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Zusammenfassung

Hintergrund:

Die weitldufige Einfilhrung von sogenannten Immuncheckpoint-Inhibitoren (ICIs) in der
systemischen Behandlung verschiedenster solider Krebsarten hat die Krebsbehandlung
nachhaltig verdndert. Bisher lag der Forschungsschwerpunkt in diesem Bereich vorwiegend
auf dem Verstiandnis der T-Zell-basierten Immunantwort, wiahrend B-Zellen, obwohl sie durch
ihre Féhigkeit zur Antigenprisentation und Antikorperproduktion ein wichtiger Bestandteil der
adaptiven Immunitit sind, weniger untersucht wurden. Das Auftreten von Autoantikdrpern bei
Patientinnen und Patienten unter einer Therapie mit ICIs wurde in der Vergangenheit als
Marker fiir das Therapieansprechen diskutiert, jedoch reichen derzeitige Studiendaten, unter
anderem aufgrund des Fehlens prospektiver Studien, nicht aus, um letztgiiltige Schliisse zu
ziehen. Dariiber hinaus wurden verschiedene zirkulierende B-Zell-Subtypen unter der Therapie
mit ICIs noch nicht ausreichend auf ihre Eignung als Biomarker untersucht. Ziel dieser Studie
war es, sowohl Autoantikdrper als auch zirkulierende B-Zellen als Marker fiir das
Therapieansprechen unter einer Therapie mit ICIs im Rahmen einer prospektiven,

longitudinalen Biomarkerstudie zu untersuchen.

Methoden:

Fiinfundvierzig Patientinnen und Patienten, die sich zwischen Janner 2017 und Dezember 2020
einer palliativen Mono- oder Kombinationstherapie mit ICIs unterzogen, wurden in diese
prospektive single-center Kohortenstudie eingeschlossen. Autoantikorpertiter, einschlieBlich
ANA-, ENA-, rheumatoide Arthritis-, Hepatopathie- und Myositis-assoziierte Autoantikorper,
sowie sieben verschiedene B-Zell-Subtypen, die mittels fluoreszenzaktivierter Zellsortierung
(FACS) quantifiziert wurden, wurden zum Zeitpunkt vor Beginn der ICI-Behandlung und nach
8-12 Wochen zum Zeitpunkt der ersten Evaluierung des Therapieansprechens bestimmt. Die
Krankheitskontrollrate (DCR) und die objektive Ansprechrate (ORR) waren sowohl fiir die
Analyse der Autoantikdrper als auch der B-Zellen die primédren Endpunkte, wihrend das
progressionsfreie Uberleben (PFS) und das Auftreten immunvermittelter Nebenwirkungen

(irAEs) co-sekundire Endpunkte bei der Analyse der Autoantikorpertiter waren.

Ergebnisse:
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Positive Autoantikorpertiter waren sowohl zu Studienbeginn als auch nach 8-12 Wochen
Therapie mit ICIs nicht mit dem Therapieansprechen (DCR, ORR und PFS) assoziiert. Dariiber
hinaus konnte kein statistisch signifikanter Zusammenhang mit der Rate von irAEs festgestellt
werden. Hinsichtlich der zirkulierenden B-Zellen gab es bei erster Messung zu Studienbeginn
keinen signifikanten Zusammenhang mit den klinischen Endpunkten. Nach 8-12 Wochen ICI-
basierter Therapie zeigten Patientinnen und Patienten mit einem Anstieg der Frequenz der
CD21" oder der ,switched memory*“ B-Zellen eine geringere Wahrscheinlichkeit fiir ein
Therapieansprechen (alle p<0.05). Im Gegensatz dazu waren die Ansprechraten bei
Patientinnen und Patienten hoher, bei denen die Haufigkeit von naiven B-Zellen nach der ICI-

Behandlung zunahm (p=0,039).

Schlussfolgerungen:

In dieser Studie konnte weder ein signifikanter Zusammenhang zwischen Autoantikdrpern und
dem Ansprechen auf eine ICI-basierte Therapie hergestellt, noch eine verénderte Rate des
Auftretens von irAEs je nach Antikorpertiter beobachtet werden.

Allerdings wurden signifikante Assoziationen eines Anstiegs der Haufigkeiten bestimmter
Subtypen von zirkulierenden B-Zellen, ndmlich CD21-, ,,switched memory*- und naiven B-
Zellen, mit dem Therapieansprechen beobachtet. Weiters ist dies die erste Studie, die einen
Zusammenhang zwischen CD21- B-Zellen, welche eine anergische und erschopfte B-Zell-

Population darstellen, und der Wirksamkeit einer ICI-basierten Therapie herstellt.
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Abstract

Introduction:

Reinduction of anti-cancer immune responses by the means of immune checkpoint inhibitors
(ICIs) have greatly impacted systemic cancer treatment across cancer types in the last decade.
Focus in research has been primarily on T-cell responses upon ICI therapy, while B-cells,
despite being an important part of adaptive immunity through their ability of antigen
presentation and antibody production, have been studied to a lesser extent. The presence of
autoantibodies in cancer patients undergoing ICI treatment has been suggested as markers for
response prediction, yet evidence is inconclusive and prospective studies are missing.
Moreover, a longitudinal characterization of circulating B-cell subtypes during ICI therapy has
been missing. The aim of this study was to fill this gap, and evaluate both, autoantibodies and
circulating B-cell subtypes as markers for treatment response in patients undergoing ICI therapy

within a prospective longitudinal biomarker study.

Methods:

Forty-four cancer patients who were treated with mono- or combination ICI treatment were
included in this prospective single-center cohort study. Autoantibody titers, including ANA,
ENA, rheumatoid arthritis-, hepatopathy-, and myositis-associated autoantibodies, as well as
seven different B-cell subtypes, quantified by fluorescence-activated cell sorting (FACS), were
determined at the timepoint before ICI treatment start, and after 8-12 weeks of ICI therapy at
the timepoint of first response evaluation. Disease-control rate (DCR) and objective response
rate (ORR) were primary endpoints for the analysis of both, autoantibody and B-cells, while
progression-free survival (PFS) and the development of immune-related adverse events (irAEs)

were co-secondary endpoints in the evaluation of autoantibodies.

Results:

Autoantibodies at baseline as well as after 8-12 weeks of ICI therapy did not predict ICI
treatment efficacy, as indicated by DCR, ORR and PFS. Furthermore, no significant association
with the rate of irAEs could be observed.

As for circulating B-cell subtypes, at baseline, there was no significant relationship between
different B-cell subtypes and response parameters. After 8-12 weeks of ICI therapy, an increase

in the frequency of CD21" or switched memory B-cells was significantly associated with
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decreased odds of response as for both, DCR and ORR (all p<0.05). Conversely, response rates
were higher patients who and an increase in the frequency of naive B-cells upon ICI treatment

(p=0.039).

Conclusion:

In this study, no association of autoantibodies, neither at baseline nor after treatment start of
IClIs, with parameters of response or with irAEs could be observed.

However, an increase of certain peripheral blood B-cell subtypes, namely CD21°, switched
memory and naive B-cells, were associated with response. This is the first study to link CD21"
B-cells, which represent an anergic and exhausted B-cell population, with ICI treatment

efficacy.
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Introduction

1.1 Cancer: a global health burden

Cancer is one of the leading causes of death worldwide and was responsible for approximately
10 million cancer-associated deaths worldwide in 2020 (1). According to recent reports of the
Prospective Urban Rural Epidemiology (PURE) study, which is a population-based cohort
study conducted in 21 countries and includes individuals who are 35-70 years of age, cancer is
the leading cause of death in high- and upper middle-income countries, replacing cardiovascular
diseases for the first time. However the latter remains the leading cause of death globally and
in low-income countries (2). Other estimations expect cancer to become the leading cause of
death worldwide as early as 2030 (3). As such, cancer is considered as a major global health
care burden. In Austria, cancer prevalence was a total of 380,000 cases in 2020 and over 43,000
individuals where newly diagnosed with cancer, whereas cancer-related death was observed in
20,916 patients (4).

According to the GLOBOCAN estimates of worldwide cancer incidence over 19 million
individuals were newly diagnosed with cancer in 2020 worldwide, with breast (11.7%), lung
(11.4%), colorectal (10%) and prostate (7.3%) cancer being the most frequently diagnosed
cancer types (1). Cancer incidence is stable in western countries such as the United States of
America (1,9 million new cases expected in 2023), but cancer prevalence is still increasing as
a result of declining mortality due to the broad implementation of screening programs enabling
early cancer diagnosis as well as the implementation and development of novel therapeutic
options in cancer care (5). In Austria, this led to an increase in cancer survival, which is reflected

by an increase of the cumulative 5-year overall survival rate to 61% between 2013 and 2017

4.

1.2 Immune checkpoint inhibitors: a gamechanger in cancer treatment

Immune checkpoint inhibitor (ICI) therapy has revolutionized systemic cancer treatment
leading to significant improvements in patient’s survival and quality of life, often leading to
long-lasting remissions even in palliative treatment lines across several cancer entities (6—8).
In 2018, James P. Allison and Tasuku Honjo were jointly awarded the Nobel Prize in

Physiology or Medicine for the discovery of the immune checkpoint molecules cytotoxic T-



lymphocyte associated protein 4 (CTLA4) (9—11) and programmed cell death 1 (PD-1) (12-15)
as novel therapeutic targets in order to reactivate the immune system in the fight against cancer
(16). Today, ICIs are broadly implemented in the systemic treatment of cancer in palliative as

well as (neo-) adjuvant treatment settings (17-19).

1.2.1 Principle of immune checkpoint inhibitors

The initiation of an effective immune response is a highly regulated process including a fine
balance between both immune activating and immune suppressive inter- and intracellular
signals and pathways in order to build a strong and effective immune response without risking
uncontrolled inflammation or even autoimmunity.

So-called immune checkpoints are transmembrane molecules expressed on the cell surface of
various immune cells including T-cells and antigen presenting cells which, when bound to their
ligands, may activate or dampen T-cell activity and T-cell-mediated immune response (20,21).
In cancer, these immune checkpoint molecules are central players when it comes to one of the
most recognized and therapeutically targeted hallmark of cancer in the last decade: immune
evasion (22).

Today, several different immune checkpoints such as but not limited to lymphocyte-activation
gene 3 (LAG3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), T cell
immunoglobulin domain and mucin domain 3 (TIM3), B7H7, leukocyte immunoglobulin like
receptor B1 (LILRB1), and CD47 are known and extensively studied to date (20,23). Yet only
the immune suppressive checkpoint molecules CTLA4 and PD-1 as well as the ligand of the

latter PD-L1, have become novel and effective targets in cancer treatment (24).

1.2.1.1 CTLA4

CTLAA4 is only expressed on T-cells (24). On the one hand, binding of the T-cell receptor with
its cognate antigen and co-stimulation via the engagement of CD28 on the surface of T-cells
with CD80 (B7.1) or CD86 (B7.2) on antigen-presenting cells leads to T-cell activation. On the
other hand, it initiates the upregulation of CTLA4 and the recruitment of intracellularly stored
CTLA in T-cells to the cell surface (23,25). As compared to CD28, CTLA shows a higher
binding affinity to CD80 and CD86 (26) and subsequentially dampens further T-cell activation
by competition for co-stimulatory factors (23,24). Additionally, engagement of CTLA4 with its



ligands CD80 and CD86 also triggers an intracellular signal cascade resulting in the suppression
of T-cell-activating transcription factors including nuclear factor kappa-light-chain-enhancer of
activated B-cells (NF-kB), nuclear factor of activated T cells (NFAT) and activator protein 1
(AP-1) (23,27,28). Thus, therapeutically targeting CTLA4 with monoclonal antibodies
enhances T-cell activation and restores anti-tumor immune responses.

CTLAA4 is also highly abundant on the surface of regulatory T-cells (Tregs), which are associated
with the promotion of tumor growth by inhibiting anti-tumor immune responses, and stimulates
the expression of immunosuppressive cytokines such as interleukin (IL)-10, transforming
growth factor B (TGF-B) and IL-35 (29). They also suppress the proliferation of CD8" T-cells
and suppress the function of dendritic cells in the tumor microenvironment (TME) (29).
Evidence suggests that monoclonal antibodies against CTLA4 also lead to the depletion of Tregs

via cell-mediated cytotoxicity by FCyR-expressing macrophages (29-31).

1.2.1.2 PD-(L)1

Like CTLA4, PD-1 also acts as a break in T-cell activation. PD-1 is expressed on nearly all
types of immune cells including dendritic cells, natural killer cells, T-cells and B-cells, yet
highest expression of PD-1 is observed in exhausted T-cell populations (23,24,32). In contrast
to CTLA, which expression levels increase 2-3 days after T-cell activation, enhanced PD-1
expression appears at later stages of T-cell activation (9,24). Interaction with its ligand PD-L1
(also referred to as B7H7), which is expressed on all cell types including immune cells and
cancer cells, results in the intracellular phosphorylation of PD-1, thereby activating a signal
cascade which suppresses activating signals of the T-cell receptor pathway (23). Consequently,
T-cell migration and activation as well as the secretion of pro-inflammatory cytokines such as
tumor necrosis factor o (TNFa), IL-2 and interferon (INF)-y are suppressed (33). The inhibition
of T-cell activation leads to a decreased anti-cancer immune response, a mechanism which is
taken advantage of by cancer cells, which increase immune evasion by overexpression of
PD-L1. The expression of PD-L1 in cancer cells is regulated and induced by various different
mechanisms including genomic alteration, transcriptional and post-transcriptional regulation
and protein-translational processing (32).

Targeting both, PD-1 or PD-L1, with monoclonal antibodies results in the reactivation of T-cell

response and may overcome cancer immune evasion (12—15).



1.2.2 Clinical impact of checkpoint inhibitors

A detailed discussion of the clinical impact of ICIs in cancer therapy is beyond the scope of this
dissertation thesis, as the topic is extensive, and indications of ICI treatment are constantly
increasing with publications of new studies and trials in numerous cancer types in various
treatment settings. Therefore, only a few examples are given in this chapter to illustrate the
importance of ICIs in cancer therapy.

The new era of immunotherapy in cancer treatment started with the introduction of the CTLA4
inhibitor ipilimumab in metastatic melanoma patients in 2010. In a respective phase III study,
patients who received ipilimumab showed a superior median overall survival (OS) as compared
to patients who received gp100 alone (10.1 vs 6.4 months) (34). Just a few years later, the PD-1
inhibitor pembrolizumab showed significant efficacy in patients with melanoma refractory to
ipilimumab therapy (35) and, moreover, superior response rates (33% vs 12%) and prolonged
OS (hazard ratio (HR)=0.63, p=0.0005) as compared to ipilimumab (36). Another breakthrough
came from the phase III CheckMate-067 trial which initiated the combination of CTLA4 and
PD-L1 inhibition (ipilimumab + nivolumab) and reported encouraging and long-lasting
responses. After a minimum follow-up of 48 months, median OS was still not reached in the
ICI combination group whereas it was 37 and 20 months in the nivolumab- or ipilimumab-only
groups respectively (37,38).

Since the introduction of ICI treatment in melanoma, it has been implemented in both palliative
and (neo)adjuvant treatment settings in multiple cancer entities and greatly impacted patient
survival and prognosis. For instance, in renal cell carcinoma (RCC) both, ICI combinations as
well as combinations of various PD-1 and PD-L1 inhibitors such as nivolumab, pembrolizumab
and avelumab with tyrosine kinase inhibitors (TKIs), significantly improved response and
survival rates in the palliative setting (39—43). A recently published real-world analysis of
metastatic RCC patients supported the results of randomized-controlled trials (RCTs) and
reported a significant survival benefit for patients receiving ipilimumab + nivolumab
(HR=0.75, p<0.001) or ICI+ TKI combinations (HR=0.82, p=0.002) (44).

Similarly, in non-small cell lung cancer (NSCLC) the establishment of ICIs as first-line
palliative monotherapy or in combination with chemotherapy significantly improved survival
rates, yet real-world data generally indicate a smaller benefit than reported in RCTs (45).
Further indications where ICIs were implemented as an important backbone of systemic

treatment include gastric cancer (46), esophageal cancer (47), non-melanoma skin cancer (48),



triple-negative breast cancer (49) and small-cell lung cancer and urothelial carcinoma (50,51),

for instance.

1.2.3 Immune-related adverse events

Removing the brakes from the immune system through the administration of ICIs harbors the
risk of triggering autoimmunity as class-specific adverse events of ICIs (immune-related
adverse events | irAEs). Early studies in CTLA4 knockout mice revealed severe autoimmune
reactions with infiltration of activated T-cells in multiple tissues leading to organ failure and
premature death of CTLA4 knockout mice (52,53).

