen biopsy 
samples, which does not allow for a direct comparison with 
panel-based TMB scores on formalin-fixed, paraffin-embedded 

material. Somatic clonal TML (cTML) was determined with a 
subclonal likelihood threshold <0.05. The aneuploidy score was 
calculated as the total number of chromosome arms with arm- 
level copy number alterations in a sample (25). Neoantigen rep-
ertoires were computed based on WGS, and if available RNA-seq, 
through the NEO pipeline (26). Fusion-derived neoepitopes were 
characterized from in- and out-of-frame gene fusions in both 
RNA and DNA (26). Driver mutations were determined using 
PURPLE. Genetic variants were annotated using SnpEff v5.0e 
(RRID: SCR_005191) and filtered using SnpSift v5.0e (RRID: 
SCR_015624) selecting oncogenes and biallelic tumor suppressor 
genes, including splice site regions, with moderate and high im-
pact (27, 28). Genetic variants were selected from pathways 
for antigen presentation (29), chromatin remodeling [the switch/ 
sucrose nonfermentable (SWI/SNF) complex; ref. 30], insensi-
tivity to IFNγ signaling (31), key oncogenes, or tumor suppressor 
genes (22). 

RNA-seq 
Total RNA was extracted using the QIAGEN QIAsymphony 

RNA kit. The KAPA RNA Hyper + RiboErase HMR method was 
used to prepare samples containing approximately 100 ng total 
RNA. RNA libraries were paired and sequenced on the Illumina 
NextSeq 550 platform (2 � 75 bp reads) or Illumina NovaSeq 
6000 platform (2 � 150 bp reads). Adapters were trimmed using 
Trim Galore! (v0.6.10; (bioinformatics.babraham.ac.uk/projects/ 
trim_galore/trim_galore) with the specified parameters: –quality 
20, –length 25, and –paired and were subsequently aligned to the 
human reference genome GRCh38 (GENCODE v35, RRID: 
SCR_014966) utilizing STAR (v2.7.10b, RRID: SCR_004463) with 
default settings (32). Next, featureCounts (subread v2.0.6, RRID: 
SCR_012919) was used to generate count data from the aligned 
reads with reverse strandedness (33). Counts per million was log2- 
normalized, and genes with an absolute count below 10 were re-
moved. To assess immune infiltration, deconvolution analysis was 
performed on markers proposed by Danaher and colleagues (34). 
The IFNγ signature gene set (35), tumor-infiltrating lymphocyte 
(TIL) signature (34), and other signatures were calculated as the 
sum of the log2 (RPM + 1) for each gene within the respective gene 
sets (Supplementary Table S2). 

Statistical analysis 
In DRUP, cohorts are monitored using a Simon-like two-stage 

“admissible” monitoring plan to identify cohorts with evidence of 
activity (36, 37). The cohorts were evaluated in a two-stage design. If 
no CB was observed in any of the first enrolled eight participants in 
the cohort, the cohorts were closed. When at least one of eight 
patients experienced CB according to the study definition, an ad-
ditional 16 patients were included in the cohort. Four or fewer 
patients with CB would suggest a lack of activity, whereas five or 
more patients with CB suggested that further investigation of the 
drug in the tumor/variant was warranted. The null hypothesis and 
alternative hypothesis were defined as clinical benefit rate (CBR) of 
10% versus ≥30%. This monitoring rule had 85% power to reject the 
null hypothesis of a CBR of 10% when the true CBR was 30%, with a 
one-sided α-error rate of 7.8%. 

All statistical analyses were performed using R version 4.0.3. 
Patient characteristics, AEs, and tumor responses were summarized 
using descriptive statistics. Kaplan–Meier methods were used to 
estimate PFS (calculated from the start of treatment to progression 
or death from any cause and censoring patients alive without 
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progression) and OS (calculated from the first day of treatment 
administration to the date of death from any cause, censoring pa-
tients who were alive at the last follow-up). The duration of re-
sponse (DoR) was calculated from the first response date until 
disease progression or death. Differences in CB between different 
patient groups were calculated using the Fisher exact test (cate-
gorical data) or the Mann–Whitney U test (continuous data). A 
Pearson correlation coefficient was computed to assess the rela-
tionship between TML and TMB. All tests were two-sided, and a 
P value less than or equal to 0.05 was considered statistically 
significant. 

