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Summary

This thesis is dedicated to applications of high-throughput sequencing
data analysis in immunology. Initially, the project included the part fo-
cusing on the T cell biology in the context of cancer, supervised by Dr.
Pia Kvistborg, and the part focusing on the translational analysis of the
breast cancer clinical trials, supervised by Dr. Marleen Kok, both under
the general supervision of Dr. Lodewyk Wessels. Because of the COVID-
19 pandemic, Part 1 of this work focused instead on the T cell function-
ality in the context of COVID-19. As Dr. Kvistborg resigned in 2022, the
larger part of the thesis, Part 2, was completed under the supervision of
Dr. Kok and Dr. Wessels, the copromotor and promotor of this work.

Thus, this thesis describes bioinformatics approaches to the translational
studies in immunology in the context of COVID-19 disease and breast
cancer. We demonstrate that the use of genomic and transcriptomic
data, including whole-exome and shallow whole-genome DNA sequenc-
ing and single-cell and bulk RNA sequencing, allows us to make conclu-
sions about the underlying biology of the disease and identify biomarkers
related to disease outcomes and response to treatment.

In particular, in Chapter 2 we used the publicly available SARS-CoV-2 ge-
nomic data and determined that vaccination or infection by the original
SARS-CoV-2 strain is likely to provide sufficient T cell protection against
novel SARS-CoV-2 variants most prevalent until early 2022.

In Chapter 3, we explored the tumor microenvironment of metastatic
lobular breast tumors upon anti-PDL1 blockade in combination with car-
boplatin in the context of the GELATO trial. We described an increase
in T cell infiltration and checkpoint molecule upon treatment which indi-
cated the biological activity of the treatment, even though only a subset
of patients reached a clinical response.

In Chapter 4, we demonstrated that it is possible to use a ctDNA-based
copy number alteration score to predict responses to checkpoint block-
ade treatment in metastatic triple-negative breast cancer.

Finally, in Chapter 5, we analysed the biology of the tumor microenvi-
ronment in early triple-negative breast cancer upon treatment with anti-
PD1 +/- anti-CTLA4 checkpoint blockade in context of the BELLINI trial.
We showed that the tumor microenvironment of responders to check-
point blockade is more inflamed both before and after therapy, and that
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Summary

responders have higher fractions of pre-existing tumor-reactive CD8+ T
cells than non-responders.
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Samenvatting

Dit proefschrift is gewijd aan toepassingen van high-throughput sequen-
cing data-analyse in immunologie. Aanvankelijk omvatte het project een
deel gericht op de T-celbiologie in de context van kanker, onder super-
visie van Dr. Pia Kvistborg, en een deel gericht op de translationele
analyse van klinische studies naar borstkanker, onder supervisie van Dr.
Marleen Kok, beide onder algemene supervisie van Dr. Lodewyk Wes-
sels. Vanwege de COVID-19-pandemie richtte deel 1 van dit werk zich
in plaats daarvan op de functionaliteit van T-cellen in de context van
COVID-19. Toen Dr. Kvistborg in 2022 aftrad, werd het grootste deel
van het proefschrift, deel 2, voltooid onder supervisie van Dr. Kok en Dr.
Wessels, de copromotor en promotor van dit werk.

Dit proefschrift beschrijft dus bioinformatica-benaderingen voor transla-
tionele studies in de immunologie in de context van COVID-19 en borst-
kanker. Wij tonen aan dat we met behulp van genomische en transcripto-
omgegevens, waaronder DNA-sequenties van het hele exoom en ondiepe
genoom, en sequenties van individuele cellen en bulk-RNA, conclusies
kunnen trekken over de onderliggende biologie van de ziekte en biomark-
ers kunnen identificeren die verband houden met de uitkomsten van de
ziekte en de reactie op behandeling.

In het bijzonder hebben we in Hoofdstuk 2 de openbaar beschikbare
SARS-CoV-2-genomische gegevens gebruikt en vastgesteld dat vacci-
natie of infectie door de oorspronkelijke SARS-CoV-2-stam waarschijnlijk
voldoende T-celbescherming biedt tegen nieuwe SARS-CoV-2-varianten
die het meest voorkomen tot begin 2022.

In Hoofdstuk 3 hebben we de tumormicro-omgeving van gemetastaseerde
lobulaire borsttumoren onderzocht bij anti-PDL1-blokkade in combinatie
met carboplatine in de context van de GELATO-studie. We beschreven
een toename in T-celinfiltratie en checkpointmolecuul na behandeling,
wat de biologische activiteit van de behandeling aangaf, ook al bereikte
slechts een subgroep van patiënten een klinische respons.

In Hoofdstuk 4 hebben we aangetoond dat het mogelijk is om een
op ctDNA gebaseerde kopie-aantal-alteratiescore te gebruiken om re-
sponsen op checkpointblokkadebehandeling bij gemetastaseerde triple-
negatieve borstkanker te voorspellen.

Tot slot hebben we in Hoofdstuk 5 de biologie van de tumormicro-
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Samenvatting

omgeving bij vroege triple-negatieve borstkanker geanalyseerd na be-
handeling met anti-PD1 +/- anti-CTLA4 checkpointblokkade in de con-
text van de BELLINI-studie. We hebben aangetoond dat de tumormicro-
omgeving van respondenten op checkpointblokkade zowel voor als na
de therapie meer ontstoken is, en dat respondenten hogere fracties van
reeds bestaande tumorreactieve CD8+ T-cellen hebben dan niet-respon-
denten.

xii
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1. Introduction

1.1. Part 1. COVID-19 & SARS-CoV-2

COVID-19 pandemic was a global healthcare emergency caused by
SARS-CoV-2 virus [1]. It was officially recognized as a pandemic

on March 11, 2020, and continued to be recognized as a public health
emergency of international concern until May 5, 2023 [2]. It caused
more than 775 million cases and 7 million deaths [3]. Unprecedented
international efforts directed to the development of a SARS-CoV-2
vaccine allowed for fast development of vaccines [4] which became
available for the general public in 2021 [5]. SARS-CoV-2 vaccines were
highly effective in preventing critical disease and death [6], and have
been estimated to prevent at least 14 million deaths [5].

SARS-CoV-2, the pathogen that caused the pandemic, is a coronavirus,
a member of the group of RNA-based viruses [7]. It consists of a
lipid membrane encapsulating the membrane (M), envelope (E) and
spike (S) proteins [8]. The spike protein is particularly relevant as
it is involved in interaction with the host cells enabling infection of
the host [9]. SARS-CoV-2 vaccines have mostly targeted spike protein
epitopes, as spike protein tends to be quite conserved during the
SARS-CoV-2 evolution [10]. Several thousands of SARS-CoV-2 variants
have been described, however, some of them (e.g. Alpha, Beta, Gamma,
Delta, Omicron, etc) had particular epidemiological significance [11].
Since these variants differed from the original SARS-CoV-2 variant
that many people have been infected with and that had been used
for the vaccine development, it was important to investigate whether
immune protection offered by prior infection or vaccination persisted for
infections with these later variants.

1.2. Part 2. Breast cancer
Cancer is a major cause of death worldwide [12]. It is frequently
associated with a challenging and painful end of life [13], and it is
getting increasingly common [14]: as a British study put it, “more
common than marriage” [15]. We all know people who have cancer,
and the majority of us will also get cancer during our lifetime [16].
Therefore, it is crucially important to learn more about cancer biology to
allow for better treatments and outcomes.

Breast cancer is the most common type of cancer diagnosed in the
world [17]. The patient prognosis depends on the disease stage
at diagnosis and on the disease subtype [18]. These subtypes
may be differentiated by the expression status of the estrogen and
progesterone receptors and the expression and amplification of the
HER2 receptor. Tumors that are negative for all three receptors are
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1.3. Immunotherapy

assigned to the triple-negative breast cancer subtype (TNBC) [19].
Molecular subtypes of breast cancer also have different prognosis and
are treated differently. TNBC has a particularly challenging prognosis
at the metastatic stage, with median overall survival in the metastatic
setting being approximately 1-1,5 years [20], highlighting the high need
for improving the treatment landscape for TNBC tumors.

The heterogeneity explained by the molecular subtypes of breast cancer
does not cover the whole heterogeneity of breast tumors. Breast
tumors can be also divided in histological subtypes, with most cases
belonging to the ductal subtype and lobular being the second most
common histological breast cancer subtype. It accounts for 10-15% of
all breast cancer cases and has distinct morphology and prognosis [21].
In 85-95% of cases, lobular breast cancer is associated with the loss of
E cadherin expression, which drives the discohesive morphology of the
disease [22]. The distinct biology associated with special histological
breast cancer subtypes makes it important to include histology of the
tumor into consideration when developing treatment regimens.

In breast cancer, as well as in other malignancies, tumors are comprised
not only of transformed cells, but also of the components of the tumor
microenvironment: immune cells, stromal cells, intracellular matrix,
blood and lymphatic vessels, etc [23]. The tumor microenvironment
composition and activity is important for the development and prognosis
of the disease [24]. The transformed cells employ different strategies
to reprogram the components of the tumor microenvironment to a
“pro-tumor” state, in which they would functionally support the tumor
and prevent its recognition and destruction by the immune system [25].

1.3. Immunotherapy
In the last decade, immunotherapy changed the treatment landscape
of many cancers [26], including metastatic TNBC [27]. This form
of treatment is working through activating the patient’s own immune
system to fight cancer, and it can lead to profound and durable
responses [28]. Immunotherapy generally influences the tumor
microenvironment, facilitating its reprogramming to an “anti-tumor”
state. However, not all patients respond to these therapies, which
understrikes the importance of better understanding of the tumor
biology [29].

One of the ways employed by the transformed cells to avoid immune
responses is expression of immune checkpoint ligands on the cell
surface [30]. These molecules can bind to the immune checkpoint
receptors on the surface of T cells, and this interaction prevents T cells

3



1. Introduction

from destroying the cells expressing the ligands. Some of the most
common immunotherapies are immune checkpoint inhibitors that inhibit
interaction between immune checkpoints molecules on the surface
of T cells and their partner proteins on the surface of tumor cells
and components of the tumor microenvironment [28]. They lead to
profound and durable responses in some patients across a range of
malignancies [31].

Monoclonal antibodies against PD1 and PDL1 are among the most
commonly used checkpoint inhibitors [32]. Anti-PD1 therapy was
approved by the FDA for all microsatellite instability-high (MSI-H) or
mismatch repair deficient (dMMR) solid tumors [33], which was a
remarkable change in FDA practices, previously focused on making
recommendations within cancer types. It is also widely used in
treatment of multiple early and metastatic cancers without mismatch
repair deficiency, including early and metastatic TNBC [31]. These
therapies work through removing the tolerance induced by the
interaction between PD1 receptor on T cells and PDL1 ligand on the
tumor surface and reinstates the ability of T cells to recognize and kill
tumor cells [28].

Anti-PD1 checkpoint blockade in combination with chemotherapy is the
standard of care for PDL1+ metastatic TNBC [34]. For early, stage II/III,
TNBC, anti-PD1 in combination with neoadjuvant chemotherapy was
approved by FDA and EMA and is currently the standard of care in the
Netherlands [35].

Other immune checkpoint-targeting therapies include monoclonal anti-
bodies against CTLA4, LAG3, and other molecules such as VISTA and
TIM3 [28]. Anti-CTLA4 therapy is approved for use in combination with
anti-PD1/anti-PDL1 in metastatic melanoma, non-small cell lung cancer,
hepatocellular carcinoma and other malignancies [36].

1.4. High-throughput sequencing in cancer
immunotherapy

In the last decade, the development of high-throughput sequencing
technologies allowed the use of DNA and RNA sequencing data in
translational research and in clinical trials [37]. New technologies,
such as single-cell RNA sequencing or spatial transcriptomics, allow
the study of the tumor microenvironment on single-cell resolution [38].
Liquid biopsy technologies, such as analysis of circulating tumor DNA,
are also a powerful innovation that allows to gain insights into the
real-time biology of the tumor without performing an invasive traditional
biopsy [39].
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1.5. Thesis outline

As many patients still do not respond to modern immunotherapy
regimens, it becomes attractive to leverage the data generated
by high-throughput sequencing methods in clinical and translational
research [40]. It requires a multidisciplinary team effort, with clinicians
joining forces with bioinformaticians and wet lab scientists.

In this thesis, we will demonstrate how using high-throughput sequencing
data such as bulk and single-cell RNA-Seq, whole exome sequencing
and shallow whole genome sequencing can provide insights into which
patients could benefit from immune checkpoint blockade in breast
cancer. Additionally, the skills and technologies acquired for cancer
research may be directed to other needs if necessary. In particular,
during the COVID-19 pandemic, the bioinformatic skills of the author
were leveraged to gain understanding of the degree of protection
offered by SARS-CoV-2 infection or vaccination in case of infection by
new variants of the virus.

1.5. Thesis outline
We will start this thesis with exploring the ability of different SARS-CoV-2
variants to escape memory CD8 T cell responses raised by vaccination
or prior infection with SARS-CoV-2 early in the pandemic in Chapter 2.
For this chapter, O.I. Isaeva shared the first authorship in the manuscript
with S.L.C. Ketelaars. O.I. Isaeva and S.L.C. Ketelaars performed the
experiments, analyzed the data and wrote the manuscript together.

In Chapter 3, we will discuss the effects of PD-L1 blockade in
combination with carboplatin as immune induction in metastatic lobular
breast cancer in the context of the GELATO clinical trial. For this
chapter, O.I. Isaeva shared the first authorship in the manuscript with L.
Voorwerk. O.I. Isaeva was the leading bioinformatician in the study and
performed and interpreted computational analyzes of the DNA and RNA
sequencing data.

In Chapter 4, we will discuss the use of circulating tumor DNA-based
copy number dynamics during anti-PD-1 treatment in metastatic triple
negative breast cancer. For this chapter, O.I. Isaeva shared the first
authorship in the manuscript with A.Y. Lin and conceptualized the
study together with M. Kok. O.I. Isaeva also supervised A.Y. Lin, and
they performed and interpreted computational analyses and wrote the
manuscript together.

In Chapter 5, we will proceed to the early TNBC setting and discuss
the effects of neoadjuvant nivolumab or nivolumab plus ipilimumab
treatment in early triple negative breast cancer with higher levels of
tumor infiltrating lymphocytes in the context of the BELLINI trial. For
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1. Introduction

this chapter, O.I. Isaeva shared the first authorship in the manuscript
with I. Nederlof. O.I. Isaeva was the leading bioinformatician in the
study, designed, performed and interpreted computational analyses
of the DNA, bulk and single-cell RNA sequencing data, analyzed and
interpreted translational data and wrote the paper together with I.
Nederlof and M. Kok.
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Since the start of the COVID-19 pandemic, mutations have led to
the emergence of new SARS-CoV-2 variants, and some of these have
become prominent or dominant variants of concern. This natural
course of development can have an impact on how protective the
previously naturally or vaccine induced immunity is. Therefore, it
is crucial to understand whether and how variant specific mutations
influence host immunity. To address this, we have investigated how
mutations in the recent SARS-CoV-2 variants of interest and concern
influence epitope sequence similarity, predicted binding affinity to HLA,
and immunogenicity of previously reported SARS-CoV-2 CD8 T cell
epitopes. Our data suggests that the vast majority of SARS-CoV-2
CD8 T cell recognized epitopes are not altered by variant specific
mutations. Interestingly, for the CD8 T cell epitopes that are altered due
to variant specific mutations, our analyses show there is a high degree
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of sequence similarity between mutated and reference SARS-CoV-2 CD8
T cell epitopes. However, mutated epitopes, primarily derived from
the spike protein, in SARS-CoV-2 variants Delta, AY.4.2 and Mu display
reduced predicted binding affinity to their restriction element. These
findings indicate that the recent SARS-CoV-2 variants of interest and
concern have limited ability to escape memory CD8 T cell responses
raised by vaccination or prior infection with SARS-CoV-2 early in the
pandemic. The overall low impact of the mutations on CD8 T cell
cross-recognition is in accordance with the notion that mutations in
SARS-CoV-2 are primarily the result of receptor binding affinity and
antibody selection pressures exerted on the spike protein, unrelated to
T cell immunity.
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2.1. Introduction

T he COVID-19 pandemic caused by SARS-CoV-2 is having a global
catastrophic impact on public health and social economy [1, 2].

SARS-CoV-2 was first identified in humans in late 2019 in Wuhan, China,
and the outbreak was designated as a pandemic by the WHO on March
11th, 2020 [3, 4]. The early variant of SARS-CoV-2 (also known as
lineage B or Wuhan-Hu-1; UniProt: UP000464024; Genome accession:
MN908947) is hereafter referred to as ‘reference SARS-CoV-2’.

SARS-CoV-2 is a single-stranded RNA virus characterized by an inherently
high mutation rate, short replication time and high virion yield [5–8].
As the virus spreads, this leads to a high genetic diversity and allows
the virus to evolve rapidly as a result of natural selection pressures,
including those originating from the host immune system. Mutations
accumulate over time and result in amino acid changes that decrease
the antigenicity of immune targeted proteins. This gradual change
in antigenicity of viral proteins, driven by selective immune pressure,
is known as antigenic drift [9]. Antigenic drift allows viruses to
continuously evade host immunity, facilitating recurrent viral outbreaks.
In acute infectious disease, antigenic drift is primarily driven by antibody
responses leading to selection of escape mutants [9]. In accordance
with this, many of the amino acid changes in SARS-CoV-2 variants
are located in the spike protein, the main target of neutralizing
antibodies [10]. These antibodies form the only immune mechanism
that is able to provide sterilizing immunity, preventing host cells from
being infected. The rate of evolution of the SARS-CoV-2 spike protein is
much higher than that of similar proteins in other known viruses that
cause acute infectious disease in humans. For example, its rate of
evolution is approximately 10-fold higher than the evolution rate of the
influenza A hemagglutinin and neuraminidase proteins [9]. In addition,
a large number of amino acid changes have accumulated in SARS-CoV-2
proteins that are not known antibody targets [11]. These amino acid
changes may have inferred a fitness advantage to the virus unrelated
to antibody immunity, as antigenic drift is primarily driven by antibody
responses in acute viral infections [6, 9, 12, 13].

Even though T cells are unlikely to be a main source to antigenic drift,
there is ample evidence for the importance of these cells in protection
against severe and critical COVID-19 and re-infections: 1) Depletion of
CD8 T cells led to impaired clearance of SARS-CoV-2 in a COVID-19
mouse model [14] and breakthrough infections in a rhesus macaque
model upon rechallenge; 2) Lower baseline peripheral blood CD8 T cell
counts have been shown to correlate with decreased patient survival [15,
16]; and 3) CD8 T cells have also been shown to impact COVID-19
disease severity: high percentages of HLA-DR+CD38hi CD8+ T cells in
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peripheral blood of COVID-19 patients were demonstrated to correlate
with disease severity [17], and early bystander CD8 T cell activation
combined with absence of systemic inflammation was shown to predict
asymptomatic or mild disease [18]. Combined, these observations
suggest that CD8 T cell immunity is important for protection against
reinfection and severe COVID-19 disease [19].

As a direct consequence of antigenic drift, several SARS-CoV-2 variants
defined by amino acid changes that directly impact virus transmissibility,
pathogenicity, infectivity and/or antigenicity have emerged [20]. The
most prominent SARS-CoV-2 variants in Europe were designated as
variants of concern (VOC) (Alpha, B.1.1.7; Beta, B.1.351; Gamma,
P.1; Delta, B.1.617.2; Omicron, B.1.1.529) and variants of interest
(VOI) (Lambda, C.37; Mu, B.1.621; “Delta Plus”, AY.4.2), according
to the European Centre for Disease Prevention and Control (ECDC)
designation [21]. All VOC and VOI except AY.4.2 were also designated
as VOC or VOI by the World Health Organization at the moment of this
investigation [20]. SARS-CoV-2 variant Alpha was the dominant variant
in circulation starting in late 2020 and was subsequently replaced by
SARS-CoV-2 variant Delta which accounted for 90% of the infections
worldwide by August 2021. In November 2021, SARS-CoV-2 variant
Omicron was first detected. It was responsible for at least 92% of global
SARS-CoV-2 infections by February 2022 [22](Figure 2.1A). There is
accumulating evidence that recent SARS-CoV-2 variants including Beta,
Delta and Omicron, are less efficiently neutralized by vaccine recipients’
sera [23, 24]. In terms of T cell immunity, there is experimental data
by other groups showing that T cell responses induced by reference
SARS-CoV-2 generally cross-recognize SARS-CoV-2 variants Alpha, Beta,
Gamma, Delta and Omicron [25–29]. However, these papers do not
include systematic data regarding the effect of SARS-CoV-2 variant-
specific amino acid changes on the properties of previously recognized
CD8 T cell epitopes.

In this work, we investigate the potential consequences of variant-
specific mutations on the SARS-CoV-2-specific CD8 T cell responses
raised by either natural infection or vaccination based on in silico
analysis. In particular, we explore changes in predicted binding
affinity of the epitopes to their HLA restriction elements, predicted
immunogenicity and likelihood of CD8 T cell receptor cross-recognition
of epitopes between the reference SARS-CoV-2 strain and SARS-CoV-2
variants of interest and concern (Figure 2.1B). We perform these
analyses pan-proteome to identify the degree of protection after a
natural infection. Furthermore, the vaccines currently approved by WHO
are limited to the spike protein [30]. Therefore, we have also conducted
the analyses focused on CD8 T cell recognized epitopes derived from
the spike protein only to determine the degree of the vaccine-mediated
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Figure 2.1: Overview of the investigated SARS-CoV-2 CD8 T cell reactive epitopes. (A)
Phylogenetic tree where isolates originating from variants of concern (VOCs) Alpha, Beta, Gamma,
Delta and Omicron are highlighted, as well as variants of interest (VOIs) Lambda and Mu. AY.4.2 is
a subvariant of Delta and overlaps with the Delta branch. The length of the branches reflects the
time of emergence. Visualization generated using the Nextstrain platform [22]. (B) Depiction of
the project workflow. Created with Biorender. (C) Stacked bar graph indicating the percentages of
CD8 T cell recognized epitopes per variant that are conserved or harbor the indicated types of
mutations. (D) Numbers of CD8 T cell recognized epitopes per variant that harbor the indicated
types of mutations.
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protection.

2.2. Results
A Minor Fraction of SARS-CoV-2 Derived CD8 T Cell Recognized
Epitopes Are Mutated in Variants of Concern and Interest

We focused our analysis on the current SARS-CoV-2 variants of concern
(VOC) (Alpha, B.1.1.7; Beta, B.1.351; Gamma, P.1; Delta, B.1.617.2;
Omicron, B.1.1.529) and variants of interest (VOI) (Lambda, C.37; Mu,
B.1.621; “Delta Plus”, AY.4.2). First, we identified the non-synonymous
amino acid substitutions, insertions and deletions that were present
in at least 75% of total virus isolates for each variant in the GISAID
database [31, 32] (per December 6th, 2021; as compared to the
reference SARS-CoV-2 variant (Supplementary Table 1). Next, we
parsed all 973 unique experimentally validated CD8 T cell recognized
reference SARS-CoV-2 derived epitopes identified in patients with COVID-
19, per December 8th 2021, from the Immune Epitope Database [33,
34] (IEDB) and aligned these with the sequences spanning the identified
non-synonymous mutations in the investigated SARS-CoV-2 variants
(Figure 2.1B). Specifically, all SARS-CoV-2 CD8 T cell epitopes detected
in patients with COVID-19 were included. Epitopes deduced from peptide
pools, in which the exact reactive peptide is not validated, were filtered
out. In addition, studies conducted in the adoptive transfer setting were
filtered out. Subsequently, we proceeded with the bioinformatic analysis
of differences in HLA binding affinity, immunogenicity and sequence
similarity between altered and reference epitopes (Figure 2.1B).

The vast majority of the 973 included CD8 T cell recognized epitopes
was found to be conserved across the different variants (median: 97.8%,
range: 96.5-98.3%): we identified a total of 93 unique epitopes that
harbored one or more mutations (Figure 2.1C). Specifically, between
17 and 34 unique epitopes per variant (median: 21) overlap with one or
more amino acid substitutions, deletions and/or insertions (Figure 2.1D
and Supplementary Tables 2, 3). Six CD8 T cell recognized epitopes
were considered eliminated in SARS-CoV-2 variant Alpha as they were
located downstream of a stop-codon mutation (ORF8 Q27∗); three
additional epitopes contain a deletion (SΔ69/70 or Δ144/144). In
SARS-CoV-2 variant Beta, the identified CD8 T cell recognized epitopes
only contain single amino acid substitutions. Altered CD8 T cell
recognized epitopes in the more recent Gamma, Delta, Lambda, Mu
and AY.4.2 SARS-CoV-2 variants do not harbor single deletions but
harbor other types of mutations, for example, epitopes with mutations
consisting of more than one amino acid substitution (Gamma, Lambda,
Mu and AY.4.2; n = 1, 1, 2 and 1, respectively) or an epitope with a
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deletion (SΔ157-158) together with an amino acid substitution (Delta
and AY.4.2). The recently emerged SARS-CoV-2 Omicron variant harbors
the largest number of CD8 T cell recognized epitopes that overlap
with non-synonymous mutations (n=34). These mutations result in
epitopes with single (n=23), double (n=2) and triple (n=3) amino acid
substitutions; single deletions (n=3); a combined amino acid substitution
and deletion (n=2), and even a combined substitution, deletion and
insertion (n=1) (Figure 2.1D and Supplementary Tables 2, 3).

To be able to investigate the potential consequences of the variant
specific mutations on T cell recognition, we made a list of all
variant specific CD8 T cell epitopes based on the variant specific
mutations. For the analyses investigating the likelihood of T cell
receptor cross-recognition and epitope immunogenicity of the altered
epitopes, we included the 93 unique CD8 T cell recognized epitopes
with variant specific mutations. For the prediction of HLA binding
affinity, we limited the analysis to the 74 of the 93 epitopes for which
HLA restriction elements had been experimentally determined by the
scientific community (Supplementary Tables 2, 3). In total, these
epitopes bind 27 HLA alleles, with between 1 and 14 epitopes per allele
(median: 3, Supplementary Figure 2.5A).

Properties of Altered Epitopes Are Highly Conserved Between
Variants and Reference SARS-CoV-2 CD8 T Cell Recognized
Epitopes

Amino acid changes in SARS-CoV-2-derived CD8 T cell epitopes can
reduce the sequence similarity to the reference epitope. The more
distinct the biochemical properties of an amino acid substitution are
compared to the reference amino acid, the greater the dissimilarity. This
could lead to reduced or abrogated activation of memory CD8 T cells
reacting to the altered epitope. The epitope sequence similarity of the
altered epitope to the reference epitope can therefore be used as an in
silico proxy for likelihood of T cell receptor cross-recognition.

To test the epitope sequence similarity between the variant-specific
and matched reference epitopes, we conducted two analyses: 1)
We compared the sequence similarity between the reference and
the altered epitopes using a previously published method ([35]).
Importantly, this method incorporates the biochemical properties of
amino acid substitutes to score the epitope sequence similarity,
which is crucial in epitope cross-recognition by CD8 T cell receptors.
Experimental data demonstrate that CD8 T cell receptor recognition
drops to 50% if peptide similarity drops below 85% [36]. We found
that the vast majority (median: 90%, range: 65-100%) of the reference
and the matched variant specific CD8 T cell epitopes share over 85%
sequence similarity (Figure 2.2A and Supplementary Figure 2.6A).
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2) In addition, we measured the degree of sequence similarity between
the pairs of epitopes using the IEDB clustering tool which performs a
local alignment [37]. In contrast to the first method, the IEDB clustering
tool allows comparison of epitopes of differing lengths (e.g. due to
insertions/deletions). Data from our previous experiments in the tumor
setting suggests that a sequence similarity above 80% could serve as
an indicator of potential TCR cross-reactivity [38, 39]. The majority
(median: 93%, range: 73-100%) of reference SARS-CoV-2 epitopes and
variant derived epitopes share at least 80% similarity (Supplementary
Figure 2.6B). Taken together, these in silico analyses suggest that the
ability of memory CD8 T cells, induced by natural infection with the
reference virus, to respond to the included variants is not significantly
impaired.

The likelihood that a certain peptide is immunogenic can be predicted
based on the presence and, importantly, positioning of amino acids with
certain biochemical properties [40]. To investigate whether a SARS-
CoV-2 CD8 T cell recognized epitope is predicted to be more or less
immunogenic as a result of an amino acid change, we applied the IEDB T
cell class I pMHC immunogenicity prediction tool to the set of reference
SARS-CoV-2 CD8 T cell recognized epitopes and variant derived epitopes.
This tool uses a large set of known peptide immunogenicity values to
computationally predict whether CD8 T cell epitopes are immunogenic
(i.e., likelihood for T cell recognition) or not [40]. Surprisingly, the
epitopes derived from the Omicron and Lambda variants were predicted
to be significantly more and less immunogenic, respectively (Omicron:
p=0.0042, (Lambda: p=0.03; Figure 2.2B). For all included SARS-CoV-2
variants, a large fraction of mutated epitopes was predicted to be either
more immunogenic (median: 47%, range: 11-57%) or unchanged in
immunogenicity (median: 28%, range: 19-44%). Between 6% and
44% (median: 24%) of variant specific CD8 T cell recognized epitopes
were predicted to be less immunogenic as a result of the mutation
(Supplementary Figure 2.7A). Taken together, these analyses indicate
that there is a high degree of sequence similarity between altered and
reference epitopes in all analyzed SARS-CoV-2 variants, which is likely
to result in a high degree of CD8 T cell cross-reactivity between these
epitopes.

A Minor Fraction of Mutated Epitopes From Delta and AY.4.2
Exhibit Reduced Predicted Binding Affinity to MHC Class I

Amino acid changes in CD8 T cell recognized epitopes may result in
altered binding affinity to the corresponding HLA restriction elements.
This may result in altered presentation of the epitope on the surface
of SARS-CoV-2 infected cells, making the infected cells less visible
to T cell recognition. To estimate the changes in binding affinity
of the altered epitopes, we used the 74 unique SARS-CoV-2 CD8 T
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Figure 2.2: Sequence similarity and predicted binding affinity of mutated CD8 T cell
recognized epitopes. (A) Sequence similarity scores between the reference SARS-CoV-2 CD8
T cell recognized epitopes and the altered epitopes. Sequence similarity of epitopes in red is
set to zero as a result of one or more deletions/insertions in the epitope sequence (Alpha, n
= 3; Delta, n = 2; AY.4.2, n = 2; Omicron, n = 13) or due to the ORF8 Q27∗ stop codon
mutation (Alpha, n = 6). (B) Box plot indicating the predicted immunogenicity of the reference
SARS-CoV-2 CD8 T cell recognized epitopes and the altered epitopes according to the IEDB T cell
class I pMHC immunogenicity prediction tool. (C) Fractions of total altered CD8 T cell recognized
epitopes where the predicted binding affinity of the epitope to the corresponding HLA restriction
element was increased (≤0.5-fold change in IC50), remained neutral (0.5< fold change in IC50
<2) or was decreased (≥2-fold change in IC50) as a result of the mutation. Epitopes were
considered eliminated as a result of the ORF8 Q27∗ stop codon mutation (Alpha variant). (D)
Box plot indicating the predicted binding affinity IC50 (nM) of the reference and altered CD8
T cell recognized epitope to the corresponding HLA restriction element. Box plots indicate the
median (line), 25th and 75th percentile (box), min and max (whiskers), and all data points (single
circles). Statistical significance was tested with a two-tailed Wilcoxon matched-pairs signed rank
test. Variation in numbers of epitopes in the analyses are due to inclusion of epitopes binding one
or more HLA restriction elements. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. n indicates the number
of epitopes analyzed per group.

cell recognized epitopes with previously experimentally validated HLA
restriction elements. We used the NetMHCpan-4.1 tool to predict the
binding affinity of each reference and variant specific CD8 T cell epitope
to the matched HLA restriction element [41]. In this analysis, epitopes
that can bind to more than one HLA allele were included for each of the
HLA allele they bind to.