According to a meta-analysis, including 36 phase II and III studies, the overall incidence rate
for the occurrence of any-grade irAEs lies between 54% and 76%, depending on the substances,
the targeted checkpoint molecule, and ICI combination treatment (54). The risk of developing
grade 3 or 4 irAEs according to the Common Terminology Criteria for Adverse Events
(CTCAE), which are accompanied by hospital admission and represent comparably life-
threatening complications, ranges from 15% to 29% (54).

Generally, irAEs can affect all tissues and organs of the body, with the most frequent being
rashes (> grade 3: 2-10%), endocrine side effects such as thyroid dysfunction (8-14%) and
hypophysitis (3%), diarrhea through ICI-mediated colitis (1-14%) and hepatitis (1-22%) (55).
Rare, but non the less feared and potentially life threatening irAEs include pneumonitis, primary
adrenal insufficiency and (peri)myocarditis. Other rare irAEs include type 1 diabetes, kidney
injury, arthritis and other rheumatic diseases as well as ocular side effects such as sicca
syndrome (55).

Depending on the grade of irAEs, ICI treatment may be continued upon close monitoring of
patients (grade 1 and 2), or is to be interrupted or even terminated (> grade 3), with the necessity
of high dose corticosteroid administration (56).

Predicting which patients are at increased risk of developing irAEs and closely monitor these
patients in order to react early at the onset of side-effects is of paramount importance, yet
specific biomarkers are missing. In the last years, preexisting autoantibodies, such as anti-
nuclear antibodies (ANA) or anti-neutrophil cytoplasmatic autoantibodies (ANCA), or the
development of autoantibodies upon ICI treatment have been suggested as irAEs specific

biomarkers, yet the study landscape remains controversial in this regard (57).



1.2.4 Biomarkers in immune checkpoint inhibitor treatment

Despite the success of ICI treatment in oncology, several patients either relapse upon ICI
therapy or do not show any treatment response at all due to resistance mechanisms (58). Given
the comparably high financial burden of ICIs on healthcare systems, reliable predictive
biomarkers to identify patients who are likely to response to ICI treatment are warranted (59).
Some biomarkers are (at least partly) implemented in clinical routine, the most relevant of

which in a clinical context are discussed in this section of the thesis.

1.2.4.1 PD-LI expression

Early studies have already indicated the strong correlation between high PD-L1 expression in
tumor samples and increased response rates upon anti-PD-1 treatment (60,61). In addition to
the mere percentage of PD-L1 positive tumor cells (tumor proportional score | TPS), different
scoring systems have been developed for the more advanced assessment of PD-L1 positivity.
For instance, the combined positive score (CPS) is defined as the number of all PD-L1 positive
cells divided by the number of viable tumor cells (62,63), and is determinant for ICI treatment
in gastric cancer (64,65).

Today, the detection of PD-L1 expression via immunohistochemistry using standardized assays
is already part in the routine diagnostic workup of several cancer entities and the PD-L1 status
is determinant if patients qualify for ICI treatment in some cancer entities (63). For instance, in
NSCLC only patients with PD-L1 > 50% may receive ICI monotherapy, whereas patients with
aPD-L1 expression of less than 50% are recommended additional chemotherapy (66). In gastric
cancer, first-line PD-1 targeted ICI treatment with nivolumab in combination with
chemotherapy is approved only for patients with positive PD-L1 testing (46).

In contrast, as for example in RCC, PD-L1 status has no influence on clinical decision making
and patients are offered ICI-based treatment regimens independent of high or low PD-L1

expression (67).

1.2.4.2 Tumor mutational burden

The tumor mutational burden (TMB) is considered as a marker for antigenicity of tumor and is
defined as the total number of mutations of the tumor genome (68,69). The expression of

neoantigens and aberrant self-antigens increases with the number of mutations within a tumor



regardless of their origin, which subsequently may enhance tumor immunogenicity.
Neoantigens may be recognized by T-cells and initiate antineoplastic T-cell responses resulting
in a more favorable efficacy of ICI therapy (58,69). Highly immunogenic tumors such as
melanoma, non-squamous NSCLC and urothelial cancer generally show better responses to ICI
treatment as compared to less immunogenic tumors including pancreatic and colorectal cancer

(mismatch repair proficient) (70).

1.2.4.3 Microsatellite Instability

Cells with somatic or hereditary (e.g. Lynch Syndrome) genetic defects or mutations in
mismatch repair (MMR) genes such as MutL protein homologue 1 (MLH1) and MutS protein
homologue 2 (MSH2) acquire multiple frame shift mutations in microsatellites. Microsatellites
are coding or non-coding DNA sections of multiple repeats of short sequences ranging from
one to six base pairs. Accumulation of mutations in microsatellites subsequentially leads to
microsatellite instability (MSI-high) which is associated with a high abundance of neoantigens
and high TMB. Patients with MSI-high tumors, such as for instance MMR deficient colorectal
cancer, respond astonishingly well to ICI treatment (70—72). This leads to the approval of the
PD-1 inhibitor pembrolizumab for the site agnostic use in cancer patients with MSI-high tumors
of both, the US Food and Drug Administration (FDA) and European Medicines Agency (EMA)
(58,73).

1.3 Role of B-cells in tumor immunology

Although the main focus in research aiming to gain a deeper understanding of tumor immunity,
immune evasion and the role of lymphocytes in the context of immune checkpoint blockade in
cancer treatment, has been on T-lymphocytes, tumor infiltrating B-cells (TIL-Bs) are emerging
as new targets of research. Thus, the subsequent chapters broadly discuss and elucidate the role

of B-cells and associated mechanisms in detail.

1.3.1 Tumor infiltrating B-cells in cancer prognosis.

A growing body of evidence suggests the prognostic relevance of TIL-Bs in various cancer

types (74). For instance, in triple negative breast cancer, the presence and high density of



TIL-Bs in tumors was associated with a more favorable prognosis in several studies (75-77).
In line with these results, a recent meta-analysis including a total of 2,628 patients with both,
hormone receptor positive and triple negative breast cancer, reported TIL-Bs as significant
prognosticators of OS (HR= 0.42, 95%CI 0.24-0.60) and recurrence-free survival (RFS |
HR=0.41, 95%CI 0.27-0.55) (78).

Another example demonstrating the potential positive prognostic value of TIL-Bs is thyroid
carcinoma, where Yang et al. (79) reported, that patients with tumor infiltrating lymphocytes
and especially with high abundance of TLB-Bs showed superior survival outcomes.
Conversely, melanoma patients within the phase III COMBI-v trial, who had previously
untreated B-Raf proto-oncogene, serine/threonine kinase (BRAF) V600 mutations and received
treatment with the BRAF inhibitor dabrafenib and the mitogen-activated protein kinase 1
(MEK) inhibitor trametinib, had significantly shorter OS when the respective gene signatures
pointed towards low T-cell and high B-cell abundance in tumor tissues (80). Corroborating
these results, high levels of tumor-infiltrating CD20" cells were previously associated with
shorter survival outcomes (81). However, data on the prognostic value of TIL-Bs in melanoma
are still controversial (82). In contrast to the previously mentioned studies, presence and high
levels of TIL-Bs were also connected to more favorable survival outcomes in melanoma
patients (83—85). The opposing results may be attributed to varying definitions of B-cells
between studies and the lack of more detailed B-cell phenotyping and B-cell subclassification
(82).

In NSCLC, B-cells are increased in tumor tissues as compared to tumor adjacent tissues and
were reported to present antigens to CD4" tumor-infiltrating lymphocytes, thereby inducing
three different CD4 " lymphocyte responses in vitro, as indicated by antigen presentation assays:
activated responses, antigen-associated responses, and no responses (86). Moreover, the
presence of so-called exhausted TIL-Bs (CD69"HLA DR'CD27CD21°) correlated with a
regulatory phenotype of CD4" tumor-infiltrating lymphocytes (86). Tregs are currently thought
to attenuate antitumoral immune effects by various immune-suppressive mechanisms in
NSCLC and are consequently associated with adverse prognosis (87—89). Although generally,
more activated TIL-Bs were found in NSCLC tissues as compared to controls in the study by
Bruno et al. (86), within the limitation of a limited sample size of 10 patient cases, evidence
points in the direction of exhausted TIL-Bs being linked to adverse cancer outcomes, since

patients showing an exhausted TIL-Bs phenotype either faced recurrent disease or cancer-



related death in their study (86). Of note, larger scaled clinical studies including proper survival
analysis are warranted to verify these results.

In gastric cancer, high abundance of TIL-Bs as indicated by total CD20" B-cells in tertiary
lymphoid structures (TLS) in the tumor microenvironment (TME) was significantly associated
with OS across tumor stages (90). The analysis did not differentiate between B-cell subsets,
however, more recent studies indicate that the impact of TIL-Bs on gastric cancer prognosis
and progression may also depend on the subtype of TIL-Bs. A high frequency of regulatory B-
cells (Bregs) was linked to increased immune evasion in gastric cancer by suppression of
autologous CD4" T-cells and their production of INF-y (91). Additionally, low frequency of
Bregs in tumor tissue was significantly and independently associated with a more favorable
prognosis as indicated by OS (5-year OS 65.4% vs 13.3%, p<0.001) (91). Apparently, the
prognostic role of TIL-Bs across cancer types is not uniform and varied between tumor entities
in a study performing extensive survival analysis including data of The Cancer Genome Atlas
(TCGA) (92). In their study, Zheng et al. (92) analyzed the prognostic impact of tumor
infiltrating T-lymphocytes (TIL-Ts) by determining the protein levels of the Lymphocyte-
Specific Protein Tyrosine Kinase (LCK) and CD20, which are class-specific for T- and B-cells,
by combining data from both, the TCGA and Genomic Data Commons (GDC) databases. In
their analysis, the authors screened the prognostic relevance of tumor infiltrating lymphocytes
in 30 different cancer entities and found favorable prognostic associations of high levels of
CD20 in multiple cancers including lower grade glioma, melanoma, head and neck squamous
cell carcinoma, testicular germ cell tumors, ovarian serous cystadenocarcinoma, hepatocellular
carcinoma, papillary renal cell carcinoma, sarcoma, and lung squamous cell carcinoma.
Adverse prognosis in patients with high CD20 levels was found amongst others in gastric
cancer, diffuse large B-cell lymphoma and prostate cancer (92). Interestingly, B-cells and
plasma cells may also exert protumor effects through their potential of tumor antigen-specific
induction of Tregs via the presentation of tumor antigens by TIL-Bs as well as the release of
immunosuppressive cytokines thereby promoting immunosuppressive phenotypes of myeloid
cells (93). Therefore, in light of varying results by tumor type as well as the diverging
prognostic impact according to different subsets of TIL-Bs, such as in gastric cancer as
discussed above, prognostic conclusions depending on presence or absence, high or low
abundance of TIL-Bs solely based on quantitative measurements of TIL-Bs without considering

different B-cell subsets and their diverse immunological context, should be drawn with caution.



Moreover, TIL-Bs are encountered as parts of TLS in most cases, thus the immunological
interplay between the different parts forming TLSs should not be left out of consideration. Thus,
the immunological roles and further mechanisms of TIL-Bs in the context of cancer

immunology and ICI treatment are discussed in the subsequent chapter.

1.3.2 Tertiary lymphoid structures

A growing body of evidence characterizes and describes the formation of TLS in the tumor
microenvironment of solid cancers, thereby gradually revealing their roles in cancer immunity
(94). The presence of TLS in the TME is associated with improved survival as, for instance, in
breast cancer, where patients with the presence of TLS had a 39% risk-reduction of
experiencing disease recurrence and a 40% decreased risk of death in a recent meta-analysis
including 3,898 patients (95).

In contrast to secondary lymphoid organs (SLOs), such as lymph nodes, TLS are usually formed
under pathophysiological conditions in the context of chronic inflammation, such as in various
autoimmune diseases and cancer (94,96). They develop in the TME and stroma of solid tumors
(97,98). Basically, TLS are formed by a bulk of B-cells in the center, which are mainly
surrounded by varying densities of CD4" T follicular helper cells and CD8" cytotoxic T-cells,
although also other T-cell subsets such as Tregs and CD4" T helper 1 cells may be located in the
T-cell compartment. Other cell types reported include different populations of dendritic cells,
such as follicular and mature dendritic cells, macrophages and CD3" T-cells (94,99,100).
Generally, TLS is not a uniformly defined term in the current contextual scientific landscape
and often refers to any lymphoid structure in the stroma and tumor microenvironment of hot,
solid tumors linked to response to tumor antigens and cytokine responses (97), which, as a
matter of fact, is a noteworthy obstacle in comparing studies. In most cases, TLS comprise
typical compartments of T-cells and dendritic cells as well as B-cells and follicular dendritic
cells with the detection of specific markers such as CC-Motif-Chemokine Ligand (CCL) 19,
CCL21, CXC-Motif Chemokine Ligand (CXCL) 12 and CXCL13 by immunohistochemistry
(98,99,101). However, since no consensus on structural, cellular, and molecular characteristics
of TLSs has been reached and established to date, comparison of studies may be impeded or at

least made substantially more difficult. In order to tackle this problem, a stricter definition of
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TLS was recently suggested by Laumont et al. (97) setting a minimum of requirements to be
met in order to speak of TLS:

1) Clearly demarked B-cell follicles which contain CD21" follicular dendritic cells

2) Adjacent T-cell zones which contain conventional dendritic cells and high endothelial

venules (HEVs)

In addition, these highly organized and mature TLS may be further characterized in primary or
secondary TLS depending on the absence or presence of lymph-node like germinal centers,
with follicular dendritic cells, proliferating B-cells, B-cells undergoing somatic hypermutation
as well as the presence of follicular T-helper cells, respectively (97). Other lymphoid structures
in the TME, which are not meeting these criteria should be referred to as lymph myeloid
aggregates and may represent early stages in TLS formation or, on the contrary, are stalled or
in a process of dissolution (97).

In contrast to ordinary lymph nodes, TLS do not have a capsule and, moreover, do not have
histological features of dark and light zones of typical germinal centers in lymph nodes. This
may enable direct contact of antigens with B-cells and highlights TLS as potential sites for
antigen-specific B-cell responses including somatic hypermutation and affinity maturation
(97,102). Yet, this carries a certain risk of generating autoreactive B-cells, as the cautious
checks and balances involving, amongst others, a fine interplay with follicular T-helper cells
and Tregs may not be in place in TLS as effectively as in ordinary lymph nodes (97,103,104).
Interestingly, the immune checkpoints PD-1 and CTLA4 also play a role in preventing
autoreactivity in B-cell maturation (105). If this brings the potential of allowing just enough
autoreactivity in order to build an effective B-cell mediated anti-cancer immune response or if
it harbors the risk of favoring the development of irAEs upon ICI treatment or even triggers

paraneoplastic syndromes is not yet clear (97).

1.3.2.1 Formation of TLS

To date, the origin of TLS formation is unclear and is dominated by two hypotheses which
include 1) the requirement of lymphoid tissue inducer cells expressing the nuclear receptor
RORyt for the priming of the local mesenchyme similar to the embryogenic development of
SLOs, or 2) the origin from and involvement of locally abundant immune cells in the TME

(94). In the absence of lymphoid tissue inducer (LTi) cells, other immune cells may act as
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substitutes for LTi cells and induce TLS formation. For instance, Peske et al. (106) reported the
secretion of lymphotoxin alpha 3 (LTa3) and INF-y by natural killer cells and effector CD8" T-
cells, thereby inducing the formation of TLS in a murine melanoma and lung carcinoma model.
In addition, presence of NCR" innate lymphoid cells (NCR'ILC) in NSCLC tumor tissue may
contribute to the formation of TLS through the production and secretion of cytokines including
IL-22, IL-8, IL-2 and TNF-a upon activation by NKp44 receptor signaling, thereby activating
endothelial cells and recruiting further immune cells to the tumor site (107). Only recently,
Chaurio et al. (108) demonstrated the formation of TLS induced by cytokine secretion of T
follicular helper cells.

TLS induction by other immune cells was also reported in diseases other than cancer, such as
in autoimmunity and chronic inflammation (94,109,110). Lochner et al. (109) found that the
formation of TLS was induced by B-cells expressing LTa1p2 in the absence of RORyt and LTi
cells in a mouse model, thus highlighting the role of B-cell in TLS formation. However, since
these results have not been acquired in a cancer model, direct conclusions on the impact of
B-cells on TLS formation in cancer tissue need to be drawn with caution. Yet, recent
publications also support the role of TIL-Bs in TLS formation in the TME, since in a murine
melanoma model, TIL-Bs expressing LTa1B2 were required in the process of TLS formation
(100).