Data availability 
The data described in this study are available for academic 

use upon request. WGS data can be obtained through the 
Netherlands Cancer Institute and Hartwig Medical Foundation. 
Procedures and requested forms can be found at https:// 
www.hartwigmedicalfoundation.nl/en. An independent data access 
board will evaluate whether the intended use of the data is com-
patible with the consent given by the patients and whether there 
would be any applicable ethical or legal constraints. Clinical data 
can be obtained at a per-patient level by emailing the Institutional 
Review Board of the Netherlands Cancer Institute (IRB@nki.nl). 

Results 
Accrual 

Between June 2017 and August 2021, 114 patient cases with tu-
mors harboring TML ≥140 were submitted to the central study team 
for the evaluation of potential study participation in one of the three 
cohorts described in this analysis. All patients exhausted standard- 
of-care treatment options. Ninety-nine patients were approved by 
the central team for pembrolizumab treatment screening. After al-
location, 18 patients dropped out, mainly because they no longer 
met the study selection criteria (n ¼ 10). Eighty-one patients with 26 
different tumor types were found eligible and started study treat-
ment (Supplementary Table S1). Nine patients were not evaluable 
for the primary endpoint according to the protocol definition of 
evaluability, with rapid clinical deterioration as the most common 
reason (n ¼ 8), and were excluded from the efficacy and biomarker 
analyses (Supplementary Fig. S1; Supplementary Table S1). The 
representativeness of study participants is reflected in Supplemen-
tary Table S3. 

Patient characteristics and clinical benefit 
Cohort A: Breast cancer cohort harboring a TML of 140 to 290 

Twenty-six female patients were enrolled in the breast cancer 
cohort (Supplementary Fig. S1). The median age was 57 years (range 
30–73 years). Patients with hormone receptor (HR)–positive/HER2- 
negative (n ¼ 12; 46%) and triple-negative tumors (n ¼ 9; 35%) 
were most frequently included. Patients were heavily pretreated with 
a median of 7.5 prior lines of treatment. The median WGS-based 
TML in this cohort was 177 nonsynonymous mutations per genome 
(range 143–274). Baseline characteristics are presented in Table 1. 

Twenty-four patients were evaluable for the primary endpoint 
(Supplementary Fig. S1). CB was observed in three patients [13%; 
95% confidence interval (CI), 2.7%–32.4%], all of whom showed 
partial response. Among them, two patients had triple-negative 
breast cancer, and one patient was diagnosed with HR-negative/ 
HER2-positive breast cancer. Detailed responses are presented in 
Supplementary Fig. S1. 

At the time of data cutoff (January 27, 2023), the response in one 
patient was ongoing for more than 24 months, and other responses 
lasted 6 and 10 months (Fig. 1). After a minimal follow-up of 2.0 
months, the median PFS and OS were 1.8 months (95% CI, 1.7–1.9 
months) and 6.5 months (95% CI, 3.3–10.8 months), respectively 
(Fig. 2A and B). 

Cohort B: Tumor-agnostic cohort harboring a TML of 140 to 290 
Twenty-eight patients with 15 different tumor types were en-

rolled in the tumor-agnostic cohort for tumors harboring a TML 
between 140 and 290 (Supplementary Fig. S1). The median age was 
59 years (range 34–80 years), and the majority of patients were 
female [n ¼ 19, (68%)]. The median number of prior lines of sys-
temic treatment was three. The median WGS-based TML in this 
cohort was 176 nonsynonymous mutations per genome (range 143– 
277). Baseline characteristics are presented in Table 1. 

Twenty-four patients were evaluable for the primary endpoint 
(Supplementary Fig. S1). CB was observed in five patients (21%; 
95% CI, 7.1%–42.2%), with an OR in two patients (8%; 95% CI, 
1.0%–27.0%). Detailed responses are presented in Supplementary 
Fig. S2. The median DoR was 5.2 months (95% CI, 4.1 months–not 
reached). CB was observed across different histotypes, including 
vaginal cancer (n ¼ 2), cancer of unknown primary (n ¼ 1), cervix 
carcinoma (n ¼ 1), and rhabdomyosarcoma (n ¼ 1; Supplementary 
Table S1). 

At the time of data cutoff, none of the patients were still on study. 
The median time on treatment was 1.5 months (95% CI, 1.2–3.5 
months; Fig. 1). After a minimal follow-up of 11.0 months, the 
median PFS and OS were 2.0 months (95% CI, 1.8–3.0 months) and 
9.1 months (95% CI, 4.7–13.5 months), respectively (Fig. 2A and B). 