For each included SARS-CoV-2 variant, we observed decreased binding
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affinity, defined as a ≥2-fold change in IC50 value for a subset of the
variant specific epitopes (median 37% of epitopes, range: 21%-50%)
(Figure 2.2C). Between 41% and 64% (median: 50%) of variant specific
epitopes retained their predicted binding affinity (neutral; 0.5< fold
change in IC50 <2), and for between 0% and 25% (median: 12%) of
altered epitopes an increased binding affinity was predicted (≤0.5-fold
change in IC50 value). Following a comparison of the difference in
predicted binding affinity of the paired reference SARS-CoV-2 CD8 T cell
recognized epitopes and mutated epitopes, the small set of epitopes
of the Delta variant and its subvariant AY.4.2 were predicted to have
a significantly reduced binding affinity to the HLA as a result of their
mutations (Delta: p=0.01, AY.4.2: p=0.0002; Figure 2.2D). Importantly,
despite these statistically significant differences, these results are
derived from a highly limited number of epitopes (12 and 18 altered
epitopes derived from Delta and AY.4.2, respectively, out of a total of
973 CD8 T cell recognized epitopes per variant).

A Larger Fraction of Spike Derived CD8 T Cell Epitopes Are Af-
fected by Variant Specific Mutations Compared to Pan Proteome
Derived Epitopes

To date, it is estimated that since the start of the pandemic there have
been more than 400 million COVID-19 cases [42]. This translates to
approximately 5% of the world population, however, many cases were
never included in the official statistics. In contrast, it is estimated that
over half of the world population (62.6% on February 25, 2022) has
received at least one dose of a COVID-19 vaccine based on the reference
SARS-CoV-2 sequence of the spike protein [43]. Of all the proteins
encoded by SARS-CoV-2, the spike protein is subject to the highest rate
of evolution [10]. As a consequence, spike protein-derived CD8 T cell
recognized epitopes are inherently the least conserved T cell epitopes
of the SARS-CoV-2 proteome. Therefore, individuals that have not been
infected but have only received the vaccine may have a lower level of
protective CD8 T cell immunity as their T cell immunity is limited to
epitopes from the spike protein.

We performed our analysis on spike protein-derived epitopes only. The
SARS-CoV-2 spike protein encodes 263 previously identified CD8 T cell
recognized epitopes. The majority of these 263 CD8 T cell recognized
epitopes is conserved across the variants included in our analysis
(median: 95.1%, range: 92.0-96.6%) corresponding to between 9 and
21 (median: 13) epitopes per variant which have alterations in the
amino acid sequence (Figure 2.3A, Supplementary Figure 2.5C,
Supplementary Tables 2, 3). The majority (median 84%, range:
52-100%) of these mutated variant specific epitopes share at least 85%
similarity with the corresponding references epitopes (Figure 2.3B and
Supplementary Figure 2.6C) based on the IEDB epitope clustering
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tool (median 89%, range: 71-100%; Supplementary Figure 2.6D).

Interestingly, the mutated spike protein-derived epitopes from the
Alpha, AY.4.2 and Omicron variants are predicted to be significantly
more immunogenic compared to reference (Alpha: p=0.0034, AY.4.2:
p=0.031, Omicron: p=0.0065; Figure 2.3C). A large fraction of mutated
epitopes was predicted to be either more immunogenic (median: 63%,
range: 22-79%) or unchanged in immunogenicity (median: 20%, range:
11-31%). Between 6% and 67% (median: 15%) of variant specific CD8
T cell recognized epitopes were predicted to be less immunogenic as
a result of the mutation (Supplementary Figure 2.7B). Furthermore,
for each included SARS-CoV-2 variant, decreased binding affinity is
predicted (≥2-fold change in IC50 value; Figure 2.3D) for a subset
of the altered epitopes (median 48% of epitopes, range: 22%-75%).
Between 25% and 59% (median: 44%) of altered epitopes retained
their predicted binding affinity (neutral; 0.5 < fold change in IC50 <
2), and between 0% and 25% (median: 6%) of altered epitopes had
an increased predicted binding affinity (≤0.5-fold change in IC50 value).
Spike protein-derived CD8 T cell recognized epitopes of the Delta,
Mu and AY.4.2 variants were predicted to have a significantly reduced
binding affinity to the HLA as a result of their mutations (Delta: p=0.016,
Mu: p=0.017, AY.4.2: p=0.0002; Figure 2.3E). Importantly, despite
these statistically significant differences, these results are derived from
only 8 to 14 (median: 12) unique CD8 T cell recognized epitopes that are
mutated per variant, out of a total of 263 unique epitopes per variant.

Next, we tested whether variant-specific mutations may have a more
profound effect on spike protein-derived CD8 T cell recognized epitopes
compared to non-spike. We performed the analysis on non-spike
protein-derived epitopes and compared these to the results above. As
expected, a smaller fraction of CD8 T cell recognized epitopes in the
SARS-CoV-2 spike protein were found to be conserved compared to
those in non-spike proteins (median: 95.1%, range: 92.0-96.6%; versus
median: 98.9%, range: 98.0-99.2%; Supplementary Figures 2.5C, D).
All epitopes overlapping with multi-amino acid substitutions, deletions
and/or insertions except one were located in the SARS-CoV-2 spike
protein (Supplementary Figures 2.5F, G). Such multi-amino acid
changes are expected to lead to a lower sequence similarity between
altered and reference epitopes. In line with this, there was a significantly
lower sequence similarity between mutated and reference CD8 T cell
recognized epitopes in the spike protein, compared to the single-amino
acid mutations in non-spike proteins (in variants Delta, p=0.043; AY.4.2,
p=0.047; Omicron, p=0.028; Figure 2.4A).

Across the investigated SARS-CoV-2 variants, the fraction of CD8 T cell
recognized epitopes with low (<85%) sequence similarity to reference
epitopes was significantly higher in spike versus non-spike protein-
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Figure 2.3: Sequence similarity and predicted binding affinity of mutated CD8 T cell
recognized epitopes derived from the spike protein. (A) Numbers of spike protein-derived
CD8 T cell recognized epitopes per variant that harbor the indicated categories of mutations. (B)
Sequence similarity scores between the spike protein-derived reference SARS-CoV-2 CD8 T cell
recognized epitopes and the matched variant epitopes. Sequence similarity of epitopes in red
is set to zero as a result of one or more deletions/insertions in the epitope sequence (Alpha,
n = 3; Delta, n = 2; AY.4.2, n = 2; Omicron, n = 12). (C) Box plot indicating the predicted
immunogenicity of the spike protein-derived reference SARS-CoV-2 CD8 T cell recognized epitopes
and the altered epitopes according to the IEDB T cell class I pMHC immunogenicity prediction
tool. (D) Fractions of total altered spike protein-derived CD8 T cell recognized epitopes where the
predicted binding affinity of the epitope to the corresponding HLA restriction element was increased
(≤0.5-fold change in IC50), remained neutral (0.5< fold change in IC50 > 2) or was decreased
(≥2-fold change in IC50) as a result of the mutation. (E) Box plot indicating the predicted binding
affinity IC50 (nM) of the reference and altered spike protein-derived CD8 T cell recognized epitope
to the corresponding HLA restriction element. Box plots indicate the median (line), 25th and 75th
percentile (box), min and max (whiskers), and all data points (single circles). Statistical significance
was tested with a two-tailed Wilcoxon matched-pairs signed rank test. Variation in numbers of
epitopes in the analyses are due to inclusion of epitopes binding one or more HLA restriction
elements. AA, amino acid; DEL, deletion; INS, insertion. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. n
indicates the number of epitopes analyzed per group.
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Figure 2.4: Sequence similarity and predicted binding affinity of spike- versus
non-spike-derived mutated CD8 T cell recognized epitopes. (A) Box plot comparing the
sequence similarity of the altered spike and non-spike protein-derived CD8 T cell recognized
epitopes, to the reference epitopes. Sequence similarity of indicated epitopes is set to zero as a
result of one or more deletions/insertions in the epitope sequence (Alpha, n = 6/3; Delta, n =
0/2; AY.4.2, n = 0/2; Omicron, n = 1/12). (B) Fraction of spike versus non-spike protein-derived
epitopes where the sequence similarity of the epitope to the reference epitope dropped below 85%
as a result of the mutation. (C) Box plot comparing the log2 fold change in predicting binding
affinity of spike and non-spike protein-derived CD8 T cell recognized epitopes to the corresponding
HLA restriction element, as a result of the mutation. (D) Fraction of spike versus non-spike
protein-derived CD8 T cell recognized epitopes where the predicted binding affinity of the epitope
to the corresponding HLA restriction element was decreased (≥2-fold change in IC50) as a result
of the mutation. (E) Fractions of unique spike protein-derived CD8 T cell recognized epitopes
overlapping with a mutation located in the N-terminal domain (NTD), receptor-binding domain (RBD),
receptor-binding motif (RBM) or a mutation located outside of these domains. (F) SARS-CoV-2 spike
trimer in the open conformation with one erect RBD. Colors represent unique altered CD8 T cell
recognized epitopes overlapping with the indicated domains. Image produced with ChimeraX using
PDB accession: 6ZGG. Box plots indicate the median (line), 25th and 75th percentile (box), min
and max (whiskers), and all data points (single circles). Statistical significance was tested with a
two-tailed Mann–Whitney U test (A, C) or with a two-tailed Wilcoxon matched-pairs signed rank test
(B, D). Variation in numbers of epitopes in the analyses are due to inclusion of epitopes binding
one or more HLA restriction elements. *P < 0.05. n indicates the number of epitopes analyzed per
group. 23
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derived epitopes (p=0.016, Figure 2.4B). Additionally, mutations in
the spike protein of the Delta, Mu and AY.4.2 variants were more
detrimental to predicted HLA binding affinity compared to non-spike
protein mutations (Delta: p=0.019, Mu: p=0.025, AY.4.2: p=0.030;
Figure 2.4C). In accordance with this, the fraction of CD8 T cell
recognized epitopes with decreased predicted binding affinity was
significantly higher in spike versus non-spike protein-derived epitopes
across the variants (p=0.016, Figure 2.4D). However, despite these
statistically significant differences, these results are derived from a
limited number of unique mutated CD8 T cell recognized epitopes per
variant.

The overrepresentation of altered CD8 T cell recognized epitopes with
multiple amino acid changes, insertions and deletions in the spike
protein is clearly pronounced. Accordingly, these epitopes are more
profoundly affected in terms of epitope sequence similarity, predicted
binding affinity and immunogenicity compared to non-spike protein
derived epitopes. These results may be unrelated to T cell immunity
and may be explained for example by the high rate of evolution
of the spike protein due to natural selection pressure by antibody
responses. In line with this, a substantial part (median: 65%, range:
36-75%) of the unique spike protein-derived CD8 T cell recognized
epitopes that overlap mutations were located in key domains that are
associated with cell attachment and are antibody targets (N-terminal
domain, NTD; receptor-binding domain, RBD; receptor-binding motif,
RBM; Figure 2.4E). Moreover, they are primarily present on the
surface of the spike protein, making them accessible to host antibodies
(Figure 2.4F).

2.3. Discussion
After the initial SARS-CoV-2 outbreak, SARS-CoV-2 variants Alpha, Delta
and Omicron have replaced the previous variant as the globally dominant
SARS-CoV-2 variant [31, 44]. This is the result of accumulated mutations
resulting in amino acid changes that have allowed these variants to
evade immunity in the general population. This notion is supported by
for example data showing that serum from vaccine-recipients is less
effective at neutralizing SARS-CoV-2 variants Delta and Omicron [23,
24]. The mutations do not appear to prevent general cross-recognition
of SARS-CoV-2 variants by T cells induced by reference SARS-CoV-2 [25–
29]. However, systematic data regarding the effect of SARS-CoV-2
variant-specific amino acid changes on the properties of the previously
recognized CD8 T cell epitopes has been lacking.

Our analyses revealed that the vast majority of both the spike (median:
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95.1%, range: 92.0-96.6%) and pan-proteome (median: 98.9%, range:
98.0-99.2%) derived CD8 T cell recognized epitopes were conserved
in the investigated SARS-CoV-2 variants. In accordance with the
experimental data described above, this suggests that memory T cell
responses are not likely to be diminished upon re-infection by a different
SARS-CoV-2 variant, or upon infection by one of the SARS-CoV-2 variants
after vaccination. In addition, for the minority of presented CD8 T cell
recognized epitopes that is altered by mutations, the high degree of
sequence similarity to the reference epitopes will likely also not prevent
cross-recognition by memory CD8 T cells.

The finding that CD8 T cell epitopes from SARS-CoV-2 were generally
conserved is in accordance with the concept of antigenic drift. Antigenic
drift driven by selective pressure from T cells is largely irrelevant in
acute viral infections such as SARS-CoV-2 due to the huge polymorphism
of HLA loci in a population and the diverse antigen repertoire these
complexes present to T cells [9]. Antigenic drift is likely to have a
stochastic influence on T cell epitopes - a ‘bystander effect’. Our
observations are in line with this notion. First, for the minority of
CD8 T cell recognized epitopes that overlap with mutations, epitope
sequences are generally conserved in terms of sequence similarity to
the reference sequence. Second, the majority (median: 55.6%, range:
46.2-78.6%) of these CD8 T cell recognized epitopes are predicted to
possess unchanged or even increased binding affinity to the HLA allele
as a result of the mutation. Third, the mutations in the CD8 T cell
recognized epitopes in SARS-CoV-2 variants AY.4.2 and Omicron are
predicted to result in more immunogenic, rather than less immunogenic
T cell epitopes. Fourth, many of the observed changes in predicted
binding affinity and sequence similarity of mutated CD8 T cell recognized
epitopes in comparison to the reference epitopes, are indeed driven by
mutations in the spike protein. Finally, the majority (median: 65%,
range: 36-75%) of spike protein-derived CD8 T cell recognized epitopes
that overlap with a mutation are located in key domains that are
frequently recognized by antibody responses and/or are involved in
cell attachment [10]. Therefore, on the basis of our analysis and as
expected, there is no indication of T cell based selective pressure on
SARS-CoV-2 leading to alteration of the CD8 T cell recognized epitopes.

As SARS-CoV-2 derived T cell epitopes are not subject to substantial
antigenic drift, T cells are likely to remain consistent in their recognition
of infected cells. However, the stochastic influence by the mutations
focused on the spike protein affects the ability of spike protein-derived T
cell epitopes to be presented to the immune system or to be recognized
by previously induced T cell responses. This is most pronounced for
the SARS-CoV-2 variants Delta, AY.4.2 and Omicron, which are also
most efficient at escaping humoral immunity as a result of numerous
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mutations in the spike protein. These variants also have the largest,
albeit overall minor, negative effect on epitope presentation relative to
the other SARS-CoV-2 variants. By only targeting the spike protein, the
vaccine induced immunity is limited to SARS-CoV-2 T cell epitopes which
are most prone to a ‘bystander’ effect as a result of the high mutation
rate of the spike protein. Even though the currently approved vaccines
only include the spike protein, our data suggest that T cell immunity can
protect against severe COVID-19. However, it does seem like a logical
approach to develop next generation vaccines incorporating other parts
of the SARS-CoV-2 proteome which can lead to a broader T cell response
providing protection should the spike protein undergo further changes
over time.

2.4. Materials and Methods
Identification of Dominant Non-Synonymous Mutations in SARS-
CoV-2 Variants

The list of SARS-CoV-2 variants of interest and variants of concern
has been compiled according to the WHO and ECDC designations as
of December 10, 2021. For each of the variants, a list of mutations
present in 75% of the GISAID sequences for the corresponding PANGO
lineage was compiled via the outbreak.info API. The lists of mutations
per lineage [31, 44] can be found in Supplementary Table 1.

Parsing of CD8 T Cell Recognized SARS-CoV-2 Epitopes Using
IEDB

The table of T cell assay results was downloaded from the IEDB
website [33, 45] on December 8, 2021. The table was filtered to include
only linear SARS-CoV-2 epitopes in humans, presented in context of
the MHC class I. Only epitopes from patients with infectious disease
were included. Only positive assays with negative adoptive flag field
were included. The tables of variant mutations and SARS-CoV-2 CD8
T cell recognized epitopes were subsequently intersected. CD8 T
cell recognized epitopes that were deduced from reactive overlapping
peptide pools were filtered from the list. Epitopes with published HLA
restriction elements were manually curated. The final list of epitopes
and corresponding HLA alleles is shown in the Supplementary Tables
2, 3.

Epitope Analysis

The normalized epitope similarity score between the altered and
reference SARS-CoV-2 CD8 T cell recognized epitope was calculated
as described by Frankild et al. [35]. This method does not allow the
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calculation of the similarity score between two sequences of differing
lengths. For this reason, we have set the sequence similarity score of
CD8 T cell recognized epitopes harboring deletions and/or insertions to
0. IEDB’s epitope cluster analysis tool [37] was additionally used on
each reference and altered epitope to determine if the epitope pairs
share a sequence identity of 80%, 80-90% or more than 90%. The
parameters used were: minimum sequence identity threshold: 80%,
90%. Minimum/Maximum peptide length: NA. Clustering method: fully
interconnected clusters (cliques).

IEDB’s T cell class I pMHC immunogenicity prediction tool [40] was used
to compare the immunogenicity of the altered and reference SARS-CoV-2
CD8 T cell recognized epitopes. The default setting was used, masking
the 1st, 2nd and C-terminus amino acids of the epitopes in the analysis.

For all parsed reference SARS-CoV-2 CD8 T cell recognized epitopes
with experimentally validated HLA restriction information, the predicted
binding affinity to the given HLA was calculated for both the reference
and altered epitope using NetMHCpan-4.1 [41]. The predicted binding
affinity is expressed as the half-maximal inhibitory concentration IC50
nM. For each paired reference and altered epitope, the fold change in
predicted binding affinity as a result of the mutation(s) was calculated.
A 2-fold change in predicted binding affinity was defined as a decrease
in predicted binding affinity, a fold change below 0.5 as an increase
in predicted binding affinity and a fold change between 0.5 and 2
was conservatively defined as neutral. CD8 T cell recognized epitopes
overlapping with a deletion and/or insertion and not predicted to bind
to the HLA as a result of the mutation were defined as decreased in
predicted binding affinity.

Statistical Analysis

For all analyzed SARS-CoV-2 CD8 T cell recognized reference and altered
epitope pairs, differences in predicted immunogenicity and predicted
binding affinity were assessed using a two-tailed Wilcoxon matched-pairs
signed rank test. The increase in fractions of CD8 T cell recognized
epitopes with decreased binding affinity and/or an epitope sequence
similarity <85% was also assessed using a two-tailed Wilcoxon matched-
pairs signed rank test. Comparisons in log2 fold change predicted
binding affinity and/or epitope sequence similarity between spike and
non-spike protein-derived mutated CD8 T cell recognized epitopes were
assessed using a two-tailed Mann–Whitney U test. Differences were
considered significant if P<0.05. Statistical analysis was performed with
GraphPad Prism [version: 8.4.2, for Windows, GraphPad Software, San
Diego, California USA] [46].
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2.9. Supplementary Information

Figure 2.5: CD8 T cell recognized epitopes that overlap with a mutation. (A) Numbers of
unique CD8 T cell recognized epitopes included in this study that bind the indicated HLA restriction
elements, based on literature. (B) Percentage of pan-proteome, spike (C), non-spike (D) CD8 T cell
recognized epitopes per variant that harbor the indicated types of mutations. Total epitope numbers
are 973, 263 and 710, respectively. (E) Numbers of pan-proteome, (F) spike, (G) non-spike CD8 T
cell recognized epitopes per variant that harbor the indicated categories of mutations.
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Figure 2.6: Mutant epitope sequence similarity to reference epitope sequence. (A)
Fractions of pan-proteome, spike (B), non-spike (C) CD8 T cell recognized epitopes where the
sequence similarity of the altered epitope to the reference epitope was below or above 85%, using
the method by Frankild et al. described in the text. (D) Fractions of pan-proteome, spike (E),
non-spike (F) CD8 T cell recognized epitopes where the sequence similarity of the altered epitope
to the reference epitope was below 80%, above 90% or between 80-90%, using the IEDB epitope
clustering tool described in the text. Epitopes were considered eliminated as a result of the ORF8
Q27∗ stop codon mutation (Alpha, n = 6).
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Figure 2.7: Fraction of altered CD8 T cell recognized epitopes with a change in predicted
immunogenicity. (A) Fractions of pan-proteome, spike (B), non-spike (C) CD8 T cell recognized
epitopes where the predicted immunogenicity increased, decreased or was unchanged as a result
of the overlapping mutation.
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Invasive lobular breast cancer (ILC) is the second most common
histological breast cancer subtype, but ILC-specific trials are so far
lacking. Translational research revealed an immune-related ILC subset
and in murine ILC models, synergy between immune checkpoint
blockade and platinum was observed. In the phase II, GELATO-
trial (NCT03147040), patients with metastatic ILC were treated with
weekly carboplatin (AUC1.5) as immune induction for 12 weeks and
atezolizumab (PD-L1 blockade; triweekly) from the third week until
progression. Four of 23 evaluable patients had a partial response
(17%) and two had stable disease, resulting in a clinical benefit rate of
26%. From these six patients, four had triple-negative ILC (TN-ILC). We
observed higher CD8 T-cell infiltration, immune checkpoint expression,
and exhausted T cells upon treatment. GELATO is an ILC-specific clinical
trial. We demonstrate promising anti-tumor activity of atezolizumab
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with carboplatin, particularly for TN-ILC, and provide insights for design
of highly needed ILC-specific trials.
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3.1. Introduction

I nvasive lobular breast cancer (ILC) is the second most common
histological breast cancer subtype, comprising approximately 10-15%

of cases [1–3]. The non-cohesive and single file or targetoid pattern
observed on routine histology is characteristic for the morphological
diagnosis of ILC and loss or aberrant expression of E-cadherin supports
the diagnosis of ILC [4]. Approximately 80-90% of primary ILCs
express estrogen receptor (ER), have a luminal A phenotype and
can be considered classic ILC [5, 6]. Approximately 5% of ILC are
triple-negative (TN) and frequently exhibit a luminal phenotype implying
that this subtype has a different biology compared to the majority of
triple-negative breast cancer (TNBC) that is dominated by basal-like
tumors [1, 7, 8].

Patients with ER+ metastatic ILC have preferred metastatic spread to
the gastrointestinal tract and bone [2, 6] and a worse overall survival as
compared to patients with ER+ metastatic breast cancer of no special
type (NST) [1], highlighting the need for new treatment modalities.
CDK4/6 inhibitors combined with endocrine treatment are an effective
treatment option for patients with metastatic ER+ ILC [9], but no other
highly effective treatment options have been defined once patients
become resistant to endocrine treatment. Although ILCs are a different
disease entity as compared to NST, so far patients with ILC have been
underrepresented in clinical trials for breast cancer [10] and reports of
clinical trials specifically for ILC are lacking.

Several groups have shown that based on transcriptomic profiling a
subgroup of ILCs can be characterized as immune-related (IR) with high
levels of immune-related genes, expression of immune checkpoints and
lymphocytic infiltration [5, 11, 12]. This suggests that a subset of ILCs
might benefit from immune checkpoint blockade (ICB). While ICB in
combination with chemotherapy has become standard of care in PD-L1
positive metastatic TNBC [13], in patients with ER+ breast cancer only a
small subgroup of patients benefits from ICB. Objective response rates
(ORR) to ICB monotherapy in metastatic ER+ breast cancer (including
all histological subtypes) range from 3%-12% [14, 15] to 27%-41%
in combination with eribulin [16, 17]. Notably, in the KEYNOTE-028
for patients with metastatic PD-L1 positive ER+ breast cancer, two
out of three responders were ILC patients [15]. Rational treatment
combinations are needed to improve responses to ICB in ER+ breast
cancer and in ILC specifically.

Previous data indicates synergy between platinum compounds and
ICB in genetically engineered mouse models for ILC [18]. Of note,
while these models strongly resemble human ILC, the field traditionally
lacks models for endocrine-sensitive ILC [19, 20]. Additionally, immune-
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related ILCs, characterized by expression of immune-related genes, were
responsive to DNA damaging agents, such as platinum, in vitro [11].
Mechanistically, platinum agents have been shown to trigger the cyclic
GMP-AMP synthase (cGAS) - stimulator of interferon (IFN) genes (STING)
pathway by increasing the amounts of cytosolic DNA [21] and to increase
MHC class I expression [22]. Based on these data, we hypothesize
that the combination of platinum-based chemotherapy and ICB could be
effective in patients with ILC.

Here, we report the clinical and translational results of stage I of the
GELATO-trial, in which patients with metastatic ILC were treated with
anti-PD-L1 until disease progression, combined with low-dose carboplatin
as immune induction. To dissect the immunomodulatory effects of
carboplatin alone and in combination with anti-PD-L1, we profiled
immune cells in the circulation and in the tumor microenvironment of
longitudinal biopsies of metastatic lesions. Besides PD-L1 expression,
stromal tumor-infiltrating lymphocyte (sTIL) and CD8+ T-cell levels,
deconvolution algorithms and specific immune-related gene signatures
were used to dissect the effect on the various T-cell populations as
well as on other elements of the cancer-immunity cycle. In addition,
we studied paired primary tumors and metastatic lesions to unravel
differences in the immune landscape during ILC disease progression.
Finally, we studied whether carboplatin is able to modulate PD-L1
expression patterns across different metastatic lesions, using molecular
imaging (89Zr-atezolizumab-PET [23]). The GELATO-trial is the earliest
reported clinical trial specifically conducted in patients with ILC, and our
results provide insights in the biology of metastatic ILC.

3.2. Results
Inclusion and patient demographics

In the GELATO-trial, patients with metastatic ILC (based on morphology
and a negative or aberrant E-cadherin staining) were treated with weekly
carboplatin (area under the curve (AUC) 1.5) for the first 12 weeks
and atezolizumab (anti-PD-L1) every three weeks starting from the third
cycle of carboplatin onwards (Figure 3.1A). The purpose of this short-
term platinum-based regimen was to exploit the immunological effects
of carboplatin and potentially synergize with PD-L1 blockade, and not to
induce direct cytotoxic effects. The low and weekly dosing was chosen
to minimize the risk of hematological toxicity in this heavily pretreated
patient population [24, 25]. Following a Simon’s two-stage design, 22
patients had to be accrued in the first stage of the trial. Based on a
null hypothesis of 10% of patients being progression-free at 24 weeks
and an alternative hypothesis of 25%, three out of 22 patients had to
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be progression-free at 24 weeks to allow continuation of accrual in the
second stage of the trial. Between November 2017 and January 2021, 26
female patients with metastatic ILC were registered in the trial, of which
23 patients started anti-PD-L1 treatment (Supplementary Figure 3.5)
with the last two patients being registered simultaneously. Eighteen
patients had ER+HER2- metastatic disease, whereas five patients had
triple-negative disease (Table 3.1). Four out of five patients with
TN-ILC had ER+ primary ILC. Six patients had non-classical ILC based on
morphological assessment of a metastatic lesion biopsy. Seventy-eight
percent (n=18) of patients had visceral metastases, with 52% (n=12) of
patients having liver metastases and 48% (n=11) having three or more
metastatic sites, all higher compared to other studies [1, 6] and inherent
to our eligibility criteria for biopsy site availability. Seventy-eight percent
(n=18) of patients received prior chemotherapy, with 52% (n=12) of
patients receiving prior palliative chemotherapy. Ninety-four percent
(n=17) of patients with ER+ disease received prior CDK4/6 inhibitors
and 40% (n=2) of patients with TN-ILC received prior platinum. Patients
received a median of nine cycles of weekly carboplatin and five cycles
of anti-PD-L1.

Efficacy

Four patients out of the 23 evaluable patients (per protocol population)
had a partial response (PR), leading to an objective response rate (ORR)
of 17% (95% CI 5-39%) with two responses being short-lived. The median
duration of response was 14.9 weeks. Two additional patients had
stable disease (SD) or non-complete response (non-CR)/non-progressive
disease (non-PD) for at least 24 weeks, resulting in a clinical benefit rate
of 26% (95% CI 10-48%, Table 3.2, Figures 3.1B-D). Remarkably, four
out of these six patients with clinical benefit had TN-ILC (Figure 3.1B).
Four out of the first 22 patients were free of progression at 24 weeks,
meeting the primary endpoint of the first stage of the trial for which
at least three responders were needed. However, as responses were
generally short-lived and observed mainly in patients with TN-ILC, the
trial stopped accrual after the first stage was completed. One patient
has an ongoing partial response even after PD-L1 blockade was stopped
due to toxicity (Figure 3.1B). With a median follow-up of 23.8 months,
we observed a median overall survival of 54.4 weeks. Patients with
clinical benefit had numerical favorable survival as compared to patients
with no clinical benefit, either upon analyzing patients alive after 24
weeks (Figure 3.1E, HR 0.13, p = 0.07) or using a time-dependent Cox
model (HR 0.26, p = 0.108).

Toxicity

Carboplatin and anti-PD-L1 were generally well tolerated, with 26% and
48% of patients, respectively, not experiencing any treatment-related
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Figure 3.1: Design of GELATO-trial and efficacy data. (A) GELATO-trial setup. Patients were
treated with 12 cycles of low-dose carboplatin. Atezolizumab (anti-PD-L1) was added from the third
cycle onwards until disease progression or toxicity. Biopsies and blood were taken at baseline,
before the start of anti-PD-L1 and during carboplatin+anti-PD-L1. Created with BioRender.com. (B)
Swimmer’s plot of all included patients. N = 23 patients. Each bar reflects one patient and is
annotated with events indicated by the legend and clinical response according to RECISTv1.1. The
dotted lines indicate the start of anti-PD-L1 at two weeks and the 24-week landmark of the primary
endpoint. (C) Waterfall plot of patients with measurable disease. N = 18 patients. (D) Change in
target lesions of patients with measurable disease. N as in (C). (E) Kaplan-Meier curve of overall
survival with a 24-week landmark in patients with clinical benefit versus no clinical benefit. N = 15
patients. The table lists numbers at risk at indicated timepoints. A 24-week landmark was used,
causing 8 patients to be removed from the analysis (1 patient with clinical benefit and 7 patients
with progressive disease). Hazard ratio (HR) calculated with Cox regression analysis on the patients
alive at 24 weeks, including the 95% confidence interval and p-value.

45



3. PD-L1 blockade in combination with carboplatin as immune induction
in metastatic lobular breast cancer: the GELATO trial

Table 3.1: Baseline characteristics of evaluable patients in the per protocol population.

N = 23 evaluable patients No. (%)
Age at inclusion, years median (range) 60 (45-69)

WHO performance status
WHO 0

WHO 1

12 (52)

11 (48)

Histological subtype (assessed on
metastatic lesion)*

ER+HER2-

TNBC

HER2+

18 (78)

5 (22)

0 (0)

ILC subtype (assessed on
metastatic lesion)

Classic

Pleiomorphic^

Alveolar

17 (74)

4 (17)

2 (9)

Germline BRCA1/2 mutations

gBRCA1 mutation

No mutation

Unknown

1 (4)

4 (17)

18 (78)
Visceral metastasis 18 (78)
Liver metastasis 12 (52)

No. of metastatic sites
1-2 metastatic sites

≥ 3 metastatic sites

12 (52)

11 (48)

LDH
LDH ≤ ULN

LDH ≤ 2x ULN

15 (65)

8 (35)

Previous chemotherapy exposure

Chemotherapy naive

(Neo)-adjuvant

Palliative

5 (22)

15 (65)

12 (52)

Previous platinum treatment
ER+

TNBC

0 (0)

2 (40% of TNBC)

Previous exposure to CDK4/6 in-
hibitors

ER+

TNBC

17 (94% of ER+)

0 (0)

Disease-free interval

De novo M1

DFI ≤ 5 years

DFI >5 years

5 (22)

12 (52)

6 (26)
No. of cycles carboplatin median (range) 9 (3-12)
No. of cycles atezolizumab (anti-
PD-L1)

median (range) 5 (1-16)

∗ER+ ≥10% expression, TNBC defined as having ER and PR <10% and HER2-. 4/5
patients with triple-negative metastases had a primary ER+ tumor.
ˆ Two of the patients had TNBC. World Health Organization (WHO), lactate
dehydrogenase (LDH).46
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Table 3.2: Efficacy analysis of evaluable patients in the per protocol population.
N = 23 evaluable patients Best overall response (RECIST1.1), no (%)

Complete response (CR)

Partial response (PR)

Stable disease (SD) or non-CR/non-
PD >24 weeks*

Progressive disease (PD)

0 (0)

4 (17)^

2 (9)

17 (74)
Objective response rate (CR+PR)^ 17% (95%CI: 5-39%)
Clinical benefit rate
(CR+PR+SD>24 weeks)

26% (95%CI: 10-48%)

Median duration of response 14.9 weeks (95%CI: 6.1 weeks – not reached)
Median progression-free survival
according to RECIST1.1 (22
events)

13 weeks (95%CI: 8.1 – 19.7 weeks)

Median progression-free survival
according to iRECIST (22 events)

14 weeks (95%CI: 9.0 – 20.14 weeks)

Median overall survival (16 events) 54.4 weeks (95%CI: 23.6 weeks – not reached)
* 1 patient had stable disease of 24 weeks according to iRECIST. Confidence
interval (CI).
ˆ one partial response was unconfirmed.

adverse events (Table 3.3). The most commonly observed adverse
event induced by carboplatin was neutropenia, which occurred in 48%
of patients (Table 3.4). Anti-PD-L1 caused an increase in aspartate
aminotransferase (ASAT) in 17% of patients, with only one patient having
a grade 4 increase requiring corticosteroid treatment (Table 3.5). Other
relevant immune-related events were hypophysitis and colitis, occurring
in two patients and one patient, respectively (Table 3.5). No other
endocrinopathies, such as thyroid dysfunction, were reported. One
patient experienced immune-related myalgia and an immune-related
sarcoid-like reaction of the mediastinal lymph nodes, cytologically
confirmed granulomatous inflammation, and subsequent hoarseness.
This patient stopped anti-PD-L1, was treated with steroids and had an
ongoing response at the time of data cut-off.