In contrast to TLS, the formation of SLOs is far better understood, which may enable to draw
conclusions and parallels to TLS formation. During the formation of SLOs, LTalB2 and TNF,
secreted by LTi cells, chemokines which bind to their respective receptors on mesenchymal
lymphoid organizer (LTo) cells are important (94). This results in the induction of adhesion
molecules such as amongst others Intercellular Adhesion Molecule (ICAM-1) and Vascular
Cell-Adhesion Molecule 1 (VCAM-1) and the recruitment of immune cells to the lymphoid
niche through the secretion of special chemokines, such as CCL19, CCL21 and CXCL13 (94).
These chemokines, CCL19, CCL12, CCL21 and CXCL13 are also present in mature TLS in
cancer tissues underlining the potential similarity between SLO and TLS formation
(98,99,101).

The role of LTo cells in SLO formation may be substituted by cancer-associated fibroblasts in
cancer as indicated by a study of Rodriguez et al. (100). In their study, the authors found that
cancer-associated fibroblasts are activated by TNF-signaling and subsequently aggregate and

form reticular networks mediated by CD8" T-cells. Further, through the expression of CXCL13
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by cancer-associated fibroblasts, TIL-Bs are subsequentially recruited and express LTalp2,
thereby driving TLS expansion by VCAM-1 and A proliferation-inducing ligand (APRIL)
expression on cancer-associated fibroblasts (100). Additionally, it is hypothesized, that besides
tumor-associated stromal cells, different immune cells such as T follicular helper cells,
macrophages, CD8" T-cells and B-cells may also act as LTo cells by their expression of
CXCLI13 (94). Yet further studies, are warranted to validate this hypothesis. The importance of
CXCL13 signaling in cancer-associated TLS formation is also highlighted by other studies such
as, for instance, in ovarian (111) and nasopharyngeal carcinoma (112). Corroborating the results
in cancer, in other diseases associated with chronic inflammation, such rheumatoid arthritis,
stromal fibroblasts were shown to secrete lymphoid chemokines, thereby acting as LTo cells
(113).

In summary, both the function of lymphoid tissue inducer cells and LTos can be surrogated by
other immune cells and mesenchymal cells in the TME, leading to the formation of TLS in
cancer showing distinctive similarities to SLO formation (94).

Moreover, the presence of HEVs is an important premise for the recruitment of TIL-Bs in the
TME (114). HEVs are postcapillary venules which facilitate the migration of lymphocytes from
the blood into lymph nodes and SLOs by high expression of sulfated sialomucins and the
receptors ICAM-1 and ICAM-2 (115). Interestingly, evidence suggests that Tregs in TLS may
inhibit HEV formation (116,117).

Although the insight into the mechanisms and processes of TLS formation in cancer is gradually
getting deeper by an increasing number of studies in recent years, the exact circumstances and
intratumoral prerequisites creating an environment which favors and induces TLS formation by
immune and stromal cells are still widely unknown to date (94). Like the formation of SLOs,
in cancer TLS formations are considered to be driven by antigen responses of both, TIL-Bs and
TIL-Ts. Generally, the presence and number of CD4" and CD8" TIL-Ts favors and correlates
with the formation of TLS in cancer tissue (118). Moreover, a significant association of high
clonality of T-cell receptors of CD4" and CD8" TIL-Ts with a high density of TIL-Bs within
TLS in NSCLC indicates that T-cell antigen response may be crucial for TLS formation (119).
In line with these results, Cipponi et al. (120) reported a clonal amplification, somatic mutation
as well as isotype switching of B-cells in TLS in cutaneous melanoma metastases (120). These

and further studies such as in ovarian (121) or esophago-gastric (122) cancer, corroborate the
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hypothesis of B-cell-associated antigen-driven TLS formation in cancer and further highlight

the role of B-cells in TLS formation and cancer immunology.

1.3.2.2 TLS in immune checkpoint inhibitor treatment

A growing body of evidence suggests the prognostic and potential predictive impact of TLS in
the TME of cancer patients receiving ICI treatment.

For instance, in patients with advanced stage urothelial carcinoma, CXCL13 expression in
tumor tissue correlated with TLS abundance and, in addition, was a significant prognosticator
of survival as well as predictive for objective response rate in patients treated with ICI but not
in patients treated with other treatment modalities (123). Corroborating these results, patients
with advanced urothelial carcinoma and strong TLS-related gene signatures in tumor samples
showed significantly higher survival and response rates to ICI treatment (124). Of note, both
studies included TCGA data in their analysis, thus prospective validation and analyses in
clinical cohorts are still missing. Similar results were found in patients with high-grade serous
ovarian cancer, where CXCLI13 expression was associated with prolonged survival, CD20"
B-cell clusters as well as the presence of TLS. Of note, TLS only demonstrated a significant
prognostic impact in the presence of simultaneous CXCL13 expression, indicating CXCL13 as
a marker of immunologically ‘hot’ tumors (125). Positive significant associations of high
abundance of TLS, either defined by immunohistochemistry or by gene expression signatures,
including several chemokines and lymphocyte-specific receptors, and improved response rates
or survival in cancer patients undergoing ICI therapy were further found in head and neck
squamous cell carcinoma (HNSCC) (126) and esophageal squamous cell carcinoma (127).
The broad association of TLS with response to ICI therapy and improved survival outcomes in
cancer patients gave rise to attempts to artificially induce TLS formation in cancer thereby
improving or even enabling response to checkpoint inhibitors. Although no such drugs are
currently available in clinical routine, the induction of TLS by therapeutically targeting HEV's
in tumor tissue may be a promising strategy (128). Tumor Necrosis Factor Superfamily Member
14 (TNFSF14/CD258), also referred to as LIGHT, was targeted at tumor vessels via vascular
targeting peptides (VTP), which lead to vascular normalization in tumors and subsequent
formation of TLS with its associated survival benefits in combination with ICI treatment in pre-
clinical murine tumor models, thus overcoming tumor-intrinsic resistance mechanisms (128).

A growing body of evidence supports LIGHT-mediated transformation of immunologically
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‘cold” TMEs to ‘hot’ tumors and various delivery systems and combinations with ICIs and
tumor vaccines have been investigated to date in several pre-clinical tumor models. Yet, this
promising therapeutic concept still has to overcome several obstacles to be moved into humans,

thus validation of this concept in clinical trials is still pending (129).

1.3.3 Mechanisms of B-cells in tumor immunology

The exact mechanisms of B-cells in tumor immunology with special emphasis on their role in
ICI treatment have not yet been entirely understood and illuminated. Given the great
heterogeneity of B-cells with multiple subtypes which take over different tasks in the adaptive
immune system, their role in cancer and particularly ICI treatment also depends on the B-cell
phenotype (130). The role of different B-cell subsets in tumor immunology with emphasis on
their role in ICI treatment will be discussed in detail in the discussion section of this thesis (see
Discussion).

Therefore, this chapter focuses on principle mechanisms of B-cell mediated immune responses
in cancer. Although the exact relationships and mechanisms in cancer are not completely
understood yet, based on the already uncovered and basic functions of B-cells in health and
other diseases, certain mechanisms may be extrapolated in the context of B-cell mediated
cancer-associated immune response, which will be discussed in this chapter in a point-by-point

fashion.

1.3.3.1 Antigen presentation

Besides macrophages and dendritic cells, B-cells are the third major histocompatibility complex
(MHC) class II-expressing professional antigen presenting cells in our adaptive immune system
(131). B-cells may take up antigens via binding of the respective epitopes to their specific B-
cell receptor and present these to CD4" T-follicular helper cells through MHC molecules,
thereby sharpening adaptive immunity. This has proven to be especially effective in a setting
of low antigen abundance (131).

In cancer, TIL-Bs may contribute to antigen presentation of cancer-associated (neo-) antigens
and have a major impact on sufficient and effective anti-tumor T-cell responses. Bruno et al.
(86) were able to deliver direct observations of freshly isolated NSCLC tumor cells from
NSCLC patients acting as antigen presenting cells for autologous CD4" TIL-Ts in an in vitro
antigen presentation assay resulting in an effector T-cell response (86). In line with these results,

antigen-presenting B-cells derived from tumor-draining lymph nodes of cancer patients were
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shown to increase antigen specific immune-responses of autologous T-cells to cancer testis
antigens in in vitro experiments. In addition, antigen-presenting TIL-Bs cells of the same
subtype (CD21° CD86") were shown to be highly abundant in the tumor tissues and TLS of
nine different cancers, including colorectal cancer or breast cancer, suggesting TLS as the site
of B-cell mediated antigen presentation (132). Moreover, activated B-cells isolated from
peripheral blood mononuclear cells (PBMC) presenting Oct4 and Sox2 antigens were reported
to stimulate CD8" cytotoxic T-cells leading to an effective inflammatory response and cytokine
release and a consecutive enhanced anti-tumor effect against lung stem-like cancer cells in
vitro (133). Corroborating these results, only recently, the interaction of neoantigen presenting
germinal center B-cells and CD4" follicular T-helper cells were identified as a requirement for
successful IL-21 mediated activation of tumor-infiltrating CD8" cytotoxic cells and associated
enhanced Granzyme B expression in lung adenocarcinoma (134). Indirect evidence for antigen
presentation of TIL-Bs arises from a study investigating localized ablative immunotherapy and
photothermal therapy in a murine breast cancer model. In the study, treatment was associated
with an increase of gene signatures associated with B-cell activation and antigen presentation
(135).

It is hypothesized, that B-cells acting as antigen-presenting cells in the TME may be linked to
epitope spreading, a process well-known from autoimmunity, where the reaction to a single
initial epitope of an antigen subsequently spreads to other epitopes (97). By presenting MHC
class Il molecules to CD4" T-cells, the now activated CD4" cells may facilitate the response of
other B-cells with receptors binding to a different epitope of the same antigen. This could
explain the co-existence of both, mutated antigen-specific T-cells and antibodies directed
against the wild-type antigen in cancer patients with simultaneous autoimmune diseases
(136,137) (97). Interestingly, in a murine melanoma model, epitope spreading to wild-type
tumor-lineage self-antigens was associated with effective response to ICI treatment (138).
Collectively, this underlines the important and not yet extensively defined or completely

understood role of antigen-presentation by TIL-Bs in cancer immunology.

1.3.3.2 Antibody production and antibody-mediated effects

One of the main tasks of B-cells within the immune system is the production of antibodies
against foreign antigens in the course of adaptive immunity, for they are the only cells which

can convert into antibody-secreting plasma cells (139). This involves antigen recognition,
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somatic hypermutation and affinity maturation, class switching and clonal expansion as well as
the differentiation into plasma cells (140). Thus, the role of B-cell mediated antibody
production in cancer is of vital interest in cancer immunology.

The intratumoral abundance of antibodies has first been reported as early as in 1977 (141) and
since then the role of intratumoral and anti-tumor antibodies has been controversially discussed.
Especially early reports in tumors, such as in lung cancer (142) and cancers of the genitourinary
sphere (143), suggest a negative prognostic role of tumor-associated antibodies and a potential
protumor effect of TIL-Bs and associated antibodies (93).

Antibodies produced by TIL-Bs and plasma cells may be directed directly against tumor
antigens and several specific antibodies against widely known tumor antigens, such as for
instance aberrantly glycosylated mucin 1 (MUCI, also known as CA15-3), are known to date
and have been associated with cancer outcome (97). For instance, in breast cancer, of which
MUCI is one of the most specific tumor-associated antigens, high levels of IgG but not IgM
subclass antibodies against MUC1 were significantly associated with patients OS (HR=0.19,
p=0.002) (144). Similar results were observed in NSCLC (66) and pancreatic cancer (145).
There are several other examples of common autoantibodies targeting well-known tumor-
associated antigens. For example, Tp53-antibodies, which were commonly associated with
adverse survival outcomes, according to a recent meta-analysis (146). Antibodies to Cancer-
Testis antigen 1B (CTAGIB also referred to as NY-ESO-1) are frequently encountered in
various cancers such as but not limited to colorectal cancer (147), gastric cancer (148),
esophageal cancer (149) and mesenchymal tumors (150). A recent study analyzed the role of
tumor-associated antibodies in the TME of breast cancer patients using a 91-antigen microarray
panel, including several cancer-testis antigens such as the before mentioned CTAGIB as well
as other tumor-antigens such as Tp53, MUCI1, SRY-box transcription factor 2 (SOX2) or the
well-known BRCA2 (151). Out of 91 antigens, eight antigens showed breast-cancer specific
antibody responses, which were amongst others BRCA2 and CTAGIB. In their study, Garaud
et al. (151) reported that higher levels of IgG responses but not IgA responses to cancer-
associated antigens were significantly associated with shorter recurrence-free survival (RFS).
However, current evidence suggests that the majority of tumor-related antibodies are not
directed against mutant and tumor-specific (neo)antigens but rather against wild-type self-
antigens. This leads to the hypothesis that anti-tumor antibodies against nuclear, cytoplasmatic

or extracellular compartments arise in a process of disrupted B-cell self-tolerance, rather than
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representing a targeted and specific anti-tumor antibody response (97). Yet, a certain
methodological bias arises from the broad investigation of wild-type antigen databases and the
fact that studies aiming to analyze neoantigen-specific antibodies produced by TIL-Bs are
widely missing (97). In addition, the origin of tumor-specific antibodies is not entirely clear yet
and may not be dependent on TIL-Bs in the TME after all. In ovarian (152) and breast cancer
(151), it is reported that tumor-specific antibody titers in the serum of patients were either not
associated with the abundance of B-cells in the TME or persisted at evenly high levels even
after tumor debulking, and consecutive removal of TIL-Bs. This may suggest that antibody
response to tumor antigens may take place in SLOs such as lymph nodes and is not necessarily
dependent on the presence and formation of TLS (97).

The impact of anti-tumor antibodies on cancer prognosis and their role in anti-tumor immune
response is not entirely clear and may differ depending on cancer type or the patient’s individual
cancer-associated immune response (93). Thus, the abundance of such antibodies in the serum
or the TME of cancer patients may either play a role in sufficient and successful anti-cancer
immune responses or, on the contrary, even exert tumor promoting effects. As such, it is
hypothesized, that antibody production of B-cells and plasma cells may impede an antitumor
response of the adaptive immune system by the release of antibodies which are not able to
induce sufficient anti-tumor T-cell response or induce tumor cell cytotoxicity. Moreover, the
formation of immune complexes with (tumor) antigens may promote chronic inflammation,
tissue remodeling and immunosuppressive myeloid cells (93).

On the other hand, highly specific anti-cancer antibodies secreted from TIL-Bs and plasma cells
may also exert broad anti-tumor effects by facilitating the uptake of tumor antigens by tumor-
associated macrophages and dendritic cells and induce antibody-mediated cell-mediated
cytotoxicity (ADCC) (93). In this process, natural killer cells and myeloid cells bind to the Fc-
receptor of antibody-antigen complexes on the surface of tumor cells thereby exerting ADCC.
Likewise, tumor-associated macrophages may bind to the Fc-receptor domains, thus inducing
Fc-receptor-mediated phagocytosis of the cancer cell (93,97). Beyond that, another hypothesis
of antibody mediated anti-tumor effects of B-cells include antibody-dependent intracellular
neutralization, which is supported by the astonishingly high prevalence of antibodies targeted
against intracellular proteins amongst TIL-B-derived antibodies (97). Such antigens include
several broadly known antigens such as amongst others CTAG1B, BRCA2, SOX2, TP53 and
MAPK9. Wieland et al. (153) observed humane-papilloma-virus (HPV)-specific antibodies
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against the HPV proteins E2, E6 and E7 in the TME and serum of patients with HPV" head and
neck squamous cell cancer. These antibodies were produced in the context of ongoing germinal
center reactions of TIL-Bs including different clusters of TIL-Bs, such as activated B-cells,
antibody-secreting cells, germinal center B-cells and transitory B-cells. Besides adding yet
another intracellular antigen targeted by tumor-associated antibodies, the results represent a
direct link of active antibody production and B-cells in the TME upon prolonged antigen
exposure (153).

Evidence suggests that the role of tumor-associated antibodies and the related antibody-
mediated immune response may even differ by different antibody isotypes and subclasses (154).
In the aforementioned study by Fremd et al. (144) IgG but not IgM was associated with patient
survival. Similarly, Garaud et al. (151) reported that higher levels of IgG responses but not IgA
responses to cancer-associated antigens were significantly associated with shorter recurrence-
free survival (RFS). In lung cancer, Isaeva et al. (155) linked IgG4 antibodies from TIL-Bs with
a more favorable prognosis, yet there was no significant association between patient outcomes
and the abundance of IgG1 antibody isotypes. Conversely, in melanoma IgG4 was reported to
impair the [gG1-mediated anti-tumor effects, and was additionally related to adverse prognosis
(156).