Cohort C: Tumor-agnostic cohort harboring a TML >290 
Twenty-seven patients with 16 different tumor types were en-

rolled in the tumor-agnostic cohort for tumors harboring a TML of 
>290 (Supplementary Fig. S1). The median age was 64 years (range 
45–85 years), and 15 patients (56%) were male. The median number 
of prior lines of systemic treatment was two. The median TML in 
this cohort was 348 nonsynonymous mutations per genome (range 
299–2,915). Baseline characteristics are presented in Table 1. 

Twenty-four patients were evaluable for the primary endpoint 
(Supplementary Fig. S1). CB was observed in 10 patients (42%; 95% 
CI, 22.1%–63.4%), with an OR in 6 patients (25%; 95% CI, 9.8%– 
46.7%). Detailed responses are presented in Supplementary Fig. S2. 
The median DoR was not reached. CB was observed across different 
histotypes, including skin cancer (n ¼ 3), cancer of unknown primary 
(n ¼ 2), esophagus cancer (n ¼ 2), anaplastic oligodendroglioma 
(n ¼ 1), breast cancer (n ¼ 1), and penile cancer (n ¼ 1; Supple-
mentary Table S1). Interestingly, in this cohort, CB was more frequently 
observed in males than in females [9 of 12 (75%) vs. 1 of 15 (7%), 
P ¼ 0.0045], potentially attributed to a higher occurrence of ultraviolet 
light– or human papillomavirus–associated histotypes among males. 

At the time of data cutoff, two patients were still on study. The 
median time on treatment was 3.5 months (95% CI, 1.5–5.8 months; 
Fig. 1). After a minimal follow-up of 2.1 months, the median PFS 
and OS were 3.4 months (95% CI, 1.9–6.0 months) and 11.8 months 
(95% CI, 7.3–16.9 months), respectively (Fig. 2A and B). 

Safety 
Among the 81 treated patients, 19 (23%) experienced a total of 35 

grade ≥3 AEs deemed at least possibly related to treatment. Grade 3 and 
4 AEs were reported for 19 and 2 patients, respectively, and no grade 5 
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AEs occurred (Supplementary Table S4). AEs led to treatment dis-
continuation in four (5%) patients. Of note, one case of immune-related 
grade 4 neutropenia occurred after the administration of six treatment 
cycles, which was resolved after the administration of granulocyte 
colony–stimulating factor and immunosuppressive therapy. Remark-
ably, despite treatment discontinuation, the patient experienced durable 
CB (>24 months) from treatment. Otherwise, the safety profile across 
cohorts was consistent with that reported previously for pem-
brolizumab in patients with advanced cancers, and no unexpected 
toxicities were observed. 

Translational analyses 
Baseline biopsies 

To explore potential predictors of response or resistance to re-
fine patient selection, we performed genomic and transcriptomic 

analyses on fresh, frozen pretreatment tumor biopsies. WGS 
data were available for 66 of 72 evaluable patients (92%), ob-
tained either in the context of the trial that were successfully 
sequenced (n ¼ 41) or outside of the trial (n ¼ 25; Supple-
mentary Table S1). Successful RNA-seq was available for 54 
patients (54/72, 75%) in total (Supplementary Table S1). 
Stratified by CB (yes or no), the cohorts were analyzed collec-
tively, and the patients were further divided into breast cancer 
versus other tumor types. 

Neoantigen burden estimates predicted clinical benefit in 
cohort C 

To understand the relationship between TMB and TML, we first 
investigated the correlation between these two variables per cohort 
(Supplementary Fig. S3). For all cohorts combined, these variables 

Table 1. Baseline characteristics of enrolled patients. 