Exploratory associations with clinical benefit

Patients with TN-ILC had a significantly higher clinical benefit rate as
compared to patients with ER+ILC (p=0.008, Figure 3.2A). We observed
a non-significant higher clinical benefit rate in patients without liver
metastases (p=0.07), in line with previous findings that liver metastases
might have detrimental effects on immunotherapy efficacy [26]. Looking
into immune features of the metastatic lesions, we observed low baseline
stromal tumor-infiltrating lymphocytes (sTILs, median 1%) and stromal
CD8 T-cell levels (median 1.5%), and no association between sTILs
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or CD8+ T cells and clinical benefit (Figure 3.2B, Supplementary
Figure 3.6A). A higher clinical benefit rate was observed in patients
with PD-L1 positive tumors (≥1% expression on immune cells, SP142,
Figure 3.2C), but this was not statistically significant. Using RNA
sequencing, we assessed previously established gene signatures of
response to ICB. An IFNy signature [27], exhausted T-cell signature [28],
tertiary lymphoid structure (TLS) signature [29] and a signature
capturing immune checkpoint molecules [30], were all not significantly
associated with clinical outcome (Supplementary Figures 3.6B-E). Of
note, the patient with an ongoing durable response at data cut-off had
high levels of stromal CD8+ cells (50%) and relatively high expression
of immune-related genes, suggesting that, although rare in ILC, patients
with high immune infiltration can benefit from ICB. We observed several
genomic alterations in metastatic lesions with a well described role
in metastatic ILC [31–33], with PIK3CA being the most frequently
mutated gene (Figure 3.2D). There was a non-significantly higher total
tumor mutational burden (TMB) in responders (p=0.15; Figure 3.2E)
and in patients with TN-ILC (p=0.10, Supplementary Figure 3.6F).
Additionally, 41% of the lesions demonstrated an APOBEC enrichment
profile (Figure 3.2D) [31], and APOBEC and cytosine deamination
comprised the most prominent mutational signatures enriched in the
data (Supplementary Figure 3.6G).

Tumor-immune evolution of primary tumors to metastasis

To study the evolution of the immune landscape between matched
primary lesions and metastases in ILC, we collected archival primary
tumors and local recurrences (characteristics of this patient subset
in Table 3.6). We observed slightly higher sTIL levels (p=0.03)
in metastases compared to primary tumors, while this was not
accompanied by a significant increase in PD-L1 and CD8 T cells
(Supplementary Figures 3.3A-C). Using CIBERSORTx immune cell
deconvolution [34] on gene expression data, we observed little immune
infiltration across tumors and across timepoints, with M2 macrophages
being the most abundant cell type (Supplementary Figures 3.8A-B),
and confirmed that CD8 T-cell levels did not differ between paired primary
and metastatic lesions (Figure 3.3A). Resting mast cells and memory
B cells were the only immune cell populations that were significantly
lower in metastases (Figures 3.3B-C). Furthermore, we applied the four
previously assessed immune-related signatures and found no significant
changes in expression of IFNγ-related genes, exhausted T cells, TLS
or immune checkpoints (Supplementary Figures 3.7D-G). Looking
at differences in genomic profiles, we found non-significantly higher
TMB in metastases as previously described [31, 32] (Figure 3.3D).
To assess other biological differences between paired primary tumors
and metastases, we performed a gene set enrichment analysis (GSEA)
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Figure 3.2: Association of baseline clinical features and characteristics of the tumor
microenvironment with clinical benefit. (A) Clinical benefit rate with 95% confidence interval
(shown as error bars) per indicated subgroup. N = 23 patients. Statistics by two-sided Fisher’s
exact test (two groups) or Chi-square test (multiple groups). (B) Percentage of CD8+ cells in
the stromal area of a metastatic lesion (immunohistochemistry). Median with interquartile range,
statistics by two-sided Mann-Whitney-U test. N as in (A). (C) Percentage of patients with clinical
benefit and PD-L1 expression (clone SP142). A cut-off of 1% expression on immune cells for PD-L1
positivity was used. Numbers in the graph indicate percentages, statistics by two-sided Fisher’s
exact test. N as in (A). (D) Oncoplot of tumor mutational burden (TMB, mutations per MB) and
selected genes frequently altered in metastatic ILC [31–33], assessed in biopsies of metastatic
lesions. Data was available for 17 patients. Each column represents one patient and is annotated
by response, subtype and enrichment of the APOBEC mutational signature. (E) TMB of metastatic
lesions in relation to response. N as in (D). Median with interquartile range, Statistics as in
(B). (B)-(E) Baseline metastatic lesions correspond to metastases presented in Figure 3.3 and
Supplementary Figures 3.7 and 3.8.
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of the Hallmark gene sets [35] (Supplementary Figures 3.8C-
D). In metastases, we observed enrichment of glycolysis and oxidative
phosphorylation gene sets (Supplementary Figures 3.7H-I), indicative
of increased cellular respiration, and enrichment of MYC targets and
mTOR signaling (Supplementary Figures 3.7J-K), suggestive of
acquired signaling pathway alterations. Altogether, we observed subtle
differences between primary and metastatic lesions but the immune
landscape remained largely unaffected.

Figure 3.3: Tumor-immune evolution in paired primary tumors, local recurrences and
metastasis. (A) Gene set expression score of CD8 T cells according to CIBERSORTx in paired
primary tumors, recurrences, and metastasis. N = 30 samples. (B) Gene set expression score of
resting mast cells according to CIBERSORTx in paired primary tumors, recurrences, and metastasis.
N as in (A). (C) Gene set expression score of memory B cells according to CIBERSORTx in
paired primary tumors, recurrences, and metastasis. N as in (A). (D) TMB in paired primary
tumors, recurrences, and metastasis. N = 26 samples. (A)-(D). Boxplots display a minimum
(Q0), a maximum (Q4), a median (Q2) and the interquartile range. Statistics by two-sided
Wilcoxon-signed-rank test on paired primary tumors and metastases, the number of patients in each
analysis are listed between brackets behind the p-value. Red squares indicate patients with clinical
benefit, black dots patients with no clinical benefit. Metastatic lesions correspond with baseline
samples presented in Figure 3.2, Figure 3.4, Supplementary Figures 3.6, 3.8 and 3.10.

Treatment-mediated changes in circulating immune cells

Several circulating immune cell populations can be affected by ICB,
resulting in increased exhausted T cells, eosinophils or a decreased
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neutrophil-to-lymphocyte ratio (NLR) [36–38]. To investigate this in ILC,
we characterized absolute counts of immune cell populations in fresh
blood by flow cytometry at baseline, during carboplatin, and during
carboplatin+anti-PD-L1 (Table 3.7). After two cycles of carboplatin, no
major changes were observed in circulating immune cells (Figure 3.4A),
but after carboplatin and anti-PD-L1 we observed a significant decrease
in neutrophils, basophils, eosinophils and the NLR, probably related
to the cumulative carboplatin effect (Figure 3.4B, Supplementary
Figures 3.9A-B). Circulating total T cells, CD4+ and CD8+ T cell
levels remained unaffected (Supplementary Figures 3.9C-E) but we
observed a significant increase upon carboplatin and anti-PD-L1 in
circulating PD-1+CTLA4+ CD8+ T cells (Supplementary Figures 3.9F-
G). This suggests systemic reinvigoration of a dysfunctional or exhausted
T cell population that is frequently used as a proxy for the presence of a
tumor-reactive T-cell compartment [39].

Treatment-induced changes in the tumor microenvironment

Next, we assessed treatment-induced changes by carboplatin and
anti-PD-L1 within the tumor microenvironment (TME) of ILC metastases.
Using CIBERSORTx immune cell deconvolution [34], we observed in-
creased CD8 T cells during anti-PD-L1, most notably in the patient with a
durable response (Figure 3.4C), and the same pattern was seen when
analyzing CD8 using immunohistochemistry (IHC) (Supplementary Fig-
ure 3.10A). sTIL levels remained largely unaffected (Supplementary
Figure 3.10B). Interestingly, while mast cells decreased during ILC
disease progression (Figure 3.3B), resting mast cells increased dur-
ing carboplatin (Supplementary Figure 3.10C). Next, we assessed
immune-related gene signatures and observed a significant increase
after carboplatin and anti-PD-L1 in exhausted T cells [28], TLSs [29]
and immune checkpoint expression [30], and a trend towards a higher
IFNy signature score, but only when compared to the on-carboplatin
timepoint (before the start of anti-PD-L1) indicating a subtle decrease of
these signatures upon carboplatin alone (Figures 3.4D-G). Next, we in-
vestigated changes in PAM50 molecular subtype during treatment in the
metastatic setting. We observed that the majority of tumors (59%, 10
out of 17) were classified as HER2-enriched at baseline (Figure 3.4H),
while patients had no HER2-overexpression or amplification. Notably,
we observed that the PAM50 subtype changed in six out of 16 patients
during treatment with carboplatin with or without anti-PD-L1, of which
three were responders. High proportions of HER2-enriched metastases
have been observed before in breast cancer, possibly due to disease
progression in a more aggressive phenotype [41, 42]. Finally, we
tested our preclinical hypotheses on immunogenic effects of carboplatin
and, surprisingly, did not see alterations in gene signatures for cGAS-
STING [40], immunogenic cell death [43], MHC class I or MHC class
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Figure 3.4: Effects of carboplatin and anti-PD-L1 on circulating immune cells and the
tumor microenvironment. (A) Volcano plot of the log2 fold change (horizontal axis) after two cycles of carboplatin to
baseline in circulating immune cells, assessed by flow cytometry, and the adjusted p-value (vertical axis). The dotted horizontal line
indicates the 20% false discovery rate (FDR) threshold, dotted vertical lines indicate a log2 fold change of 0.75. Sample pair
dynamics assessed analogously to the paired two-sided t-test. Multiple testing correction by Benjamini-Hochberg procedure. For all
tested populations, see Table 3.7. N = 22 patients. (B) Volcano plot of log2 fold change after carboplatin and anti-PD-L1 to
baseline in circulating immune cells assessed by flow cytometry. Statistics as in (A). N = 18 patients. (C) Gene set expression
score of CD8 T cells according to CIBERSORTx in serial metastatic biopsies taken at baseline, after two cycles of carboplatin and
after two cycles of anti-PD-L1 plus carboplatin. N = 46 samples. (D) Gene expression of an exhausted T-cell signature [28] in serial
biopsies of metastatic lesions. N as in (C). (E) Gene expression of a tertiary lymphoid structure (TLS) signature [29] in serial
biopsies of metastatic lesions. N as in (C). (F) Gene expression of an immune checkpoint signature [30] in serial biopsies of
metastatic lesions. N as in (C). (G) Gene expression of an IFNy signature [27] in serial biopsies of metastatic lesions. N as in
(C). (H) PAM50 molecular subtype assessed in serial biopsies of metastatic lesions. Each row is one patient and annotated with
response according to RECISTv1.1 and subtype assessed on a metastatic lesion. N = 23 patients. (I) Gene expression of a
cGAS-STING signature [40] in serial biopsies of metastatic lesions. N as in (C). (J) Gene expression score of MHC class I related
genes (HLA-A, HLA-B, HLA-C). N as in (C). (K) Tumor-to-blood ratio of 89Zr-atezolizumab-PET at baseline and after two cycles of
carboplatin in 13 lesions of one patient. (C)-(G), (I)-(K). Boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and
the interquartile range. Statistics with two-sided Wilcoxon-signed-rank on paired samples, the number of patients in each analysis are
listed between brackets behind the p-value. Red squares indicate patients with clinical benefit, black dots patients with no clinical
benefit. Baseline metastatic lesions correspond to metastases presented in Figure 3.3 and Supplementary Figures 3.7 and 3.8.
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II (Figures 3.4I-J, Supplementary Figures 3.10D-E). In conclusion,
induction with two cycles of carboplatin did not lead to major changes
in the TME, but the combination of carboplatin and anti-PD-L1 was able
to induce immune infiltration by CD8 T cells and increased expression of
immune-related genes.

PD-L1 uptake after carboplatin by 89Zr-atezolizumab-PET

To investigate the effect of carboplatin on the TME in a non-invasive
fashion, which could be particularly attractive for ILC where biopsies can
be challenging to obtain, we explored the use of 89Zr-atezolizumab-PET.
Repeated 89Zr-atezolizumab-PET could be performed in one patient, who
had two measurable lesions on computed tomography (CT) scan (breast,
liver), and twelve other lesions on FDG-PET at baseline (Supplementary
Figure 3.11). Heterogeneous 89Zr-atezolizumab uptake between the
lesions was observed, at baseline and after two cycles of carboplatin.
Contrary to the hypothesis of PD-L1 induction by carboplatin, but in
line with lack of clinical treatment benefit in this patient, the median
tumor-to-blood ratio (TBR) decreased after induction treatment (p=0.01;
Figure 3.4K) particularly in the index breast lesion. Meanwhile the
maximal standardized uptake value (SUVmax) of this lesion remained
low (2.13 and 1.2 respectively), in line with its negative PD-L1 IHC (0%
in immune cells) at baseline and after carboplatin. Concluding, repeated
89Zr-atezolizumab-PET showed heterogeneity in dynamics of tracer
uptake in tumor lesions and background during carboplatin treatment.

3.3. Discussion
To our knowledge, the GELATO-trial is the earliest reported clinical trial
conducted specifically in ILC patients based on a hypothesis founded on
preclinical and translational data. While carboplatin alone neither led
to significant changes in immune cell composition nor in an increase
in cGAS-STING signaling or MHC class I expression, the addition of
anti-PD-L1 caused an increase in CD8 T-cell infiltration and higher
expression of immune-related gene signatures. Four out of the first
22 patients were progression-free at 24 weeks in the first stage of
the trial, warranting expansion of the trial according to the Simon’s
two-stage design. However, responses were mainly observed in patients
with TN-ILC and responses were not durable. This suggests that most
responses could have been mainly induced by carboplatin and to a
lesser extent by anti-PD-L1, since carboplatin monotherapy is effective
in approximately 30% of patients with metastatic TNBC [24]. Since
ICB plus chemotherapy is now standard of care for patients with PD-L1
positive (≥10% combined positive score, 22C3) metastatic TNBC [13],
regardless of histological subtype, the study team decided, despite
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meeting the success criteria for stage I, not to proceed to the next
stage of the GELATO-trial. The lack of responses to anti-PD-L1 in ER+
ILC could be partially explained by not pre-selecting patients based on
a pre-existing anti-tumor immune phenotype. Important in this context
is that in prior studies, the vast majority of immune-related ILCs was
ER-positive. We illustrate this by one ER+ ILC patient with a clear
durable response of over one year, with a TME characterized by high
sTILs, CD8+ T-cell levels and positive PD-L1 expression at baseline.
This indicates that, although rare, ILC patients with an immunogenic
phenotype might benefit from ICB.

Recent research has suggested that TN-ILCs have different biological
characteristics as compared to TN-NST and ER+-ILC, with increased
androgen receptor (AR) signaling and a higher frequency of HER2
mutations [8, 44]. Though approximately 2% of patients with primary
ILC and 12-15% of patients with metastatic ILC harbor a HER2 mutation
and 90% of primary ILCs are considered AR-positive [45], among
TN-ILC 20% of the tumors harbor a HER2 mutation and 74%-94% of
tumors express AR [8, 44]. In GELATO, four out of five patients with
TN-ILC had ER+ primary tumors, and all patients with TN-ILC had
positive AR IHC expression (≥10% of tumor cells). Recently, it has
been shown that AR inhibition and ICB synergize in vivo, by reduced
suppression of Ifnγ via AR signaling in CD8+ T cells [46]. Also,
estrogen signaling has been negatively associated with response to ICB
and chemotherapy in metastatic TNBC [47] and metastatic ER+ breast
cancer [48]. Recently, it has been shown that estrogen might polarize
tumor-associated macrophages towards an immunosuppressive state
in melanoma models [49]. Polarized tumor-associated macrophages
have been associated with residual disease post-chemotherapy in ER+
breast cancer [50] and with poor survival in ILC patients [51]. In our
CIBERSORTx analysis, we indeed found M2 macrophages as the most
abundant cell type across samples (Supplementary Figures 3.8A-B).
Therefore, targeting AR or macrophages might help to overcome ICB
resistance in ILC.

Only one patient with TN-ILC was classified as basal-like by PAM50 in
the metastatic setting and four out of five patients with TN-ILCs had
ER+ primary tumors. This implicates that although ER expression was
lost during disease progression, TN-ILCs do not exhibit a clear basal-like
phenotype. A basal-like phenotype has been associated with response
to ICB and chemotherapy in early-stage high-risk ER+ breast cancer [52]
and a basal-like immune-activated phenotype in metastatic TNBC [47].

Interestingly, most metastases were classified as HER2-enriched. This
might be an artefact of PAM50 assessment on metastatic lesions and/or
fresh-frozen material. However, also in paired lesions of the AURORA
program for metastatic breast cancer and another retrospective series,
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a particular high proportion of HER2-enriched tumors was observed [41,
42]. The high level of HER2-enriched lesions might be due to the more
aggressive features of metastatic disease, and endocrine treatment
refractory disease potentially losing its luminal features upon disease
progression [41]. Furthermore, in the recent BioPER trial, after treatment
with a CDK4/6-inhibitor, 37.5% of the samples showed an HER2-enriched
subtype [53], suggesting that HER2-enriched tumors are prominent in
patients that are heavily pretreated and/or have been exposed to CDK4/6
inhibition, as was the case for 94% of ER-positive GELATO patients.
Interestingly, in GELATO 90% of primary tumors were classified as either
luminal A or luminal B (Supplementary Table 3.6), suggestive of an
acquired HER2-enriched phenotype later in the disease course.

During treatment with carboplatin with or without anti-PD-L1, we also
observed PAM50 subtype switching in 6/16 patients of which 5 switched
towards a luminal or normal-like phenotype. Since we studied serial
biopsies of the same lesions, this suggests that treatment modified
the tumor-intrinsic characteristics of these lesions towards a less
proliferative phenotype. Most notably, the baseline metastatic lesion of
the patient with a durable response was characterized as HER2-enriched
but switched to a basal-like phenotype during anti-PDL1, suggesting
increased susceptibility to ICB.

On the immune cell level, we observed higher levels of CD8+ T cells in
the stroma as compared to stromal TILs. As CD8+ T cells comprise the
most prevalent immune cell type captured by the sTILs readout [54],
this is surprising. Since both sTILs and CD8+ counts were scored by
the same independent expert pathologists, it is unlikely that interrater
variability played a major role here. Alternatively, we hypothesize
that based on its morphology, sTILs can be easily misunderstood for
tumor cells in ILC, and sTILs might therefore not be the appropriate
read-out for anti-tumor immunity in ILC. Research comparing sTILs in
ILC with other subtypes might have underestimated sTILs scores in ILC
and incorporating a CD8 staining may improve immune assessment in
patients with ILC.

Our trial is limited by a small sample size and lack of a control arm.
Of note, the inclusion of a relatively small number of patients (n=23)
in high-volume breast cancer centers took approximately 3.5 years. In
view of the priority for translational research, patients with bone-only
disease or only small lesions in, for example, the peritoneum could not
participate due to the lack of an available biopsy site, which might
have slowed down inclusion. Since serial biopsies were mandatory in
the trial, we included a relatively high proportion of ILC patients with
visceral metastasis (18 out of 23), higher as compared to the general
ILC population [1], making our cohort not fully representative of the
general ILC population. Additionally, the included patients comprise a
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heterogenous group characterized by different pre-treatment regimens,
biopsy locations and hormone receptor status. Due to the small
number of patients, our translational analyses should be considered
exploratory. However, given the strong preclinical rationale behind the
GELATO-trial, we would like to highlight the importance of the validation
of preclinical findings in patients which was the main reason to execute
the GELATO-trial.

Although ILCs comprise a separate disease entity within the breast
cancer subtypes, so far reports of clinical trials specific for patients
with ILC were lacking [55] and patients with metastatic ILC are often
underrepresented because of a lack of measurable disease [10]. In
our experience, several patients stopped treatment early due to rapid
clinical progression (Supplementary Figure 3.5). These aspects of
the disease complicate the inclusion of ILC patients in clinical trials.
Moreover, to our knowledge only two reports of recent randomized
trials for novel treatment options in ER+ metastatic breast cancer
have presented prespecified subgroup analysis in ILC patients, namely
benefit from CDK4/6 inhibiton to endocrine treatment in patients with
metastatic ER+ILC [9] and more recently a high clinical benefit rate
was observed to neratinib and fulvestrant in HER2-mutated ILC in the
phase II MutHER trial [56]. Targetable features of ILC are for example:
high expression of ER/luminal A phenotype, synthetic lethal deficiency
of ROS1/E-cadherin [57], high tumor-mutational burden [31, 32], high
T-cell infiltration [5, 11, 12] and downstream activation of the PI3K-
AKT-mTOR pathway via activating PIK3CA mutations [5, 31], activating
HER2 mutations [31, 33] or activation via the insulin-like growth
factor 1 receptor (IGF1R) [58]. Some of these concepts are currently
under investigation in ILC-specific clinical trials, such as inducing
synthetic lethality with ROS1 inhibitors in E-cadherin negative cells in
both early-stage and metastatic ILC (NCT04551495, NCT03620643);
exploiting sensitivity to neo-adjuvant endocrine treatment in early-stage
ILC (NCT02206984, NCT01953588) or in combination with CDK4/6
inhibition (NCT02764541); and targeting activating HER2-mutations
in metastatic ILC with neratinib and fulvestrant in a basket of the
SUMMIT-trial (NCT01953926). Additionally, based on preclinical data and
our work presented here, targeting the PI3K-AKT-mTOR pathway [59] or
macrophages [60] in combination with ICB and/or chemotherapy might
be promising treatment strategies for ILC patients. Besides trials specific
for ILC, subgroup analyses of ILC patients in randomized clinical trials
are of vital importance to inform treatment decisions for ILC patients
and thereby improve outcome for this difficult-to-treat breast cancer
subtype.

In conclusion, this is the earliest report on a clinical trial specific for
metastatic ILC representing a difficult-to-treat breast cancer subtype
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and we demonstrate that the combination of carboplatin and anti-PD-L1
induces clinical and immunological responses in a subset of ILC patients.
Most of the responses were observed in patients with TN-ILC, highlighting
that patients with TNBC should be considered for ICB regardless of
histological subtype. Our work provides hypotheses and paves the way
for highly needed ILC-specific clinical trials.

3.4. Methods
Study design

The GELATO trial was conducted in accordance with Good Clinical
Practice guidelines and the Declaration of Helsinki. All patients
provided written informed consent. The trial protocol, informed
consent form and amendments were approved by the medical-ethical
committee of the Netherlands Cancer Institute. GELATO is a phase-II,
single-arm, multicenter clinical trial, conducted at four centers in the
Netherlands (NCT03147040) to evaluate the efficacy of carboplatin
and atezolizumab (anti-PD-L1) in patients with metastatic ILC. Lobular
histology needed to be confirmed on a biopsy of a metastatic lesion
with a negative or aberrant E-cadherin immunohistochemistry (IHC)
staining. Eligible patients were treated with 12 cycles of weekly
carboplatin (AUC of 1.5 mg/ml x min) and atezolizumab (anti-PD-L1;
1200 mg flat-dose) every three weeks starting from the third cycle
of carboplatin onwards (Figure 3.1A). The purpose of this short-term,
low-dose platinum regimen was to exploit the immunological effects
of carboplatin instead of establishing a direct cytotoxic effect and
avoid potential prolonged bone marrow suppression (Supplementary
Note). As responses to immunotherapy in the metastatic breast
cancer setting are predominantly observed within 12 weeks [15], the
duration of carboplatin induction treatment was limited to 12 weeks
(Supplementary Note).

Anti-PD-L1 was continued until disease progression according to
RECISTv1.1 [61], clinical progression or unacceptable toxicity. Before
the start of carboplatin, after two cycles of carboplatin (two weeks from
baseline) and after two cycles of anti-PD-L1 (+ 6 weekly administrations
of carboplatin, 8 weeks from baseline), blood was drawn and sequential
biopsies from a metastatic lesion were taken. The first six patients
were included in a 3+3 phase Ib safety run-in part, with the same
treatment schedule, and were included in the total number of patients.
This investigator-initiated trial was sponsored by the Netherlands Cancer
Institute, atezolizumab was provided by Roche. Participants were not
financially compensated for their involvement in the study.
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Eligibility criteria GELATO-trial

Eligible patients had metastatic or incurable locally advanced ILC. Non-
female patients were also eligible for the trial. Sex of the participants
was determined based on ID check upon hospital administration. Median
age of the patients in the study was 60 years, ranging from 45 to
69 years. Patients were not preselected based on PD-L1 expression.
Patients had to have a metastatic lesion or recurrence available
for sequential biopsies (bone lesions were not allowed) and had to
have evaluable disease according to RECISTv1.1 [61]. In case of
Estrogen Receptor (ER+) disease, patients had to have progression after
endocrine treatment in the advanced setting and had to have received
an anti-estrogen and an aromatase inhibitor in the early-stage or for
advanced setting. A maximum of two lines of palliative chemotherapy
was allowed. Patients had to have a WHO performance status of
0 or 1, and normal bone marrow, kidney and liver functions with
a Lactate Dehydrogenase (LDH) below 500 U/L (2 times upper limit
of normal). Exclusion criteria were bone-only disease, symptomatic
brain metastasis (stable and treated brain metastases were allowed),
leptomeningeal disease localization, previous treatment with immune
checkpoint inhibitors and/or a history of autoimmune disorders requiring
immunosuppressive treatment. At the start of the trial, patients were
eligible regardless of their receptor status. Since we aimed for a
representative patient population for ILC with 10-20% ER- patients [1, 2],
inclusion of patients with triple-negative (TN)-ILC (ER and PR expression
<10%, HER2-negative) was stopped after reaching 20% of total patients.

Trial procedures

Clinically stable patients with disease progression according to RE-
CISTv1.1 were permitted to continue anti-PD-L1 until confirmation of
progression on a subsequent CT scan according to iRECIST guide-
lines [62]. Response evaluation was performed by a CT-scan of the
neck (if applicable), thorax and abdomen (including pelvis) at baseline
(four weeks prior to start), before the start of anti-PD-L1, and every six
weeks during treatment (every nine weeks after 24 weeks). RECISTv1.1
measurements were done by experienced breast cancer radiologists
and in case of inconsistencies revised by one dedicated radiologist.
Carboplatin treatment was withheld in case of hematological toxicity,
such as anemia or neutropenia. Dose modification of atezolizumab was
not allowed, but treatment interruptions were allowed in case of toxicity
or suspicion thereof. Adverse events (AEs) were monitored every three
weeks (weekly during carboplatin treatment) by laboratory assessments,
vital signs and physical examinations. Grading of AEs was done per
National Cancer Institute’s Common Terminology Criteria for Adverse
Events (NCI-CTCAE) v4.03. Supportive treatment with antiemetics,
bisphosphonates, and palliative radiation (only if response could still
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be evaluated) was allowed. Archival formalin-fixed paraffin-embedded
(FFPE) blocks of primary tumors (biopsies in case of neo-adjuvant
chemotherapy or resection material) were collected via PALGA (the
nationwide network and registry of histo- and cytopathology in the
Netherlands) [63]. The study protocol is included as a Supplementary
Note.

Trial objectives and endpoints

The primary endpoint of the trial was progression-free survival (PFS)
rate at six months (24 weeks), assessed from date of registration to
date of progression according to RECISTv1.1 or death from any cause.
Secondary endpoints were progression-free survival (PFS) rate at six
months in patients with immune-related ILC, PFS rate at 12 months,
PFS according to iRECIST, overall survival (OS), objective response rate
(ORR) and safety. The clinical benefit rate (CBR) comprised complete
responses (CR), partial responses (PR) and stable disease (SD) for at
least 24 weeks. PFS was calculated from date of registration to date of
progression according to RECIST1.1 or date of death, whichever occurred
earlier. OS was calculated from date of registration to date of death or
last date of follow-up. Patients were censored in case of no event at
the last assessment before the data cut-off of 1 October 2021. Duration
of response was calculated from the first date of an objective response
to date of progression according to RECIST1.1. Translational endpoints
were the assessment of immunogenic effects of carboplatin on the
TME and in the circulation using immunohistochemistry, next-generation
sequencing and flow cytometry; the additive effect of anti-PD-L1 on
these changes; and exploration of predictive biomarkers.

Statistics & reproducibility

A Simon’s two-stage [64] design was used to determine the sample
size. The median PFS of palliative chemotherapy regimens in patients
with endocrine-treatment refractory breast cancer typically lies within
2-4 months (Supplementary Note). If 25% of patients were free of
progression at 6 months (24 weeks) in the GELATO-trial, this would
warrant further investigation of the treatment regimen. The null
hypothesis that the true proportion of patients progression-free at six
months is 10% or lower was tested against a one-sided alternative of
at least 25%. In the first stage of the trial, 22 patients had to be
accrued. If two or fewer patients were progression-free at six months,
the study would be stopped, otherwise 18 additional patients could
be included. This design yields a type one error rate of 0.04 and
power of 0.80 when the true proportion of patients progression-free
at six months is 25%. The last two patients were registered in the
same week and therefore both included in the trial, leading to a total
inclusion of 23 patients. Primary endpoint analysis for Simon’s two-stage
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was therefore performed separately for the first included 22 patients.
Secondary and translational endpoint analyses were performed in the
per protocol population (n=23, patients who received at least one
dose of anti-PD-L1, Supplementary Figure 3.5). The data cut-off
for follow-up was 1 October 2021. No data was excluded from the
analyses. Data collection and analysis were not performed blind to the
conditions of the experiments. The investigators were not blinded to the
outcome assessment. Since the study included one experimental group,
randomization and allocation procedures were not applicable. Further
information on research design is available in the Nature Research
Reporting Summary linked to this article.