In conclusion, B-cells and B-cell mediated secretion of tumor-associated antibodies are an
important part of cancer immunity, as they may have both, pro- and antitumor effects. Yet, the
potentially crucial role activated B-cells, hypermutation and an associated class switch to IgG
secreting plasma cells during treatment with ICIs was recently underlined by an excellent study
of Hollern et al. (157) in a murine model of ICI treated triple negative breast cancer. In their
study, the loss of antibody secretion as well as the blockade of the Fc-receptor abolished
response upon ICI therapy in their mouse model, indicates the importance of functional B-cells

and antibody production during ICI therapy (157).

1.3.3.3 Cytokines and chemokines

The role of B-cells in the formation of TLS through the secretion of lymphotoxins and
chemokines such as CXCL13 and LTalp2 thereby acting as LTo cells has already been
highlighted in a previous chapter (see 1.3.2.1 Formation of TLS). Beyond that, B-cells

influence T-cell response via the secretion of a variety of other chemokines including IL-2,

19



IL-6, IL-17, CCL3, TNF, INF-y and granulocyte-macrophage colony-stimulating factor (GM-
CSF) (139).

In cancer, there are several examples of B-cells regulating T-cell response and shaping the
inflammatory TME through the expression of cytokines and chemokines.

For instance, circulating B-cells were only recently shown to exert direct innate cytotoxic
effects through the concurrent expression of transmembrane TNF superfamily ligands (TNFSL)
such as TNF, Fas-ligand, LTa1B2 and TNF-related apoptosis-inducing ligand (TRAIL) and the
subsequent induction of apoptosis in a study by Bratislav et al. (158). Interestingly, the study
reported a decreased expression of TNFSL in cancer patients, yet TIL-Bs in the germinal
centers of TLS expressed higher TNFSL levels as compared to other circulating B-cells. The
authors further hypothesize that the cytotoxic fragmentation of target cells may be a link of
innate and adaptive immunity as B-cells are also professionally antigen-presenting cells (158).
In gastric cancer, IL-10 expressing TIL-Bs reduced the expression of cytokines such as INF-y,
TNF and IL17 of autologous CD4" and CD8" T-cells in vitro, thereby inhibiting effective anti-
cancer T-cell response (159). Interestingly, IL-17A was previously associated with increased
B-cell migration, antibody response as well as direct B-cell mediated cytotoxicity through
expression of Granzyme B and Fas-Ligand (160).

An interesting study in breast cancer revealed that TIL-Bs produced clearly and significantly
higher expression levels of the so-called “Th1-effector cytokines” INF- y and TNF-o in TIL-Bs
as compared to SLOs and less diverse differences and generally lower expression of “Th2-
effector cytokines” including IL-4, IL-5, IL-6 and IL-13 indicating an enhancement of cytotoxic
T-cell responses via TIL-B-mediated secretion of INF-y and TNF-a (77). Furthermore, IL-10
and TGF, which are known as immunosuppressant cytokines associated with a regulatory B-
cell phenotype, were also expressed in TIL-Bs (77) corroborating the previously discussed
study of Hu et al. (160).

In melanoma, B-cells with a plasmablast-like phenotype expressed CCL3, CCL4 and CCLS5,
CCL28 and CXCL16, which are chemokines linked with T-cell recruitment and were further
associated with response and survival in ICI treatment. Depletion of B-cells lead to a significant
decrease in tumor inflammation indicated by a decrease in CD8" TIL-Ts (161). This directly
connects tumor-associated B-cell infiltration with cellular and inflammatory composition of the

TME in melanoma.
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However, cytokine secretion of B-cells may also be associated with cancer progression and
reduced survival (139). As such, in prostate cancer, shrinking tumors in mice treated with
androgen depletion where strongly infiltrated by B-cells, which stimulated cancer progression
via activating the NF-kB pathway through secretion of LTalB2. Moreover, B-cell depletion

was associated with prolonged relapse-free survival in the respective study (162).

1.3.3.4 Complement-based

The complement system is a highly preserved and strictly regulated series of serine proteases
including more than 50 components and is a major player in innate immunity as it is one of the
first responders against invasive pathogens (163,164). Ultimately, the complement system
forms the membrane attack complex leading to disruption of the cell membrane, calcium influx
and lysis of the target cell, thereby exerting direct cytotoxicity (165). Beyond that, it is also
linked to adaptive immunity. Three major pathways lead to the activation of the complement
system: the classical pathway including antigen-antibody complexes, the alternative pathway
including permissive surfaces, and the lectin pathway, where pattern-recognizing mannose-
binding lectins (MBLs) bind to repetitive sugar motives (166,167). As for the classical pathway,
the formation of an antigen-antibody complex and subsequent complement activation leads to
the binding of C3d to the antigen. Subsequentially, C3d binds to complement receptor 2 (CR2)
on the surface of B-cells in the context of co-receptors such as CD19 and CDS81, thereby
increasing antigen-associated signaling of B-cell receptors (167,168). A blockade of this co-
receptor complex leads to a significant loss of germinal centers (168). Yet, it was previously
shown that the B-cell receptor itself may generate CR ligands and the presence of soluble
antibodies is not necessarily a precondition for the activation of the classical pathway,

underlining the link of B-cells with the complement system (169).

1.4 Delineating the study question and aims

The broad implementation of ICIs in systemic cancer treatment has revolutionized cancer
therapy, yet the majority of patients do not benefit from ICI therapy or experience recurrent or
progressive disease (170). Several biomarkers such as PD-L1 expression, TMB and
microsatellite instability are considered in clinical routine, however, these biomarkers are not

able to perfectly predict success of ICI treatment in individual patients (58). As such, further
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research is warranted to identify cost-effective and reliable biomarkers to complement
established predictive markers.

Moreover, given the dangerous or even life-threatening irAEs in the course of ICI treatment,
there is an urgent need for biomarkers in this regard, which are widely missing in clinical
routine to date. The occurrence of autoantibodies known from rheumatic and autoimmune
diseases may accompany the development of irAEs, as reported previously (57). Indeed, current
evidence suggests a potential role of autoantibodies as predictors of treatment response and the
development of irAEs, yet due to controversial results in multiple studies no clear conclusion
may be drawn as of now and prospective evaluations were missing (57).

In the last decades, ICI research has focused primarily on T cell-mediated immune responses,
but in recent years, the diverse functions and roles of B cells in cancer immunology as
fundamental components of adaptive immunity, including antibody production, have gained
interest. B-cells in the TME and in TLS of tumors have been linked to cancer outcome as
outlined in the previous chapters, however, there is limited evidence that circulating B cells
may serve as easily available and comparably cost-effective biomarkers in ICI therapy
(171,172).

Thus, the aim of this dissertation project was to conduct a prospective pan-cancer observational

cohort study to investigate two main aspects of the questions outlined.

1) Autoantibodies
- Characterize the association of preexisting autoantibodies with response to palliative
ICI therapy and the development of higher grade irAEs.
- Evaluate the induction of autoantibodies during ICI treatment and the association
with treatment response and the development of higher grade irAEs.
2) B-cells
- Evaluate the predictive potential of peripheral blood B-cells on ICI efficacy under
consideration of various B-cell subtypes.
- Characterize the changes of various peripheral blood B-cell populations during ICI
treatment.
The results of this project were published separately in Cancer Medicine

(Barth et al., 2022) (173) and Frontiers in Immunology (Barth et al.2022) (174).
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Materials and Methods

2.1 Preamble

Parts of this section have previously been published in Cancer Medicine
(Barth et al., 2022) (173) and Frontiers in Immunology (Barth et al., 2022) (174) as part of my
dissertation thesis and are reproduced identically in part.

First, in this section overlapping materials and methods of both studies are jointly outlined,
since the two studies were conducted within the same dissertation project and study cohort.

In a second step, study-specific methods are highlighted and further discussed.

2.2 Study design

The studies were carried out as prospective longitudinal cohort studies. Patients with cancer
who received palliative ICI therapy at the Division of Oncology, Department of Internal
Medicine, Medical University of Graz were included in the study. The study aimed to
investigate the study questions in a pan-cancer cohort, thus patients were included regardless

of their primary tumor site and cancer type.

2.3 Patient recruitment

Patients who received ICI therapy between January 2017 and December 2020 were included in

the study according to predefined inclusion and exclusion criteria.

2.3.1 Inclusion criteria

e > 8 years of age

e Male or female patients

e Mono- or combination treatment with ICIs

e ICI treatment between January 1%, 2017 and December 31%, 2020

e Metastatic or locally advanced solid cancer with histologically confirmed disease,
independent of primary cancer site (pan-cancer)

e Palliative treatment setting
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e Pretreatment with other treatment regimens including chemotherapy, targeted therapy
or radiotherapy was allowed

e Written informed consent

2.3.2 Exclusion criteria

e Patients < 18 years of age
e Patients unable to give written informed consent

e Patients with any history of preexisting autoimmune diseases

2.4 Patient characteristics

Reported and assessed characteristics of patients included sex, age, weight, height, BMI, history
of smoking, and tumor specific parameters including cancer type, histology, previous treatment

lines, PD-L1 expression and current ICI treatment.

2.5 Study visits

Blood draws for sample acquisition for the analysis of B-cell subtypes and autoantibodies were
scheduled for the time before treatment initiation and 8-12 weeks after treatment start at the
time of first response evaluation. If progressive disease was evident before first response
evaluation, the second blood draw was performed at the time of progression.

Study visits were carried out by an experienced oncologist before treatment initiation as well
as before every administration of ICI treatment. Patients were closely monitored for the
occurrence of irAEs at every study visit which routinely included patient interviews, physical
examinations as well as elaborate laboratory assessments including differential blood count,
markers of inflammation (leukocytes, C-reactive protein (CRP)), liver parameters (ALT, AST,
GGT, Bilirubin), kidney parameters (creatinine, eGFR, urea), muscly enzymes (creatinine
kinase), lipase and endocrine markers (including TSH, fT3, fT4, Cortisol and ACTH). Adverse
events were graded according to the Common Terminology Criteria for Adverse Events version
5. Patients were evaluated for treatment response every 8-12 weeks by computer tomography
(CT) or magnetic resonance imaging (MRI) scans as appropriate, considering RECIST version

1.1 criteria.
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2.6 Sample acquisition and sample processing

Blood draws for sample acquisition for the analysis of B-cell subtypes and autoantibodies were
scheduled for the time before treatment initiation and 8-12 weeks after treatment start at the
time of first response evaluation.

After sample collection, all blood samples were delivered to the Laboratory of the Division of
Rheumatology and Immunology, Department of Internal Medicine, Medical University of Graz
in a standardized manner after collection. All measurements were routinely performed by the
Laboratory of the Division of Rheumatology and Immunology, Department of Internal
Medicine, Medical University of Graz. All assays were calibrated and standardized for routine

clinical sample testing.

2.7 Ethics approval

Written informed consent was obtained from each patient included in this study. This study was
approved by the local ethics committee (IRB00002556) of the Medical University of Graz (29-

593 ex 16/17) prior to any patient-related activity was performed.

2.8 Study 1 — Autoantibodies

2.8.1 Autoantibody measurement (as published in (173))

Antinuclear antibodies were examined by indirect immunofluorescence on Hep2 cells
according to the international consensus and nomenclature (175). Antibodies to extractable
nuclear antigens (ENA) (anti-centromere protein B (CENPB), anti-double strand DNA
(dsDNA), anti-La, anti-PM100, anti-PM75, anti-RNP70, anti-Ro, anti-SCL70, anti-UIRNP,
and anti-cyclic citrullinated peptide antibodies (ACPA)) were analyzed by fluorescence
immunoassay (all Thermo Fisher) using an automated fluorescence reader (Phadia 250, Thermo
Fisher). Rheumatoid factor IgA was measured by ELISA (Orgentec Diagnostika). Anti-GP210,
anti-LKM1, anti-M2, anti SP100, anti-SLA-LP, anti-LC1, anti-F-Actin (LIVER PROFILE 7
Ag DOT, Alphadia) and anti-EJ, anti-JO1, anti-Ku, anti-MDAS, anti-MI12a, anti-M12b, anti-
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NXP2, anti-Oj, anti-PL-12, anti-PL-7, anti-SAE, anti-SRP, anti-TIF-1y (EUROLINE
Autoimmune Inflammatory Myopathies, Euroimmun) were analyzed using immunodot assays.

Automated readout according to the manufacturer’s protocol yielded semi-quantitative results.

2.8.2 Statistical analysis

For statistical analysis, the different autoantibodies were categorized into the following
subgroups of autoantibodies:
e ANA
e ENA: anti-CENPB, anti-dsDNA, anti-La, anti-PM100, anti-PM75, anti-RNP70,
anti-Ro, anti-SCL70, anti-U1RNP
e Rheumatoid arthritis: anti-CPA and rheumatoid factor
e Hepatopathy: Anti-GP210, anti-LKM1, anti-M2, anti SP100, anti-SLA-LP, anti-LC1,
anti-F-Actin
e Myopathy: anti-EJ, anti-JO1, anti-Ku, anti-MDAJS, anti-MI2a, anti-MI2b, anti-NXP2,
anti-Oj, anti-PL-12, anti-PL-7, anti-SAE, anti-SRP, anti-TIF-1y

For the means of biomarker dichotomization, patients were considered to have positive
autoantibody measurements if at least one antibody titer was elevated above the upper limit of
normal (ULN). As for the definition of ANA positivity, an ANA-titer > 1:80 was chosen.
Disease control rate (DCR) and objective response rate (ORR) were chosen as co-primary
endpoints of this study. DCR was defined as the percentage of patients who had complete
remission (CR), partial remission (PR) or stable disease (SD) as best response upon ICI
treatment. Accordingly, ORR was defined as the percentage of patients who had CR or PR.
Progression-free survival (PFS), defined as the time from treatment start to the date of disease
progression or death of any cause, as well as the occurrence of higher grade irAEs (> grade 3
according to CTCAE 5.0) were considered as secondary endpoints of the study.

To assess the association of clinicopathological parameters with the autoantibody
measurements y2-tests, Fisher’s exact tests and t-tests were used as appropriate.

Uni- and multivariable logistic regression models were implemented for assessment if the
presence of autoantibodies at baseline were predictors of treatment response as indicated by

DCR and ORR. Odds ratios (OR) as well as corresponding 95% confidence intervals (95%CI)
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were reported appropriately. At the timepoint of the second blood draw absolute risk differences
(RD) were estimated within a generalized linear model in order to avoid perfect prediction of
the outcome due to a limited sample size at this timepoint. Multivariable analysis was
empirically adjusted for cancer type only in all analysis settings, regardless of its significance
in the univariable analysis in order to account for potential differences in DCR, ORR and PFS
depending on the tumor type. For survival analysis PFS was estimated using Kaplan-Meier
analysis and log-rank test was performed to assess for differences between groups. A two-sided
p-value of <0.05 was considered significant for all statistical analyses. All statistical analyses
were performed using Stata for Windows Version 16 (StataCorp LP, Collage Station, TX,
USA).

2.9 Study 2 — peripheral blood B-cell subtypes

2.9.1 Flow cytometry (as published in (174))

The absolute number of CD19" B cells was determined by flow cytometry as previously
described (176). B-cell subsets were analyzed in peripheral blood, mononuclear cells isolated
from lithium heparin blood by Ficoll gradient density centrifugation. One million cells were
incubated with antibodies against CD19, IgD, CD24, CD38, CD27, CD86, CD21, and IgM
(Miltenyi Biotec, Bergisch Gladbach, Germany) (Table 1).

Table 1: Antigens, dye and clone used in flowcytometry analysis (as published in (174))

antigen dye clone
CD 19 Viogreen LTI19
Igbh VioBlue IgD26
CD 24 PerCP-Vio700 32D12
CD 27 APC M-T271
CD38 FITC IB6
CD86 PE-Vio770 FMO95
CD 21 APC-Vio770 HBS5
IgM PE PJ2-22H3
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Samples were measured using a fluorescence-activated cell sorting (FACS) Canto II flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data were analyzed using the
FACSDiva software (BD Biosciences) using a gating strategy as published previously (177)
and depicted in Figure 1.
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Figure 1: Gating strategy (as published in (174))

B-cell subsets were classified according to the EUROclass gating strategy by Wehr et al. (178)
as follows:

e (D21 (CDI19" CD38 CD21")

e unswitched memory (or marginal zone) B-cells (CD19" CD27" IgD" IgM™)

e naive B-cells (CD19" CD27 IgD" IgM™)

e transitional B-cells (CD19" CD38"" IgM*™)

e switched memory B-cells (CD19* CD27" IgD™ IgM")

e regulatory B-cells (CD19" CD24" CD38"")

e plasmablasts (CD19" CD38"" IgM")

Regulatory B-cells were defined as proposed by Das et al. (179) and Blair et al. (180).
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2.9.2 Statistical analysis

Disease control rate and ORR were defined as co-primary endpoints of the study. DCR was
defined as the percentage of patients who had complete remission (CR), partial remission (PR)
or stable disease (SD) as best response upon ICI treatment. Accordingly, ORR was defined as
the percentage of patients who had CR or PR.