Characteristic 
Enrolled patients, 
n (%) Cohort A, n (%) Cohort B, n (%) Cohort C, n (%) 

Total patients enrolled 81 26 28 27 
Age (years) at submission 

Median (range) 61 (30–85) 57 (30–73) 59 (34–80) 64 (45–85) 
Gender 

Female 57 70% 26 100% 19 68% 12 44% 
Male 24 30% — 0 9 32% 15 56% 

ECOG performance status 
ECOG 0 26 32% 9 35% 8 29% 9 33% 
ECOG 1 47 58% 16 62% 16 57% 15 56% 
Not done 8 10% 1 4% 4 14% 3 11% 

Primary tumor type 
Breast 32 40% 26 100% — — 6 22% 
Small cell lung 7 9% — — 5 18% 2 7% 
Cervix 6 7% — — 4 14% 2 7% 
Skin 5 6% — — 2 7% 3 11% 
Squamous cell carcinoma of (peri)genitalsa 5 6% — — 4 14% 1 4% 
Unknown primary 4 5% — — 2 7% 2 7% 
Lower gastrointestinal tractb 4 5% — — 1 4% 3 11% 
Upper gastrointestinal tractc 3 4% — — - — 3 11% 
Sarcomad 3 4% — — 2 7% 1 4% 
Endometrium 2 2% — — 2 7% — — 
Ovarian 2 2% — — 2 7% — — 
Urachus 2 2% — — 2 7% — — 
Anaplastic oligodendroglioma 1 1% — — — — 1 4% 
Biliary tract 1 1% — — 1 4% — — 
Bladder (small cell) 1 1% — — — — 1 4% 
LCNEC 1 1% — — 1 4% — — 
Neuroendocrine tumor 1 1% — — — — 1 4% 
Prostate 1 1% — — — — 1 4% 

Number of prior systemic therapy lines 
Median (range) 3 (0–15) 8 (5–15) 3 (0–6) 2 (0–9) 

TML at entry 
Median (range) 226 (143–2,915) 177 (143–274) 176 (143–277) 348 (299–2,915) 

HR and HER2 status (breast cancer) 
HR+ and HER2� 17 53% 12 46% — — 5 83% 
Triple-negative 10 31% 9 35% — — 1 17% 
HER2+ 5 16% 5 19% — — 0 — 

Cohort A: breast cancer cohort harboring a TML of 140 to 290. Cohort B: tumor-agnostic cohort harboring a TML of 140 to 290. Cohort C: tumor-agnostic cohort 
harboring a TML >290. 
Abbreviations: ECOG, Eastern Cooperative Oncology Group; LCNEC, large-cell neuroendocrine carcinoma of the lung. 
aAnal, n ¼ 2; vaginal, n ¼ 2; and penile, n ¼ 1. 
bColorectal, n ¼ 3; small intestinal, n ¼ 1. 
cEsophageal, n ¼ 2; gastroesophageal junction, n ¼ 1. 
dAngiosarcoma, n ¼ 1; uterine leiomyosarcoma, n ¼ 1; and rhabdomyosarcoma, n ¼ 1. 
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were highly correlated (R ¼ 0.97, P ¼ 2.20 � 10–16), which was 
also observed separately within each cohort (cohort A: R ¼ 0.94, 
P ¼ 1.42 � 10–11; cohort B: R ¼ 0.76, P ¼ 4.82 � 10–5; cohort C: 
R ¼ 0.97, P ¼ 3.96 � 10–13). 

For some patients, variations were observed between initial TML 
at inclusion and TML of the biopsy used for biomarker analyses. 
The median TML of biopsies used for biomarker analyses was 177 
(range 65–364) in cohort A, 175 (range 34–281) in cohort B, and 

Figure 2. 
PFS and OS curve including the number of patients at risk. Kaplan–Meier curve for (A) PFS and (B) OS including the number of patients at risk. 

Figure 1. 
Swimmer plot. Swimmer plot of the time on treat-
ment (in months) for individual patients (n ¼ 72). 
The diamond marks the moment of partial response, 
the red dot indicates the end of treatment, and the 
arrow indicates that the patient was still on study at 
the time of analysis. The white bar represents the 
time during which pembrolizumab was interrupted 
(which was optional per protocol after 2 years of 
treatment) for patients who still experienced CB and 
were thus still in follow-up. Patients included in the 
breast cancer cohort harboring a TML of 140–290 
are indicated in pink. Patients included in the tumor- 
agnostic cohort harboring a TML of 140–290 are 
indicated in orange. Patients included in the tumor- 
agnostic cohort harboring a TML >290 are indicated 
in blue. 
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448 (302–2,880) in cohort C, showing wider spreads than at baseline 
(Table 1; Supplementary Table S1). For consistency, all biomarker 
analyses were performed according to the cohorts that were pre-
specified at the time of inclusion. 