Flow cytometry fresh blood

Peripheral blood was collected in an K2EDTA vacutainer (BD) and
processed within 24 hours. Three panels spanning T-cell, B-cell and
myeloid cell biology were used (Table 3.7 for all assessed immune cell
populations, Table 3.8 for antibodies, gating strategy in Supplemen-
tary Figure 3.12) as described before [65]. Red blood cells were lysed
(lysis buffer: dH2O, NH4Cl, NaHCCO3, EDTA) and cells were resuspended
in PBS containing 0.5% BSA and 2mM EDTA. For surface antigen staining,
cells were first incubated with human FcR Blocking Reagent (1:100
Miltenyi) for 15 min at 4oC and then incubated with fluorochrome-
conjugated antibodies for 30 min at 4oC, in the dark. For intracellular
antigen staining, cells were fixed with Fixation/Permeabilization solution
1X (Foxp3/Transcription Factor Staining Buffer Set, eBioscience) for 30
min at 4oC and stained with fluorochrome-conjugated antibodies in
Permeabilization buffer 1X (eBioscience) for 30 min at room temper-
ature. Viability was assessed by staining with either 7AAD staining
solution (1:20; eBioscience) or Zombie Red Fixable Viability Kit (1:800
BioLegend). Data acquisition was performed on BD LSRII flow cytometer
using Diva software (BD Biosciences) and data analysis was performed
using FlowJo software version 10.6.2. To obtain absolute white blood
cell counts per mL of human blood, the total post-lysis cell count
was obtained using the NucleoCounter NC-200 (Chemometec) auto-
mated cell counter. To assess dynamics in each cell population with cell
count/mL, linear modeling was performed using limma R package v3.46.0
(https://kasperdanielhansen.github.io/genbioconductor/html/limma.html).
Predicting log2 transformed cell counts per mL for the same patient
at different time points was done as following: log2(cell counts/mL)
time point + patient ID. The modeling was performed independently
for paired samples of baseline versus post-induction (Figure 3.4A)
and baseline versus carboplatin+anti-PD-L1 (Figure 3.4B). Sample pair
dynamics was assessed analogously to the paired t-test. For visual-
ization purposes, Benjamini-Hochberg corrected p-values were plotted
against the corresponding log2 fold changes: the log2 fold change from
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baseline to pre-atezo (log2(pre-atezo) – log2(baseline)) and the log2
fold change from baseline to on-atezo (log2(on-atezo) – log2(baseline))
(Figures 3.4A-B). The plots were made by EnhancedVolcano R package
v1.12.0 (https://github.com/kevinblighe/EnhancedVolcano).

TILs and immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tumor blocks of archived pri-
mary tumor blocks and newly collected biopsies of metastatic lesions
were used for sTIL assessment and CD8 and PD-L1 (SP142) immunohisto-
chemistry staining. IHC of formalin-fixed paraffin-embedded FFPE tumor
samples was performed on a BenchMark Ultra autostainer (Ventana
Medical Systems). Briefly, paraffin sections were cut at 3 µm, heated at
75oC for 28 minutes and deparaffinized in the instrument with EZ prep
solution (Ventana Medical Systems). Heat-induced antigen retrieval was
carried out using Cell Conditioning 1 (CC1, Ventana Medical Systems)
for 32 minutes at 95oC (CD8) or 48 minutes at 95oC (PD-L1). CD8 was
detected using clone C8/144B (1/200 dilution, 32 minutes at 37oC, Agi-
lent / DAKO) and PD-L1 using clone SP142 (Ready-to-Use dispenser, 16
minutes at at 37oC, Roche / Ventana). Bound antibodies were detected
using the OptiView DAB Detection Kit (Ventana Medical Systems). Slides
were counterstained with Hematoxylin and Bluing Reagent (Ventana
Medical Systems). A PANNORAMIC®1000 scanner from 3DHISTECH was
used to scan the slides at a 40x magnification. Scans of all stainings
were uploaded on Slide Score (www.slidescore.com). Stromal tumor-
infiltrating lymphocytes (sTILs) were assessed on an H&E slide according
to international standard from the International Immuno-Oncology
Biomarker Working Group (www.tilsinbreastcancer.org) [66]. CD8 was
assessed as percentage of positive cells in the tumor-associated stromal
area, and PD-L1 as percentage of positive immune cells in the tumor and
stromal area. Two expert pathologists (H.M.H. and R.S.) independently
evaluated the stainings digitally and the average of scores was taken.

DNA and RNA sequencing

DNA and RNA material was isolated from FFPE sections of primary tumors
or fresh-frozen (FF) tissue sections of biopsies of metastatic lesions,
containing at least 30% tumor cells. DNA and RNA isolation was done
simultaneously using the Qiagen AllPrep DNA/RNA FF kit for FF tissue
and the Qiagen AllPrep DNA/RNA FFPE kit for FFPE blocks, according to
manufacturer’s instructions. Germline DNA was isolated from peripheral
blood using the QIAsymphony DSP DNA midi kit. The total amount of
DNA was quantified on the Nanodrop 2000 (Thermofisher). The amount
of double stranded DNA in the genomic DNA samples was quantified
using the Invitrogen Qubit®dsDNA HS Assay Kit. Maximum 2000 ng
of double stranded genomic DNA was fragmented by Covaris shearing.
Samples were purified using 2X Agencourt AMPure XP PCR Purification
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beads according to Beckman Coulter manufacturer’s instructions. The
sheared DNA samples were quantified and qualified on a BioAnalyzer
system using the Agilent Technologies DNA7500 assay kit. With an
input of maximum 1 μg sheared DNA, library preparation for Illumina
sequencing was performed using the KAPA HTP Prep Kit for FF DNA (KAPA
Biosystems, KK8234) or KAPA Hyper prep kit (KAPA Biosystems, KK8504)
for FFPE DNA. Libraries were amplified with 4 (FF) or 6 (FFPE) PCR cycles
and cleaned with 1X AMPure XP beads. Concentrations were measured
with DNA7500 chips on a BioAnalyzer system. 6 pools of 6 to 7 samples
were created using 500 ng of each indexed sample of FF DNA. 2 pools
of 6 to 7 samples were created using 65 ng of each indexed sample
of FFPE DNA. 2μl of IDT TS-mix universal blockers and 5µl Invitrogen
Human Cot-1 DNA was added to each pool. Each pool was dried with
a concentrator (Eppendorf). To each dried pool 8.5μl of hybridization
buffer, 3.4μl Hybridization component A (SeqCap Hybridization and
wash kit, Roche) and 1.1μl nuclease-free water was added to rehydrate
the pool. Each pool was incubated at room temperature for 10 minutes,
followed by an incubation at 96 degrees Celsius for 10 minutes. Samples
were hybridized with the IDT xGen Exome Research Panel v1.0. The
pool was captured and washed following the IDT protocol and amplified
using 10 PCR cycles. The amplified pool was purified using AMPure®XP
beads (Beckman Coulter). The purified pools were quantified on the
Agilent Bioanalyzer 7500 system and one sequence pool was made
by equimolar pooling. The sequence pool was diluted to a final
concentration of 10nM and subjected to sequencing on an Illlumina
Novaseq 6000 machine with a SP 2 300 cycle kit for a paired end 150
bp run for FF samples and with a SP 200 cycle kit for a paired-end 100
bp run for FFPE samples, according to manufacturer’s instructions.

Quality and quantity of the total RNA from was assessed by the
2100 Bioanalyzer using a Nano chip (Agilent, Santa Clara, CA). The
percentage of RNA fragments > 200nt fragment distribution values
(DV200) were determined using the region analysis method according
to the manufacturer’s instructions (Illumina, technical-note-470-2014-
001). Strand-specific libraries were generated using the TruSeq RNA
Exome Library Prep Kit (Illumina Inc., San Diego) according to the
manufacturer’s instructions (Illumina, # 1000000039582v01). Briefly,
total RNA was fragmented (only for FF material), random primed
and reverse transcribed using SuperScript II Reverse Transcriptase
(Invitrogen, part # 18064-014) with the addition of Actinomycin D.
Second strand synthesis was performed using Polymerase I and RNaseH
with replacement of dTTP for dUTP. The generated cDNA fragments
were 3’ end adenylated and ligated to Illumina Paired-end sequencing
adapters and subsequently amplified by 15 cycles of PCR. The libraries
were validated on a 2100 Bioanalyzer using a 7500 chip (Agilent, Santa
Clara, CA) followed by a 1-4 plex library pooling containing up to 200ng
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of each sample. The pooled libraries were enriched for target regions
using the probe Coding Exome Oligos set (CEX, 45MB) according to the
manufacturer’s instructions (Illumina, # 1000000039582v01). Briefly,
cDNA libraries and biotin- labeled capture probes were combined and
hybridized using a denaturation step of 95oC for 10 minutes and an
incubation step from 94oC to 58oC having a ramp of 18 cycles with 1
minute incubation and 2oC per cycle. The hybridized target regions
were captured using streptavidin magnetic beads and subjected to two
stringency washes, an elution step and a second round of enrichment
followed by a cleanup using AMPure XP beads (Beckman, A63881) and
PCR amplification of 10 cycles. The target enriched pools were analyzed
on a 2100 Bioanalyzer using a 7500 chip (Agilent, Santa Clara, CA),
diluted and subsequently pooled equimolar into a multi-plex sequencing
pool. The libraries were sequenced with 54 paired-end reads on a
NovaSeq6000 using a SP Reagent Kit v1.5 (100 cycles) (Illumina Inc.,
San Diego).

DNA Sequencing data analysis

DNA Sequencing data was aligned to GRCh38 reference genome with bwa
aligner 0.7.17 [67] using the bwa-mem algorithm. Samtools fixmate 1.13
(https://github.com/samtools/) was used to correct mate information,
and duplicate reads were marked with Picard MarkDuplicates. Next,
base quality scores were recalibrated with GATK BaseRecalibrator [68],
and Mutect2 2.2 [69] was used to perform variant calling. The data that
passed all Mutect2 filters was subsequently filtered with fings 1.7.1 [70]
and vcf2maf 1.6.21 (https://github.com/mskcc/vcf2maf) was used to run
VEP annotation of the variants and to produce a maf file. Variants with
a variant allele frequency (VAF) >0.2 were included in final analysis.
TMB was calculated with maftools 2.10.5 [71] tmb function. VAF plots,
mutational signature plots and oncoplot were created with maftools
2.10.5. Data was analyzed with Python 3.7.6 and R 4.1.1. Pandas 1.3.3
(https://pandas.pydata.org/) was used for data handling.

RNA sequencing data analysis

RNA sequencing data has been aligned to GRCh38 with STAR 2.7.1a,
with twopassMode option set to "Basic" [72]. Gene counts were obtained
with STAR quantMode option set to "GeneCounts". Data quality was
assessed with FastQC 0.11.5 [73], FastQ Screen 0.14.0 [74], Picard
CollectRnaSeqMetrics tool (https://broadinstitute.github.io/picard/) and
RSeQC read_distribution.py and read_duplication.py tools 4.0.0 [75]
and found to be suitable for the downstream analysis. Data was
subsequently normalised to TPM. For cell deconvolution, CIBERSORTx
was run in absolute mode with LM22 Source GEP, performing the
batch correction [76]. Differential expression analysis was performed
with DESeq2 1.34.0 [77]. PAM50 classification was performed with
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genefu R package 2.26.0 [78]. Gseapy 0.9.18 ssgsea tool [79]
with sample_norm_method option set to "rank" was used for gene
set signature scoring. Data was analyzed with Python 3.7.6 and R
4.1.1. Pandas 1.3.38 (https://pandas.pydata.org/) and NumPy 1.18.1
(https://numpy.org/) were used for data handling. Seaborn 0.10.0
(https://seaborn.pydata.org/), Matplotlib 3.1.3 (https://matplotlib.org/)
and statannotations 0.4.3 (https://github.com/trevismd/statannotations)
have been used for plotting.
89Zr-atezolizumab PET/CT imaging

Based on previous work showing superior correlation of zirconium-89
(89Zr)-atezolizumab uptake on positron emission tomography/computerized
tomography (PET/CT) with clinical response to atezolizumab, compared
to immunohistochemistry- or RNA-sequencing-based predictive biomark-
ers [23], an imaging biomarker side study was performed in the
University Medical Center Groningen (NCT04222426). At baseline and
after two cycles of carboplatin, a whole body (89Zr)-atezolizumab PET/CT
was performed on a Biograph mcT 40 or 64-slice PET/CT (Siemens/CTI,
Knoxville, TN), as previously described [23]. Tumor lesions were identi-
fied on standard baseline FDG-PET/CT, with a minimum width of 10mm.
89Zr-atezolizumab-uptake was quantified in all lesions, with a maximum
of 10 lesions per organ. Quantification of the 89Zr-atezolizumab- and
FDG uptake was performed using the Accurate tool [80] and Syngo.via
imaging software VB20/30 (Siemens), respectively. A spherical volume-
of-interest (VOI) was drawn closely around all metastases. Maximum
standardized uptake values (SUVmax) were calculated, as well as
background mean SUV (SUVmean). Tumor-to-blood ratio’s (TBR) were
calculated by dividing the SUVmax by the thoracic aorta SUVmean.
Change in tumor uptake between 89Zr-atezolizumab-PET at baseline and
after two cycles of carboplatin was assessed as percentage TBR change.
In addition, we calculated the median and range of the 89Zr-atezolizumab
uptake (TBR), and natural-log-transformed 89Zr-atezolizumab uptake to
obtain approximate normal distributions, yielding estimates of geometric
means following back-transformation of the results.

Statistical analysis

Median time to event was calculated for PFS, OS and duration of
response was calculated with the Kaplan-Meier method. The impact of
clinical benefit on OS was assessed with a 24-week landmark analysis in
which only patients alive after 24 weeks were considered. Additionally,
a time-dependent Cox analysis was performed, with clinical benefit (on
the date of first partial response or at 24 weeks in case of stable
disease) as time-dependent variable. Frequencies, such as response rate
and clinical benefit rate, were estimated with corresponding two-sided
95% confidence intervals (Clopper-Pearson) and comparisons between
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frequencies were performed using Fisher’s exact test. Two-sided non-
parametric tests were used for translational analyses: Mann-Whitney
U for two independent groups and Wilcoxon’s signed-rank for paired
data. The data met the assumptions of the statistical tests used. Data
was analyzed with GraphPad Prism v9.0, IBM SPSS statistics 24, SAS
v9.4, Python 3.7.6 and R 4.1.1. Reported p-values are two-sided and
unadjusted unless stated otherwise.

3.5. Data availability
DNA and RNA sequencing data are stored in the European Genome-
Phenome Archive (EGA) under the accession code EGAS00001006902.
Sequencing data and source data supporting the findings of this study
are not publicly available due to the clinical trial agreements and will
be made available from the corresponding author upon reasonable
request. Data requests will be reviewed by the corresponding author
and Institutional Review Board of the NKI and after approval applying
researchers have to sign a data transfer agreement with the NKI.
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Table 3.3: Worst grade of any treatment-related adverse event. Immune-related events
are a selection of all reported atezolizumab-related events.

Worse grade of any adverse
event, no. of patients (%)

No AE reported Grade
1-2

Grade
3

Grade
4

Carboplatin-related 6 (26) 7 (30) 9 (39) 1 (4)
Atezolizumab-related 11 (48) 5 (22) 5 (22) 2 (9)
Immune-related event of inter-
est

13 (57) 4 (17) 5 (22) 1 (4)

Only grade 2 events or higher or grade 1 immune-related events were reported. 1
patient died during treatment of disease progression.
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Figure 3.5: Flow chart of patient inclusion in the GELATO-trial.

Table 3.4: All reported carboplatin-related toxicity.

Carboplatin-related adverse
event, no. of patients (%)

Any grade Grade 3 Grade 4

Neutrophil count decreased 11 (48) 3 (13) 1 (4)
Anemia 5 (22) 2 (9) 0 (0)
Platelet count decreased 3 (13) 2 (9) 0 (0)
Nausea 3 (13) 0 (0) 0 (0)
Fatigue 2 (9) 0 (0) 0 (0)
Abdominal pain 1 (4) 1 (4) 0 (0)
ALAT increased 1 (4) 1 (4) 0 (0)
Dehydration 1 (4) 1 (4) 0 (0)
Flu-like symptoms 1 (4) 0 (0) 0 (0)
Gastro-esophageal reflux 1 (4) 0 (0) 0 (0)
Hyperkaliemia 1 (4) 0 (0) 0 (0)
Hyponatremia 1 (4) 1 (4) 0 (0)
Infusion-related reaction 1 (4) 0 (0) 0 (0)
Increased lipase 1 (4) 0 (0) 0 (0)
Obstipation 1 (4) 0 (0) 0 (0)
Peripheral neuropathy 1 (4) 0 (0) 0 (0)

Only grade 2 events or higher were reported. Alanine aminotransferase (ALAT).
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Figure 3.6: Additional baseline tumor microenvironment features associated with clinical
outcome. (A) Percentage of stromal tumor-infiltrating lymphocytes (sTILs). N = 23 samples. (B)
Gene expression of an IFNy signature [27]. N = 17 samples. (C) Gene expression of an exhausted
T-cell signature [28]. N as in (B). (D) Gene expression of a tertiary lymphoid structure (TLS)
signature [29]. N as in (B). (E) Gene expression of an immune checkpoint signature [30]. N as
in (B). (F) Tumor mutational burden (TMB, mutations per MB) in ER+ vs triple-negative ILC. N as
in (B). (G) Mutational signatures enriched in metastatic lesions. N as in (B). (A)–(F) Median
with interquartile range, statistics by two-sided Mann-Whitney-U test. Baseline metastatic lesions
correspond to metastases presented in Figure 3.3 and Supplementary Figures 3.7 and 3.8.
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Figure 3.7: Evolution of sTILs, stromal CD8+ cells, PD-L1 expression and immune-related
gene sets from paired primary tumors, local recurrences and metastasis. (A) Percentage of
stromal tumor-infiltrating lymphocytes (sTILs) in paired primary tumors, recurrences, and metastases.
N = 43 samples. (B) Percentage of CD8+ T cells in the stromal area (immunohistochemistry). N
as in (A). (C) Percentage of patients with clinical benefit and PD-L1 expression (clone SP142) in
metastatic lesions. A cut-off of 1% expression on immune cells was used to determine PD-L1
positivity. Statistics by Fisher’s exact test (primary versus metastasis) for proportions. N as in (A).
(D) Gene expression of an IFNy signature [27]. N = 30 samples. (E) Gene expression of an
exhausted T-cell signature [28]. N as in (D). (F) Gene expression of a tertiary lymphoid structure
(TLS) signature [29]. N as in (D). (G) Gene expression of an immune checkpoint signature [30]. N
as in (D). (H) Gene set enrichment score of the HALLMARK Oxidative Phosphorylation gene set. N
as in (D). (I) Gene set enrichment score of the HALLMARK Glycolysis gene set. N as in (D). (J)
Gene set enrichment score of HALLMARK mTOR signaling gene set. N as in (D). (K) Gene set
enrichment score of HALLMARK MYC targets gene set. N as in (D). (A)-(B), (D)-(K) Boxplots display
a minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range. Statistics with
two-sided Wilcoxon-signed-rank on paired primary tumors and metastasis, the number of patients
in each analysis are listed between brackets behind the p-value. Red squares indicate patients
with clinical benefit, black dots patients with no clinical benefit. Metastatic lesions correspond
with baseline samples presented in Figure 3.2, Figure 3.4, Supplementary Figures 3.6, 3.8
and 3.10.
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Figure 3.8: Unbiased analysis of treatment-related changes in gene expression. (A)
Heatmap of CIBERSORTx immune cell deconvolution [34] across all primary tumor samples (FFPE).
Rows correspond to one sample and are annotated with patient ID. N = 10 samples. (B) Heatmap
of CIBERSORTx immune cell deconvolution [34] across all baseline metastases (FF). Rows correspond
to one sample and are annotated with patient ID. N = 17 samples. (C) Heatmap of gene-set
enrichment analysis of Hallmark gene sets [35] across all across all primary tumor samples (FFPE).
Rows correspond to one sample and are annotated with patient ID. N as in (A). (D) Heatmap of
gene-set enrichment analysis of Hallmark gene sets [35] across all across all baseline metastases
(FF). Rows correspond to one sample and are annotated with patient ID. N as in (B).
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Figure 3.9: Flow cytometry-based assessment of circulating immune cell populations
in paired blood samples at baseline, on carboplatin and during carboplatin/anti-PD-L1.
(A) Absolute circulating neutrophil counts by flow cytometry. N = 61 sample. (B)
Neutrophil-to-lymphocyte ratio (total T cell count). N as in (A). (C) Absolute circulating total T-cell
counts. N = 62 samples. (D) Absolute circulating CD8+ T-cell counts. N as in (C). (E) Absolute
circulating CD4+ T-cell counts. N as in (C). (F) Percentage of circulating PD-1+CTLA-4+ CD4+ T
cells. N as in (C). (G) Percentage of circulating PD-1+CTLA-4+ CD8+ T cells. N as in (C). (A)-(G)
Boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range.
Statistics with two-sided Wilcoxon-signed-rank on paired samples, the number of patients in each
analysis are listed between brackets behind the p-value. Red squares indicate patients with clinical
benefit, black dots patients with no clinical benefit.
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Figure 3.10: Changes in sTILs, stromal CD8+ cells and immune-related gene sets in
serial biopsies of a metastatic lesion. (A) Percentage of CD8+ T cells (immunohistochemistry)
in the stromal area in serial biopsies of metastatic lesions measured at baseline, after two cycles
of carboplatin and after two cycles of anti-PD-L1 plus carboplatin. N = 58 samples. (B) Percentage
of stromal tumor-infiltrating lymphocytes (sTILs) in serial biopsies of metastatic lesions. N = 57
samples. (C) Gene set expression score of resting mast cells according to CIBERSORTx in serial
biopsies of metastatic lesions. N = 46 samples. (D) Gene expression of an immunogenic cell death
signature [45] in serial biopsies of metastatic lesions. N as in (C). (E) Gene expression score of MHC
class II related genes (HLA-DRA, HLA-DRB1, HLA-DOB, HLA-DPB2, HLA-DMA, HLA-DOA, HLA-DPA1,
HLA-DPB1, HLA-DMB, HLA-DQB1, HLA-DQA1, HLA-DRB5, HLA-DQA2, HLA-DQB2, HLA-DRB6). N as
in (C). (A)-(E) Boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and the
interquartile range. Statistics with two-sided Wilcoxon-signed-rank on paired samples, the number
of patients in each analysis are listed between brackets behind the p-value. Red squares indicate
patients with clinical benefit, black dots patients with no clinical benefit. Baseline metastatic lesions
correspond to metastases presented in Figure 3.3 and Supplementary Figures 3.7 and 3.8.
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Figure 3.11: Exploratory analysis of the use 89Zr-atezolizumab-PET to evaluate PD-L1
distribution in ILC patients. Representative images of one patient imaged with FDG-PET
and 89Zr-atezolizumab-PET. Left panel represents lateral view of baseline FDG-PET, the middle
panel represents the lateral view of baseline 89Zr-atezolizumab-PET and the right panel
89Zr-atezolizumab-PET after two cycles of carboplatin.

74



3.9. Supplementary Information

Figure 3.12: Gating strategies for flow cytometry analysis of peripheral blood immune
populations. (A) T cell panel gating strategy identifying vδ1 γδ T cells (CD3+, vδ1+, pan γδ
TCR+), vδ2 γδ T cells (CD3+, vδ2+), double positive T cells (CD3+, vδ1-, pan γδ TCR-, vδ2-,
CD8+, CD4+), CD8 T cells (CD3+, vδ1-, pan γδ TCR-, vδ2-, CD8+, CD4-), conventional CD4 T
cells (CD3+, vδ1-, pan γδ TCR-, vδ2-, CD8-, CD4+, FoxP3-) and Tregs (CD3+, vδ1-, pan γδ TCR-,
vδ2-, CD8-, CD4+, FoxP3+, CD25high). (B) Gating strategy to identify B cell subsets identifying
double negative B cells (CD19+, CD27-, IgD-), naïve B cells (CD19+, CD27-, IgD+), non-switched
memory B cells (CD19+, CD27+, IgD+), IgM-only memory B cells (CD19+, CD27+, IgD-, IgM+),
switched memory B cells (CD19+, CD27+, IgD-, IgM-, CD38-/+), and plasmacells/blasts (CD19+,
CD27+, IgD-, IgM-, CD38high). (C) Myeloid panel gating strategy identifying eosinophils (lineage-,
high side scatter, CD66b+ CD16-), neutrophils (lineage-, high side scatter, CD66b+ CD16+),
basophils (lineage-, FcϵRα+, HLA-DR-), plasmacytoid DCs (lineage-, HLA-DR+, CD303+, CD123+),
CD141high DCs (lineage-, HLA-DR+, CD33+, CD141+), CD14+ monocytes (lineage-, HLA-DR+,
CD33+, CD14+, CD16-/+), CD14dim monocytes (lineage-, HLA-DR+, CD33+, CD14dim, CD16+),
CD1c+ DCs (lineage-, HLA-DR+, CD33+, CD14-, CD16-, CD1c+, FcϵRα+) and CD1c- DCs (lineage-,
HLA-DR+, CD33+, CD14-, CD16-, CD1c-, FcϵRα-).
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Table 3.5: Immune-related adverse events of special interest.

Immune-related adverse event,
no. of patients (%)

Any grade Grade 3 Grade 4

ASAT increased 4 (17) 2 (9) 1 (4)
ALAT increased 2 (9) 2 (9) 0 (0)
Flu-like symptoms 2 (9) 0 (0) 0 (0)
Hypophysitis* 2 (9) 1 (4) 0 (0)
Lipase increased^ 2 (9) 1 (4) 0 (0)
Colitis 1 (4) 1 (4) 0 (0)
Dry mouth 1 (4) 0 (0) 0 (0)
Dry skin 1 (4) 0 (0) 0 (0)
Myalgia 1 (4) 0 (0) 0 (0)
Sarcoid-like reaction 1 (4) 1 (4) 0 (0)

Alanine aminotransferase (ALAT); aspartate aminotransferase (ASAT).
* 1 patient developed a grade 3 hypophysitis two months after stopping atezolizumab.
^ Asymptomatic without signs of (immune-related) pancreatitis.
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Table 3.6: Characteristics of patients with collected primary tumors.

Characteristic No. (%)

Age at diagnosis, years Median (range) 51 (33-65)
Histological subtype (assessed
on primary tumor1,2)

ER+HER2-
ER+HER2+

16 (94)
1 (6)

Molecular subtype (assessed
on primary tumor, n=10)

Luminal A
Luminal B
HER2-enriched

4 (40)
5 (50)
1 (10)

Histological grade primary tu-
mor

Grade 1
Grade 2
Grade 3
Unknown

2 (12)
9 (53)
3 (18)
3 (18)

Tumor stage at diagnosis T1
T2
T3

4 (24)
8 (47)
5 (29)

Nodal stage at diagnosis N0
N1
N2
N3

5 (29)
5 (29)
2 (12)
5 (29)

Neo-adjuvant chemotherapy 6 (35)
Response to neo-adjuvant
chemotherapy

pCR
pPR (1-50% tumor-
rest)
pNR (>50% tumor-
rest or no response)

0 (0)
1 (17)

5 (83)

Disease course Primary-metastasis
Primary-local
recurrence-
metastasis4

De novo M15

Primary-2nd

primary-metastasis

Primary-
contralateral
recurrence-
metastasis

10 (59)
3 (18)

2 (12)

1 (6)

1 (6)

Biopsy site GELATO-trial Liver
Lymph node
Peritoneum
Cervix
Skin
Thoracal wall

7 (41)
4 (24)
3 (18)
1 (6)
1 (6)
1 (6)

1 For 1 patient with a secondary primary tumor, only the second tumor was collected (first tumor was not ILC). For 1 patient
with an isolated contralateral recurrence, the first primary tumor and contralateral recurrence were collected.
2 4/5 patients with a triple-negative metastasis had a primary ER+ tumor. 1 of these patients had a triple-negative
contralateral recurrence. Two out of 17 patients with de novo metastatic disease had ER+ disease.
3 including mixed classical and pleiomorphic.
4 Local recurrence including recurrence in skin. 1 patient had a local ILC recurrence and contralateral breast cancer of no
special type simultaneously.
5 Breast lesions are compared with synchronous distant metastasis.
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Table 3.7: List of measured circulating immune cell populations

Circulating immune cell populations

Eosinophils
Basophils
Neutrophils
CD141high dendritic cells (DCs)
CD1c+ DCs
CD1c- DCs
Plasmacytoid DCs
CD14+CD16- monocytes
CD14dim monocytes
Total T cells
Conventional CD4+ T cells (within total T cells)
CD8+ T cells (within total T cells)
Regulatory T cells (within total T cells)
Double positive T cells (within total T cells)
v1 T cells (within total T cells)
v2 T cells (within total T cells)
Total B cells
Double negative B cells (within total B cells)
Non-switched memory B cells (within total B cells)
IgM-only memory B cells (within total B cells)
Switched memory B cells (within total B cells)
Plasmacells/blasts (within total B cells)
Naïve B cells (within total B cells)
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Table 3.8: List of antibodies used for flow cytometry.

Antigen Fluorochrome Clone Dilution Company Catalogue number

CD3 BUV496 UCHT1 1:100 1 612940
CD4 BV421 RPA-T4 1:100 1 562424
CD8 BUV805 SK1 1:200 1 612754
Pan TCR PE 11F2 1:100 1 555717
FoxP3 PE Cy5.5 FJK-16s 1:50 2 35-5773-82
CCR7 APC R700 150503 1:50 1 565868
CD45RA BUV737 HI100 1:400 1 612846
CD25 AF647 BC96 1:100 3 302618
PD-1 APC Cy7 EH12.2H71:100 3 329922
CTLA-4 PE CF594 BNI3 1:200 1 562742
v1 FITC TS8.2 1:100 4 TCR2730
v2 BUV395 B6 1:100 1 748582
CD19 PE Cy5 HIB19 1:200 1 555414
CD3 PE Cy5 UCHT1 1:200 1 555334
CD56 PE Cy5 B159 1:100 1 555517
CD161 PE Cy5 DX12 1:100 1 551138
HLA-DR BUV661 G46-6 1:100 1 612980
CD14 BUV737 M5E2 1:100 1 612763
CD16 BUV496 3G8 1:100 1 612944
CD11c BV785 3.9 1:100 3 301644
CD1c PE Cy7 L161 1:100 3 331516
CD141 BV711 1A4 1:100 1 563155
CD123 PE 6H6 1:200 3 396604
CD66b AF647 G10F5 1:200 1 561645
CD33 PerCP Cy5.5 WM53 1:100 3 303414
CD303 APC vio770 REA693 1:100 5 130-114-178
CD41a BUV395 HIP8 1:400 1 740295
FcRI PE Dazzle 594 AER-

37(CRA-
1)

1:200 3 334634

CD34 FITC 581 1:100 1 555821
CD19 BUV395 SJ25C1 1:50 1 563549
IgD APC IA6-2 1:100 1 561303
CD20 BUV805 2H7 1:200 1 612905
CD27 PE M-T271 1:200 1 555441
CD10 AF700 HI10a 1:200 1 563509
CD24 BB515 ML5 1:200 1 564521
IgM APC Cy7 MHM-

88
1:100 3 314520

CD38 BUV737 HIT2 1:400 1 741837
CD5 PE Dazzle 594 L17F12 1:400 3 364012
CD1d BV786 42.1 1:200 1 743608
CD138 BV711 MI15 1:200 3 563184

Company: 1 BD Bioscience; 2 eBioscience/Thermofisher; 3 BioLegend; 4 Thermofisher;
5 Miltenyi Biotech.
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Circulating tumor DNA (ctDNA) is an emerging technology to predict and
monitor responses to cancer treatment, including immune checkpoint
blockade (ICB). However, data on ctDNA dynamics during ICB in
metastatic triple negative breast cancer (mTNBC) are limited. While
most ctDNA assays focus on mutation detection, mTNBC and multiple
other cancer types are driven by copy number alterations (CNAs). In
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this study, we explore the potential utility of ctDNA-based copy number
abnormality (CPA) scores from 30 patients with mTNBC treated with
ICB in a phase II clinical trial (TONIC trial, NCT02499367). We found
significant concordance between ctDNA-based and tissue-based CNA
profiles. CPA scores decreased in responders during ICB, while ctDNA
levels increased in non-responders. These findings suggest ctDNA-based
CNAs could serve as a non-invasive biomarker, complementing ctDNA
levels, for early response assessment in patients with mTNBC receiving
ICB.
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4.1. Introduction

T riple-negative breast cancer (TNBC) accounts for 10-15% of all
breast cancer cases and is characterized by the absence of estrogen

receptor (ER) and progesterone receptor (PR), and lack of overexpression
or amplification of human epidermal growth factor receptor 2 (HER2) [1,
2]. Over 30% of patients with TNBC develop distant metastases [1], and
metastatic TNBC (mTNBC) has a poor prognosis with a median overall
survival (OS) of approximately 1.5 years [3, 4].