Mann-Whitney-U-test and the Kruskal-Wallis-test were used as appropriate for evaluating the
association of different B-cell subtypes at baseline with clinicopathological parameters of
patients.

Uni- and multivariable logistic regression models were implemented in order to evaluate the
association of B-cell subtypes with response to ICI therapy in cancer patients. Odds rations and
corresponding 95%CIs were reported accordingly. Throughout the analysis, ORs for different
B-cell subtypes were calculated and reported as per 1000, 100 or 10 units increase, as
appropriate, in order to report clinically meaningful effects of changes in B-cell subtypes.
Considering the assessment of B-cell subtypes at the second blood draw after 8-12 weeks of
ICI therapy, absolute (2" blood draw — 1% blood draw) and relative change ((2" blood draw -1°
blood draw)/1 blood draw*100) from baseline as well as a dichotomized approach (increase
vs. decrease or no change) were analyzed for their association with the study endpoints.
Changes of B-cell levels between baseline and after 8-12 weeks of ICI treatment were assessed
using the Wilcoxon-Sign-Rank Test.

Due to the hypothesis-generating character of our study, multivariable analyses were only
adjusted for tumor type and results were not adjusted for multiple testing. Tumor types were
summarized as NSCLC, genitourinary (RCC and urothelial carcinoma), gastrointestinal
(colorectal, gastric and cholangiocellular cancer) and head and neck squamous cell carcinoma.
A two-sided p-value of <0.05 was considered statistically significant in all analyses.

All statistical analyses were performed using Stata for Windows Version 16.1 (StataCorp LP,
Collage Station, TX, USA). Box plots were created using GraphPad Prism Version 9.1.2 for
Windows (GraphPad Software, San Diego, California, USA).
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Results

Parts of this section have previously been published in Cancer Medicine
(Barth et al., 2022) (173) and Frontiers in Immunology (Barth et al., 2022) (174) as part of my

dissertation thesis and are reproduced identically in part.

3.1 Study 1 — Autoantibodies

Parts of this section were reproduced from or similarly published in Barth et al. (173).

3.1.1 Baseline characteristics

A total of 45 cancer patients who received palliative ICI treatment were recruited in this
prospective single-center cohort study. One patient was excluded due to loss of follow-up; thus
44 patients were included in the final analysis of the study.

Most patients (70%) included in the study were male (n=31), and median age at the time of
study inclusion was 63.5 years. With 34% (n=15) NSCLC was the most prevalent cancer type,
whereas 25% (n=11), 16% (n=7), 14% (n=6), and 11% (n=5) of patients were diagnosed with
RCC, head and neck squamous cell carcinoma, urothelial carcinoma and gastrointestinal
cancers, respectively. Roughly half (52%) of the study population had a history of smoking.
PD-L1 expression was not available for all patients, since PD-L1 status was for the most part
only routinely assessed in NSCLC and is not recommended in RCC, urothelial 2™ line treatment
and head and neck cancer 2" line treatment. Twenty-three percent (n=10) of patients had a
PD-L1 expression >1%, whereas 14% were tested PD-L1 negative. Most patients were either
treated with the PD-1 inhibitors nivolumab (n=22) or pembrolizumab (n=20). In addition, one
patient was treated with the PD-L1-inhibitor atezolizumab, whereas one patient received an ICI
combination therapy consisting of nivolumab plus ipilimumab.

Almost half of the study population (47.7%) received ICI treatment within a 2" line treatment
setting, while n=17 patients (38.6%) were treated with ICIs in the 1% line palliative setting.
Together with patients in their 3™ line palliative treatment (13.6%), almost two thirds of patients
(61.4%) had undergone previous palliative therapy, whereas only n=17 patients (38.6%) were

treated with at least one line of chemotherapy prior to ICI treatment. See Table 2.
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Table 2: Summary table of the study population of study 1. (as published in (173))
*Association of clinico-pathological parameters with positive autoantibody screening at
baseline

n (%miss.) Summary measure p-value*
Demographic variables
Sex 44 (0%) 0.599
---female 13 (30%)
---male 31 (70%)
Age (years) 44 (0%) 63.5 [57-70.5] 0.0571
BMI (kg/m?) 44 (0%) 24.4[21.4-26.6] 0.5435
Cancer entities 44 (0%) 0.612
Non-small cell lung cancer 15 (34%)
---Adenocarcinoma 9
---Squamous cell carcinoma 5
---Large cell lung carcinoma 1
Renal Cell Carcinoma 11 (25%)
---clear cell 9
---papillary 1
---translocation RCC 1
Head and Neck (squamous cell) 6 (14%)
Bladder Cancer 7 (16%)
Colorectal Cancer 3 (7%)
Gastric Cancer (signet ring cell) 1 (2%)
Cholangiocellular Carcinoma 1 (2%)
History of Smoking 44 (0%) 23 (52%) 0.989
PD-L1 Expression 16 (64%)
---positive 10 (23%)
---negative 6 (14%)
Treatment 44 (0%) 0.567
---Nivolumab 22 (50%)
---Nivolumab / Ipilimumab 1 (2%)
---Pembrolizumab 20 (46%)
---Atezolizumab 1 (2%)
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n (%miss.) Summary measure p-value*
Treatment line 44 (0%) 0.442
---1%"line 17 (38.6%)
---2" line 21 (47.7%)
---3" line 6 (13.6%)
Autoantibodies at baseline 44 (0%) NA
---positive 21 (48%)
---negative 23 (52%)

3.1.2 Autoantibodies at baseline

At baseline n=21 patients (48%) had any elevated autoantibody titer and were considered
autoantibody positive. Most of these patients (n=18 | 40.9%) had ANA titers > 1:80, whereas
positive ENA measurements were found in 5 (11.4%) patients. Two patients (4.5%) had
positive hepatopathy antibody titers and one patient showed elevated titers of antibodies
associated with myositis. There were no positive titers of antibodies associated with rheumatoid
arthritis. We observed some overlaps in antibody titers as four patients had positive ANA as
well as elevated ENA titers. Moreover, one patient showed both, an increase in ANA titers and
antibodies associated with hepatopathy (7able 3).

There was no significant association of clinicopathological parameters and autoantibodies at
baseline (Table 2). In detail, the distribution of gender, age, BMI, tumor entity, smoking status
and histology did not significantly differ according to positive or negative measurements of

ANA, ENA, hepatopathy- and myositis antibodies (all p>0.05).
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Table 3: Autoantibody measurements at baseline and after 8-12 weeks of ICI treatment.
(as published in (173))

Autoantibody 13 blood draw | Number of | 2™ blood | Number of
(n=44) Patients draw Patients
Median [IQR] | positive at | (n=31) positive at
15t blood | Median [IQR] | 2" blood
draw draw
. 0[0-160] 18 0 [0-640] 14
‘tl:lttlilll:;;l;zr ANA Maximum Maximum
5120 5120
ENAscreen 0.1 [0.1-0.2] 2 0.110.1-0.2] 2
CENPB 0.210.1-0.3] 1 0.310.2-0.4] 1
dsDNA 0.910.5-1.5] 0 1]0.4-1.6] 0
extractable anti-La 0.1 0-0.3] 0 0.1 [0-0.3] 0
nuclear anti-PM100 1 [0-2] 1 1[0-2] 1
antigens anti-PM75 1[1-2] 1 2[1-2] 1
antibodies anti-RNP70 0.10-0.2] 0 0.10-0.3] 0
anti-Ro 0.210.1-0.3] 1 0.370.2-0.4] 1
anti-SCL70 0.0 [0-0.8] 0 0.6 [0-0.8] 0
anti-U1RNP 1.20.7-1.6] 0 1.3[1.0-1.8] 0
Rheumatoid | anti-CPA 0.8[0.6-1.25] |0 1.0 [0.7-1.5] 0
arthritis Rheumatoid 0 0
associated factor IgA 010-0] 010-0]
anti-GP210 0[0-0] 0 0[0-0] 0
anti-LKM1 0 [0-0] 0 0[0-0] 0
anti-M2 0[0-0] 1 0[0-0] 1
Hi‘;’fﬁ?ﬂ?ﬁ'&y anti-SP100 0 [0-0] 1 0 [0-0] 1
anti-SLA-LP 0[0-0] 0 0[0-0] 1
anti-LC1 0[0-0] 0 0[0-0] 0
anti-F-Actin 0[0-0] 0 0[0-0] 0
anti-EJ 1[1-1] 0 1[1-2] 0
anti-JO1 0.1]0-0.2] 0 0.1]0-0.2] 0
anti-Ku 0.5]0-1] 0 10-2] 0
anti-MDAS 2[1-2] 0 2[1-2] 0
anti-MI2a 2[1-2] 0 2 [2-3] 0
" anti-MI2b 2[2-3] 0 2 [2-4] 1
i“ssf)‘:;tt‘:d anti NXP2 2[1-2] 0 2[1-2] 0
anti-Oj 1[1-2] 0 1[1-2] 0
anti-PL-12 1[1-2] 1 1[1-2] 1
anti-PL-7 1[1-2] 0 1[1-2] 1
anti-SAE 1]1-2] 0 1]1-3] 0
anti-SRP 2[1-3] 1 2 [2-4] 0
anti-TIF-1y 1[1-2] 0 1[1-2] 0
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3.1.3 Association of autoantibodies at baseline with clinical endpoints

Overall, during a median follow-up time of 13.5 (IQR 2.8 — 25.1) months, best response was
PR in 10 patients, while SD upon ICI treatment was observed in 10 patients. Twenty-four
patients did not respond to ICI therapy and had PD at the initial response evaluation or had died
of any cause before imaging could be performed. Complete remission was not achieved in any
patient during the follow-up period. These data correspond with a DCR of 45.5% and an ORR
of 22.7% in the overall cohort.

Disease control rate was only numerically higher in patients with positive autoantibody
measurements at baseline (52.2% vs. 38.1%), yet there was no statistically significant
difference (p=0.349). Likewise, there was no significant difference in ORR in patients with and
without positive autoantibody titers at baseline (19.1% vs. 26.1%, p=0.578).

Next, uni- and multivariable logistic regression adjusted for tumor type was performed. In the
analysis, presence of any autoantibodies at treatment initiation was no significant predictor of

response as indicated by both, DCR and ORR.

Table 4: Univariable and multivariable analyses of autoantibody levels at treatment
initiation predicting DCR and ORR. (as published in (173))

Multivariable analysis was adjusted for tumor type. OR — odds ratio; ANA — antinuclear
antibody; CI — confidence interval; DCR — disease control rate; ORR — objective response rate

Variable Univariable analysis Multivariable analysis
OR (95% CI) p-value OR (95% CI) p-value
Any autoantibody
Negative 1 (reference) 1 (reference)
= positive 0.56 (0.17-1.88) 0.351 0.62 (0.16-2.37) 0.480
)
=] ANA
<1:80 (negative) 1 (reference) 1 (reference)
>1:80 (positive) 0.63 (0.19-2.16) 0.468 0.54 (0.17-2.48) 0.529
Any autoantibody
Negative 1 (reference) 1 (reference)
é positive 0.67 (0.16-2.79) 0.579 0.79 (0.17-3.63) 0.765
@) ANA
<1:80 (negative) 1 (reference) 1 (reference)
>1:80 (positive) 0.95 (0.23-4.01) 0.947 1.11 (0.25-4.94) 0.890
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Next, we evaluated the prognostic ability of preexisting autoantibodies and the association with
the secondary endpoint PFS. Kaplan-Meier analysis revealed no significant difference in PFS
between patients with and without any positive autoantibody titer at baseline (log-rank
p=0.7151, Figure 2). This was confirmed in a uni- (HR=1.131, 95%CI 0.584-2.189, p=0.715)
and multivariable Cox proportional hazard analysis adjusted for tumor type (HR=0.944, 95%CI
0.457-1.950, p=0.876) (Table 5).

1.00
|

0.75
1

logrank p=0.7151

0.50
|

Progression-free Survival

0.25
|

0.00
|

time [years]
Mumber at risk

AB negative 23 8 4 0
AB positive 21 9 5 1
— AB negative ——-——- AB positive

Figure 2: Progression-free survival (PFS) for positive vs. negative autoantibody screening
at treatment initiation. (as published in (173))
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Table 5: Uni- and multivariable Cox regression regarding PFS at baseline and after 8-12
weeks of therapy. (as published in (173))

Multivariable analysis was adjusted for tumor type. HR — hazard ratio; ANA — antinuclear
antibody; CI — confidence interval; DCR — disease control rate; ORR — objective response rate

Variable Univariable analysis Multivariable analysis
HR (95% CI) p-value HR (95% CI) p-value
= Any autoantibody
_g Cg Negative 1 (reference) 1 (reference)
= = | positive 1.131 (0.584-2.189) 0.715 0.944 (0.457-1.950) 0.876
=) D
S & | ANA
f S | <1:80 (negative) 1 (reference) 1 (reference)
— >1:80 (positive) 0.971 (0.492-1.917) 0.933 0.801 (0.377-1.703) 0.565
Any autoantibody
Negative 1 (reference) 1 (reference)
E positive 1.317 (0.567-3.061) 0.522 0.923 (0.343-2.482) 0.874
o ANA
§ <1:80 (negative) 1 (reference) 1 (reference)
= >1:80 (positive) 0.834 (0.362-1.922) 0.670 0.405 (0.145-1.138) 0.086
ES ANA level change
No increase 1 (reference) 1 (reference)
increase 0.825 (0.338-2.011) 0.672 0.614 (0.245-1.540) 0.298

3.1.4 Subgroup analysis of autoantibodies at baseline

Next, subgroup analysis for different categories of autoantibodies was performed. Since only
few patients had positive ENA, hepatopathy- or myositis autoantibodies, this subgroup analysis
was restricted to ANA titers. ANA titers at baseline were not predictive for response to ICI
therapy in uni- and multivariable logistic regression analysis adjusted for tumor type. There
was neither a statistically significant association with DCR nor ORR (Table 4).

Likewise, there was no difference in PFS between patients with elevated ANA titers and

patients without pathological increase of ANA (Table 5 and Figure 3).
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Figure 3: Progression-free survival (PFS) for positive vs. negative ANA titers at treatment
initiation.

Moreover, subgroup analysis for the three most prevalent cancer types in our cohort, namely
NSCLC, RCC and urothelial carcinoma of the bladder, was performed. Again, there was no
significant difference in DCR in patients with vs. without any positive autoantibody titer at the
timepoint of treatment initiation in NSCLC (p=0.205), RCC (p=0.898) and urothelial carcinoma
(p=0.809). In addition, there was no statistically significant difference in ORR according to
autoantibody titers at baseline in patients with NSCLC (p=0.792), RCC (p=0.898) and
urothelial carcinoma (p=0.350).

Likewise, taking ANA titers at baseline into account only, both DCR and ORR did not
significantly differ in NSCLC (p=0.189 and p=0.438), RCC (p=0.898 and p=0.898) and bladder
cancer (p=0.809 and p=0.350).
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3.1.5 Longitudinal development of autoantibody titers after 8-12 weeks of ICI

treatment

A second blood draw after 8-12 weeks of ICI therapy was performed in 31 patients (70.5%) at
the timepoint of first response evaluation. A second blood draw was not available for n=13
patients (29.5%), as they dropped out of the study due to PD and death, unfitness for further
treatment, withdrawal of consent, or they had received ICI therapy within less than 8 weeks for
any other reason.

After 8-12 weeks of ICI therapy, n=18 patients had at least one elevated autoantibody titer,
dispersed among ANA (n=14, 45.1%), ENA (n=4, 12.9%), hepatopathy- (n=3, 9.7%) or
myositis- (n=3, 9.7%) associated autoantibodies, respectively.

Sixteen patients initially had negative autoantibody titers at baseline, four of which experienced
an induction of autoantibodies after 8-12 weeks of ICI treatment. As such, three patients had
ANA titers >1:80 and one patient developed elevated hepatopathy autoantibodies by the time
of the second blood draw. In contrast, one patient converted to normal ANA titers after initially
showing increased ANA levels at baseline.

Focusing on the change of ANA titers, n=10 patients (32.4%) showed an increase and two
patients (6.5%) had a decrease in ANA levels. Eighteen patients (58.1%) had no change in ANA
titers after 8-12 weeks of ICI therapy.

3.1.1 Association of autoantibodies with clinical endpoints after 8-12 weeks of

ICI treatment

There was no significant difference in DCR between patients with and without any positive
autoantibody titer after 8-12 weeks of ICI treatment (55.6% vs. 76.9%, p=0.220). Likewise,
uni- and multivariable analysis estimating the absolute risk difference within a generalized
linear model did not reveal significant associations of autoantibody levels at the second blood
draw with neither DCR nor ORR (7able 6). Interestingly, multivariable analysis adjusted for
tumor type showed at least borderline significant results for DCR (RD=-0.332 95%CI -0.682 -
0.017, p=0.062).