In cohort C (tumor-agnostic cohort with TML >290), we found 
both TML and TMB to be significantly associated with CB (TML: 
P ¼ 0.031; TMB: P ¼ 0.0042; Fig. 3A1 and A2). In cohort A (breast 
cancer cohort with TML 140–290) and cohort B (tumor-agnostic 
cohort with TML 140–290), however, these associations were not 
observed (Fig. 3A1 and A2). 

Although neoantigen burden estimates reflect the extent of 
neoantigens produced by tumors, not all nonsynonymous muta-
tions give rise to expressed neoantigens (4). Therefore, we hy-
pothesized that a direct measurement of neoantigen load might 
yield more predictive power with regard to ICB effectiveness com-
pared with TMB and TML. Hence, we determined the neoantigen 
peptide load using both WGS and RNA-seq. The total neoantigen 
load was significantly associated with CB in patients in cohort C 
(P ¼ 0.019), in line with our observations for TML and TMB, and 
was near-significant for the non–breast cancer subgroup (P ¼ 0.058) 
and all patients combined (P ¼ 0.065; Fig. 3B1). Tumors with a 
high abundance of fusion-derived neoepitopes generate highly 

potent neoantigens and are hypothesized to respond to ICB even 
with low TML (38), but this effect was not observed in our study 
(Fig. 3B2 and B3). 

We next hypothesized that the impact of neoantigens would in-
crease with higher clonality or exhibition of high SVL (refs. 39–41). 
cTML showed a near-significant trend with CB in cohort C 
(P ¼ 0.056; Fig. 3C1). However, SVL did not show a significant 
association with CB for any of the groups (Fig. 3C2). We further 
compared aneuploidy scores between patients with and without CB, 
as previous research has shown that higher aneuploidy scores were 
associated with poor prognosis following ICB (42), but this associ-
ation was not observed in our study (Fig. 3C3). 

Mutations in SWI/SNF were associated with clinical benefit in 
cohort A 

Mutations in T cell–mediated killing pathways have emerged as 
potential mechanisms leading to ICB resistance (1). To this end, we 
analyzed mutations in IFNγ signaling pathways, antigen presenta-
tion, specifically HLA genes, and carcinogenic pathways for chro-
matin remodeling, such as the SWI/SNF complex (Supplementary 
Fig. S4). The SWI/SNF complex plays a crucial role in chromatin 
remodeling and alterations that could cause changes in gene 

Figure 3. 
Neoantigen burden estimates of clinical benefit to ICB. A1, Neoantigen burden estimates of patients (n ¼ 66) experiencing CB (green) or no CB (red) 
according to coding mutations (TML). A2, All coding mut/Mb (TMB). Neoantigen peptide prediction of patients (n ¼ 52) according to total neoantigens (B1), 
mutation-derived neoantigens (B2), and fusion-derived neoantigens (B3). C1, cTML, (C2) SVL, and (C3) aneuploidy in patient experiencing CB (green) or no 
CB (red; n ¼ 66). 
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expression and therefore overexpression of neoantigens potentially 
rendering the tumor susceptible to ICB (43). Interestingly, two 
genes from the SWI/SNF complex were found mutated in patients 
that experienced CB in the total patient cohort (PBRM1: P ¼ 0.0099; 
SMARCB1: P ¼ 0.034), of which PBRM1 was specifically mutated in 
cohort A (P ¼ 0.012; Supplementary Fig. S4). The presence of at 
least one mutated gene of the SWI/SNF complex attained statistical 
significance in patients within cohort A (P ¼ 0.011), as well as 
within all cohorts combined (P ¼ 0.0055). However, none of these 
mutations passed the multiple testing limit. 

All general markers of immune infiltration were associated with 
clinical benefit in cohort C 

We proceeded to compare expression profiles of individual 
genes and marker gene sets (2, 35, 44, 45) between patients with 
and without CB. All immune infiltration markers were signifi-
cantly associated with CB in cohort C, including IFNγ signature 
expression (P ¼ 0.0011), TIL score (P ¼ 0.013), CD8 expression 
(P ¼ 0.0044), CD274 (encoding PDL1; P ¼ 0.0011), and PDCD1 
(encoding PD1; P ¼ 0.013; Fig. 4A–E). IFNγ signature expression 
and PDCD1 gene expression were significantly associated with CB 

Figure 4. 
Conventional immunity biomarkers of clinical ben-
efit to ICB. Immune marker gene set expression of 
patients (n ¼ 54) according to (A) IFNγ, (B) TILs, 
(C) CD8 expression, (D) CD274 expression, and (E) 
PDCD1 expression in patients experiencing CB 
(green) or no CB (red). 
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in both the breast cancer and other cancers subgroups (breast 
cancer: P ¼ 0.046 and P ¼ 0.027, respectively; other cancers: P ¼
0.028 and P ¼ 0.030, respectively; Fig. 4A and E). Furthermore, in 
patients with breast cancer, CD8 expression (P ¼ 0.030) was sig-
nificantly associated with CB (Fig. 4C). However, in patients with 
non–breast cancer, the TIL score (P ¼ 0.037) was also significantly 
associated with CB (Fig. 4B). 