Immunotherapy has revolutionized cancer treatment, including for
mTNBC [5]. The IMpassion1306 and KEYNOTE-3557 trials showed
that adding programmed death (ligand) 1 blockade (anti-PD-(L)1) to
chemotherapy improved progression-free survival (PFS) and OS in PD-
(L)1 positive population, leading to approval for the use of anti-PD-(L)1
in PD-L1 positive mTNBC [6, 7]. Although a subset of patients has
long-term benefit with very durable responses, most do not benefit
from ICB while being subjected to treatment-related adverse effects [8],
suggesting that the accuracy of the tissue-based biomarker PD-L1
is suboptimal [9–11]. This underscores the need for more precise
biomarkers to guide more personalized treatment approaches.

Liquid biopsies have become a significant focus in biomarker research.
They offer distinct advantages over tissue biopsies, such as providing
sequential dynamics due to their less invasive nature and capturing the
tumor heterogeneity from various regions and metastatic sites [12, 13].
Recent studies demonstrated a consistent relationship between ctDNA
levels and prognosis in early TNBC [14, 15]. Prior studies showed that
early changes in ctDNA levels are associated with response to immune
checkpoint blockade (ICB) and prognosis across a range of advanced
solid tumors [16, 17]. However, for mTNBC data are limited so far.
These findings highlight the potential of tracking ctDNA dynamics as a
potential approach for predicting outcomes and monitoring response to
ICB in TNBC.

Beyond tracking ctDNA dynamics, detecting copy number alterations
(CNAs) from ctDNA could be of interest for tumors exhibiting higher
CNAs and relatively lower mutation abundance including TNBC [12, 18].
Interestingly, CNA levels are linked to immune evasion in multiple cancer
types, including breast cancer [19, 20]. Stover et al. and Prat et al. found
a concordance between ctDNA-derived and tumor-derived CNA profiles
in metastatic breast cancer, supporting the use of ctDNA for detecting
CNAs [21, 22]. A recent study demonstrated the prognostic value
of ctDNA-based CNAs derived from shallow whole-genome sequencing
(sWGS) in patients with breast cancer [23]. Previous studies have
also established ctDNA-based CNAs as a potential biomarker during
immunotherapy for non-small cell lung cancer (NSCLC) and other cancer
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types [24, 25]. However, the relationship between ctDNA-based CNAs
and response to ICB in mTNBC remains largely unexplored. In this
pilot study, we investigate the potential use of ctDNA-based CNAs for
patients with mTNBC during treatment with ICB in a phase II clinical trial.

4.2. Results
Study design and patient characteristics

We conducted a pilot study in a subset of patients with mTNBC receiving
nivolumab after induction treatment with low-dose chemotherapy or
irradiation in the TONIC trial [26]. Thirty patients were selected taking
all patients with clinical benefit (n=14) and a similar number of patients
(n=16) without response to treatment. We performed ctDNA analysis
from sWGS data of paired plasma samples at baseline and after 6 cycles
(12 weeks) of nivolumab. Patient characteristics and study design are
demonstrated in Supplementary Table 4.1 and Figure 4.1A.

CNA profiles were derived from sWGS plasma samples and
quantified using CPA scores

We applied a previously described bioinformatics pipeline [27] to the
sWGS plasma sample data to obtain CNA profiles. Then, we used CPA
scores to quantify the CNA profiles [29].

Each CPA score was calculated by summing the deviations across all
segments between the CNA profile of a patient and the average CNA
profiles of healthy samples (14 healthy samples were used as reference
in our study), weighted by their lengths, and normalized by the total
number of segments. Thus, a CPA score of zero signifies a ‘’flat”
CNA profile, while a higher CPA score reflects more genomic instability
(representative examples in Figure 4.1B). CPA scores were all less than
1.5 (median = 0.80, range 0.53 to 1.45, Supplementary Figure 4.3A)
in healthy donors. By contrast, patients with mTNBC have significantly
higher CPA scores (median = 5.55, range 2.18 to 26.39, p=0.0000001,
Supplementary Figure 4.3A), indicating that these CPA scores reflect
copy number profiles of circulating tumor DNA rather than non-tumor
DNA. Regarding ctDNA level (ng/mL), we measured the concentration of
circulating DNA from the plasma samples.

Additionally, we compared patient baseline CPA scores with other metrics
used in literature to quantify CNA levels, such as sums of total gains or
losses [30], or percentages of genome affected by the CNAs [31, 32]. We
found that they were highly correlated (Supplementary Figure 4.3B).

Concordance between ctDNA-based and tissue-based CNA pro-
files
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Figure 4.1: Study design, representative copy number profiles, and relationship between
baseline CPA scores and basal gene expression. (A) Study design. The cohort included
60 (30 pairs, pre- and post-treatment) plasma sWGS data and 20 WES tissue data at baseline.
Circulating tumor DNA (ctDNA)-based copy number alteration (CNA) profiles were generated using
the bioinformatics pipeline by Deger et al. [27], while tissue CNA profiles were obtained from
Sequenza [28]. Correlation analysis compared 20 paired ctDNA-based and tissue-based CNA
profiles at baseline. All ctDNA-based CNA profiles were quantified using copy number abnormality
(CPA) scores to explore the dynamics during anti-PD1 treatment for patients with mTNBC. (B)
Representative copy number profiles and CPA scores from a healthy sample (Healthy donor #12)
and a tumor sample (Patient #2). (C) Baseline CPA scores in patients with high (≥ median) versus
low (< median) basal gene expression; n = 20; median basal gene expression = 8.38. Box plot
for (C) displays a minimum (Q0), a maximum (Q4), a median (Q2), and the interquartile range.
p-value for (C) was determined using the two-sided Mann-Whitney U-test.

Next, we investigated the concordance between ctDNA-based and
tissue-based CNA profiles. For 20 patients, we had access to both
baseline sWGS data from plasma samples and corresponding whole
exome sequencing (WES) data from tumor tissues. CNA profile segments
from WES tissue samples were first log2-transformed, and divided into
100 kb bins, matching the binning of WGS plasma samples. The
transformed CNA profile segments from the WES tissue sample of
each patient were then compared with the CNA profile segments from
the corresponding WGS plasma sample. Significant correlations were
observed across all patients between the matched ctDNA-based and
tissue-based CNA profile segments, with a median correlation coefficient
of 0.50 (0.27-0.87, p < 0.05 for all pairs). This underscores the potential
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of using ctDNA-based CNA profiles to estimate the copy number tumor
profiles in mTNBC.

Given the chromosomal instability in basal-like breast cancer [20, 32],
we investigated the relationship between baseline CPA scores and the
PAM50-based basal gene expression profiles (Nanostring [33]). Patients
with higher baseline CPA scores had significantly higher basal gene
expression (p=0.03, Figure 4.1C).

Baseline CPA scores and ctDNA levels in relation to clinical
outcomes

Next, we analyzed whether CPA scores and ctDNA levels were associ-
ated with clinical outcomes. Baseline CPA scores showed no significant
association with likelihood of response (objective response according to
iRECIST [34]) to nivolumab (p=0.27, Figure 4.2A), OS (hazard ratio
(HR)=1.31, 95% confidence interval (95%CI)=0.60-2.85, Supplemen-
tary Figure 4.4A, Supplementary Table 4.2), or PFS (HR=0.72,
95%CI=0.34-1.53, Supplementary Figure 4.4B, Supplementary Ta-
ble 4.2). Similarly, baseline ctDNA levels also demonstrated no
significant associations with response to nivolumab (Figure 4.2B), OS,
or PFS (Supplementary Figure 4.4C, Supplementary Figure 4.4D,
and Supplementary Table 4.2).

Dynamics of CPA scores and ctDNA levels in relation to clinical
outcomes

Additionally, we explored the relationships between CPA score dynamics
and important tumor-based parameters for TNBC, including sTIL levels,
PD-L1 CPS, and CD8 counts at baseline. No associations were found
(Supplementary Figures 4.4G-I).

Subsequently, we assessed CPA score dynamics from baseline to 12
weeks after nivolumab treatment and their association with clinical
outcomes. Upon therapy, responders showed a significant decrease
in CPA scores (p=0.0004, Figure 4.2C), while non-responders had a
non-significant increase (p=0.14, Figure 4.2D). A decreased CPA score
during immunotherapy was associated with improved OS (HR=2.25,
95%CI=1.00-5.05, p=0.05, Figure 4.2E, Supplementary Table 4.2)
and PFS (HR=4.70, 95%CI=1.87-11.85, p=0.001, Supplementary
Figure 4.4E, Supplementary Table 4.2). However, after adjusting for
PD-L1 combined positive score (CPS) and disease-free interval (DFI), the
associations were not significant for OS (HR=1.27, 95%CI=0.47-3.42,
Supplementary Table 4.2) and PFS (HR=2.78, 95%CI=0.69-11.16,
Supplementary Table 4.2) anymore.

ctDNA levels showed a non-significant decrease in responders (p=0.39,
Figure 4.2F), whereas a significant increase in non-responders
(p=0.008, Figure 4.2G) during nivolumab treatment. Decreased
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= 30. (B) Baseline ctDNA levels in responders and non-responders to nivolumab; n = 30. (C)
CPA score dynamics during nivolumab treatment in responders; n = 14. (D) CPA score dynamics
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scores during nivolumab treatment; n = 30. No CPA score fold changes were equal to 1. (F) ctDNA
level dynamics during nivolumab treatment in responders; n = 14. (G) ctDNA level dynamics
during nivolumab treatment in non-responders; n = 16. (H) Kaplan-Meier curve of overall survival
in patients with increased (fold change > 1) versus decreased (fold change < 1) ctDNA levels
during nivolumab treatment; n = 30. No ctDNA level fold changes were equal to 1. Box plots in
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p-values for E and H were obtained using the log-likelihood ratio test.

ctDNA levels during nivolumab were not associated with improved OS
(HR=1.37, 95%CI=0.62-3.01, p=0.43, Figure 4.2H, Supplementary
Table 4.2) or PFS (HR=1.16, 95%CI=0.55-2.42, p=0.70, Figure 4.2F,
Supplementary Table 4.2).

4.3. Discussion
Here we present one of the first analyses on sWGS ctDNA-based CNAs
in the context of ICB for patients with mTNBC. Our analyses indicate the
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potential utility of using ctDNA-based CNAs to monitor response during
ICB in addition to ctDNA levels, hereby providing a foundation for future
studies on ctDNA-based CNA profiles as biomarker for ICB response for
patients with mTNBC.

Molecular analysis of ctDNA offers an attractive non-invasive approach
to obtain real-time tumor information. There are two main approaches:
tumor-informed assays, which detect the presence of patient-specific
mutations from tumor tissue, and tumor-agnostic assays [35, 36].
Studies on ctDNA indicate that ctDNA levels can serve as a surrogate for
tumor burden in metastatic settings [37–39] and the presence of ctDNA
can be used to detect minimal residual disease (MRD) in early-stage
tumors [40, 41], as well as tumor mutational burden (TMB) [42],
microsatellite instability (MSI) [43], mutational signatures [44], and
driver mutations [45]. While most studies so far have focused on
detecting mutations, here we present data on copy number analyses in
liquid biopsies. Copy number alteration, a key cancer hallmark [46, 47],
is particularly informative for tumors with lower mutational burden [48]
and higher levels of chromosomal instability, such as TNBC. Previous
studies have shown concordance between tissue-based and ctDNA-
based CNA profiles [12, 22, 49], which is in line with our results.
The inherent intra-tumor heterogeneity of TNBC and varying ctDNA
fractions may account for the less than perfect alignment between
ctDNA-based and tissue-based CNA profiles as also shown by others [50,
51]. Furthermore, we discovered that higher baseline CNA levels were
associated with higher scores for basal gene expression according to
PAM50, which is in line with studies showing that basal tumors have
higher CNA levels than non-basal tumors [20, 32]. This indicates that
ctDNA-based CNA profiles can reflect tumor subtype-specific biology
in mTNBC, potentially identifying patients who might benefit from
HRD-targeted therapies. The advantage of this approach is that it does
not require profiling of the tumor and is relatively cheap.

Prior studies evaluating the prognostic value of baseline ctDNA levels
to ICB response showed conflicting results, while ctDNA dynamics have
shown to be prognostic among various cancer types including breast
cancer [16, 25, 52–54]. Bratman et al. discovered an association
between baseline ctDNA levels and OS and PFS in a multi-cohort
clinical trial [16]. However, this association was not statistically
significant in the subcohort of patients with TNBC (n=18), consistent
with our findings, suggesting that the association between baseline
ctDNA levels and survival could be tumor-type specific. In line with
our study, they have demonstrated that an increase in ctDNA levels
during immunotherapy was associated with disease progression and
poor survival, whereas a decrease in ctDNA levels was associated with
better clinical outcomes [16].
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Previous studies have demonstrated the potential of tracking ctDNA-
based CNA levels to monitor immunotherapy responses in various
cancer types including one patient with TNBC [25, 52]. In our analysis,
although baseline CPA scores did not differ between responders and
non-responders, decreased CPA scores upon immunotherapy were
associated with response to ICB and survival. This could suggest that
either copy number tumor profiles could change during immunotherapy
or that tumor clones with more CNA show a distinct response to ICB.
Although prior research has shown tumors of patients with melanoma
who do not respond to ICB have more CNAs compared to responding
tumors [19, 55], it is largely unknown how copy number profiles change
during the active phase of an anti-cancer immune response and upon
the development of acquired resistance.

Our current study has certain limitations. First, the study was set
up as a pilot study with a small sample size, making all analyses
exploratory. Validation of our findings in larger cohorts of patients with
mTNBC treated with ICB is needed. Second, we selected non-responders
who had a plasma sample taken after 6 cycles of nivolumab (at 14
weeks). These non-responders likely had better outcomes than those
who relapsed quickly after treatment initiation, indicating that our
survival analysis primarily compared responders to non-responders with
relatively favorable outcomes. Third, there is no standard method of
detecting ctDNA and we did not perform additional steps to calculate
the ‘absolute’ ctDNA level due to the low coverage nature of shallow
whole genome sequencing, thus plasma samples might include both
ctDNA and cell-free DNA. However, mTNBC tumors are known to have
higher ctDNA levels than other breast cancer subtypes or other solid
tumors [15, 16]. Also, we observed high levels of CNAs in the samples
indicating that there were sufficient ctDNA present in the plasma.

We propose leveraging ctDNA-based CNA dynamics as a biomarker
to monitor treatment response for patients with mTNBC receiving
immunotherapy. The feasibility of prospective trials for this approach
depends on available alternative treatments. A recent study, PADA-1
trial (NCT03079011) [56] showed that switching endocrine treatment
upon detection or increase of ESR1 mutation in blood improves the
PFS in patients with ER- positive, HER2-negative advanced breast
cancer. Inspired by this and considering that antibody-drug conjugates
(ADCs) like sacituzumab govitecan are promising second-line treatments
for mTNBC [5, 57, 58], it might be worth evaluating ctDNA-based
CNA dynamics for monitoring immunotherapy response in mTNBC. For
instance, patients could be randomized to receive anti-PD-(L)1 therapy
with a switch to an ADC upon clinical progression versus switching to
ADCs if ctDNA-based CNA dynamics remain unaffected by anti-PD-(L)1
therapy.
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In conclusion, this pilot study demonstrated that ctDNA-based CNA
dynamics, assessed through sWGS, provide additional insights alongside
ctDNA levels and other tumor-based parameters to monitor anti-PD1
treatment in mTNBC. Our work warrants further preclinical studies on
the changes of CNAs during response or resistance to ICB and clinical
studies on tracking ctDNA-based CNA dynamics and the option of timely
treatment adjustment in the context of immunotherapy for mTNBC.

4.4. Methods
Clinical trial procedures

This paper included WGS data from blood samples (n=60) and WES data
from tissue samples (n=20) of 30 patients with mTNBC in the stage
1 of the TONIC trial [26] (NCT02499367). The trial procedures were
executed according to the previous publication [26]. Clinical benefit was
defined as complete response, partial response, or stable disease for at
least 26 weeks according to iRECIST, as described previously [29]. OS
was determined by calculating the time period between the date of first
nivolumab administration and the most recent follow-up or death date
(data cut-off on 1 March 2021). DFI was defined as the time between
the diagnosis of the primary tumor or locoregional recurrence and the
date of diagnosis of metastatic disease. Tumor burden was measured as
the sum of all target lesions in millimeters as described in the TONIC
trial [26]. Plasma samples were taken at baseline and after 12 weeks of
nivolumab treatment. All available paired samples were used for this
study.

Immunohistochemistry and TIL scoring

Immunohistochemistry for CD8 (C8/144B, DAKO) and PD-L1 (22C3,
DAKO) was performed on formalin-fixed paraffin-embedded tissue sec-
tions; the absolute CD8 count was scored manually by one pathologist.
The percentages of sTILs on hematoxylin and eosin (H&E)-stained slides
were assessed by pathologists trained for TIL assessment based on
an accepted international standard from the International Immuno-
Oncology Biomarker Working Group (visit www.tilsinbreastcancer.org for
all guidelines on TIL assessment in solid tumors).

Blood processing and sequencing

Blood was collected in 10 ml K2-EDTA tubes, from which cell-free plasma
was obtained within 4 hours by a two-step centrifugation: 20 minutes at
380 g followed by 10 minutes at 20,000 g. Cell-free plasma was stored in
1-4 ml aliquots at -80 ◦C. Cell-free DNA (cfDNA) isolation was performed
using the QIAsymphony Circulating DNA kit (article number 1091063,
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Qiagen, Dusseldorf, Germany) with the QIAsymphony (Qiagen). No
extraction blanks were used in this study. Elution volume was set to 60
µl and samples were stored at 4 ◦C until use.

Maximum 50 µl of eluate was used per sample for input into library
preparation using the KAPA Hyperprep kit. Median cfDNA input per
sample was 18.5 ng for baseline samples, 23.8 ng for on treatment
samples, and 4.8 ng for samples from healthy donors. Library
preparation failed for one sample on treatment, leading to exclusion of
that patient (responder) from further analysis. Remaining 60 patient
samples (baseline and on-treatment) were pooled and whole genome
sequenced on a HiSeq 2500 in high output single-read mode, with a read
length of 65 bp. 14 healthy age-matched female donor samples were
sequenced on a separate lane with the same settings. Median number
of generated reads per sample was 3.2 million for baseline samples,
3.4 million reads for on treatment samples, and 12.5 million reads for
healthy donors.

ctDNA-based copy number profile derived from sWGS data

We employed an established bioinformatics pipeline [27] on sWGS
plasma data to derive ctDNA-based copy number profiles. Briefly,
QDNAseq R package [59] was used to remove problematic regions,
correct for GC-content and mappability, and normalize the remaining
bins. QDNAseq.hg38 was used for bin annotation. At a fixed bin size of
100 kilobases (Kb), the majority of data (24,888 out of 30,894 total bins)
were retained with a low measured standard deviation. Subsequently,
the NoWaves R package [60] with default settings was used to correct
for wave bias. Finally, we generated copy number profiles using
CGHcall [61]. The output of ctDNA-based CNA profile of each patient
was binned into 100 kb bins across the genome and log2-transformed.

Tissue-based copy number profile obtained from whole-genome
sequencing (WES) data

Tissue-based copy number profiles were generated using Sequenza [28]
from 20 patients with tissue whole-exome sequencing (WES) data. The
output of tissue-based CNA profile of each patient was binned with 100
kb bins across the genome and log2-transformed to make the data
comparable with ctDNA-based CNA profiles.

Quantification of copy number profiles: CPA scores

CPA score was calculated as described previously [29]. Briefly, this could
be summarized in two steps as shown in equations (4.1) and (4.2):

Zsegment(n→m) =
μ(Rn, R...., Rm) − μ(μ(r1,n, r1,...., r1,m)...μ(rp,n, rp,...., rp,m))

std(μ(r1,n, r1,...., r1,m)...μ(rp,n, rp,...., rp,m))
(4.1)
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Zsegment(n→m) denotes the Z-score encompassing the range from bin n
to m within each segment. Rn indicates the read counts ratio of the
patient sample at bin n, while r1,n represents the read counts ratio of
the corresponding locus of the first healthy sample. Herein, p denotes
healthy samples. The functions μ() and std(), correspondingly, compute
the default mean and standard deviation. Note that the calculation
of Z-score in our analysis used default mean calculation instead of
weighted mean calculation described by Raman et al. [29] due to the
use of different tools for copy number calling.

CPA =

∑n
=1(|Zsegment | × segment)

n
(4.2)

The Z-score and length for segment  are given as Zsegment and segment ,
respectively. The number of segments per copy number profile is
represented by n. The CPA score is expressed per 100 megabases (Mb),
therefore, measurements were converted from Kb to Mb by dividing by
1,000.

NanoString gene expression analysis

The basal gene expression was obtained from nCounter technology
provided by NanoString Technologies [33] using a PAM50 spike-in panel
of 30 genes as calculated in TONIC trial [26].

Quantification and statistical analysis

All correlation analyses were calculated using Spearman’s rank corre-
lation. Non-parametric tests were used to compare different groups:
Mann-Whitney U-test for two independent groups and Wilcoxon signed-
rank test for paired samples. Kaplan-Meier curves and likelihood-ratio
tests were used to compare the performance between the groups on
OS and PFS. Cox proportional hazards regression model was used to
evaluate the impact of CPA scores and ctDNA levels on OS and PFS.
All tests were two-sided. Combined positive scores were calculated
by dividing the number of PD-L1-staining cells (including tumor cells,
lymphocytes, and macrophages) by the total number of viable tumor
cells, multiplied by 100 [62]. PD-L1 expressed tumors were defined
as CPS ≥ 10. In the multivariate analysis, PD-L1 CPS and disease-free
interval (DFI) were chosen as control variables because they are known
to be associated with response in patients with mTNBC receiving
immunotherapy [7, 26, 63].
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4.8. Supplementary Information

Table 4.1: Baseline patient characteristics.

Characteristic No. (%)
Age at inclusion, years Median (range) 52 (29–70)
Location of metastasis Lymph node only

Visceral metastasis
Other metastasesa

4 (13)
17 (57)
9 (30)

Numbers of previous
therapiesb for metastatic
disease

0
1
2–3

7 (23)
16 (53)
7 (23)

Germline BRCA 1/2 Mutation
Wild type
Unknown

3 (10)
23 (77)
4 (13)

PD-L1 CPSc < 10
≥ 10
Not available

14 (47)
15 (50)
1 (3)

sTILsd < 10%e

≥ 10%
Not available

14 (47)
14 (47)
2 (7)

a bone, skin, and breast lesions;
b palliative systemic chemotherapy before TONIC trial [1] inclusion;
c combined positive score assessed using 22C3 clone (DAKO);
d stromal tumor-infiltrating lymphocytes(International TILS Working Group,
https://www.tilsinbreastcancer.org/);
e median of sTILs in our cohort was 10%.

Figure S1
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Figure 4.3: Baseline CPA scores in healthy donors vs. patients and correlations between
different metrics for quantifying copy number profiles. (A) Baseline CPA scores in healthy
donors (n=14) versus patients with mTNBC (n=30). (B) Correlation between CPA scores, CNABs,
and CNABp at baseline; n = 30. The sum of copy number alteration burden (CNABs) was calculated
by the total number of bins with gain or loss for each CNA profile. The percentage of copy number
alteration burden (CNABp) was calculated by the percentage of genomes affected by the CNAs for
each CNA profile. Box plot for A displays a minimum (Q0), a maximum (Q4), a median (Q2), and
the interquartile range. P-value for A was determined using the two-sided Mann-Whitney U-test.
The correlation coefficient (r) and p-value for B were determined by Spearman’s rank correlation.
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Figure 4.4: Baseline and dynamics of CPA scores and ctDNA levels in relation to overall
survival, progression-free survival, and tumor-based parameters. (A) Kaplan-Meier curve of
overall survival in patients with baseline CPA score high (≥ median) versus low (< median); n = 30;
median baseline CPA score = 5.55. (B) Kaplan-Meier curve of progression-free survival in patients
with baseline CPA score high (≥ median) versus low (< median); n = 30; median baseline CPA
score = 5.55. (C) Kaplan-Meier curve of overall survival in patients with baseline ctDNA level high
(≥ median) versus low (< median) during nivolumab treatment; n = 30; median baseline ctDNA
level = 9.70. (D) Kaplan-Meier curve of progression-free survival in patients with baseline ctDNA
level high (≥ median) versus low (< median) during nivolumab treatment; n = 30; median baseline
ctDNA level = 9.70. (E) Kaplan-Meier curve of progression-free survival in patients with increased
(fold change > 1) versus decreased (fold change < 1) CPA scores during nivolumab treatment; n
= 30. No CPA score fold changes were equal to 1. (F) Kaplan-Meier curve of progression-free
survival in patients with increased (fold change > 1) versus decreased (fold change < 1) ctDNA
levels during nivolumab treatment; n = 30. No ctDNA level fold changes were equal to 1. (G)
Baseline sTIL levels in patients with increased versus decreased CPA scores; n=28. (H) Baseline
PD-L1 CPS in patients with increased versus decreased CPA scores; n=29. (I) Baseline CD8 counts
in patients with increased versus decreased CPA scores; n=28. p-values for A-F were determined
by the log-likelihood ratio test. Box plots for G-I display a minimum (Q0), a maximum (Q4), a
median (Q2), and the interquartile range. p-values for G-I were determined using the two-sided
Mann-Whitney U-test.
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Table 4.2: Univariate analysis and multivariate analyses of baseline and dynamics of CPA
scores and ctDNA levels in relation to OS and PFS in mTNBC.

OS PFS
Univariate analysis
Variables HR (95% CI) p-

value
HR (95% CI) p-

value
Baseline CPA scorea 1.31 (0.60–

2.85)
0.50 0.72 (0.34–

1.53)
0.40

Fold changeb of CPA score 2.25 (1.00–
5.05)

0.05 4.70 (1.87–
11.85)

0.001

Baseline ctDNA levela 0.80 (0.37–
1.73)

0.57 0.75 (0.35–
1.59)

0.45

Fold changeb of ctDNA level 1.37 (0.62–
3.01)

0.43 1.16 (0.55–
2.42)

0.70

Multivariate analysis
Fold changeb of CPA score 1.27 (0.47–

3.42)
0.63 2.78 (0.69–

11.16)
0.15

DFIc 0.28 (0.10–
0.79)

0.02 0.47 (0.13–
1.65)

0.24

PD-L1 CPSd 0.66 (0.28–
1.57)

0.35 1.10 (0.48–
2.51)

0.82

a : ≥ median vs. < median;
b > 1 (increased) vs. < 1 (decreased);
c disease-free interval (≥ 1 vs. < 1 year);
d combined positive score (≥ 10 vs. < 10).
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Immune checkpoint inhibition (ICI) with chemotherapy is now standard
of care for stage II-III triple negative breast cancer (TNBC). However, it
is largely unknown for which patients ICI without chemotherapy could
be an option and what the benefit of combination ICI could be. The
adaptive BELLINI trial explored whether short combination ICI induces
immune activation (primary endpoint: two-fold increase in CD8+ T cells
or IFNG), providing rationale for neoadjuvant ICI without chemotherapy.

In window of opportunity cohorts A (4 weeks anti-PD1) and B (4
weeks anti-PD1 + anti-CTLA4), we observed immune activation in
53% (8/15) and 60% (9/15) of patients, respectively. High tumor-
infiltrating lymphocytes (TILs) correlated with response. Single-cell RNA
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sequencing revealed that higher pretreatment tumor-reactive CD8+ T
cells, follicular helper T cells and shorter distances between tumor and
CD8+ T cells correlated with response. Higher levels of regulatory T
cells post-treatment associated with non-response.

Based on these data, we opened cohort C for patients with high TILs
(≥50%) who received 6 weeks neoadjuvant anti-PD1 + anti-CTLA4
followed by surgery (primary endpoint: pathological complete response,
pCR). 53% (8/15) of patients had major pathological response (< 10%
viable tumor) at resection, with 33% (5/15) having pCR. All cohorts met
Simon’s two-stage threshold for expansion to stage II. We observed
grade ≥3 adverse events for 17% of patients, and a high rate (57%)
of immune-mediated endocrinopathies. In conclusion, neoadjuvant
immunotherapy without chemotherapy demonstrates potential efficacy
and warrants further investigation in patients with early TNBC.
ClinicalTrials.gov Identifier: NCT03815890.
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5.1. Introduction

T he addition of programmed death (ligand) 1 blockade (anti-PD(L)1) to
neoadjuvant chemotherapy has changed the treatment landscape for

patients with early (stage II-III) triple negative breast cancer (TNBC) [1].
However, all trials evaluating the efficacy of anti-PD(L)1 in TNBC
combined it with chemotherapy [1–4]. This chemotherapy backbone
inevitably results in a high rate of adverse events, significantly affects
quality of life and could diminish T cell activity [5, 6].

So far, no biomarkers have been established to predict which patients
with early stage TNBC will benefit from anti-PD1. Therapy is currently
given for a total duration of one year, while data in other tumor types
have shown that a pCR can be reached after only a few weeks of
treatment with immune checkpoint inhibitors (ICI) [7–11]. Overtreatment
prevention is an increasingly important consideration due to the high
number of patients needed to treat to prevent one recurrence and
increasing toxicity with more intense and longer treatments. Therefore,
there is an urgent clinical need to optimize treatment schedules and
improve patient selection for specific treatments [12].

While numerous studies have integrated anti-PD(L)1 therapy with
chemotherapy in early stage TNBC [1–3, 13], data on combination ICIs
are limited. ICIs targeting CTLA4 have revolutionized treatment for non-
small cell lung cancer (NSCLC) [8] and melanoma [14–16]. Additionally,
neoadjuvant trials across various tumor types have shown impressive
major pathological response rates when combining anti-PD(L)1 with
low-dose anti-CTLA4 [7, 8, 10, 17]. A trial in metastatic breast cancer
revealed long-lasting responses after combining low-dose anti-CTLA4
with anti-PD1 [18], which are infrequently observed with anti-PD(L)1
alone. These findings provide a rationale to test low-dose anti-CTLA4 in
combination with anti-PD(L)1 in early TNBC.

Simultaneously with the advent of ICI, tumor-infiltrating lympho-
cytes (TILs) have emerged as a putative prognostic and predictive
biomarker [19–22]. TNBC patients with high TIL levels have an
excellent prognosis even without chemotherapy [19, 23], suggesting
that TILs reflect an endogenous antitumor T cell response. Moreover, in
metastatic TNBC, high TIL levels are associated with response to ICI [24,
25]. Collectively, these findings imply that TILs may serve as a tool for
identifying TNBC patients who are more likely to benefit from ICI and
have a favorable prognosis, paving the way for exploring chemotherapy
de-escalation. The BELLINI trial is an adaptive platform trial exploring the
effect of ICI without chemotherapy starting with window of opportunity
cohorts with a biological endpoint followed by neoadjuvant cohorts with
complete pathological response (pCR) endpoint. This adaptive platform
trial consists of sequential, single-cohort, phase 2 studies, where new
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cohorts can be opened based on signals obtained in prior cohorts. The
first two cohorts evaluated whether four weeks of nivolumab (anti-PD1,
cohort A) or nivolumab and low-dose ipilimumab (anti-PD1 and anti-
CTLA4, cohort B) can lead to immune activation (primary endpoint). This
four-week therapy regimen was scheduled before the start of regular
therapy, and therefore the effect of ICI could be assessed independently
of chemotherapy. Promising results in cohorts A and B among patients
with high TILs (≥50%) led to the initiation of cohort C. In cohort C, we
used a neoadjuvant design with six weeks of nivolumab plus low-dose
ipilimumab followed by surgery to assess the pCR rate [14, 26].

This is the first trial combining anti-PD1 with anti-CTLA4 in early breast
cancer, as well as the first trial exploring what pCR rate could be
achieved with ICI-only approaches and using TIL levels as an entry
criterion to enrich for inflamed tumors.