Moreover, subgroup analysis considering only ANA titers at the second blood draw did not

reveal any predictive ability of ANA levels as indicated by DCR and ORR. As such, there were
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no significant associations of neither positive ANA levels nor the increase in ANA titers

between the first and second blood draw with patients’ response to ICI therapy (Zable 6).

Table 6: Univariable and multivariable analyses of autoantibody levels at 2nd blood draw
predicting DCR and ORR. (as published in (173))

Multivariable analysis was adjusted for tumor type. RD — risk difference; ANA — antinuclear
antibody; CI — confidence interval; DCR — disease control rate; ORR — objective response rate

Variable Univariable analysis Multivariable analysis

RD (95% CI) p-value RD (95% CI) p-value

Any autoantibody

Negative 1 (reference) 1 (reference)
positive -0.214 (-0.538-0.111) | 0.197 | -0.332 (-0.682-0.017) | 0.062
~ ANA
Q <1:80 (negative) 1 (reference) 1 (reference)
> >1:80 (positive) -0.004 (-0.343-0.334) | 0.981 0.110 (-0.268-0.489) | 0.567
ANA titer change
No increase 1 (reference) 1 (reference)
increase -0.05 (-0.419-0.319) 0.790 -0.147 (-527-0.233) 0.449
Any autoantibody
Negative 1 (reference) 1 (reference)
positive -0.693 (-2.810-1.424) | 0.521 | -0.107 (-0.443-0.229) | 0.533
ANA
§ <1:80 (negative) 1 (reference) 1 (reference)
e >1:80 (positive) -0.067 (-0.395-0.261) | 0.688 0.078 (-0.241-0.398) | 0.631
ANA titer change
No increase 1 (reference) 1 (reference)
increase -0.033 (-0.382-0.315) | 0.851 0.042 (-0.307-0.391) | 0.813

In addition, the presence of any autoantibody, positive ANA or an increase of the ANA titer

were no statistically significant predictors of PFS (7able 5).

Due to the limited sample size at the timepoint of the second blood draw, further subgroup
analysis by cancer type was restricted to NSCLC and RCC only. Subgroup analysis in patients
with NSCLC revealed that patients without elevated autoantibody titers after 8-12 weeks of ICI
treatment had significantly higher response rates as indicated by DCR (p=0.038), but not as
indicated by ORR (p=0.490). In patients with RCC, meaningful analysis of DCR could not be

performed, since all patients showed at least SD upon ICI treatment and no patient experienced
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tumor progression. As for ORR, there was no significant difference between patients with or
without positive autoantibody measurements 8-12 weeks after treatment initiation (p=0.850).

Results were similar when the presence of positive ANA titers as well as increase vs decrease
in ANA titers after 8-12 weeks of ICI therapy was evaluated. There was no significant

difference in DCR and ORR in patients with NSCLC or RCC (all p>0.05).

3.1.2 Autoantibodies as predictors for immune related adverse events

Next, the association of autoantibodies with higher grade irAEs was evaluated as a secondary
endpoint. Overall, five patients (11.4%) developed irAEs of grade 3 or higher during the
follow-up period. Kidney and liver laboratory parameters for the overall cohort are displayed

in Table 7.

Table 7: Kidney and liver toxicity parameters at baseline and after 8-12 weeks of
immunotherapy. (as published in (173))

IQR —interquartile range; GGT — gamma glutamyl transferase; AP —alkaline phosphatase; AST
— aspartate aminotransferase, ALT — alanine aminotransferase

Laboratory value 1%t blood draw 2" plood draw
(n=44) (n=31)
(median [IQR]) (median [IQR])

Creatinine (mg/dL) | 0.90 [0.75-1.17] 0.95 [0.69-1.2]

GGT (U/L) 59 [27-127] 46 [23-92]

AP (U/L) 95 [67-130] 91 [63-139]

AST (U/L) 26 [20-31] 25 [20-40]

ALT (U/L) 21 [12-36] 16 [11-28]

Of five patients who developed higher grade irAEs, two patients developed severe hepatitis,
two patients were diagnosed with severe hypophysitis and one patient each developed rash,
thyroiditis, and pneumonitis. Interestingly, DCR was significantly higher in patients who
developed higher grade irAEs (p=0.009), while ORR was similar in patients with and without
irAEs (p=877).
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Positive ANA titers were present in two patients who experienced higher grade irAEs at
baseline, whereas no increased levels of ENA, hepatopathy-, myositis or rheumatoid arthritis-
associated autoantibodies were observed in patients who developed irAEs.

Generally, ANA positivity at baseline was not significantly associated with increased odds for
the development of higher grade irAEs (OR=0.702, 95%CI 0.105-4.674, p=0.714).

There was no statistically significant difference regarding the distribution of irAEs in patients
with positive ANA titers at baseline (p=0.965) and at the second blood draw (p=0.8) or in
patients with increasing ANA titers 8-12 weeks after treatment start (p=0.410).

3.2 Study 2 — peripheral blood B-cell subtypes

Parts of this section were reproduced from or similarly published in Barth et al. (174).

3.2.1 Baseline characteristics

A total of 45 cancer patients who received palliative ICI treatment were recruited in this
prospective single-center cohort study. One patient was excluded due to loss of follow-up:
Furthermore, B-cell FACS at baseline could not be carried out in five patients for any other
reason. These patients were consequently excluded from the study and a total of 39 patients
was included in the final analysis.

Most patients were male (n=27, 69%), and the median age at the time of treatment initiation
was 64 years. The most prevalent cancer type was NSCLC (n=14, 23%), followed by RCC
(n=9, 23%), urothelial carcinoma of the bladder (n=7, 18%) and head and neck squamous cell
carcinoma (n=4, 10%). One patient each (3%) had histologically verified gastric cancer or
cholangiocellular carcinoma. All patients received mono- or combination ICI treatment with
the most prevalent being monotherapy with either pembrolizumab (51%) or nivolumab (43%).
In addition, one patient each was treated with either atezolizumab or a combination of the PD-1
inhibitor nivolumab and the CTLA4 inhibitor ipilimumab. Almost two thirds (64%) of patients
had received at least one previous palliative treatment line with either chemotherapy (n=17) or
targeted therapies with TKIs (n=8). Fourteen patients (36%) received ICI therapy as a palliative
1 line treatment, whereas n=20 (51%) and n=5 (13%) patients were in 2" and 3™ line

treatment. See Table 8 for baseline characteristics of the study population.
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Table 8: Baseline characteristics of the study population. (as published in (174))

n (%miss.)

Summary measure

Demographic variables

Sex 39 (0%)

---female 12 (31%)
---male 27 (69%)
Age (years) 39 (0%) 64 [59-70]
BMI (kg/m?) 39 (0%) 24.4[21.4-27.1]
Cancer entities 39 (0%)

Non-small cell lung cancer 14 (36%)
---Adenocarcinoma 8
---Squamous cell carcinoma 5
---Large cell lung carcinoma 1

Renal Cell Carcinoma 9 (23%)
---clear cell 8
---papillary 1

Head and Neck (squamous cell) 4 (10%)
Bladder Cancer 7 (18%)
Colorectal Cancer 3 (7%)
Gastric Cancer (signet ring cell) 1 (3%)
Cholangiocellular Carcinoma 1 (3%)
History of Smoking 39 (0%) 19 (49%)
Treatment 39 (0%)

---Nivolumab 17 (43%)
---Nivolumab / Ipilimumab 1 (3%)
---Pembrolizumab 20 (51%)
---Atezolizumab 1 (3%)
Treatment line 39 (0%)

---1%line 14 (36%)
---2" Jine 20 (51%)
---3 line 5 (13%)
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Absolute counts and frequencies of different B-cell subtypes were tested for associations with
clinicopathological parameters. In the analysis, higher absolute counts of CD19" B-cells were
observed in females (median 6826 cells/ul; IQR 1369-10,018 cells/ul) as compared to males
(median 3053 cells/ul; IQR 639-5032 cells/ul) (p=0.0452). Moreover, the frequency of B-cells
of all lymphocytes was significantly higher in patients with a history of smoking
(median 3.25%) as compared to never-smokers (median 1.80%) (p=0.0119). Further, no other
significant association with any analyzed B-cell subtype was observed.

Summary measures of the B-cell subpopulations at baseline and respective associations with

clinico-pathological parameters are depicted in Table 9.

3.2.1 Association of peripheral blood B-cell subtypes at baseline with treatment

response

Best response during the follow-up period was PR in n=10 (26%) patients, SD in n=9 (23%)
and PD in n=20 (51%) patients. Complete remission upon ICI therapy was not achieved in any
patients. Consequently, DCR was 48.7% and ORR was 25.6% in the study cohort.

Given the limited sample size and the hypothesis-generating character of the study,
multivariable analyses were only empirically adjusted for tumor type in all further analysis.
Nonetheless, sensitivity analysis for the association of clinicopathological parameters,
including age, sex, tumor type, treatment line and treatment modality, with response rates was
conducted using univariable logistic regression. In the analysis clinicopathological parameters

were neither associated with DCR nor ORR (Table 10).
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Table 9: Association of B-cell subpopulations with clinico-pathological parameters. (as published in (174))

IQR — interquartile range, significant values are highlighted in bold. P-values were retrieved from Mann-Whitney-U-test or the Kruskal-

Wallis-test as appropriate.

p-values
Median [IQR] Age Gender | Smoker | Tumor | Treatment
(>65yrs.) type line
Lymphocytes absolute count | 145,922 [93,985 - 190,337] 0.6642 0.3745 | 0.8786 | 0.3338 0.5102
B-cells - total absolute count | 3725 [928 — 6,726] 0.4746 0.0452 | 0.0612 | 0.1768 0.6281
% lymphocytes | 2 [1.19 — 5.33] 0.4619 0.7348 | 0.0119 | 0.1249 0.5249
. absolute count | 860 [246 — 2149] 1.0000 0.2098 | 0.0696 | 0.1477 0.7930
CD21-negative 5
% B cells 27[21.4-48.4] 0.0642 0.4044 | 0.4234 | 0.5512 0.3513
unswitched absolute count | 241 [56 — 367] 0.8615 0.4048 | 0.1640 | 0.4200 0.8512
memory B-cells | % B cells 6.45 [4.31 -9.18] 0.6043 0.1782 | 0.4780 | 0.3154 0.3909
Transitional absolute count | 45 [12 — 193] 0.4876 0.9461 0.4735 | 0.3978 0.3483
Zone B-cells % B cells 1.55[0.64 — 4.95] 0.6091 0.5732 | 0.8951 0.6548 0.1580
Naive Bcells absolute count | 1,818 [590 —4,095] 0.3766 0.0606 | 0.2138 | 0.4098 0.6164
% B cells 59.2 [48.1 —78.3] 0.2429 0.3745 | 0.7919 | 0.5709 0.0664
Switched absolute count | 419 [179 —915] 0.7421 0.0926 | 0.0934 | 0.2321 0.6357
memory B-cells | % B cells 16.7 [8.26 — 24.2] 0.5704 0.7584 | 0.8950 | 0.4727 0.1916
CD24'CD38* absolute count | 0 [0 — 0] Maximum 2 0.5198 1.0000 | 0.3521 0.1714 0.8889
Regulatory  B- | % B cells 0 [0 — 0] Maximum 0.33 0.4532 0.8743 | 0.1715 0.1329 0.9366
cells
absolute count | 78 [19 — 266] 0.9275 0.0844 | 0.4737 | 0.2484 0.7873
Plasmablasts 5
% B cells 2.97[1.48 —5.49] 0.3615 0.2578 | 0.5499 | 0.6135 0.9364
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Table 10: Univariable logistic regression analysis of clinicopathological parameters for
DCR and ORR. (as published in (174))

Abbreviations: DCR — disease control rate, ORR — objective response rate, OR — odds ratio, CI
— confidence interval, NSCLC — non-small cell lung cancer, GU — genitourinary cancer, HNC

— head and neck cancer, GI — gastrointestinal cancer

Variable Univariable analysis
OR (95% CD) p-value
Age 1.01 (0.95-1.07) 0.875
Sex
Female 1 (reference)
Male 0.34 (0.08-1.43) 0.142
Tumor entity
~ NSCLC 1 (reference)
®, GU 1.29 (0.30-5.43) 0.732
R HNC 0.33 (0.03-4.04) 0.388
GI 0.67 (0.08-5.30) 0.702
Treatment line 0.68 (0.26-1.79) 0.435
Treatment modality
Nivolumab 1 (reference)
Other 0.74 (0.21-2.64) 0.643
Age 0.98 (0.91-1.05) 0.524
Sex
Female 1 (reference)
Male 0.57 (0.13-2.57) 0.466
Tumor entity
NSCLC 1 (reference)
é GU 1.22 (0.22-6.73) 0.818
© HNC 1.22 (0.09-16.43) 0.880
GI 2.44 (0.27-22.02) 0.425
Treatment line 1.10 (0.37-3.26) 0.864
Treatment modality
Nivolumab 1 (reference)
Other 0.71 (0.17-2.99) 0.636

Analyzing the distribution of B-cell subtypes in responders and non-responders, we found
absolute counts of plasmablasts to be significantly higher in patients who had CR, PR or SD
upon ICI treatment (response as indicated by DCR) (p=0.048). Besides plasmablasts, there were
no further significant differences in the distribution of B-cell subtypes according to responders

and non-responders (Figure 4 A-D).
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Figure 4: Distribution of B-cell subtypes in responders and non-responders (as published
in (174)).

A) Relative distribution of different B-cell subtypes in responders and non-responders as
indicated by disease control rate (DCR) at baseline. B) absolute counts of different B-cell
subtypes in responders and non-responders as indicated by DCR at baseline. C) Relative
distribution of different B-cell subtypes in responders and non-responders as indicated by
objective response rate (ORR) at baseline. D) absolute counts of different B-cell subtypes in
responders and non-responders as indicated by ORR at baseline. Values in A) and C) are
percentages of total lymphocytes (for B-cells) and percentages of total B-cells (for B-cell
subsets). All groups compared by Mann-Whitney-U-test.

In both uni- and multivariable logistic regression models, no significant association of total B-
cells, CD21- B-cells, unswitched memory B-cells, transitional zone B-cells, naive B-cells,
switched memory B-cells, CD24"CD38"" regulatory B-cells and plasmablasts measurements

with odds of response could be observed (Table 17).
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Table 11: B-cell measurements and associations with disease control rate (DCR) and objective response rate (ORR) at baseline. (as
published in (174))
*per 1000 Unit increase, **per 100 Unit increase, ***per 10 Unit increase; % lymph — percent of total lymphocytes; % B — percent of total
B-cells; NA — not applicable, significant values are highlighted in bold.

Disease Control Rate

Objective Response Rate

Variable Univariable Analysis Multivariable Analysis Univariable Analysis Multivariable Analysis
OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value
Lymphocytes count*® 1.01 (0.99-1.02) 0.067 | 1.01 (1.00-1-02) 0.037 1.01 (1.00-1.02) 0.039 1.01 (1.00-1.02) 0.045
Bcell | count* 1.08 (0.93-1.26) 0.300 | 1.15(0.92-1.43) 0.222 1.10 (0.95-1.28) 0.189 1.10 (0.95-1.29) 0.200
-cells — tota
%lymph | 0.96 (0.79-1-17) 0.679 | 0.99 (0.80-1-23) | 0.925| 1.02(0.80-1-31) | 0.853 1.00 (0.80-1.25) 0.984
D21 Bocell count* 1.13 (0.81-1.59) 0.462 | 1.19(0.81-1-76) | 0374 | 1.34(093-1.96) | 0.117 1.36 (0.92-2.02) 0.124
- B-cells
Y% BH** 0.87 (0.60-1.25) 0.441 | 0.86 (0.58-1.28) 0.463 1.05 (0.70-1.58) 0.803 1.05 (0.70-1.60) 0.793
Unswitched memory B- | count™* 1.06 (0.92-1-22) 0.445 | 1.06 (0.91-1.23) 0.462 1.08 (0.94-1.24) 0.254 1.08 (0.94-1.24) 0.260
cells % B 0.95 (0.85-1.05) 0.300 | 0.92 (0.83-1.03) | 0.174 | 0.94(0.81-1.08) | 0.359 0.92 (0.78-1.08) 0317
count™* 1.05 (0.88-1.26) 0.580 | 1.06 (0.87-1.29) 0.539 1.07 (0.89-1.28) 0.459 1.07 (0.89-1.29) 0.446
Transitional Zone B-cells
%B 1.00 (0.91-1.11) 0.945 | 0.99 (0.99-1.1) 0.916 0.94 (0.78-1.11) 0.448 0.94 (0.79-1.12) 0.456
Naive Bocell count™ 1.08 (0.91-1.28) 0.372 | 1.11 (0.90-1.39) 0.333 1.11 (0.94-1.30) 0.217 1.11 (0.94-1.30) 0.218
aive B-cells
Y BH*® 0.92 (0.65-1.30) 0.639 | 0.92 (0.64-1.32) 0.662 0.89 (0.60-1.32) 0.569 0.90 (0.60-1.35) 0.625
count™* 1.08 (0.96-1.23) 0.210 | 1.14(0.96-1.35) | 0.139| 1.08(0.97-120) | 0.161 1.07 (0.97-1-19) 0.177
Switched memory B-cells
% B*** 1.27 (0.65-2.49) 0.489 | 1.21 (0.60-2.45) 0.600 1.07 (0.50-2.30) 0.849 1.03 (0.46-2.31) 0.942
CD24*CD38"* Regulatory | count 1.72 (0.42-7.13) 0.453 | 1.50 (0.34-6.72) 0.596 0.43 (0.05-3.41) 0.422 0.37 (0.04-3.26) 0.370
B-cells % B NA NA NA NA
count** 1.23 (0.87-1.73) 0.245 | 1.41 (0.89-2.24) 0.146 1.26 (0.90-1.76) 0.174 1.29 (0.91-1.85) 0.157
Plasmablasts
% B 1.18 (0.94-1.48) 0.148 | 1.20 (0.94-1.52) 0.148 0.96 80.76-1.21) 0.731 0.96 (0.76-1.23) 0.756
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3.2.2 Change of B-cell counts and frequency during ICI-treatment

A second blood draw was obtained from n=27 (69.2%) patients at the timepoint of first response
evaluation, 8-12 weeks after initiation if ICI therapy. Twelve patients dropped out of the study
before a second blood draw could be performed due to disease progression, death, unfitness for
further treatment or patients did not have their first response evaluation or treatment for at least
8 weeks for any other reason.