Expression of a variety of innate immune biomarkers was 
associated with clinical benefit in cohorts B and C 

Previous studies in advanced microsatellite instable tumors have 
indicated that modulators of the innate immunity also play a role in 
ICB effectiveness (46, 47). Therefore, expression of innate immune 
biomarkers was compared between patients with and without CB 
across our cohorts (Fig. 5A–H). In cohort C, expression of the majority 
of these innate immune biomarkers was significantly associated with 
CB, including nonclassical human leukocyte antigens (HLA; P ¼
0.0011), NK cells (P ¼ 0.0044), and TRVDV1 (P ¼ 0.0081), encoding 
the variable regions of the γδ T-cell receptor (46), ligands MICA/MICB 
(P ¼ 0.0044), killer-cell immunoglobulin-like receptors (KIR; P ¼
0.0077), and butyrophilins (P ¼ 0.0011; Fig. 5). Interestingly, we found 
only the expression of MICA/MICB (P ¼ 0.027) and butyrophilins 
(P ¼ 0.049) to be significantly associated with CB in cohort B (Fig. 5F 
and H). In patients with breast cancer, expression of the marker 
TRVDV1 (P ¼ 0.045) showed a significant association with CB 
(Fig. 5C), whereas in patients with non–breast cancer, expression of 
nonclassical HLA (P ¼ 0.0053), NK cells (P ¼ 0.018), MICA/MICB 
(P < 0.001), KIRs (P ¼ 0.019), and butyrophilins (P ¼ 0.0012) was 
significantly associated with CB (Fig. 5A, 5B, and 5F–H). 

Discussion 
The current notion is that antitumor immune responses induced 

by ICB are primarily driven by mutation-derived neoantigens. 
Therefore, high TMB has been proposed as a predictive biomarker 
for ICB efficacy. Previous studies have reported robust responses 
to ICB in tumors harboring high TMB including advanced 
microsatellite-instable tumors (9, 48), melanoma (49), and lung 
cancer (50, 51). However, an important subset of patients still does 
not benefit, highlighting the need to further refine patient selection. 
Therefore, we evaluated pembrolizumab efficacy in three different 
TML-guided cohorts: a breast cancer cohort harboring a TML 140 
to 290 (cohort A), a tumor-agnostic cohort harboring a TML 140 to 
290 (cohort B), and a tumor-agnostic cohort harboring a TML >290 
(cohort C). In cohort A, the CBR was only 13% (3/24 patients), sug-
gesting a lack of activity of pembrolizumab in this patient group 
according to our protocol definition. However, cohorts B and C were 
considered positive and met the study’s primary endpoint, as the CBRs 
in cohorts B and C were more favorable, with 21% (5/24 patients) and 
42% (10/24 patients), respectively. Although these outcomes seem to 
align with previous studies evaluating ICB efficacy in TMB-defined 
subgroups (5, 9, 52), the interpretation of mutation estimates is com-
plex due to differences in gene panels, variations in number of genes 
assessed, and types of mutations considered (12, 53), limiting direct 
comparability between previous work and this study. 

Interestingly, in some patients, we observed notable differences in 
the initial TML at entry and TML values derived from the biopsies 
used for biomarker analysis, even resulting in situations in which 
patients, in retrospect, no longer fulfilled the cohort inclusion cri-
teria. As per the predefined categorization, these patients remained 
within their cohort for biomarker analysis, but these variations may 
have obscured signals of (non)response. Differences in TML likely 
arose from biological variations, such as spatial and temporal tumor 
heterogeneity, in patients who underwent a new tumor biopsy at 
baseline, and pipeline optimization for patients who did not un-
dergo a new baseline biopsy. Tumor heterogeneity in mutational 
burden has been previously described (54) and should be taken into 
account in clinical decision-making and evaluation of response 
to ICB. 