5.2. Results
Design and patient characteristics

The BELLINI trial (NCT03815890; Figure 5.1A,G, Supplementary
Figure 5.5A) is a pre-operative, window of opportunity (WOO), phase
II, multiple-cohort non-randomized study in early (stage I-III) breast
cancer utilizing an adaptive Simon’s two-stage design [27]. Here,
we report the initial results from the first two WOO cohorts exploring
the immune-activating capacity of short-term neoadjuvant nivolumab ±
ipilimumab (cohorts A and B, n=31) in patients with ≥5% TILs as well as
the initial results of cohort C that was opened based on the results of
cohorts A and B. The first patient was included on 19 September 2019
and the last patient on 24 January 2024.

Cohort A (n=15) received two cycles of nivolumab (240 mg) on days 1
and 15. Cohort B (n=15) received two cycles of nivolumab (240 mg)
on days 1 and 15, plus one cycle of ipilimumab (1 mg/kg) on day 1.
To exclude patients with a poor prognosis, less likely to respond to ICI
and not suitable for chemotherapy de-escalation, we enrolled patients
with ≥5% TILs in cohorts A and B. Baseline characteristics were similar
between cohorts A and B, except for a higher proportion of patients with
positive lymph nodes in cohort B (Table 5.1).

The primary endpoint for cohorts A and B was immune activation,
defined as at least a two-fold increase in CD8+ T cells (measured by
immunohistochemistry (IHC), Supplementary Figures 5.5B-F) and/or
increased interferon gamma (IFNG) gene expression. This endpoint
was based on the observation that significant increases in intratumoral
CD8+ T cells [25, 28] and higher IFNG signature scores [17, 29] in
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Figure 5.1: BELLINI trial design, efficacy data and baseline biomarkers. (A) Trial design for
cohorts A and B. Cohort A received 2 cycles of nivolumab (anti-PD1). Cohort B received 2 cycles of nivolumab (anti-PD1) and
one cycle of ipilimumab (anti-CTLA4). Biopsies and blood were taken pretreatment and after 4 weeks of treatment after which
patients proceeded to standard of care: neoadjuvant chemotherapy (n=28) or primary surgery (n=3). (B) Numbers of patients
reaching immune activation in cohorts A (n=15) and B (n=15). (C)-(D) Changes in tumor size according to the MRI for cohort A
(C) and cohort B (D). The gray dashed line at -30%: radiological PR. The green bars indicate clinical responses (radiological PR
and/or pathological response). Asterisks (*) represent patients with resection after ICI only (n=3). pPR: pathological partial response
according to EUSOMA. (E) TILs in pretreatment biopsies of patients with and without clinical response in cohorts A and B. n=31
patients. (F) Combined positive PDL1 score (CPS) in pretreatment biopsies of patients with and without clinical response in cohorts
A and B. n=31 patients. (G) BELLINI trial design for cohort C. Cohort C (n=15) received 2 cycles of nivolumab and ipilimumab on
days 1 and 21. Biopsies and blood were taken pretreatment and after 6 weeks. Patients proceeded to primary surgery (n=15). (H)
pCR and MPR (<10% viable tumor left) rates in cohort C. (I) Changes in tumor size according to the MRI in cohort C. The gray
dashed line at -30%: radiological PR. Dark blue bars; pCR. (J) TILs in pretreatment biopsies of patients according to pCR status in
cohort C. n=15 patients. (K) CPS in pretreatment biopsies for patients according to pCR status in cohort C. n=15 patients. Figures
A, G were created with BioRender.com. In E, J levels of TILs calculated as average from TIL levels at diagnostic- and pretreatment
study. In E-F, J-K, boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range. P-values were
derived using a two-sided Mann-Whitney test.
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Table 5.1: Baseline patient characteristics.
Characteristic A: Nivo

(n=16)
B: Nivo-ipi 4
wks (n=15)

C: Nivo-ipi 6
wks (n=15)

Median age, years
(IQR range)

48 (39.8-
53.2)

50 (42.5-
57.5)

51 (36.0-
56.5)

WHO PSa, n (%)
0 16 (100) 14 (93.3) 15 (100)

1 0 (0.0) 1 (6.7) (0.0)
Histological subtype,
n (%)

NST

Metaplastic

Lobular pleiomor-
phic

16 (100)

0 (0.0)

0 (0.0)

13 (86.7)

1 (6.7)

1 (6.7)

14 (93.3)

0 (0.0)

1 (6.7)

Tumor stage, n (%)

T1

T2

T3

5 (31.3)

10 (62.5)

1 (6.2)

5 (33.3%)

9 (60.0)

1 (6.7)

2 (13.3)

13 (86.7)

0 (0.0)
Nodal status, n (%)

N0

N1

N3

13 (81.3)

2 (12.5)

1 (6.3)

5 (33.3)

9 (60.0)

1 (6.7)

15(100)d

0 (0.0)

0 (0.0)
Tumor gradeb, n (%)

2

3

1 (6.3)

15 (93.8)

4 (26.7)

11 (73.3)

0 (0.0)

15 (100)
Germline BRCA1/2
mutation, n (%)

Yes

No

Unknown

3 (18.8)

12 (75.0)

1 (6.3)

3 (20.0)

10 (66.7)

2 (13.3)

4 (26.7)

11 (0.0)

0 (0.0)

TILsc, (%)

Median (IQR)
40.8 (6.2,
60.3)

37.5 (23.8,
61.4)

52.5
(45.3,73.8)

aWHO performance status.
bTumor grade according to Bloom Richardson.
cTILs were averaged between the diagnostic TILs score and the study pretreatment
TILs score. sTILs were scored according to international guidelines [22] as a numerical
variable. All samples were evaluated by at least two breast cancer pathologists and
their score for each sample was averaged.
dCohort C only allowed inclusion of N0 patients. Abbreviations: NST, no special type;
TILs, stromal tumor-infiltrating lymphocytes.
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serially biopsied tumors are correlated with responses to anti-PD(L)1.

Clinical response (secondary endpoint) in cohorts A and B was defined
as PR/CR on MRI (RECIST1.1) or no viable tumor in post-treatment biopsy
for patients proceeding to neoadjuvant chemotherapy. For patients
directly proceeding to surgery this was defined as partial or complete
pathological response (EUSOMA). Other secondary endpoints included
safety and translational analyses. MRI scans and biopsies were collected
at baseline and after two ICI cycles.

Efficacy of short-term nivolumab and nivolumab+ipilimumab in
early TNBC (window of opportunity)

Immune activation was achieved in 8 tumors (53.3%) in the nivolumab
cohort (A) and 9 (60%) in the nivo-ipi cohort (B) (Figure 5.1B).
Therefore, both cohorts met the Simon’s two-stage [27] threshold
for expansion to stage II. After four weeks, patients proceeded to
standard neoadjuvant chemotherapy followed by surgery (n=28) or
surgery without neoadjuvant chemotherapy (n=3). Clinical response
was observed in 12/31 patients (38.7%, 95% CI 23.7%-56.2%)
with 7/31 patients (22.6%, 95% CI 11.4%-39.8%) having a partial
response (PR) according to RECIST 1.1 [30] (Figures 5.1C,D). 10/31
patients had no viable tumor in the biopsy and in the three
patients who underwent surgery directly after ICI, two partial and
one complete pathological response was seen. Despite these clear
pathological responses, MRI showed modest downsizing, indicating MRI
underestimates early ICI response (Supplementary Figure 5.5H),
consistent with findings in early-stage melanoma [31], colorectal and
gastroesophageal cancers [17, 32]. Strikingly, clinical response was only
observed for patients with TILs ≥30% (Figure 5.1E) and a CPS PDL1
≥20% (Figure 5.1F). Patients with lower pretreatment CD8+ T cell
levels were more likely to achieve immune activation (Figure 5.1G),
likely due to either less possibility for value doubling or to a very early
immune response in highly inflamed tumors.

Short-term neoadjuvant nivolumab + ipilimumab can induce
pathological responses in patients with high TILs

Both cohorts A and B met the predefined thresholds of the Simon’s
two-stage design [27], allowing expansion to stage II. However, given
the promising clinical responses observed in cohorts A and B and the
approval of neoadjuvant pembrolizumab plus chemotherapy [4], the
study team decided not to proceed to stage II with the WOO design but
to open cohort C with a true neoadjuvant design (n=15, Figure 5.1G).
Since all patients with a clinical response in cohorts A and B had high
TILs, cohort C was opened for patients with ≥50% TILs and allowed only
patients with node-negative disease since for this patient population
chemotherapy de-escalation could be an option in the future. The
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treatment schedule with combination ICI for cohort C was based on our
data obtained in cohorts A and B as well as on the well established
effective and tolerable combination ICI schedule in melanoma [14, 26].

Patients in cohort C underwent a 6-week treatment regimen of nivolumab
and ipilimumab (administered on days 1 and 21), followed by surgery
(Figure 5.1G). Five patients had a pCR, (33.3%, 95% CI 15.2%-58.3%,
Figure 5.1H) with confirmed tumor-negative lymph nodes (ypT0N0).
Less than 10% viable tumor remaining was seen in 3/15 patients (20%,
95% CI 4%-48%, Figure 5.1H), making major pathological response
rate (MPR) 8/15=53% (95% CI 27%-79%). Notably, of the 5 patients
with a pCR only one had a complete radiological response (Figure 5.1I).
Because of high TILs, N0 status and pCR which are all very favorable
prognostic features, all 5 patients with a pCR were offered the option of
omitting adjuvant chemotherapy and all chose not to undergo adjuvant
chemotherapy (shared decision). Patients without pCR were advised
adjuvant chemotherapy.

Safety data and follow-up

Toxicity data are summarized in Table 5.2 (all events required steroids
or persisted) and detailed in Supplementary Table 5.3. Neither
neoadjuvant nivolumab nor nivolumab-ipilimumab resulted in previously
unreported toxicities. All patients were monitored for (immune-related;
IR) toxicities until one year post ICI-therapy. Treatment-related adverse
events (AEs) of any grade occurred in 41/46 patients (89%). A total of
8 (17%) patients developed grade ≥3 treatment-related AEs, of which
6 were treated in cohort C. Except for the endocrinopathies all adverse
events resolved. Notably, 19/46 patients (41%) developed treatment-
related hypothyroidism. All patients with hypothyroidism remain
dependent on replacement therapy. Six patients (13%) developed
adrenal insufficiency and require ongoing corticoid replacement therapy.
One patient developed a diabetic ketoacidosis and remains insulin-
dependent.

All patients proceeded with tumor resection or neoadjuvant chemother-
apy as scheduled. 44 patients received both ICI doses, and two patients
only received one dose due to suspected immunotoxicity.

With a median follow-up duration of 32.5 months in cohorts A and B
(interquartile range 28.1-40.3 months), one patient in cohort A (cT2N0;
intermediate TILs) developed a second primary tumor, and one patient in
cohort B (cT2N1; intermediate TILs) died from metastatic TNBC despite
receiving standard of care (neo)adjuvant chemotherapy. Median follow-
up for cohort C was 17.6 months (interquartile range 18.8-22.1 months).
One patient (no response to ICI) refused adjuvant chemotherapy and
radiotherapy and developed recurrent TNBC (pT1cNx, 80% TILs).
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Table 5.2: Summary of adverse events.
A:
Nivolumab
(N=16)

B: Nivo+Ipi
4 wks
(N=15)

C: Nivo+Ipi
6 wks
(N=15)

Number of patients (percent)

Immune-mediated ad-
verse events

Any
grade

Grade
≥3

Any
grade

Grade
≥3

Any
grade

Grade
≥3

Hypothyroidism^ 6
(38%)

0
(0%)

7
(47%)

0
(0%)

6
(40%)

0
(0%)

Adrenal insufficiency* 1
(6%)

0
(0%)

2
(13%)

1
(7%)

3
(20%)

1
(7%)

Diabetes Mellitus 0
(0%)

0
(0%)

1
(7%)

1
(7%)

0
(0%)

0
(0%)

Colitis 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

Hepatitis** 0
(0%)

0
(0%)

2
(13%)

0
(0%)

3
(20%)

3
(20%)

Polymyalgia rheumat-
ica

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

Pneumonitis 0
(0%)

0
(0%)

0
(0%)

0
(0%)

2
(13%)

1
(7%)

Pretreatment composition of the tumor microenvironment is
associated with ICI response

Due to limited sample size, we compared clinical responders versus
non-responders from both cohorts (A+B) combined and not for the
cohorts separately. Clinical responders in cohorts A and B had
significantly higher pretreatment TILs (p=0.0014, Fig.Figure 5.1E) and
PDL1 scores (p=8.6e-05, Figure 5.1F) compared to non-responders.
CD8+ T cell density was not significantly associated with clinical
response (Figure 5.2A, Supplementary Figures 5.5B-F). Spatial
analysis showed that responders had significantly shorter distances from
tumor cells to the nearest CD8+ T cells (p=0.00001, Figure 5.2B).
Responders also exhibited a larger density of double-positive CD8+PD1+
cells (p=0.02, Supplementary Figure 5.6A) and PD1+ cells (p=0.001,
IHC, Supplementary Figure 5.6B) pretreatment.

In cohort C, TILs were not different between responders and non-
responders, probably due to the more homogeneous patient population
with only patients with ≥50% TILs (Figure 5.1J). In line with this,
patients with pCR had similar PDL1 scores , CD8+ T cell density
(cells/μm2) and distances from tumor to nearest CD8+ T cells as
patients without pCR (Figure 5.1K, Figures 5.2D-E).

We found no association between tumor mutational burden and clinical
response (Supplementary Figures 5.6C-D). There were no statistically
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Figure 5.2: Pretreatment immune activation associated with clinical response. (A) CD8+
density (IHC) in pretreatment biopsies of patients with and without clinical response in cohorts A
and B. n=31 patients. (B) Median distances (μm) from tumor cells to the nearest CD8+ T cells
in pretreatment biopsies of patients with and without clinical response in cohorts A and B. n=31
patients. (C) IFNG gene expression scores in pretreatment biopsies of patients with and without
clinical response in cohorts A and B. n=28 patients. (D) CD8+ density (IHC) in pretreatment
biopsies of patients with and without pCR in cohort C. n=14 patients. (E) Median distances from
tumor cells to the nearest CD8+ T cells in pretreatment biopsies of patients with and without pCR
in cohort C. n=14 patients. (F) IFNG gene expression scores in pretreatment biopsies of patients
with and without pCR in cohort C. n=14 patients. (G-H) Gene set enrichment expression scores
in pretreatment biopsies of patients with and without clinical response in cohorts A and B ((G),
n=28 patients) or pCR ((H), n=14 patients) in cohort C. Heatmaps include: Expanded immune
signature [33], Immunogenic cell death signature [34], Hallmark IFNA response gene set, Hallmark
inflammatory response gene set, cGAS-STING pathway gene set [35], Effector CD8+ T cell gene
set [36], Exhausted T cell gene set [36], Checkpoint molecules gene set [36], Naive T cell gene
set [37], Tertiary lymphoid structures gene set [38], Hallmark TGF-beta signaling gene set, Hallmark
Notch signaling. Asterisks represent the p-value levels: ” ∗ ”: p≤0.05, ” ∗ ∗”: p≤0.01, ” ∗ ∗∗ ”:
p≤0.001. Reported p-values were significant after Benjamini-Hochberg (FDR) correction at 10%
significance level. In A-F, boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and
the interquartile range. P-values were derived using a two-sided Mann-Whitney test.
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significant differences between clinical responders and non-responders
in TNBC subtypes [39] (Supplementary Figure 5.6E).

Tumors of clinical responders harbor preexisting inflammatory
profiles and tumor-specific CD8+ T cells

We conducted in-depth analyses between clinical responders and non-
responders using bulk RNA-Seq (all cohorts) and single-cell RNA-Seq
and TCR sequencing (cohorts A and B) pre- and post-treatment. Bulk
RNA-Seq revealed higher pretreatment levels of IFNG gene expression
(p=0.0003, Figure 5.2C)) and inflammatory gene signatures in clinical
responders (p<0.05 for all, FDR 10%, Figure 5.2G, Supplementary
Figures 5.7A-E). Clinical responders also exhibited higher gene
signatures associated with immune infiltration (p<0.05 for all, FDR
10%, Figure 5.2G, Supplementary Figures 5.7F-J). Conversely,
clinical non-responders displayed upregulation of TGF-beta and Notch
signaling (p<0.05 for both, FDR 10%, Figure 5.2D, Supplementary
Figures 5.7L-M). Though TIL levels and distances from tumor cells to
CD8+ T cells were not different in responders versus non-responders
in cohort C that included TIL high patients only, patients with pCR had
significantly higher pretreatment IFNG gene expression (Figure 5.2F)
and higher scores of gene signatures related to immune response and T
cell infiltration (Figure 5.2H), consistent with our previous observations
of a more inflammatory profile of the tumor microenvironment in clinical
responders in cohorts A and B.

After single-cell RNA-Seq data preprocessing, we obtained 80 000 high
quality T cells from 52 samples (29 patients). Following unsuper-
vised clustering of the T cells, we identified various subpopulations
(Figures 5.3A-D, Supplementary Figures 5.8A-T), including CD8+
effector T cells, CD8+ tissue resident memory (CD8+ TRM) T cells,
proliferating CD8+ T cells, naive CD4+ T cells, follicular B helper T cells
(Tfh), memory CD4+ T cells, regulatory T cells (Tregs), CD56bright and
CD56dim NK cells. Intriguingly, we identified a cluster of CD8+ T cells
with features of tumor-specific T cells. This cluster was characterized
by the highest clonality and highest expression of tumor recognition
signatures derived using functional tumor recognition experiments [40,
41] (Figures 5.3C,D). This CD8+ tumor-specific cluster was marked
by high expression of tumor-reactive markers (CD39, CD103, PDCD1),
IFNG, effector molecules (GZMB, NKG7, PRF1, GNLY), chemokines (CCL5,
CCL4, CXCL13, CCL3) and exhaustion markers (LAG3, HAVCR2, TIGIT,
TOX, CTLA4, Figures 5.3C,D). Clinical responders exhibited higher
fractions of pretreatment CD8+ tumor-specific T cells (Figure 5.3E).
This is a first report of tumor-specific T cell population identified using
single-cell RNA-Seq in clinical trial data showing an association with
response. Clinical responders also had higher fractions of CD4+ Tfh
cells (Figure 5.3F). Presence of tumor-specific CD8+ T cells and Tfh in
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pretreatment biopsies was correlated with tumor decrease on MRI, indi-
cating a continuous association between the abundances of these cells
pretreatment and the depth of the tumor response (Supplementary
Figures 5.8U,V). Patients with different TIL levels had similar T cell
subtypes pretreatment (Supplementary Figure 5.8W).

Flow cytometry of blood samples (19 markers, Supplementary
Table 5.4, Supplementary Figure 5.9A) revealed increased Ki-67-
positive cells within the PD1+ conventional CD4+ T cell population
in clinical responders (p=0.005, Figure 5.3G). A similar trend was
observed for CD8+ T cells (Figure 5.3H). The increased proliferation
of PD1+CD4+ T cells observed in the blood could also be traced back
to the tumor, with responders having higher levels of Ki67+ Tfh which
was the CD4+ T cell cluster with the highest PDCD1 gene expression
in the tumor single-cell RNA-Seq data (Figures 5.3I,L). In line with
the blood data, the levels of PD1+ proliferating CD8+ T cells were not
significantly different between clinical responders and non-responders
(Figures 5.3J-K), suggesting a specific role for proliferating CD4+ T
cells systemically as well as in the TME.

Dynamics and post-treatment composition of the tumor microen-
vironment are distinct in clinical responders and non-responders

Single-cell RNA-Seq analysis revealed that though the clinical responders
had higher proportions of tumor-specific CD8+ T cells pretreatment,
post-treatment their tumors included higher levels of effector CD8+
T cells compared to non-responders (p=0.008, Figures 5.4A,B). This
suggests that effector CD8+ T cells contribute to ICI-induced tumor
regression and underscore the ongoing antitumor CD8+ T cell response
even four weeks after treatment initiation.

Conversely, non-responders had elevated memory CD4+ T cells (p=0.05,
Figures 5.4A,C) and Tregs (p=0.02, Figures 5.4A,D) post-treatment,
potentially suggesting the involvement of Tregs in mediating resistance
to ICI, consistent with prior studies [42]. Intriguingly, we observed an
association between the fraction of Tregs after treatment and the lack
of response or in some patients even increase in tumor volume on MRI
(Figure 5.4E). This correlation was specifically mediated by activated
(CD137+) Tregs, rather than non-activated Tregs (Supplementary
Figures 5.9B-C).

We also investigated whether the addition of anti-CTLA4 led to
differential alterations in the TME compared to nivolumab monotherapy,
though the study was not powered for cohort comparisons. Patients
receiving nivolumab plus ipilimumab showed a reduced fold change in
Tfh cells (p=0.02, Figure 5.4F), but an increased fold change in naive
CD4+ T cells (p=0.03, Figure 5.4G). Additionally, the combination ICI
resulted in a decreased fold change in Tregs (p=0.01, Figure 5.4H)
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Figure 5.3: Pretreatment T cell profiles of the tumor microenvironment and peripheral
blood associated with clinical response in cohorts A and B. (A) UMAP representation of the T cell
clusters in the single-cell RNA-Seq dataset (cohorts A and B). n=52 samples from 29 patients, 80 000 cells. (B) Fractions of
different T cell populations relative to all T cells in the pretreatment biopsies from clinical responders (left) and non responders
(right) in cohorts A and B. (C) Dotplot illustrating markers of different T cell clusters based on single-cell RNA-Seq data (cohorts A
and B). (D) Dotplot illustrating differences in tumor reactivity markers in different T cell clusters based on single-cell RNA-Seq
data (cohorts A and B). Wu_signature: CD8+ T cell tumor specificity signature [40]; CD4_NeoTCR: CD4+ T cell tumor specificity
signature [41]; CD8 NeoTCR: CD8+ T cell tumor specificity signature [41]. (E) Tumor-specific CD8+ T cell fractions relative to all T
cells in pretreatment biopsies of patients with and without clinical response (cohorts A and B). n = 25 patients. (F) Tfh fractions
relative to all T cells in pretreatment biopsies of patients with and without clinical response (cohorts A and B). n=25 patients.
(G-H) Ki-67 expression on (G) PD1+ CD8+ T cells and (H) conventional CD4+ T cells pretreatment in peripheral blood of patients
with and without clinical response in cohorts A and B. n= 25 patients (I) Dotplot for PDCD1 and MKi67 expression in CD4+ T cell
clusters (tumoral, scRNA-Seq, cohorts A and B). (J) Dotplot for PDCD1 and MKi67 expression in CD8+ T cell clusters (tumoral,
scRNA-Seq, cohorts A and B). (K) Fraction of Ki-67+ Tfh cells relative to all T cells in pretreatment biopsies of patients with and
without clinical response (cohorts A and B). n=25 patients. (L) Fraction of proliferating PD1+ CD8+ T cells relative to all T cells in
pretreatment biopsies of patients with and without clinical response based on single-cell RNA-seq data (cohorts A and B). n=25
patients. In E-F, K-L boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range. P-values were
derived using a two-sided Mann-Whitney test.
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Figure 5.4: Effects of anti-PD1 ± anti-CTLA4 on the T cell profiles in the tumor
microenvironment after treatment in cohorts A and B. ctDNA data for all cohorts. (A)
Fractions of different T cell clusters relative to all T cells in post-treatment biopsies of patients who did (left) and did not (right)
experience clinical response based on single-cell RNA-Seq data. (B) Effector CD8+ T cell fractions relative to all T cells in
post-treatment biopsies versus response (cohorts A, B). n=26 patients. (C) Memory CD4+ T cell fractions relative to all T cells in
post-treatment biopsies versus response (cohorts A and B). n=26 patients. (D) Regulatory T cell fractions relative to all T cells in
post-treatment biopsies versus response (cohorts A, B). n=26 patients. (E) Fractions of regulatory T cells relative to all T cells in
post-treatment biopsies of patients (cohorts A and B) in relation to the change in tumor volume after treatment assessed using MRI
(RECIST 1.1). n=26 patients. (F-H) Fold changes in fractions of T cell populations relative to all T cells in cohort A and cohort B.
n=22 patients. (F) Follicular B helper T cells. (G) Naive CD4+ T cells. (H) Regulatory T cells. (I) Changes in circulating tumor DNA
(ctDNA) levels of responding and non-responding patients upon treatment. Patients from all cohorts (A, B, C) were included. (J)
Waterfall plot of all patients (n=46, all cohorts) colored according to the fold change in ctDNA levels in blood upon treatment. The
groups represent: ctDNA clearance; post-therapy decrease in ctDNA levels of 50% or more post therapy; no ctDNA at baseline; no
decrease in ctDNA. The gray dashed line at -30%: radiological PR. (K) Barplots summarizing the number of patients for each ctDNA
response category in each cohort (A, B, C). ctDNA at baseline was available for 43/46 patients. In B-D, F-I, boxplots display a
minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range. P-values in B-D, F-H were derived using a two-sided
Mann-Whitney test. P-values in I were derived using paired Wilcoxon test.
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compared to monotherapy, including both activated and non-activated
Tregs (Supplementary Figures 5.9D-E).

ctDNA dynamics during early response to ICI

To assess the impact of short-term ICI on circulating tumor DNA (ctDNA),
we conducted ctDNA analysis pretreatment and after four weeks
(cohorts A and B) or six weeks (cohort C) of ICI using a tumor-informed
ctDNA assay (Signatera). Despite the early tumor stages included
(mostly I-II), pretreatment ctDNA was detected in 32/43 (74%) patients.
After treatment, 9 (21%) patients had complete ctDNA clearance, while
additional seven patients had a reduction of ≥50% in ctDNA load
(MTM/mL, Figures 5.4I-J). All clinical responders in cohorts A+B and
pCR/MPR patients (n=8) in cohort C demonstrated at least a 50% drop
in ctDNA or were negative for ctDNA at baseline (Figures 5.4I-K).

5.3. Discussion
In this study, we demonstrate that neoadjuvant nivolumab, with or
without ipilimumab, is a feasible chemotherapy-free regimen for patients
with early stage TNBC. We show that nivolumab ± ipilimumab induces
immune activation in the majority of patients and can result in complete
pathological responses and ctDNA clearance. Pre-existing inflammatory
features such as higher TILs, shorter distances from CD8+ T cells to
the tumor and higher baseline fractions of tumor-specific CD8+ T cells
were associated with response. In contrast, higher fractions of Tregs
post-treatment were associated with lack of response. While standard
chemo-immunotherapy for TNBC with 4 chemotherapy agents plus
anti-PD1 is a 5-month treatment regimen leading to a 63% pCR rate,
our work suggests that with only six weeks of anti-PD1 plus low-dose
anti-CTLA4 a 33% pCR rate may be obtained in TNBCs with high TILs.
This suggests that for some patients a short-term immunotherapy-first
approach may be an option if confirmed by future research in larger
cohorts with more robust follow-up. However, a substantial group of
patients still needs chemotherapy and/or longer treatment in order to
obtain a pCR. Although we did not observe any unexpected toxicity,
the rate of persisting endocrinopathies, in particular hypothyroidism,
was high compared to reports in other tumor types or in breast cancer
when anti-PD(L)1 is added to neoadjuvant chemotherapy. Although
the 33% pCR rate would allow expansion of cohort C to stage II, with
40% grade 3-4 toxicity, 40% hypothyroidism and 20% adrenal gland
insufficiencies, substantial toxicity is a serious concern, especially in
light of the relatively good prognosis of TNBC patients with high TILs.

To our knowledge, the BELLINI trial is the first to investigate the
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feasibility and potential efficacy of ICI without concurrent chemotherapy
in early stage TNBC. Moreover, for the first time, the scoring of TILs is
used as an inclusion criterion to select patients with a good prognosis
for whom development of de-escalated treatment regimens is most
promising. Larger clinical trials also using TILs according to this workflow
when including patients have recently started (NCT05929768). In
addition, ETNA trial (NCT06078384) will explore whether stage I TNBC
patients with high TILs can forgo (neo)adjuvant chemotherapy or be
treated with immunotherapy alone. The larger international OPTImaL
patient preference study (NCT06476119) will also allow the option of no
chemotherapy for this patient population. In addition, other studies use
TILs as inclusion criteria for immunotherapy-first approaches: Pop-Durva
(NCT05215106) and pan-cancer NEOASIS trial (NCT06279130). Further
studies that are sufficiently powered to assess long-term outcomes are
needed on the use of TILs or other immune-based biomarkers as entry
criteria for immunotherapy or de-escalation studies, especially since
patients with lower stage TNBC and high TILs can have an excellent
outcome with local treatment alone [19, 43].

Immune-related endocrine disorders were the most common adverse
events observed. Specifically, 41% of the patients developed
hypothyroidism, which, though usually easy to manage, is a permanent
condition, and 13% developed adrenal insufficiency, a serious long-term
toxicity. Comparable neoadjuvant ICI-only studies with nivolumab +
low-dose ipilimumab in head and neck squamous carcinoma, colorectal
cancer, urothelial carcinoma and melanoma reported hypothyroidism
in 4-8% of patients [9–11, 14] and adrenal insufficiency in 0-8% of
patients [9–11, 14]. However, the recent largest phase III trial (stage III
melanoma, n=423) reports substantial higher rates of endocrinopathies
with 23.6% hypothyroidism and 9.9% adrenal gland insufficiency [26].
Importantly, for cancer types with poor prognosis such as stage
III melanoma, high toxicity rates might be acceptable, while this
is different for patient populations with more favorable outcomes.
The higher rates of hypothyroidism and adrenal insufficiencies in
BELLINI compared to these studies could stem from different patient
demographics. Patients with TNBC are typically female and relatively
young, potentially contributing to different systemic immunity and
adverse event incidence [44]. In BELLINI, we reported all immune-
mediated adverse events during the first year of follow-up, with 4/6
patients developing adrenal insufficiency >100 days since inclusion.
Trials with shorter reporting periods may miss these late events, leading
to underreported delayed toxicity, especially in centers not specialized
in evaluating ICI regimens. When focusing on patients with similar
demographics and disease, we still observe a higher rate of endocrine
adverse events in BELLINI compared to neoadjuvant trials for TNBC
evaluating ICI plus chemotherapy. The KEYNOTE-522 trial reported
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thyroid dysfunction in 22% of patients treated with anti-PD1 plus
chemotherapy [1]. Adrenal insufficiency/hypophysitis was reported for
4.5% of patients in the KEYNOTE-522 study. A recent study with an
oncolytic virus without chemotherapy found that 3/6 breast cancer
patients developed hypothyroidism [45], which is more in line with
our observations. The lower hypothyroidism rate in the KEYNOTE-522
compared to the oncolytic virus study [45] and BELLINI could suggest
that chemotherapy results in partial blunting of the immune response.
Lastly, the preselection of patients with higher TILs in BELLINI may
have resulted in patients that are more likely to develop immune-
related adverse events due to a different systemic immunity. We also
cannot rule out the influence of chemotherapy given after ICI, where
steroids are used as antiemetics. Our cohort sizes are too small to
compare toxicities induced by 4-week nivolumab versus 4-week nivo-ipi
versus 6-week nivo-ipi. However, in the latter group, we observed
more non-endocrinopathies such as colitis, hepatitis, and pneumonitis,
while endocrinopathies were already remarkably high with nivolumab
monotherapy. This potentially signifies that neoadjuvant ICI without
chemotherapy could result in a higher rate of hypothyroidism in breast
cancer patients. Of note, it was demonstrated that immunotherapy-
related thyroid dysfunction and other immune-related adverse events
are associated with improved survival in multiple cancer types [46–
49]. Nevertheless, upfront prediction of risk of immunotherapy-related
toxicity for individual patients is a large unmet clinical need and the
burden of adverse events should be evaluated in light of the prognosis
of each patient [50].