Evaluation of absolute cell counts after 8-12 weeks of ICI therapy revealed a numerical increase
of lymphocytes in n=11 (41%) patients and of total B-cells in n=8 (30%) patients. Furthermore,
n=10 (37%) patients had an increase in CD21" B-cell counts and n=7 (26%) patients showed an
increase in unswitched memory B-cells. Naive B-cell counts increased in n=10 (37%) patients,
while n=13 (48%) individuals had numerical increases in transitional zone B-cells counts and
n=9 (33%) and n=15 (56%) patients had increases in switched memory B-cells and
plasmablasts, respectively. Increases in CD24"CD38" regulatory B-cell counts could not be
observed in any patient.

A significant decrease of absolute counts of total B-cells (median change -789 cells/ul,
p=0.0422), unswitched memory B-cells (median change -76 cells/ul, p=0.0237) and switched
memory B-cells (median change -140 cells/ul, p=0.0463) upon 8-12 weeks of ICI treatment
was found, whereas overall changes in lymphocyte counts (p=0.3997), CD21" B-cells
(p=0.0815), naive B-cells (p=0.1775), transitional zone B-cells (p=0.9859), CD24'CD38""
regulatory B-cells (0.6406) and plasmablasts (p=0.8919) were not statistically significant
(Figure 5B).

Next; changes in the frequency of B-cell subtypes were evaluated. Increases of cell frequencies
were observed in total B-cells (n=10, 37%), CD21" B-cells (n=12, 44%), unswitched memory
B-cells (n=12, 52%), naive B-cells (n=12, 52%), switched memory B-cells (n=12, 52%)),
transitional zone B-cells (n=18, 67%) and plasmablasts (n=18, 67%). Again, no changes in the
frequency of CD24+CD38++ regulatory B-cells in peripheral blood could be observed in any
patient.

However, overall changes in B-cell frequencies were non-significant in all analyzed cell

populations (p>0.05 for all cell types, Figure 54).
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Figure 5: Changes in B-cell subtypes after 8-12 weeks of ICI treatment (as published in

(174)).

A) Frequencies of different B-cell subtypes at baseline (1st blood draw) and after 8-12
weeks (2nd blood draw) of immune checkpoint inhibitor (ICI) treatment (n=27). Values
are in percentages of total lymphocytes (for B-cells), and percentages of total B-cells (for
B-cell subsets). B) Absolute counts of different B-cell subtypes at baseline (1st blood
draw) and after 8-12 weeks (2nd blood draw) of ICI treatment (n=27). All groups
compared by Mann-Whitney-U-test.
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3.2.1 Association of changes in peripheral blood B-cell subtypes after 8-12

weeks of ICI therapy with treatment response

To evaluate the association of changes of B-cell subtypes between the 1% and 2™ blood draw
with patient’s response to ICI treatment, uni- and multivariable logistic regression models
adjusted for tumor type were implemented and changes in absolute counts and frequencies of
B-cells were analyzed 1) as dichotomous variables (increase vs decrease or no change), 2)
absolute changes and 3) relative changes. Due to the hypothesis generating character of the
study, p-values were not adjusted for multiple testing.

In the analysis, we neither observed associations of absolute counts nor frequencies of total B-
cells, unswitched memory B-cells, transitional B-cells or plasmablasts with odds of response as
indicated by both, DCR and ORR (Table 12, Table 13 and Table 14).

However, as for the frequency of naive B-cells an increase was associated with higher odds for
DCR in both uni- (OR=7.00, 95%CI=1.10-44.61, p=0.039) and multivariable (OR=12.31,
95%CI=1.13-134.22, p=0.039) logistic regression (Table 12). In line with these results, patients
with higher absolute changes in the frequency of naive B-cells had significantly greater odds of
response indicated by DCR per 10-unit increase: OR=1.94, 95%CI=1.05-3.59, p=0.035) and
ORR (per 10-unit increase: OR=2.15, 95%CI=1.07-4.34, p=0.033) in the multivariable analysis
adjusted for tumor type (Table 13). A significant association of relative changes in naive B-
cell counts and frequencies could not be observed (Table 14).

As opposed to naive B-cells, an increase in the frequency of switched memory B-cells was
linked to a decreased likelihood of experiencing response (CR, PR or SD) upon ICI therapy in
the uni- (OR=0.06, 95%CI=0.01-0.62, p=0.018) and multivariable (OR=0.06, 95%CI=0.01-
0.70, p=0.025) logistic regression analysis. Results for ORR were going in the same direction,
while only a numerical and not statistically significant difference in the odds of response
between patients with increased and decreased or non-changed switched memory B-cell
frequencies was observed (Table 12). Across the analysis, there was no association of absolute
counts as well as absolute and relative changes in frequencies of peripheral blood switched

memory B-cells with response to ICI treatment (Table 12, Table 13 and Table 14).
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Table 12: Increase vs. Decrease or no change (reference) after 8-12 weeks of ICI treatment (as published in (174)).
lymph — percent of total lymphocytes; % B — percent of total B-cells; NA — not applicable, significant values are highlighted in bold.

Disease Control Rate

Objective Response Rate

Variable Univariable Analysis Multivariable Analysis Univariable Analysis Multivariable Analysis
OR (95%CI) p-value | OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value
Lymphocytes count 1.60 (0.30-8.50) 0.581 | 1.64 (0.22-12.30) 0.628 0.95 (0.19-4.68) 0.952 1.29 (0.21-7.84) 0.785
Becell . count 1.75 (0.28-11.15) 0.554 | 1.06 (0.14-7.85) 0.951 4.67 (0.80-27.10) 0.086 5.07 (0.75-34.20) 0.095
-cells — tota
% lymph 0.63 (0.12-3.22) 0.574 | 0.28 (0.04-2.13) 0.220 1.22 (0.25-6.11) 0.807 0.91 (0.15-5.33) 0.913
CD21 Bocell count 0.63 (0.12-3.22) 0.574 | 0.23 (0.28-1.89) 0.170 1.22 (0.25-6.11) 0.807 0.88 (0.15-5.24) 0.891
- B-cells
%B 0.11 (0.02-0.72) 0.021 | 0.05 (0.00-0.67) 0.024 0.18 (0.03-1.09) 0.061 0.09 (0.01-0.96) 0.046
Unswitched memory B- | count 1.35(0.21-8.82) 0.757 | 0.74 (0.09-5.76) 0.771 | 3.11(0.53-18.38) 0.210 3.04 (0.45-20.37) 0.253
cells %B 0.40 (0.08-2.12) 0.282 | 0.30 (0.04-2.04) 0.217 0.47 (0.10-2.29) 0.348 0.39 (0.07-2.10) 0.271
count 1.25 (0.25-6.24) 0.785 | 1.15(0.16-8.11) 0.886 | 4.28 (0.80-22.93) 0.090 3.88 (0.61-24.74) 0.151
Transitional Zone B-cells
%B 2.08 (0.39-11.006) 0.390 | 2.52(0.39-16.29) 0.330 | 2.80(0.45-17.38) 0.269 3.10(0.45-21.21) 0.248
Naive Bcell count 2.80(0.45-17.38) 0.269 | 2.86 (0.40-20.79) 0.298 | 4.88(0.90-26.42) 0.066 5.63 (0.93-34.05) 0.060
aive B-cells
%B 7.00 (1.10-44.61) 0.039 | 12.31(1.13-134.22) 0.039 | 3.33(0.63-17.57) 0.156 4.41 (0.70-27.74) 0.113
count 1.00 (0.18-5.46) 1.000 | 0.54 (0.08-3.87) 0.541 1.60 (0.31-8.25) 0.574 1.20 (0.20-7.16) 0.845
Switched memory B-cells
%B 0.06 (0.01-0.62) 0.018 | 0.06 (0.01-0.70) 0.025 0.23 (0.04-1.25) 0.090 0.18 (0.03-1.18) 0.073
CD24'CD38"* Regulatory | count NA NA NA NA
B-cells %B NA NA NA NA
count 1.00 (0.20-5.00) 1.000 | 0.34 (0.03-4.15) 0.395 1.33 (0.27-6.50) 0.722 0.86 (0.12-6.19) 0.878
Plasmablasts
%B 1.00 (0.18-5.46) 1.000 | 0.92 (0.12-7.03) 0.938 1.27 (0.24-6.82) 0.778 0.99 (0.16-6.07) 0.989
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Table 13: Absolute changes of B-cells after 8-12 weeks of ICI treatment and associations with disease control rate (DCR) and objective

response rate (ORR) (as published in (174)).

% B — percent of total B-cells, *per 1000-unit, **per 100-unit, *** per 10-unit increase; NA —not applicable, significant values are highlighted

in bold.
Disease Control Rate Objective Response Rate
Variable Univariable Analysis Multivariable Analysis Univariable Analysis Multivariable Analysis
OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value
Lymphocytes count* 1.00 (0.99-1.01) 0.630 | 1.00 (0.99-1.01) 0.755 1.00 (0.99-1.01) 0.748 1.00 (0.99-1.01) 0.635
Becell . count™ 0.99 (0.86-1.14) 0.907 | 0.96 (0.78-1.19) 0.724 0.98 (0.86-1.12) 0.776 0.96 (0.84-1.11) 0.609
-cells — tota
%B 1.09 (0.81-1.45) 0.577 | 0.98 (0.69-1.40) | 0931 | 1.13(0.84-1.53) | 0.416 1.07 (0.77-1.49) 0.691
CD21. Bocell count™* 0.99 (0.95-1.04) 0.778 | 0.98 (0.92-1.04) 0.514 0.99 (0.94-1.03) 0.470 0.98 (0.94-1.02) 0.340
- b-cells
Y BH*® 0.32 (0.11-0.95) 0.040 | 0.19 (0.04-0.81) 0.025 0.49 (0.21-1.19) 0.116 0.34 (0.12-0.93) 0.036
Unswitched memory B- | count** 0.96 (0.78-1.20) 0.730 | 0.94 (0.71-1.25) 0.663 1.00 (0.83-1.21) 0.999 0.98 (0.81-1.19) 0.822
cells % B 0.95 (0.75-1-20) 0.655 | 0.91(0.70-1.19) | 0.494 | 0.99(0.79-1.23) |  0.898 0.96 (0.76-1.21) 0.709
count** 1.08 (0.86-1.35) 0.525 | 1.05(0.80-1.37) | 0.742| 1.12(0.85-147)| 0.427 1.11 (0.83-1.50) 0.484
Transitional Zone B-cells
Y% BH** 2.47 (0.58-10.48) 0.220 | 2.27 (0.54-9.61) 0.265 | 3.95(0.76-20.53) 0.102 4.38 (0.88-21.80) 0.071
Naive Bocell count™ 1.01 (0.84-1.21) 0.931 | 1.00 (0.80-1.26) 0.976 0.99 (0.82-1.18) 0.879 0.97 (0.80-1.17) 0.738
aive b-cells
% BH* 1.54 (0.85-2.79) 0.156 | 1.94(1.05-3.59) | 0.035| 1.67(0.87-320) | 0.122 2.15 (1.07-4.34) 0.033
count** 0.97 (0.87-1.09) 0.619 | 0.96 (0.83-1.10) 0.528 1.00 (0.91-1.10) 0.970 0.99 (0.90-1.09) 0.886
Switched memory B-cells
% B*** 0.30 (0.07-1.32) 0.110 | 0.26 (0.05-1.38) 0.113 0.81(0.30-2.23) 0.688 0.64 (0.21-1.93) 0.426
CD24"CD38"* Regulatory | count NA NA NA NA
B-cells % B NA NA NA NA
count** 1.21 (0.81-1.82) 0.349 | 1.08 (0.63-1.87) 0.780 1.05 (0.70-1.56) 0.827 0.94 (0.57-1.54) 0.795
Plasmablasts
% B 1.09 (0.88-1.34) 0.446 | 1.09 (0.84-1.41) 0.514 0.98 (0.88-1-08) 0.622 0.97 (0.87-1.08) 0.590
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Table 14: Relative Changes per 100% increase of B-cells after 8-12 weeks of ICI treatment and associations with disease control rate

(DCR) and objective response rate (ORR) (as published in (174)).

% lymph — percent of total lymphocytes; % B — percent of total B-cells; NA — not applicable

Disease Control Rate

Objective Response Rate

Variable Univariable Analysis Multivariable Analysis Univariable Analysis Multivariable Analysis
OR (95%CI) p-value | OR (95%CI) p-value OR (95%CI) p-value OR (95%CI) p-value
Lymphocytes count 2.23 (0.54-9.31) 0.269 | 2.1 (0.43-10.34) 0.362 1.24 (0.65-2.34) 0.512 1.32 (0.68-2.59) 0.414
Becell . count 1.23 (0.60-2.49) 0.274 | 1.12 (0.59-2.12) 0.729 1.36 (0.74-2.50) 0.351 1.42 (0.76-2.67) 0.274
-cells — tota
% lymph 0.74 (0.24-2.25) 0.589 | 0.47 (0.12-1.75) 0.257 1.20 (0.40-3.57) 0.748 1.01 (0.30-3-38) 0.992
CD21 Bocell count 0.93 (0.49-1-76) 0.824 | 0.82 (0.41-1.64) 0.576 1.19 (0.63-2.24) 0.589 1.18 (0.60-2.32) 0.633
- B-cells
% B 0.32 (0.07-1.51) 0.150 | 0.19 (0.03-1.33) 0.094 0.09 (0.01-1.25) 0.073 0.21 (0.00-0.71.9 0.032
Unswitched memory B- | count 1.13 (0.66-1.94) 0.661 | 1.05(0.63-1.75) 0.854 1.24 (0.77-2.02) 0.374 1.26 (0.77-2.05) 0.335
cells % B 0.63 (0.14-2.77) 0.537 | 0.45(0.09-2.28) 0.332 0.31 (0.05-2.07) 0.228 0.21 (0.02-2.00) 0.175
count 1.12 (0.89-1.40) 0.326 | 1.10 (0.89-1.35) 0.377 1.10 (0.97-1.24) 0.154 1.11 (0.98-1.25) 0.112
Transitional Zone B-cells
% B 1.11(0.87-1.41) 0.393 | 1.11 (0.87-1.43) 0.395 1.20 (0.95-1.52) 0.132 1.20 (0.95-1.51) 0.123
Naive Bocell count 1.38 (0.61-3.09) 0.437 | 1.31 (0.60-2.82) 0.498 1.41(0.77-2.61) 0.261 1.51(0.79-2.89) 0.209
aive B-cells
% B 9.25(0.22-392.46) 0.245 | 15.04 (0.28-813.41) 0.183 | 3.47(0.17-70.93) 0418 | 7.38(0.36-151.26) 0.195
count 0.96 (0.56-1.66) 0.890 | 0.90 (0.50-1.60) 0.710 1.27 (0.72-2.22) 0.412 1.27 (0.71-2.30) 0.421
Switched memory B-cells
% B 0.28 (0.07-1.21) 0.089 | 0.28 (0.06-1.32) 0.108 0.29 (0.05-1.63) 0.162 0.16 (0.02-1.53) 0.112
CD24+CD38++ count NA NA NA NA
Regulatory B-cells % B NA NA NA NA
count 1.09 (0.87-1.35) 0.469 | 1.06 (0.86-1.29) 0.600 1.08 (0.92-1.25) 0.357 1.08 (0.92-1.27) 0.328
Plasmablasts
% B 1.01 (0.81-1.26) 0.953 | 0.96 (0.76-1.21) 0.726 0.89 (0.65-1.21) 0.448 0.86 (0.59-1.23) 0.397
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As for CD21" B-cells, an increase of the frequency 8-12 weeks after ICI treatment was
associated with reduced odds of treatment response as indicated by DCR in the uni- (OR=0.11,
95%CI=0.02-0.72, p=0.021) and multivariable analysis (OR=0.05, 95%CI=0.00-0.67,
p=0.024). Corroborating these results, multivariable adjustment for tumor type also revealed a
significant negative connection with ORR (OR=0.09, 95%CI=0.01-0.96, p=0.046) (Table 12).