Figure 5. 
Innate immunity biomarkers of clinical benefit to ICB. Innate immunity marker 
gene set expression of patients (n ¼ 54) according to (A) nonclassical HLA, 
(B) NK cells, (C–E) TDRV1 to TDRV3 expression, (F) MICA and MICB expres-
sion, (G) KIR-positive cells, and (H) butyrophilins in patients experiencing CB 
(green) or no CB (red). 
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To refine patient selection, we explored potential determinants 
of response or resistance at baseline. In cohort C, TML, TMB, to-
tal neoantigen load, expression of transcriptomic inflammation markers, 
and expression of a variety of innate immune biomarkers were signifi-
cantly associated with CB. Interestingly, in cohort B, we found only the 
expression of MICA/MICB and butyrophilins to be significantly asso-
ciated with CB, suggesting that these unconventional innate immune 
biomarkers might be more predictive for ICB efficacy here than other 
well-understood conventional biomarkers. In this regard, it is important 
to note that TML does not account for immunologic features of the 
tumor microenvironment. Arguably, TML could be a starting point for 
patient selection and be further improved with additional biomarkers 
that consider factors from the tumor microenvironment, among others. 

In the era of precision oncology, tumor-agnostic approaches have 
emerged as a strategy to treat patients; however, they challenge the search 
for biomarkers by potentially diluting tumor type–specific signals. In that 
regard, breast cancer constituted the largest subgroup in this study and 
was selected for focused analyses. Although clinically relevant responses 
were observed, these were too few to consider this biomarker–treatment 
combination a suitable option for all patients, which is consistent with 
previous data showing ICB effectiveness only in small subsets of patients 
with metastatic breast cancer (52, 55). This might be explained by the 
relatively “cold’’ phenotype of breast tumors compared with that of other 
tumor types (56). Interestingly, pretreatment expression of inflammation 
markers, including IFNγ, CD8, and PDCD1, could significantly distin-
guish responders from nonresponders, indicative of a more inflamed 
phenotype in responders compared with nonresponders. Investigations 
are underway to explore methods to enhance the immunogenicity of 
these tumors (57), and our exploratory biomarker analyses may support 
these efforts. Additionally, within this subgroup, mutations in PBRM1, 
encoding a subunit of the SWI/SNF complex, were significantly associ-
ated with CB. Attributed to decreased resistance to T cell–mediated 
killing (58), similar findings have been previously reported across several 
other tumor types (30, 58, 59), but limited data exist with regard to its 
role in breast cancer (30), warranting future research. 

Our study also has limitations, including the lack of both randomi-
zation and a control group and the heterogeneous study population. We 
included a total of 26 different tumor (sub)types with previous treat-
ment lines that varied in nature and quantity, a wide range of TML 
levels, and variations in survival prognosis across tumor types, which 
may have impacted the interpretation of our results. Furthermore, al-
though our cohort represents a unique dataset of clinical, genomic, and 
transcriptomic data, the cohorts are small for biomarker analysis, 
resulting in limited statistical power. Furthermore, it is uncertain 
whether the significant associations between immune markers and CB 
found in the breast cancer and non–breast cancer groups are driven by 
the immune marker itself, the addition of tumors with high TML, or the 
interaction between the immune marker and TML. Therefore, our 
findings should be interpreted with caution and regarded as hypothesis- 
generating. Nevertheless, in the context of a pan-cancer clinical platform 
trial, our study provides useful insights about the efficacy and safety of 
pembrolizumab in a wide variety of tumors with an intermediate to 
high TML. Moreover, especially for patients with lower TMLs, it pro-
vides a rationale for follow-up studies to focus on unconventional 
biomarkers and to apply these, potentially, in combination with TML. 

In conclusion, our study demonstrated that pembrolizumab could be 
an effective treatment option for some pretreated patients with advanced 
microsatellite-stable tumors harboring an intermediate to high TML, but 
additional predictive biomarkers are still highly needed. Neoantigen 
burden estimates, expression of immune inflammation markers, and 
expression of a variety of innate immune biomarkers were mainly 

predictive of CB in patients with tumors harboring high TML. In tumors 
harboring lower TMLs, only pretreatment expression of unconventional 
innate immunity–associated biomarkers predicted CB. To improve 
clinical treatment outcomes in these patients, future studies may benefit 
from a focus on innate immune biomarkers in the context of patient 
selection and development of novel personalized treatment strategies. 
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