The advantage of WOO studies like BELLINI is the opportunity to
evaluate promising drugs and drug combinations in an efficient manner
and to analyze pre- and post-treatment tumor material that can provide
insights into the therapy effects. Our primary endpoint, immune
activation defined as doubling of CD8+ T cells and/or IFNG expression,
was reached in 17/30 patients (57%). Although both cohorts reached the
>30% immune activation rate, allowing cohort expansion, we observed
more doubling of CD8+ T cells in patients with low pretreatment levels
of these features. This could be due to the biopsy timing with deep
responses at 4 weeks in tumors with high endogenous CD8+ T cells
and/or a "saturation" of CD8+ T cells in patients with high pretreatment
values. In contrast to CD8+ T cells, IFNG counts may double even
with high pretreatment values, however, they could also be impacted
by decreased antigen availability in case of tumor regression. This
suggests that different biomarker approaches could apply to inflamed
and non-inflamed tumors. Recent insights from the developments of
personalized neoadjuvant immunotherapy in melanoma indicate that
patients with high pre-existing IFNG levels or a significant increase in
IFNG signature upon treatment were most likely to benefit [51]. The
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disadvantage of WOO designs with short scheduled treatments is the
non-guaranteed benefit for participating patients. Also, information
on established endpoints such as pCR rate is needed before a novel
treatment approach will be tested in larger trials. For this reason, the
adaptive BELLINI trial allowed opening of new cohorts with established
endpoints to bring therapies to the next step. Although allowed by the
protocol and statistical analysis plan, reporting only stage I data of a
Simon’s 2-stage design comes with the risk of false-positive findings.
Similarly to the cohorts A and B, cohort C also reached the threshold
of sufficient responders to expand into stage II. However, given the
relatively high rate of endocrinopathies, which are chronic, cohort C
was not expanded to stage II. In this view, testing novel anti-CTLA4-
targeting antibodies, such as botensilimab [52], intentionally designed
to overcome the limitations of conventional ICI such as persisting
endocrinopathies could be interesting for breast cancer patients.

When analyzing pretreatment tumor characteristics in high-TIL tumors
only (cohort C), we found that the inflammatory phenotype and markers
were still discriminative between responders and non-responders and
remarkably similar to the clinical responders and non-responders in
cohorts A+B. In cohort C, pathological complete responders had
higher inflammatory gene expression profiles pretreatment, including
signatures for IFNG response, checkpoint molecules, exhausted CD8+
T cells and immunogenic cell death. This suggests that, even in
patients with high TILs, the profiling of baseline inflammatory status
may facilitate early identification of (non)responders and should be
considered in addition to TILs.

The recent publication of the tumor-specific T cell signatures [40, 41]
enabled us to identify and follow tumor-specific CD8+ T cells in a clinical
trial setting. Importantly, using these signatures as a proxy for the
tumor reactivity, we demonstrate for the first time that the presence of
tumor-specific CD8+ T cells pretreatment is linked to ICI response.

Additionally, we observed decreased fractions of Tregs in clinical
responders compared to non-responders after treatment, in line with
prior reports on the role of Tregs in resistance to ICI [53]. In a resistant
mouse tumor model, anti-PDL1 therapy led to Treg activation, and Tregs
were shown to be activated in the single-cell data of NSCLC and basal
cell carcinoma patients not responding to anti-PD(L)1 ICI [42]. In this
recent study, ICI treatment induced higher expression of genes involved
in Treg-mediated immune suppression (PDCD1, CTLA4, CD38) and cell
cycle (MKI67) in Tregs from the tumors of non-responders [42]. Together,
these findings demonstrate that Treg cells might play a critical role in
resistance to ICI.

To date, data on combining anti-PD(L)1 with low-dose anti-CTLA4 was
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lacking in early stage breast cancer. Due to the non-comparative design
and the small sample size, our data on the potential additive effect of
ipilimumab should be considered exploratory. At the single-cell level, the
addition of ipilimumab resulted in lower fold change in Tregs in the TME
upon treatment. We also observed a correlation between higher levels
of activated Tregs post-treatment and the lack of response or in some
cases even slight increase in tumor volume on MRI. This suggests that
activated Tregs play a role in resistance to immune checkpoint blockade
and that depleting activated Tregs could be a promising strategy for
TNBC patients unresponsive to anti-PD1-based treatments. Of note,
we cannot exclude that the lack of response or the increase of tumor
volume observed by imaging was in part due to pseudoprogression. A
growing body of literature analyzing anti-CTLA4 using in-vivo models
indicates that anti-CTLA4 can deplete Tregs [54]. However, whether
anti-CTLA4 can deplete Tregs in human tumors remains a matter of
debate [55]. A recent study by van der Leun et al. in head and neck
squamous cell carcinoma also demonstrated an increase in transitional
CD8+ T cells and a decrease in CD137+ Tregs in responders after
treatment with anti-PD1 and anti-CTLA4 therapy [56], indicating that
this might be a consistent pattern across multiple tumor types.

After the results of the landmark trials in early stage TNBC that
added PD1 blockade to standard neoadjuvant chemotherapy [1, 3,
57, 58], our current data provide a rationale to further explore the
following observations. First, we observed complete and near-complete
pathological responses after only six weeks of treatment with ICI in
patients with high TILs. This suggests that a subgroup of TNBC could
be treated with chemo-free regimens if further research powered for
long-term outcome analysis will confirm our results. More research
is needed on the optimal selection strategy and treatment regimen,
especially in view of the observed high endocrinopathy rate. It
is tempting to speculate whether extending the six week treatment
period could result in higher pCR rates and thereby reach responses
similar to outcomes obtained with chemo+IO. This can only be done
if accompanied toxicity would not increase. However, it remains
unknown whether pCR after immunotherapy has the same prognostic
value as pCR after chemotherapy. Therefore, larger trials are needed
to validate the pCR rate after short-term ICI alone and to determine if
this results in excellent survival rates, as seen in other cancers [59, 60].
Moreover, pCR might not be the optimal endpoint since KEYNOTE-522
and GeparNUEVO have indicated that the benefit of PD1-blockade is
not exclusively seen in patients with pCR [57, 61]. Second, our
exploratory clinical and translational data suggest that combination ICI
is feasible and could potentially enhance the effects of PD1 blockade.
However, the benefit-risk ratio of such combinations should always
be carefully monitored. Third, establishing the feasibility of patient
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inclusion based on TIL opens the door for more immune biomarker-driven
trials, which is particularly important in diseases like TNBC that include
both inflamed and non-inflamed subtypes. The potential integration
of additional inflammation analyses, for example, using IFNG gene
expression on top of TILs as suggested by our data, may optimize
patient selection, increase pCR rates for ICI-only approaches and could
help treatment personalization in the future. Lastly, a substantial
fraction of patients achieved ctDNA clearance after short-term ICI. Given
the strong prognostic value of early ctDNA decrease, as shown by the
I-SPY trial [62], future studies are needed to investigate the feasibility
and reliability of TILs-informed patient inclusion and the potential of
ctDNA-informed therapy adjustments.

5.4. Methods
Patients

Patients in cohorts A and B were eligible for enrollment if they were at
least 18 years of age and had stage I-III (clinical tumor stage T1c-3,
nodal stage N0-3, according to the primary tumor regional lymph node
staging criteria of the American Joint Committee on Cancer, 7th edition)
triple negative breast cancer with confirmation of estrogen receptor
and HER2 negativity (ER<10% and HER2 0, 1 or 2 in the absence of
amplification as determined by in situ hybridization) on a biopsy from
the primary tumor in the breast; newly diagnosed, previously untreated
disease; a WHO performance status score [63] of 0 or 1 and adequate
organ functions. The TILs percentage needed to be 5% or more. To
ensure balanced enrollment based on TIL levels, each cohort included
5 patients with low (5-10%), 5 patients with intermediate (11-49%),
and 5 patients with high (≥50%) TIL levels. Patients with concurrent
ipsilateral, bilateral, or multifocal primary tumors were also eligible for
enrollment. For cohort C, patients had to meet the same criteria, but
the nodal stage had to be N0, tumor stage T1c-T2, and TILs had to be
50% or more. The intention for cohort C was to explore the potential
feasibility of chemotherapy de-escalation in patients with high TILs.
Since withholding adjuvant capecitabine for high-risk patients and/or
escalating locoregional treatment for patients with more extensive
disease was undesired, cohort C included only LN-negative patients.

Exclusion criteria included history of immunodeficiency, autoimmune
disease or conditions requiring immunosuppression (>10 mg daily
prednisone or equivalent); other immunosuppressive medications intake
within 28 days of study drug administration; chronic or recurring
infections; occult breast cancer; fertility preservation due to breast
cancer diagnosis; active hepatitis B virus or hepatitis C virus infection;

137



5. Neoadjuvant nivolumab or nivolumab plus ipilimumab in early-stage
triple negative breast cancer: a phase 2 adaptive BELLINI trial

clinically significant cardiovascular disease; previous systemic anti-
cancer treatment.

Trial design and treatments

The BELLINI trial (full title: Pre-operative Trial for Breast Cancer With
Nivolumab in Combination With Novel IO; NCT03815890) is a single
center, non-blinded, non-randomized, non-comparative phase II study
designed to evaluate the feasibility and efficacy of checkpoint inhibition
before regular neoadjuvant therapy or surgery in patients with primary
breast cancer. Cohorts for prespecified breast cancer subgroups are
opened in a sequential manner. Here we report the first three
TNBC cohorts for patients who were treated with nivolumab (cohort
A) or nivolumab + ipilimumab for four (cohort B) or six (cohort C)
weeks. A: Nivolumab monotherapy, 240mg on D1 and D15. B:
Nivolumab+ipilimumab 1 mg/kg on D1 and nivolumab 240mg on D15.
C: Nivolumab+ ipilimumab 1 mg/kg on D1 and D21. Regular therapy,
consisting of neoadjuvant chemotherapy or primary surgery, started on
D29 and onwards. Given the poor prognosis of patients with low TIL
levels and the hypothesis that these women will probably not be the
super-responders to ICI, patients were only eligible with TILs≥5%. A
threshold of 5% TILs was selected to exclude true immune-deserted
tumors. Equal distribution of patients with different levels of tumor
of infiltrating lymphocytes over the cohorts was ensured by inclusion
of 5 patients with TILs-low (5-10%), 5 patients with TILs-intermediate
(11-49%), and 5 patients with TILs-high (≥50%) scores per cohort.

After cohorts A (in the protocol defined as cohort 1B) and B (in the
protocol defined as cohort 2B) the protocol was amended to open cohort
C (in the protocol defined as cohort 3B). Cohort C had the same inclusion
criteria as cohort A and B, except that only inclusion of patients with
clinically node-negative disease and with TIL levels of 50% or higher
was allowed. With the amendment to open cohort C, the window of
opportunity design was changed into a true neoadjuvant design with all
patients going to surgery after the immunotherapy. After completing
the interim analysis of cohorts A and B an amendment was approved to
use pathological complete response (pCR) as primary endpoint instead
of immune activation for cohort C and subsequent cohorts (see details
on Endpoints below).

Ethics statement

All patients provided written informed consent before enrollment. This
investigator-initiated trial was designed by the Netherlands Cancer
Institute (NKI).

The trial was conducted in accordance with the protocol, Good Clinical
Practice standards and the Declaration of Helsinki. The full protocol,

138



5.4. Methods

amendments, and the informed consent form were approved by the
medical ethical committee of the Netherlands Cancer Institute (NKI,
Amsterdam).

Endpoints

Cohorts A and B:

The primary endpoint for cohorts A and B is immune activation following
two cycles of neoadjuvant ICI, defined as a 2-fold increase in CD8+
T cells assessed via immunohistochemistry and/or an increase in IFNG
gene expression. High-quality paired biopsies are necessary for the
evaluability of this primary endpoint.

As a secondary endpoint for cohorts A and B, we evaluated the clinical
response.

Clinical response was defined as:

Radiological signs of response: At least a 30% decrease on MRI (partial
response (PR) according to RECIST 1.1, not confirmed). The target
(or index) lesion is defined as the largest enhancing lesion. In case
of multifocality or multicentricity the largest mass and/or non-mass
enhancement was measured in the axial/sagittal or coronal plane and
defined as target/index lesion. In these cases the total area occupied by
the tumor (including all masses and non-mass enhancement) was also
measured. The total tumor area was used for the RECIST measurements.

AND/OR

Pathological signs of response: Pathological response could be studied
in biopsies from 28 patients due to the window of opportunity design.
Absence of viable tumor after four weeks of therapy in the post-treatment
biopsy was classified as a clinical response. For patients proceeding to
surgery this was defined as partial or complete pathological response,
according to the European Society of Mastology (EUSOMA criteria).

Cohort C:

The primary endpoint for cohort C is pathological complete response
(pCR), defined as no viable tumor remaining in the breast and lymph
nodes (ypT0N0) [64]. Major pathologic response (MPR, secondary
endpoint) is a frequently used surrogate endpoint for efficacy in
neoadjuvant trials evaluating immune checkpoint blockade across
cancer types [8, 11, 26]. MPR was defined as ≤10% of residual viable
tumor in the surgical specimen [17, 65, 66] or no viable tumor in the
breast but residual tumor cells in the lymph nodes.

All Cohorts (A, B, C):

Secondary endpoints included feasibility, safety, and radiological
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response. Feasibility was determined based on any treatment-related
complications that led to a delay in chemotherapy or primary surgery
beyond six weeks from the start of therapy. All patients were
closely monitored for adverse events (AEs) for 100 days after the
administration of the last study treatment, following the Common
Terminology Criteria for Adverse Events (CTCAE) v.5 [67]. In addition,
we reported all immune-related adverse events in the first year of
follow-up. Radiological response was assessed according to the RECIST
1.1 guidelines, but not confirmed.

Statistical analysis

For this exploratory, hypothesis-generating study, no formal sample size
calculation was performed for efficacy because there was no data on the
efficacy of neoadjuvant immunotherapy in breast cancer at the time of
the design of this study. For cohorts A and B, the null hypothesis of a true
immune activation in ≤30% of patients was tested against a one-sided
alternative. For cohort C, design was identical with the exception of null
hypothesis being pCR in ≤30% of patients tested against a one-sided
alternative. For 80% power, at a one-sided significance level of 0.05,
15 patients were accrued per cohort to be evaluated in the first stage.
If there were 5 or less responses among these 15 patients, the cohort
was closed for futility. Otherwise, the cohort could be expanded with
31 additional patients, reaching a total of 46. We decided to publish
after stage I, which was allowed by protocol, due to the observation that
very early responses to ICI without chemotherapy are possible in TNBC,
which warrants efforts to de-escalate therapy for a subset of patients, in
contrast to the current therapy escalation for all TNBC patients. Median
follow-up time was obtained using the reverse Kaplan-Meier method.
Analyses were performed using R [68] v.4.2.1.

Pathology assessments and IHC analyses

All patients underwent baseline tumor staging, consisting of ultrasound
of the breast, axilla and periclavicular region and MRI imaging of the
breast. PET-CT imaging was performed in all participants to confirm
the clinical stage. Pretreatment tumor histological biopsies (4 core
biopsies, 14G needle) were taken for all patients, and post-treatment
tissue was either obtained through a biopsy (3 core biopsies, 14G
needle) for patients continuing neoadjuvant chemotherapy (n=28) and
the surgical specimen was used for those undergoing surgery right
after the ICI study treatment (n=3). Histopathological examination of
biopsies and resection specimens was carried out by five experienced
breast cancer pathologists (HMH, RS, KvdV, JvdB, NK). Resected
tumors were examined in their entirety and regression of resected
tumors was assessed by estimating the percentage of residual viable
tumor of the macroscopically identifiable tumor bed, as identified
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on routine hematoxylin and eosin (H&E) staining. Formalin-fixed
paraffin-embedded tissue sections were used for H&E stainings and for
immunohistochemical analysis of CD8 (C8/144B, DAKO), PDL1 (22C3,
DAKO) and PD1 (NAT105, Roche Diagnostics). The percentage of tumor
cells and TILs was assessed by pathologists trained for TILs assessment
on H&E-stained slides according to the international standard from
the International Immuno-Oncology Biomarker Working Group [22] (see
www.tilsinbreastcancer.org for all guidelines on TILs assessment in solid
tumors). After a pathologist provided an initial TILs score, an "expert
TILs score" was generated as a consensus score from at least 2 out
of 4 trained pathologists using slidescore.com for online scoring [69].
TILs scores for inclusion were scored on the diagnostic biopsy of the
patient to allow for stratification of patients (low ≥5%-10%, intermediate
11-49%, high ≥5%50%).

Immunohistochemistry

Immunohistochemistry of the FFPE tumor samples was performed on a
BenchMark Ultra autostainer (Ventana Medical Systems). The double
stain was performed on a Discovery Ultra autostainer. Briefly, paraffin
sections were cut at 3 μm, heated at 75◦C for 28 minutes and
deparaffinized in the instrument with EZ prep solution (Ventana Medical
Systems). Heat-induced antigen retrieval was carried out using Cell
Conditioning 1 (CC1, Ventana Medical Systems) for 48 minutes at
95◦C (PDL1) or 64 minutes at 95◦C. (PD1/CD8 double). PDL1 was
detected using clone 22C3 (1/40 dilution, 1 hour at RT, Agilent/DAKO,
Lot11654144). Bound antibody was detected using the OptiView DAB
Detection Kit (Ventana Medical Systems). Slides were counterstained
with Hematoxylin and Bluing Reagent (Ventana Medical Systems).

For the double staining PD1 (Yellow) followed by CD8 (Purple), the PD1
was detected in the first sequence using clone NAT5 (Ready-to-Use, 32
minutes at 37◦C, Roche Diagnostics, Lot11654144). The PD1-bound
antibody was visualized using Anti-Mouse NP (Ventana Medical systems,
Ready to Use dispenser, LotK09956) for 12 minutes at 37◦C followed
by Anti-NP AP (Ventana Medical systems, Ready to Use dispenser,
LotJ23971) 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, CD8 was detected using clone
C8/144B (1/200 dilution, 32 minutes at 37◦C, Agilent, Lot41527763).
CD8 was visualized using Anti-Mouse HQ (Ventana Medical systems,
Ready to Use dispenser, LotK20711) for 12 minutes at 37◦C followed
by Anti-HQ HRP (Ventana Medical systems, Ready to Use dispenser,
LotK22062) for 12 minutes at 37◦C, followed by the Discovery Purple
Detection Kit (Ventana Medical Systems). Slides were counterstained
with Hematoxylin and Bluing Reagent (Ventana Medical Systems). A
PANNORAMIC 1000 scanner from 3DHISTECH was used to scan the
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slides at a 40x magnification.

Distance analysis between tumor and CD8+ T cells

Spatial analysis was performed on the pretreatment biopsies of all
included patients. The stained slides were scanned, and image analysis
was performed with the HALO image analysis software from Indica
Labs, v3.4.2986.185 (cohorts A and B) and v.3.6.4134 (cohort C). Within
HALO, the multiplex IHC module was used to phenotype and quantify
CD8-positive cells. Cell segmentation was performed by the detection
of hematoxylin (detection weight = 1) and PD1 (detection weights 0.045
for cohorts A&B; 0.5 for cohort C) and CD8 for cohort C (detection
weight = 0.5) staining, utilizing a nuclear segmentation aggressiveness
of 0.045. Minimal intensity thresholds to consider a cell positive for
a marker were set for hematoxylin (0), PD1 (0.25 for cohorts A&B,
0.1 for cohort C), and CD8 (0.1) separately. Biopsies were analyzed
in total, while for resection specimens the analysis was restricted to
representative tumor beds as annotated by a breast cancer pathologist.
The quantified levels of CD8+ and PD1+CD8+ cells were corrected for
the analyzed tissue area (cells/μm2).

Artificial intelligence tumor classifiers (Object Phenotyper, HALO AI)
were developed to discriminate between tumor and non-tumor cells in
cohorts A&B and in cohort C. Individual cells were segmented (nuclei
seg BF v.1.0.0), and the classifiers were trained by annotating single
cells as tumor or non-tumor. The annotations were guided by marked
tumor regions on H&E-stained slides by a trained BC pathologist. The
classifiers were finalized with 20.000 iterations and a cross-entropy of
0.009 (cohort A&B) and >10.000 iterations and cross-entropy of 0.021
(cohort C).

Merging the results of the multiplex IHC and tumor classifier enabled
the visualization of the spatial distribution of tumor and CD8+ cells
(Supplementary Figures 5.5B-F). Using the nearest neighborhood
analysis, the average distance between the tumor and immune cells was
quantified by taking the mean of the distances between every tumor
cell and its nearest cell of the above-mentioned immune phenotypes
in the pretreatment biopsies (Supplementary Figure 5.5F). Distances
from tumor cells to the nearest CD8+ T cells were taken as a measure
of proximity of CD8+ T cells to the tumor.

DNA and RNA isolation

DNA and RNA were extracted from fresh-frozen, pre- and post-treatment
tumor material using the AllPrep DNA/RNA Kit (QIAGEN) for frozen
material, following the manufacturer’s protocol, in a QIAcube (QIAGEN).
Germline DNA was isolated from patient peripheral blood mononuclear
cells using the DNeasy Blood&Tissue Kit (QIAGEN).
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Bulk RNA sequencing

Total RNA Quality Control

Quality and quantity of the total RNA was assessed by the 2100
Bioanalyzer using a Nano chip (Agilent, Santa Clara, CA). Total RNA
samples having RIN>8 were subjected to library generation.

TruSeq Stranded mRNA library generation

Strand-specific libraries were generated using the TruSeq Stranded
mRNA sample preparation kit (Illumina Inc., San Diego, RS-122-2101/2)
according to the manufacturer’s instructions (Illumina, Document #
1000000040498 v00). Briefly, polyadenylated RNA from intact total
RNA was purified using oligo-dT beads. Following purification, the
RNA was fragmented, random primed and reverse transcribed using
SuperScript II Reverse Transcriptase (Invitrogen, part #18064-014) with
the addition of Actinomycin D. Second strand synthesis was performed
using Polymerase I and RNaseH with replacement of dTTP for dUTP. The
generated cDNA fragments were 3’ end adenylated and ligated to IDT
xGen UDI(10bp)-UMI(9bp) paired-end sequencing adapters (Integrated
DNA Technologies, Inc., Coralville) and subsequently amplified by 12
cycles of PCR. The libraries were analyzed on a 2100 Bioanalyzer using
a 7500 chip (Agilent, Santa Clara, CA), diluted and pooled equimolar
into a multiplex sequencing pool.

Sequencing

The libraries were sequenced with 54 paired-end reads on a No-
vaSeq6000 using a S1 Reagent Kit v1.5 (100cycles) (Illumina Inc., San
Diego).

Data analysis

RNA sequencing data were aligned to GRCh38 with STAR [70] 2.7.1a,
with the twopassMode=’Basic’. FPKM were obtained with RSeQC [71]
4.0.0 FPKM_count.py and subsequently normalized to transcripts per
million. Data quality was assessed with FastQC [72] 0.11.5, FastQ
Screen [73] 0.14.0, the Picard CollectRnaSeqMetrics [74, 75] and
RSeQC [71] 4.0.0 read_distribution.py and read_duplication.py and were
found to be suitable for the downstream analysis. TNBCtype [76] was
used for the Lehmann subtype classification [77]. The Gseapy [78] 1.0.3
ssgsea tool with the sample_norm_method=’rank’ was used for gene set
signature scoring. For the signature analysis, p-values were significant
after FDR correction (Benjamini–Hochberg) at 10% significance level.
Data were analyzed with Python [79] 3.10.5. Pandas [80, 81] 2.0.0
and numpy [82] 1.22.4 were used for data handling. Matplotlib [74]
3.5.2, seaborn [83] 0.12.2 and statannotations [84] 0.5.0 were used for
plotting.
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Whole exome sequencing

For each sample the amount of double stranded DNA was quantified
by using the Qubit dsDNA HS Assay Kit (Invitrogen, cat no Q32851).
A maximum amount of 2 μg of double stranded genomic DNA was
fragmented by covaris AFA technology to obtain fragment sizes of
200-300 bp. Samples were purified using Agencourt AMPure XP Reagent
(Beckman Coulter, cat no A63881) in a 2x reaction volume settings
according to manufacturer’s instructions. The fragmented DNA was
quantified and qualified on a BioAnalyzer system using the DNA7500
assay kit (Agilent Technologies cat no. 5067-1506). With a maximum
input amount of 1 μg fragmented DNA, NGS library preparation for
Illumina sequencing was performed using the KAPA HTP Prep Kit (KAPA
Biosystems, KK8234) in combination with xGen UDI-UMI Adapters of IDT
(Integrated DNA Technologies). During the library amplification step,
4 cycles of PCR were performed to obtain enough yield for the exome
enrichment assay. All DNA libraries were quantified on a BioAnalyzer
system using the DNA7500 assay kit. Exome enrichment was performed
on library pools of 6 unique dual indexed libraries, 500 ng each,
using the xGen Exome Hyb Panel v2 (IDT, cat no 10005152) and
xGen Hybridization Capture Core Reagents according to manufacturer’s
protocol, with hybridization time adjusted to 16 hours and 10 cycles
of PCR performed during post-capture PCR. All exome enriched library
pools were quantified on a BioAnalyzer system using the DNA7500
assay kit, pooled equimolar to a final concentration of 10nM and
subjected to paired-end 100 bp sequencing on an Illumina Novaseq
6000 instrument using a NovaSeq 6000 S4 Reagent Kit v1.5 (Illumina,
20028313), according to manufacturer’s instructions.

Data analysis

Sequencing reads were aligned to the human reference GRCh38
(Ensemble, v. 105) using BWA [85] 0.7.17. Duplicated reads were
marked using Picard [75] MarkDuplicates 2.25.0, after which quality
scores were recalibrated using GATK4 [86] BaseRecalibrator 4.2.2.0.
Single-nucleotide variants (SNVs) and short insertions and deletions
(indels) were called using GATK4 [86] Mutect2 4.2.2.0 on the tumor
samples matched with germline samples. Subsequently, variants were
filtered by the PASS filter, and annotated using Ensembl Variant Effect
Predictor. maftools [87] 2.10.5 package was used for the analysis.
Tumor mutational burden (TMB) was calculated by summarizing the total
number of non-synonymous somatic mutations with a minimal variant
allele frequency of 20%. Data were analyzed with Python [79] 3.10.5
and R [88] 4.1.3. Pandas [80, 81] 2.0.0 was used for data handling.
maftools [87] 2.10.5, Matplotlib [74] 3.5.2, seaborn [83] 0.12.2, and
statannotations [84] 0.5.0 were used for plotting.
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Single cell RNA sequencing and TCR sequencing

Preparation of the single cell suspension

Following biopsy or obtaining resection specimens, samples were rapidly
processed for single-cell RNA sequencing (scRNA-seq). Samples from
cohort A were minced on ice and frozen in 10% DMSO FCS in the -80◦C
degrees. Within 4 weeks after freezing, samples were defrosted in
37◦C degrees medium. Samples from cohort B were minced on ice and
immediately processed for single cell sequencing (not frozen), which did
not result in a batch effect.

Samples were transferred to a tube containing 1mL digestion medium
containing collagenase P (2 mg/ml, ThermoFisher Scientific) and DNAse
1 (10 U/μL, Sigma) in RPMI (ThermoFisher Scientific). Samples were
incubated for 20 min at 37◦C degrees and were pipetted up and down
every 5 minutes for 30 seconds. Next, samples were filtered on a 40
micron nylon mesh (ThermoFisher Scientific) and directly after the same
volume of ice cold PBS containing 0.04% BSA was added. Following
centrifugation at 300 g and 4◦C degrees for 5 min, the supernatant
was removed and discarded, and the cell pellet was resuspended in
red cell blood lysis buffer for 5 minutes at room temperature and then
centrifuged again at 300 g at 4◦C degrees for 5 min. The supernatant
was removed and discarded and the pellet was resuspended in PBS
containing 0.04% BSA. Next, 10 μl of this cell suspension was counted
using an automated cell counter (ChemoMetec NucleoCounter NC-200)
to determine the concentration of live cells. The entire procedure was
usually completed within 1h and 15 minutes.

Single cell RNA-seq data acquisition and preprocessing

Libraries for scRNA-seq were generated using the Chromium Single Cell
5’ library and Gel Bead & Multiplex Kit from 10x Genomics. We aimed to
profile 10 000 cells per library if a sufficient number of cells was retained
during dissociation. All libraries were sequenced on a HiSeq4000 or
NovaSeq6000 until sufficient saturation was reached.

Data analysis

After quality control, raw sequencing reads were aligned to the human
reference genome GRCh38 and processed to a matrix representing
the UMI’s per cell barcode per gene using CellRanger (10x Genomics,
v2.0). The data were analyzed with scanpy [89] 1.9.3 and Seurat [90]
v3. Cellbender [91] 0.3.0 was used for eliminating technical artifacts,
and cells above the quality cutoff of 0.5 were filtered out. Cells with
mitochondrial RNA content >0.25, the number of genes <200 or >6000
and <400 counts were filtered out. After normalization, regression for
the number of UMIs, percentage mt-RNA, sample ID, cell cycle, hypoxia,
interferon content and cell stress was performed on the 2000 most
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variable genes followed by a principal component analysis. Next a UMAP
was generated and clustering was performed at resolution 0.2 using the
30 most informative components. Major cell types were identified based
on canonical marker genes.

For the T cell subclustering, the T cells were selected from the full Seurat
object and the analysis described above was repeated with 10 principal
components based on the elbow plot and clusters were identified at a
resolution of 0.6 and were annotated based on breast cancer tissue-
specific marker genes [92]. Cells expressing markers of other cell types
(immunoglobulins, hemoglobin) were filtered out. PCA was calculated
on highly variable genes with k=30. Clustering was performed with
Phenograph [93] with k=30. Cluster identification was performed based
on canonical marker genes. Signature scores were calculated with
sc.tl.score_genes. Groups were compared with sc.tl.rank_genes_groups,
with method=’wilcoxon’ and use_raw=True. EnrichR [94, 95] was used
for the pathway enrichment analysis. Activated Tregs were defined
based on the level of CD137 gene expression >0.5 in the Treg cell
population. PD1+Ki67+CD4+ cells were defined based on the level
of MKI67 gene expression >0 in the Tfh cell population. Scirpy [96]
0.11.2 was used for the TCR analysis. Clonotypes were defined
based on the amino acid structure. Clonality was calculated as (1 -
normalized Shannon entropy). Data were analyzed with Python [79]
3.10.5. Pandas [80, 81] 2.0.0 and numpy [82] 1.22.4 were used for data
handling. Matplotlib [74] 3.5.2, seaborn [83] 0.12.2, sc-toolbox [97]
0.12.3 and statannotations [84] 0.5.0 were used for plotting.

ctDNA analysis

A proprietary bioinformatics tissue variant calling pipeline was used to
select a set of 16 high-ranked, patient-specific, somatic, clonal single
nucleotide variants (SNVs) from WES. The Signatera amplicon design
pipeline was used to generate mPCR primer pairs for the given set
of 16 variants. For cfDNA library preparation, up to 20 000 genome
equivalents of cfDNA from each plasma sample were used. The cfDNA
was end-repaired, A-tailed, and ligated with custom adapters, followed
by amplification (20 cycles) and purified using Ampure XP beads
(Agencourt/Beckman Coulter). A proprietary multiplex PCR (mPCR)
methodology was used to run patient-specific assays. Sequencing was
performed on these mPCR products on an Illumina HiSeq 2500 Rapid
Run (50 cycles) using the Illumina Paired End v2 kit with an average read
depth of >100000X per amplicon. All paired-end reads were merged
using Pear 0.9.8 software and mapped to the hg19 reference genome
with Novoalign version 2.3.4 (http://www.novocraft.com/). Plasma
samples with at least 2 variants with a confidence score above a
predefined algorithm threshold were defined as ctDNA-positive.
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Flow cytometry of fresh blood

The flow cytometry was performed as previously described [98]. In
short, fresh blood samples were processed and analyzed within 24 hours
after blood draw. Peripheral blood was collected in EDTA vacutainers
(BD) and subjected to red blood cell lysis (lysis buffer: dH2O, NH4Cl,
NaHCCO3, EDTA). Cells were suspended in PBS containing 0.5% BSA and
2mM EDTA and counted using the NucleoCounter NC-200 (Chemometec)
automated cell counter. To obtain absolute white blood cell (WBC) counts
per mL of human blood, the total amount of post-lysis cells was divided
by the volume (mL) of blood obtained from the patient. For surface
antigen staining, cells were first incubated with human FcR Blocking
Reagent (1:100 Miltenyi) for 15 min at 4◦C and then incubated with
fluorochrome-conjugated antibodies for 30 min at 4◦C. For intracellular
antigen staining, cells were fixed with Fixation/Permeabilization solution
1X (Foxp3/Transcription Factor Staining Buffer Set, eBioscience) for
30 min at 4◦C and stained with fluorochrome-conjugated antibodies
in Permeabilization buffer 1X (eBioscience) for 30 min at room
temperature. Viability was assessed by staining with either 7AAD
staining solution (1:10; eBioscience) or Zombie Red Fixable Viability Kit
(1:800, BioLegend). Data acquisition was performed on an LSRII SORP
flow cytometer (BD Biosciences) using Diva software and data analysis
was performed using FlowJo 10.6.2. Gating strategy is displayed in
Supplementary Figure 5.9A.

5.5. Data availability
DNA and RNA sequencing data is stored in the European Genome–Phenome
Archive ((EGAS50000000567 (RNA-Seq) and EGAS50000000568 (WES)).
Sequencing data and source data supporting the findings of this study
will be made available from the corresponding author (m.kok@nki.nl) for
academic use, within limitations of the provided informed consent. Data
will not be made available for commercial use. A first response to the
request will be sent in <4 weeks. Data requests will be reviewed by
the corresponding author and Institutional Review Board of the NKI, and,
after approval, applying researchers will have to sign a data transfer
agreement with the NKI.
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5.9. Supplementary Information

Figure 5.5: IHC CD8+ T cell analysis. (A) H&E-stained image, corresponding to CD8/PD1 stained tissue under
B. (B) Representative example of a CD8/PD1 double-stained tissue (haematoxylin = blue, PD1 = yellow, CD8 = purple). (C)
Representative example of the performance of the AI-based tumor cell classifier Tumor classification (red) and non-tumor cells
(green). (D) Example of cell segmentation and tumor phenotype assignment. Cell with purple border = CD8+ cell, yellow border =
PD1+ cell, orange border = PD1+CD8+ cell. (E) Corresponding distance analysis in the same tissue area as under (C) and (D).
The grey lines represent the shortest distance from a tumor cell to its nearest CD8+ T cell (F) Proportions of patients reaching
immune activation stratified according to TIL levels at inclusion in cohorts A and B. 10 patients had 5-10% TILs, 10 patients
11-49% TILs and 10 patients had 50% or more TILs. (G) Pretreatment and post-treatment MRI images of patient #3 with a
pathological complete response (pCR) at surgery after ICI only (cT2N0, ypT0N0).
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Table 5.3: Adverse Events
A: Nivolumab
(N=16)

B: Nivo+Ipi 4 wks
(N=15)

Nivo+Ipi 6 wks
(N=15)

Adverse event Grade
1–2

Grade
3

Grade
4

Grade
1–2

Grade
3

Grade
4

Grade
1–2

Grade
3

Grade
4

Worst grade adverse event per
patient

12
(75%)

1
(6%)

0
(0%)

13
(86.6%)

1
(7%)

1
(7%)

9
(60%)

5
(33%)

1
(7%)

Endocrine disorders
Thyroid dysfunction 7

(44%)
1
(6%)a

0
(0%)

9
(60%)

0
(0%)

0
(0%)

9
(60%)

0
(0%)

0
(0%)

Hypothyroidism 6
(38%)

0
(0%)

0
(0%)

7
(47%)

0
(0%)

0
(0%)

6
(40%)

0
(0%)

0
(0%)

Hyperthyroidism 4
(25%)

1
(6%)

0
(0%)

8
(53%)

0
(0%)

0
(0%)

9
(60%)

0
(0%)

0
(0%)

Adrenal insufficiency* 1
(6%)

0
(0%)

0
(0%)

1
(7%)

1
(7%)b

0
(0%)

2
(13%)

1
(7%)f

0
(0%)

Diabetes Mellitus (immune me-
diated)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)b

0
(0%)

0
(0%)

0
(0%)

Gastro-intestinal
Abdominal pain 0

(0%)
0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Diarrhea 0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Nausea 1
(6%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

2
(13%)

0
(0%)

0
(0%)

Colitis 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)g

0
(0%)

Rectal ulcer 0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Laboratory test
Elevated liver function tests 0

(0%)
0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

7
(47%)

0
(0%)

0
(0%)

Hyperphosphatemia 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Hypophosphatemia 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Lymphocyte count decreased 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Troponine T increased 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Immune related hepatitis 0
(0%)

0
(0%)

0
(0%)

2
(13%)

0
(0%)

0
(0%)

0
(0%)

2
(13%)e,d

1
(7%)h

Musculo-skeletal
Arthralgia 3

(19%)
0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Myalgia 2
(12%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Back pain 1
(6%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Immune mediated polymyalgia
rheumatica

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Cardiopulmonal
Chest pain 0

(0%)
0
(0%)

1
(6%)a

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Ejection fraction decreased # 1
(6%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Pneumonitis 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

1
(7%)e

0
(0%)

Upper respiratory infection 0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Cough 0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Other
Allergic reaction 1

(6%)
0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Anemia 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

3
(20%)

0
(0%)

0
(0%)

Dry eye 1
(6%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Dry mouth 2
(12%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

4
(27%)

0
(0%)

0
(0%)

Dry skin 1
(6%)

0
(0%)

0
(0%)

2
(13%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Fatigue 1
(6%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Flu-like symptoms 2
(12%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Headache 2
(12%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Infusion-related reaction 2
(12%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Skin rash 2
(12%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

4
(27%)

0
(0%)

0
(0%)

Photosensitivity 1
(6%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Itching 0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

Cervical lymphadenopathy 0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

1
(7%)

0
(0%)

0
(0%)

* All patients were classified as having secondary adrenal insufficiencies and all patients are still dependent on corticosteroid
replacement. #Ejection fraction decreased during ddAC treatment, however IR-myocarditis could not be ruled out. A total of 8
patients from cohorts A, B and C developed grade 3/4 treatment-related adverse events.
a) ID 14 (Cohort A) - Hyperthyroidism (grade 3) and chest pain (grade 3). Patient was diagnosed with hyperthyroidism leading to
an orthostatic tremor requiring hospitalization of the patient. Symptoms were treated with beta-blockers. b) ID 36 (Cohort B) -
Hyperglycemia with diabetic ketoacidosis (grade 4) and adrenal insufficiency (grade 3). The patient remains insulin-dependent and
dependent on corticosteroid replacement therapy. c) ID 44 (Cohort C) - IR hepatitis (grade 3) with primary biliary cholangitis,
treated with corticosteroids. d) ID 47 (Cohort C) - IR hepatitis (grade 3), patient did not receive corticosteroid treatment. e) ID
55 (Cohort C) - Pneumonitis (grade 3) with suspicion of pulmonary sarcoidosis, treated with corticosteroids. f) ID 59 (Cohort C)-
Adrenal insufficiency (grade 3), still dependent on corticosteroid replacement therapy. g) ID 65 (Cohort C) - Colitis (grade 3),
treated with corticosteroids. h) ID 66 (Cohort C)- IR hepatitis (grade 4), treated with corticosteroids.
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triple negative breast cancer: a phase 2 adaptive BELLINI trial

Figure 5.6: Baseline tumor microenvironment features and genomic profile of cohorts A
and B (A) PD1+ CD8+ T cell density in pretreatment biopsies of patients who did and did not
experience clinical response in cohorts A and B. (B) PD1+ cell density in pretreatment biopsies of
patients who did and did not experience clinical response in cohorts A and B. (C) Tumor mutational
burden (TMB) in pretreatment biopsies of patients with and without clinical response in cohorts A
and B. Boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile
range. Data were analyzed by a two-sided Mann-Whitney test. (D) Oncoplot of TMB (mutations per
megabase (Mb)) and top mutated genes in cohorts A and B. (E) Proportions of Lehmann et al.
subtypes [39] in patients with and without clinical response in cohorts A and B. MSL, mesenchymal
stem-like; LAR, luminal androgen receptor.
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5.9. Supplementary Information

Figure 5.7: Gene signatures in pretreatment biopsies associated with clinical response
in cohorts A and B (A-L) Gene set expression scores in pretreatment biopsies of patients with and without clinical response
in cohorts A and B. (A) Expanded immune signature from Ayers et al. [33] (B) Immunogenic cell death signature [34]. (C) Hallmark
IFNA response gene set. (D) Hallmark inflammatory response gene set. (E) cGAS-STING pathway gene set [35]. (F) Effector CD8+
T cell gene set [36]. (G) Exhausted T cell gene set [36]. (H) Checkpoint molecules gene set [36]. (I) Naive T cell gene set [37].
(J) Tertiary lymphoid structures gene set [38]. (K) Hallmark TGF-beta signaling gene set. (L) Hallmark Notch signaling. In A-L,
boxplots display a minimum (Q0), a maximum (Q4), a median (Q2) and the interquartile range. P-values were derived using a
two-sided Mann-Whitney test. Reported p-values were significant after Benjamini-Hochberg (FDR) correction at 10% significance level.
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5. Neoadjuvant nivolumab or nivolumab plus ipilimumab in early-stage
triple negative breast cancer: a phase 2 adaptive BELLINI trial

Figure 5.8: Single-cell RNA-Seq pre-treatment tumor microenvironment profile of the
cohorts A and B. (A-Q) UMAP representations of the marker gene expression in the dataset. (A) CD8A. (B) CD4. (C)
CD40LG (D) FOXP3 (E) MKI67 (F) IL7R. (G) SELL. (H) CCR7. (I) PDCD1. (J) CTLA4. (K) CXCL13. (L) ZNF683. (M) GZMB. (N)
GZMH. (O) GZMK. (P) ENTPD1. (Q) ITGAE. (R) UMAP representation of the T cell clonality in the dataset. (S) UMAP representation
of the T cell clone convergence in the dataset. (T) UMAP representation of the T cell clonal expansion in the dataset. (U) Fractions
of tumor-reactive CD8+ T cells relative to all T cells in pretreatment biopsies of patients based on single-cell RNA-Seq data in
relation to the change in tumor volume after treatment based on RECIST 1.1 in cohorts A and B. (V) Fractions of Tfh cells relative
to all T cells in pretreatment biopsies of patients based on single-cell RNA-Seq data in relation to the change in tumor volume after
treatment based on RECIST 1.1 in cohorts A and B. (W) Fractions of different T cell clusters relative to all T cells based on
single-cell RNA-Seq data in pretreatment biopsies of patients who had low (5-10%), intermediate (11-49%) and high (≥50%) presence
of tumor-infiltrating lymphocytes before treatment in cohorts A and B.
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5.9. Supplementary Information

Figure 5.9: Gating strategy used for the flow cytometry data analysis and activated and
non-activated Tregs in cohorts A and B. (A) Gating strategy used for the flow cytometry data analysis. (B)
Spearman correlation between fraction of activated Tregs and the change in tumor size on MRI (%). (C) Spearman correlation
between fraction of non-activated Tregs and the change in tumor size on MRI (%). Activated Tregs were defined as activated by the
expression of CD137. (D-E). Fold change in activated (D) and non-activated (E) Tregs after anti-PD1 or anti-PD1/anti-CTLA4 therapy.
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Table 5.4: Antibody overview
Human flow cytometry antibodies
Antigen Fluorochrome Clone Dilution Company Catalog

number
CD3 PE Cy5 UCHT1 1:200 1 555334
CD4 BV421 RPA-T4 1:100 1 562424
CD8 BUV805 SK1 1:200 1 612754
Pan γδ
TCR

PE 11F2 1:100 1 555717

Vδ1 FITC TS8.2 1:100 2 TCR2730
Vδ2 BUV395 B6 1:100 1 748582
FoxP3 PE Cy5.5 FJK-16s 1:50 2 35-5773-

82
CCR7 APC R700 150503 1:50 1 565868
CD45RA BUV737 HI100 1:400 1 612846
CD25 AF647 BC96 1:100 3 302618
PD-1 APC Cy7 EH12.2H7 1:100 3 329922
CTLA-4 PE CF594 BN13 1:200 1 562742
IL-17 PerCP Cy5.5 N49-653 1:50 1 560799
IFNγ BV785 4S.B3 1:200 3 502542
TNFα PE Cy7 Mab11 1:400 3 502930
CD27 BV786 L128 1:100 1 563327
TIGIT PerCP Cy5.5 A151536 1:100 3 372718
Ki-67 PE Cy7 B56 1:50 1 561283
CTLA-4 PE CF594 PE/Dazzle594 1:200 3 369616

1 BD Bioscience;
2 Thermofisher;
3 BioLegend.
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T his thesis leverages the power of high-throughput sequencing to
understand the biology of disease and combat it. In Part 1, including

Chapter 2, the disease of interest is COVID-19, and in Part 2, containing
the rest of the chapters, it is breast cancer. We hope that this
work paves the way for applying similar approaches to other diseases,
which, hopefully, would be more common in the future with the rising
affordability of sequencing.

The opportunity to actively use sequencing data in translational and
clinical research allows the research community to leverage this data
to find biomarkers of treatment response and better survival. It is
particularly important in the field of immunotherapy, as many patients
do not benefit from treatments, and as adverse events may be severe.
In this thesis, we describe the following contributions to the field:

• In Chapter 2, we used the publicly available SARS-CoV-2 genomic
data to predict the degree of protection against the novel SARS-
CoV-2 variants provided by prior vaccination or infection by the
original SARS-CoV-2 strain.

• In Chapter 3, we used bulk RNA sequencing to demonstrate that
treatment with anti-PDL1 in combination with carboplatin leads to
increased T cell infiltration and checkpoint molecule expression in
metastatic lobular breast cancer.

• In Chapter 4, we used shallow whole genome sequencing of
circulating tumor DNA to calculate a genome-wide copy number
alteration score and demonstrated that change in this score upon
treatment is associated with response to anti-PD1 in metastatic
triple-negative breast cancer.

• Finally, in Chapter 5, we used bulk and single-cell RNA sequencing
to dissect the biology of the tumor microenvironment in early triple-
negative breast cancer upon treatment with anti-PD1 +/- anti-CTLA4
checkpoint blockade. We described profound differences in the
tumor microenvironment of responders and non-responders to
checkpoint blockade in this setting which might be helpful to select
patients more likely to benefit from this treatment in future clinical
trials.

In this discussion, we will focus on the topics related to breast cancer
presented in this thesis.
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6.1. Breast cancer immunotherapy: successes and
challenges

Until the last decade, breast cancer was mostly treated with chemother-
apy, radiation, surgery, hormone and targeted therapy [1]. In particular,
the therapies targeting the estrogen, progesterone and HER2 receptors
proved to be beneficial for the patients who had overexpression or
amplification of the corresponding genes, even though these therapies
may lead to molecular resistance [2]. Breast cancer was not considered
a promising cancer type for immunotherapy approaches, as breast
cancers are not typically highly immune infiltrated [3] and have low
TMB [4].

However, it was demonstrated that TNBC tumors, that are typically
higher infiltrated than hormone-positive breast tumors, benefit from
the addition of anti-PD1 to chemotherapy [5]. Nowadays, anti-PD1 in
combination with chemotherapy is the standard of care for metastatic
PDL1+ TNBC [6]. The combination of anti-PD1 with neoadjuvant
chemotherapy is also approved by the FDA and the EMA for treatment
of early TNBC, and this regimen is currently the standard of care in the
Netherlands [7].

Though TNBC tumors benefit from immunotherapy, only a minority of
patients respond to the therapy [5, 6]. Therefore, it is essential to modify
the current regimens to improve the patient outcomes. The investigation
of the biology of the TNBC in context of the tumor microenvironment
helps to understand which features may be used as biomarkers to
personalize treatment and to come up with new therapeutic options
or combination approaches for TNBC. Bioinformatics approaches, as
demonstrated in this thesis, allow to conduct this investigation in detail.

6.2. Biomarkers for breast cancer immunotherapy
Several biomarkers have been approved for use in the context of
checkpoint blockade therapy in metastatic breast cancer. In particular,
it is the case for mismatch-repair deficiency, present in 1-2% of
breast tumors [8], as well as for tumor mutational burden higher than
10 mutations per Mb [9]. Additionally, PDL1 expression (combined
positive score ≥ 10) is also an approved biomarker which was used
in the metastatic TNBC setting in the KEYNOTE-355 study [6], a
randomized phase III trial of pembrolizumab with chemotherapy in
advanced TNBC, and in the early TNBC setting in the KEYNOTE-522
study [7], a randomized phase III trial of neoadjuvant pembrolizumab
with chemotherapy in stage II-III TNBC. However, these biomarkers
have limitations, as mismatch-repair deficiency and high TMB are rare
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in breast cancer, and PDL1 expression demonstrates different staining
patterns for different antibody clones and low concordance between
pathologists, as well as differences per biological site and tumor stage.

Other well-known biomarkers for immunotherapy in TNBC include
stromal tumor infiltrating lymphocytes (TILs), CD8+ T cell infiltration
and presence of particular CD8+ T cell subsets. The presence of TILs
has a strong prognostic value in early TNBC [10] and a predictive value
for immune checkpoint blockade treatment in metastatic TNBC [11].

The presence of effector CD8+ T cells in the tumor before therapy has
also been shown to be associated with response to checkpoint blockade
in metastatic TNBC [12–14]. In Chapter 5, we demonstrate that the
presence of the CD8+ T cells, as well as the presence of TILs, is also
associated with response to ICB in early triple-negative breast cancer.

Not only the general abundance of intratumoral CD8+ T cells but
also the presence of particular functional CD8+ T cell phenotypes
may be associated with response to checkpoint blockade in TNBC.
The discovery of these populations is made possible by the use of
high-throughput sequencing methods, allowing to examine the tumor
microenvironment at single-cell resolution. In particular, CD8+ T cells
with tissue-resident phenotype have been shown to be associated with
response in the Gepar-Nuevo clinical trial [15], a randomized phase
II trial of neoadjuvant treatment with anti-PDL1 agent durvalumab in
combination with chemotherapy in early TNBC. In Chapter 5, we used
single-cell RNA sequencing to describe another CD8+ T cell population
associated with response to immune checkpoint blockade: a population
of potentially tumor-reactive CD8+ T cells, possessing different traits of
tumor reactivity: high clonality and high expression of tumor reactivity
markers and tumor recognition signatures derived using functional
tumor recognition experiments.

As the adverse events associated with modern cancer treatment
regimens may be very severe and long-lasting, it is also important
to find biomarkers associated with high likelihood of high treatment
toxicity and find patient populations that might achieve good clinical
outcomes with less treatment exposure. In particular, in early TNBC the
combination of neoadjuvant immunotherapy with chemotherapy leads
to a high rate of chemotherapy-related adverse events, affects quality
of life and could limit T cell functionality [16, 17]. In Chapter 5,
we demonstrated that early TNBC patients with high tumor-infiltrating
lymphocyte levels may achieve pathological complete responses after
immunotherapy only, without neoadjuvant chemotherapy. This finding
needs to be further evaluated in larger studies. Genomic and
transcriptomic data insights may help to define such groups of potential
excellent responders better.
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The biomarkers linked with good clinical outcomes also may be used to
preselect patients for particular treatments in order to limit or prevent
the unnecessary adverse events in patients that are not likely to benefit
from the treatment. This was also achieved in the BELLINI trial. As
discussed in Chapter 5, to exclude patients with a poor prognosis, less
likely to respond to ICI and not suitable for chemotherapy de-escalation,
only patients with TIL > 5% were recruited in cohorts A and B. As
cohorts A and B revealed that the most promising results were observed
in patients with high TIL, only patients with TIL > 50% were recruited
in cohort C. The future BELLINI cohorts will further explore the optimal
TIL threshold in the context of preselecting early TNBC patients for
checkpoint blockade treatment. Of course, these findings would also
need to be evaluated in larger randomized studies.

6.3. Combining treatments for breast cancer
immunotherapy

The breakthrough success of using checkpoint inhibitors in cancer makes
it attractive to combine checkpoint inhibitors with other therapies, or
to combine different checkpoint blockade agents to achieve better
responses. The use of bulk and single-cell RNA-Seq, as well as
TCR sequencing, allows to examine the differences in the tumor
microenvironment of the patients that received different treatments and
to select the treatment that demonstrates higher biological activity in
the translational setting.

In both metastatic and early TNBC, the current standard of care
includes combining checkpoint blockade therapy with chemotherapy.
Chemotherapy agents used include paclitaxel, carboplatin, doxorubicin,
epirubicin, cyclophosphamide and gemcitabine [6, 7]. It would be
beneficial if selected chemotherapies would synergize with checkpoint
blockade treatment. An attempt to find such combinations was made in
the first stage of the TONIC trial, where anti-PD1 treatment was given
to patients with metastatic TNBC after two-week induction treatment
with chemotherapy or irradiation, with three chemotherapies tested
in separate arms: doxorubicin, cisplatin and cyclophosphamide [13].
Though the study was not powered to compare doxorubicin and cisplatin
showed higher response rates and signs of biological activity in the TME.
These findings emphasize the importance of testing the combinations
of different chemotherapies with immunotherapy. This investigation is
currently being continued in the follow-up larger TONIC2 study.

In Chapter 3, we explored the similar induction concept in the context
of metastatic lobular breast cancer in the GELATO trial. In this study,
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patients received carboplatin for 12 weeks with anti-PDL1 added from
the third week until progression. Therefore, patients also had a
two-week induction window when carboplatin could prime their TME for
the subsequent action of the checkpoint blockade treatment. Previous
preclinical studies suggested that carboplatin could induce cGAS-STING
signalling [18] and immunogenic cell death [19] which could improve
the recognition of the tumor by the immune system following anti-PDL1
treatment. However, we did not observe major changes in the TME
upon carboplatin treatment, and only a combination treatment with
carboplatin and anti-PDL1 led to an enrichment in the biological activity
in the TME. This demonstrates that though preclinical findings may
provide indications of the potential synergy between some agents, this
synergy might not present in the clinical trial.

It is also an attractive possibility to combine anti-PD1 or anti-PDL1
regimens with other immunotherapies. In Chapter 5, we compared the
post-treatment T cell profiles in the tumor microenvironment of patients
with early TNBC treated with nivolumab and a combination of nivolumab
and ipilimumab in the context of the BELLINI trial. Surprisingly, we
did not observe major differences upon addition of ipilimumab, though
it led to a lower fold change in frequency of tumor-infiltrating Tregs
post-treatment. In the next cohorts of the BELLINI trial, anti-PD1
treatment would be combined with other immunotherapies, targeting
LAG3 and TIGIT. Such approaches seem promising, as they would
allow to target multiple T cell checkpoint pathways simultaneously, and
hopefully with the growing number of immunotherapy agents successful
combinations would be discovered soon.

6.4. Treating particular breast cancer patient
populations

The impact of immunotherapy, and in particular checkpoint inhibitors,
may vary in different patient populations. The use of high-throughput
sequencing methods allows to select subgroups of patients most likely
to benefit from treatment and to validate whether particular groups
indeed have a specific profile of response to checkpoint inhibitors.

To date, there are many classifications of breast tumors, with the
most well-known being the division into the luminal A, luminal B,
HER2-positive and basal-like subtypes [20]. There is also a histological
classification that divides breast tumors into ductal, lobular, tubular,
cribriform, mucinous, medullary, papillary, micropapillary, metaplastic,
lipid-rich, secretory, oncocytic, adenoid cystic, acinic cell carcinomas and
carcinoma of no special type, as well as apocrine and neuroendocrine
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tumors [21].

TNBC is also a heterogeneous disease which can be viewed as a
compendium of subtypes, in particular using computational approaches.
Lehmann et al. described six TNBC subtypes: two basal-like subtypes,
an immunomodulatory, a mesenchymal, a mesenchymal stem-like, and
a luminal androgen receptor subtype [22]. Burnstein et al. described
four TNBC subtypes: luminal androgen receptor, mesenchymal, basal-
like immunosuppressed and basal-like immune-activated [23]. Others
have also proposed subtypes associated with PTEN loss [24], APOBEC
signature [25], homologous recombination deficiency [25], expression
of particular long non-coding RNAs [26] and other features.

It is also possible to classify the tumors based on the activity of
the immune and transformed cells in the tumour microenvironment.
Our work with Bagaev et al. suggested that there are pancancer
tumor microenvironment profiles that are associated with response to
immunotherapy [27]. Similarly, Sanchez-Vega et al. described ten
canonical oncogenic pathways that can be used to classify tumors in the
pancancer approach using The Cancer Genome Atlas [28].

All these classifications were made possible by the use of high-
throughput sequencing and bioinformatic approaches. The prior
knowledge on the subtypes and functional profiles may allow clinicians
to choose suitable treatment options for the individual patients based
on their tumor characteristics. It also allows the creation of clinical trials
specific for particular patient populations.

In Chapter 3, we discussed the GELATO trial, where patients with
metastatic lobular breast cancer received immune checkpoint blockade
treatment in combination with carboplatin. This study was motivated by
previous work that demonstrated that some lobular breast tumors belong
to an immune-enriched subtype that might benefit from immunotherapy
treatment. Additionally, two of the three responders in the KEYNOTE-028
study of pembrolizumab in ER+/HER2- advanced breast cancer, had
ILC [29], and the synergy between platinum agents and immune
checkpoint blockade was suggested in preclinical studies [19]. Though
we did not observe a particular pattern of response in lobular breast
cancer in the context of GELATO, the trial revealed that most responding
patients in fact had TNBC, which emphasized the importance of
molecular classification in breast cancer immunotherapy.

In Chapter 5, in the context of the BELLINI trial, we demonstrated that
early TNBC patients with high tumor-infiltrating lymphocyte levels and
high IFNG expression before treatment were more likely to benefit from
immune checkpoint blockade. These patients may form an “immune-
activated” subgroup that needs to be more deeply characterized in
future studies.
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6.5. Limitations of the studies presented in the thesis
The studies presented in this thesis have several limitations. In
Chapters 3-5, we present the data based on clinical trials with
relatively small patient numbers per cohort, as these trials are signal-
finding, proof-of-concept trials. GELATO, discussed in Chapter 3,
included 23 patients; subset of the TONIC trial used for the ctDNA
analysis in Chapter 4 was comprised of 30 patients; and cohorts A,
B and C of the BELLINI trial presented in Chapter 5 consisted of 15
patients each. These numbers are substantial for the clinical context.
For example, the accrual of GELATO, first trial ever performed that
focused on invasive lobular breast cancer, took more than three years.
However, for the translational analysis the statistical power of these
datasets is limited and the findings need to be validated in larger,
independent cohorts.

The trial cohorts in the BELLINI trial presented in Chapter 5 were
not randomized. This allowed the study team to achieve the similar
distribution of the clinical and demographic features in the cohorts
and to include the same numbers of patients with various levels of
TILs in each cohort. However, the non-randomized design of the trial
might impact the results of the translational findings. Similarly, patient
populations included in the clinical studies discussed in this thesis are
heterogeneous by age, molecular characteristics of the tumor, prior
treatment, lifestyle and other variables, which also might have an
impact on the study results.

In Chapter 3, the tumor microenvironment composition was assessed
using bulk RNA-Seq, with the presence of specific cell populations and
phenotypes estimated using cell deconvolution and previously published
immune signatures. While these approaches allowed us to understand
the general phenotype of the tumor microenvironment, they lack the
single-cell resolution and spatial dimension. The use of single-cell
RNA-Seq might have allowed us to uncover smaller cell populations and
rarer phenotypes, and the use of spatial omics technologies would have
made it possible to analyse the differences in immune composition in
different tumor and stromal compartments.

In Chapter 4, we worked with shallow whole-genome ctDNA data.
Shallow whole-genome sequencing is a cost-effective approach which
allows to determine large-scale copy number alterations in ctDNA and
track them in time. However, the resulting genome coverage did not
allow us to track the copy number alterations in particular genes or
loci of interest, which might have shedded more light on the clonal
dynamics in the tumors of the patients. Also, the approach we used was
not tumor-informed.
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In Chapter 5, we analysed both bulk and single-cell RNA-Seq for
cohorts A and B but only performed bulk RNA-Seq analyses for cohort
C due to the manuscript timeline. We also focused only on the T cell
compartment in the single-cell RNA-Seq analysis of the cohorts A and
B, which limited the amount of insights we could get from the data.
Analysis of the other cell populations in the cohorts A and B and of
the single-cell RNA-Seq data of the cohort C would be performed in the
future and published separately by the members of the Kok group team.

Finally, the tumor microenvironment profiling in Chapters 3 and
Chapters 5 was performed based on RNA sequencing under the
assumption that RNA expression corresponds to the functional state of
the cell. This is a widely accepted assumption which is true to a certain
degree, as translation and posttranslational modifications also impact
the protein abundance and functionality. Combining RNA-Seq with
proteomic approaches might have allowed us to test this assumption
and describe the functionality of the tumor microenvironment in GELATO
and BELLINI in more detail.

6.6. Improving biomarkers in breast cancer
To be useful for clinical practice, biomarkers identified with the use
of high-throughput sequencing methods should be easy to evaluate,
scalable and cost-effective. They also need to be identified in a
reliable manner and tested in independent large cohorts, ideally in the
prospective clinical trial setting. It is also beneficial for the biomarkers to
be easily interpretable and be linked to the well-understood processes
in tumor biology.

The presence of stromal TILs in the tumor biopsy appears to be a
promising biomarker that meets several of the criteria listed above. It
can be evaluated by a trained pathologist according to the established
guidelines, which fits well into the routine clinical practice, and is
cost-effective and interpretable. The presence of TILs has been shown
to be highly prognostic in early TNBC [10, 30], and a large international
OPTIMAL trial is going to investigate whether chemotherapy may be
safely omitted in stage I TNBC patients with highest TIL scores [31].
In Chapter 5, we also demonstrated that all patients with early TNBC
in cohorts A and B of the BELLINI trial who responded to checkpoint
blockade treatment had TILs ≥ 30%, which motivated the study team
to only include patients with TILs ≥ 50% to the cohort C of the trial.
This illustrates the important role of TILs as a biomarker of response
to immune checkpoint blockade in addition to its role as a prognostic
biomarker in early TNBC.
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As also discussed in Chapter 5, IFNG gene expression levels may
also be explored as a promising biomarker for immune checkpoint
blockade response in early TNBC. Gene expression of a single gene
can be estimated in a timely and cost-effective manner and is easy
to interpret, which makes this biomarker attractive for use in the
clinic. Also, IFNG activity has been demonstrated to be associated with
immune checkpoint blockade response in other cancer types, e.g. in
melanoma [32, 33], non-small cell lung cancer [33, 34], gastric cancer
and head and neck squamous cell carcinoma [35]. In Chapter 5,
we demonstrate that early TNBC patients who benefit from immune
checkpoint blockade treatment have higher IFNG than non-responders,
and that the difference between responders and non-responders in IFNG
expression is conserved in the group of patients with high TILs. Of
course, this observation would need to be tested in larger independent
cohorts.

Using liquid biopsies to track residual disease is also a cost-effective
and feasible approach. ctDNA abundance has been shown to be
prognostic in metastatic TNBC, and in early TNBC it can be used as
a marker of the residual disease [36]. ctDNA has also been shown
to be prognostic in TNBC patients having a non-PCR after neoadjuvant
systemic therapy [37]. In Chapters 4 and 5 we showed that ctDNA
abundance and copy number alteration profile may be used to predict
response to immune checkpoint blockade in TNBC, which should also be
explored further in larger studies.

In summary, breast cancer immunotherapy would highly benefit from
biomarker-driven prospective clinical trials, and biomarkers that are
cost-effective and feasible to use in the clinical practice should be given
particular attention.

6.7. Outlook
In this thesis, we made contributions to the field of immuno-oncology
in breast cancer. Currently, it becomes clear that immunotherapy has
an important place in the breast cancer treatment landscape, even
though initially this idea was met with more scepticism than the use
of immunotherapy in other malignancies, e.g. melanoma or non-small
cell lung cancer. Nevertheless, it is crucial to continue improving
immunotherapy outcomes by combining therapeutic agents, selecting
appropriate patient populations and using biomarkers, and bioinformatic
approaches may help to achieve all these goals.

Routine use of high-throughput sequencing became an integral part of
translational research in oncology. In the future, it may also become an
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integral part of clinical practice. This would highly raise the amount of
information available for personalisation of treatment, but also would
require adaptations of the clinical workflows and infrastructure.

Clinical teams would have to become even more interdisciplinary and to
include bioinformaticians and data specialists. Hospital infrastructures
would need to be adjusted to allow for efficient data collection,
processing, storage and biobanking, and many other adjustments will
need to be made. Nevertheless, the power of information that would
become available after this transition will be enormous. The optimal
use of this information, possibly involving artificial intelligence, would
hopefully help to reduce the global disease burden of cancer.
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