Likewise, patients with a higher change of CD21" B-cell frequencies were less likely to responde to ICI treatment as indicated
by DCR (per 10-unit increase: multivariable OR=0.19, 95%CI=0.04-0.81, p=0.025) and ORR (per 10-unit increase:
multivariable OR=0.34, 95%CI=0.12-0.93, p=0.036) (Table 13). In addition, patients who responded to ICI therapy had
significantly lower CD21" frequencies at the 2" blood draw after weeks of ICI treatment (

Figure 6).

Interestingly, relative change of CD21" B-cell frequency was numerically but not statistically
significantly associated with DCR, while ORR was significantly lower in patients with a high
relative change of CD21" B-cell frequencies (multivariable OR=0.21, 95%CI=0.00-0.71.9,

p=0.032) (Table 14).
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Figure 6: Distribution of CD21- B-cell frequencies in responders and non-responders to
ICI therapy (as published in (174))
A) Frequencies of CD21- B-cells at baseline (1st blood draw) and after 8-12 weeks (2nd
blood draw) of immune checkpoint inhibitor (ICI) treatment in responders and non-
responders for disease control rate (DCR). Values are in percentages of total B-cells. B)
frequencies of CD21- B-cells at baseline (1st blood draw) and after 8-12 weeks (2nd
blood draw) of ICI treatment in responders and non-responders for objective response
rate (ORR). Values are in percentages of total B-cells. All groups compared by paired

Sign-Rank-Test.
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Discussion

Within this dissertation project, starting from the only poorly illuminated role of B-cells in ICI
cancer treatment, a prospective longitudinal pan-cancer study was implemented in order to
1) evaluate the role of autoantibodies as predictors of treatment success and irAEs and
2) uncover associations of B-cell subtypes in the peripheral blood of cancer patients undergoing
ICI therapy. Although no connections of autoantibodies with clinical endpoints could be drawn
according to the results of this thesis, the abundance and change of B-cell subtypes during ICI
therapy could be linked to patients’ response to ICI treatment.

In this section, the findings of the studies are discussed separately at first, while final

conclusions of this thesis are jointly summarized.

4.1 Study I — Autoantibodies

Parts of this section were reproduced from or similarly published in Barth et al. (173).

Several previous studies have aimed to elucidate the role of different autoantibodies as
predictors of treatment response, patient’s survival and the development of irAEs in cancer
patients undergoing ICI treatment (181-186). However, evidence was inconclusive and
prospective evaluations of autoantibodies in cancer immunotherapy were missing. As such, this
is the first prospective longitudinal study on this matter, including a pan-cancer cohort of 44
cancer patients receiving mono- or combination ICI treatment and a wide panel of different
autoantibodies including ANA ENA, hepatopathy-, rheumatoid arthritis- and myositis
autoantibodies.

In the study, no significant association of the presence of autoantibodies at baseline with clinical
endpoints, neither with response rates (DCR and ORR) nor PFS, could be observed.
Furthermore, after 8-12 weeks of ICI therapy, autoantibodies did not predict for DCR, ORR or
PFS. Subgroup analysis stratified by the three most frequent tumor types of the study cohort
did not show any different results, except for NCSLC, where DCR was significantly higher in
patients with NSCLC who had positive autoantibody measurements after 8-12 week of
immunotherapy. Subgroup analysis for ANA did not reveal any statistically significant

association with DCR, ORR or PFS, neither at baseline nor after 8-12 weeks of ICI treatment.
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In addition, there was no connection between the presence of autoantibodies or ANA titers with
the development of higher grade irAEs during the follow-up period.

As discussed earlier in the introduction section of this thesis (see 1.3.3.2 Antibody production
and antibody-mediated effects) antibodies against neoantigens, tumor-associated antigens as
well as anti-self-antibodies (or autoantibodies) secreted from B-cells and plasma cells involving
antigen recognition, somatic hypermutation and affinity maturation, class switching and clonal
expansion (140), may play an important role in the adaptive anti-cancer immune response.
Interestingly, most tumor-associated antibodies are directed against wildtype cytoplasmatic or
nuclear proteins but not against mutant proteins (97). Since mechanisms of antibodies and B-
cells have already been illuminated in the introduction section, the discussion mainly
concentrates on the comparison of clinical evidence on the presence of autoantibodies in cancer
immunotherapy and the discussion of the results of the present study in this context.

Given the autoimmune nature of ICI-mediated adverse events, improved survival rates and
treatment response in patients experiencing irAEs upon cancer immunotherapy (187), and the
role of anti-tumor autoantibody responses and antibody-mediated direct and indirect
cytotoxicity autoantibodies (97) have come into focus of clinical biomarker research for their
potential as predictors of treatment response, survival as well as the development of irAEs.
Most studies investigating the impact of a variety of autoantibodies as predictors of safety and
treatment efficacy of ICIs were performed in patients with NSCLC (181,183-186,188).
However, the autoantibodies investigated as well as utilized cut-offs vary, making it difficult to
reliably compare between studies.

Toi et al. (184) conducted a retrospective analysis of 137 individual patients with advanced or
metastatic NSCLC who were treated either with pembrolizumab or nivolumab monotherapy
and monitored several preexisting autoantibodies including rheumatoid factor, ANA,
antithyroglobulin and antithyroid peroxidase antibodies. The authors reported that patients with
any preexisting autoantibody had higher odds of response to ICI therapy and longer PFS.
Response rates did not vary for the analysis of induvial autoantibodies, while patients with
positive rheumatoid factor had significantly longer PFS (184). Corroborating these results, yet
using a different set of autoantibodies, Giannicola at al. (181) retrospectively observed that
positivity of at least one autoantibody (ANA, ENA or anti-smooth cell antigens) within the first
30 days of treatment with nivolumab was associated with higher PFS and OS in a cohort of 92
patients with metastatic NSCLC. These studies contrast with the results of the present study
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where no observation between the presence of autoantibodies at baseline, nor after several
weeks of ICI treatment were associated with clinical endpoints. Despite the comparably larger
sample size of the studies by Toi et al. (184) and Giannicola at al. (181), the retrospective nature
of the studies should be noted as a limitation. Furthermore, our study investigated
autoantibodies in a pan-cancer cohort thus, evaluated autoantibodies as a site-agnostic
biomarker during ICI treatment, whereas other studies focused on NSCLC only, which could
further explain the controversial results. Lastly, differences in the autoantibody panel used,
severely impede the comparability of the studies.

While available studies including a wide range of different autoantibodies for response and
outcome prediction are limited, several studies only focused on ANA in their analysis.
Antinuclear antibodies are a class of autoantibodies which are targeted against cellular
components in the nucleus of a cell and, despite being not very specific, are widely associated
with several autoimmune diseases including lupus erythematous, Sjogren’s syndrome, and
other connective tissue disecases (188).

A large retrospective study including 191 patients with solid organ malignancies independent
of tumor type reported numerically but not significantly worse ICI efficacy in patients with
preexisting ANA as indicated by ORR (12.5% vs. 26.5%, p=0.38) and DCR (37.5% vs 67.5%,
p=0.08) (182). Since only 9 patients were defined as ANA positive (ANA > 1:160) and cut-offs
for ANA positivity are not fully established, analyses where also conducted for ANA > 1:40
and ANA > 1:80 with similar results (182). Supporting the direction of pretreatment ANA being
linked to decreased treatment efficacy, Yoneshima et al. (185) observed significantly shorter
PFS (2.9 vs. 3.8 months (p=0.03) and OS (11.6 vs 15.8 months, p=0.03) in NSCLC patients
with ANA titers > 1:160. Corroborating these results, another study in 77 consecutive NSCLC
patients reported significantly shorter OS in patients with elevated ANA titers (183). However,
this could not be validated in our present study where neither elevated ANA titers at baseline,
nor high or increased ANA measurements after 8-12 weeks of ICI treatment were linked to
treatment response. Furthermore, neither in the previously discussed study by Toi. et al (184)
nor in another large-scaled study of 266 patients with NSCLC (186) a significant association of
ANA levels at baseline with ICI efficacy or patient’s survival could be found.

Notably, as already mentioned earlier, varying panels of analyzed autoantibodies and different
cut-offs for biomarker dichotomization in the case of ANA make it difficult to compare between

studies. Cut-offs for ANA in the literature ranging between > 1:40 and > 1:160, thus with a
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chosen cutoff of > 1:80 for ANA positivity, the present study lies well between previously
published studies on this matter (182—186).

Apart from their potential predictive and prognostic utility, autoantibodies have been suggested
as biomarkers for the development of irAEs, which is of major clinical importance considering
severe and potentially life-threatening adverse effects of ICI treatment and the lack of respective
established biomarkers in clinical routine (55,57).

The previously discussed study by Toi et al. (184) additionally evaluated autoantibodies in the
context of irAEs and reported a more than 3-fold increase of the risk of developing irAEs of
any-grade in patients with any elevated autoantibody titer at baseline and a significantly higher
rate of thyroid dysfunction in patients with preexisting antithyroid antibodies. The relationship
between thyroid dysfunction and related anti-thyroid autoantibodies is supported by several
other studies in cancer patients undergoing ICI therapy (189-191), thus collectively
representing robust evidence of the utility of antithyroglobulin and antithyroid peroxidase
antibodies for risk prediction of thyroid-related irAEs. However, evidence is not as clear and
quite controversial when it comes to other types of autoantibodies. For instance, ANA were
reported to be increased in patients who developed colitis upon ICI therapy, yet there was no
overall correlation of ANA positivity with the risk of developing any-grade irAEs (182), which
is in line with the results of this thesis as well as another study conducted in NSCLC patients
(186). In contrast, Morimoto et al. (183) observed a higher discontinuation rate of treatment
due to severe adverse events in the ANA positive group, indicating more severe side effects of
ICI treatment in this group. Autoantibodies were further suggested for the prediction of
individual adverse events such as myositis (anti-acetylcholine receptor antibodies),
hypophysitis (anti-GNAL, anti-ITM28) (192), pneumonitis (anti-CD74) (192), or skin reactions
(anti-BP180) (193), but further studies are warranted to verify these results.

Les et al. (194) retrospectively evaluated an antibody battery of ANA, ANCA, rheumatoid
factor and anti-thyroid antibodies (anti-thyroid-peroxidase and anti-thyroglobulin) in 26 cancer
patients, which was tested positive more frequently in patients who developed irAEs and was
able to predict the occurrence of irAEs with a diagnostic accuracy of 80%. In contrast, despite
using a comparably or even more extensive panel of autoantibodies in a bigger sample size, the
present prospective study found no relation between positive antibody screening and higher

grade irAEs.
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Finally, some limitations of the study should be discussed. First, selection bias may not be
entirely excluded due to the single-center study design. Second, due to the limited sample size,
subgroup analysis stratified for tumor types must be interpreted with caution. Third considering
the pan-cancer study design, follow-up protocols and ICI treatment dosing schemes may vary
depending on cancer type. Fourth, since PD-L1 status is not routinely assessed in all cancer
types included in the study, we could not adjust our analysis for PD-L1 expression. Fifth, we
did not monitor lower-grade irAEs in our study, thus conclusions regarding the impact of
autoantibodies on lower- or any-grade irAEs cannot be drawn.

Lower-grade irAEs were not monitored in our study, thus no conclusion on the impact of

autoantibodies on lower- and any-grade irAEs can be drawn.

4.2 Study 2 — peripheral blood B-cell subtypes

Parts of this section were reproduced or similarly published in Barth et al. (174).

As previously discussed in the introduction section of this thesis, B-cells and TIL-Bs were
previously linked to the survival of cancer patients (130). This longitudinal cohort study
prospectively evaluated the predictive potential and changes over time of different circulating
B-cell subtypes in the blood of cancer patients undergoing ICI therapy in the form of a
hypothesis-generating study. The aim of this project was to uncover novel B-cell-based
biomarkers in ICI treatment and generate input from a clinical cohort and a clinical perspective
for further research illuminating the roles of B-cells in tumor immunology and particularly ICI
treatment. Within the study, no associations of different B-cell subtypes with response were
observed at baseline, yet an increase of CD21" B-cells after 8-12 weeks of ICI mono- or
combination therapy was consistently connected to reduced odds for treatment response.
Likewise, we found signals for an increase of switched memory B-cells being associated with
decreased likelihood of disease control and treatment response. Lastly, an increase in naive B-
cells between the 1% and 2" blood draw was linked to improved odds of response.

Research in cancer immunity has primarily focused on the functions of T-cells since the
discovery and further implementation of ICIs in cancer treatment (195,196), nonetheless the
role of B-cells in anti-cancer immune responses has gradually gained more research interest,

since fundamental functions of B-cells, such as antibody production, antigen presentation and
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activation of T-cells may be key for the initiation and maintenance of effective anti-neoplastic
responses of the immune system as a whole (93,197,198).

The importance of a deeper understanding of B-cell mediated immune responses, especially in
the context of immune checkpoint blockade, is underlined by several reports, which highlight
the relevance of B-cells in the light of ICI treatment response (86,90,138). In esophagogastric
cancer it was shown that TIL-Bs were decreased in patients with PD-L1 expression indicating
B-cells as a part of cancer immune evasions and potential target of ICI therapy (122).

As already broadly described in the introduction section of this thesis (see 1.3.2 Tertiary
Iymphoid structures), TIL-Bs mainly reside in TLS in the TME, where they may form
specialized and demarked B-cell follicles (97). A recent study, which further investigated the
role of TLS in the context of ICI treatment, emphasized the importance of TIL-Bs in TLS in
terms of treatment response (199). The authors analyzed immune profiles of the TME in
patients with soft tissue sarcoma from publicly available data bases such as TCGA and Gene
Expression Omnibus (GEO) by analyzing characteristic gene signatures for various immune
cells, vascularization and immune checkpoint molecules. Subsequentially, they defined five
different immune profiles and found that patients with high abundance of T-cells, CD8" T-cells,
natural killer cells and cytotoxic lymphocytes had significantly better survival outcomes if
additional high expression of B-cell signatures was present. Patients who had high immune cell
infiltration as well as high expression of immune checkpoint molecules did not show survival
benefits in the absence of B-cell infiltration. In addition, this was also predictive for treatment
response to pembrolizumab in a retrospective evaluation of the prospective phase-1I study
SARCO028, with an ORR of 50%. Even more, CXCL13, which was considered as a marker
indicating the presence of TLS, was highly expressed in patients with high T- and B-cell
infiltration (199), corroborating the results of previous studies (125). Since sarcomas are
generally considered immunologically ‘cold’ tumors, underlined by the fact that to date ICI
treatment has not yet been established in routine treatment regimens (200), the astonishing
reinstitution of immunogenicity by the mere presence of B-cells in the TME in the study by
Petitprez et al. (199) , underlines the fundamental role of B-cells in the formation of anti-cancer
immune responses, leading to the definition of a potential immunogenic and ICI-responsive
subgroup of soft tissue sarcomas.

In another study, Wu et al. (201) defined a subset of TIL-Bs (CD20'CD22"ADAM28") with a

memory B-cell phenotype in TLS which significantly correlated with survival outcomes in
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melanoma, glioblastoma, NSCLC, RCC and head and neck squamous cell carcinoma in patients
receiving ICI therapy. Moreover, the authors found that the abundance of these B-cells was
predictive for ICI treatment response in NSCLC patients. Additional experiments in a murine-
melanoma model with mice being depleted of CD20°CD22"ADAM28" B-cells and treated with
ICI therapy, showed a resistance towards ICI treatment in depleted mice (201). ADAM
Metallopeptidase Domain 28 (ADAM28) is mainly expressed on peripheral blood B-cells and
plays a role in lymphocyte migration. Even more, it may promote the differentiation into
marginal zone B-cells via the Notch2-RBP-Jk pathway (201,202).

Corroborating the findings of Wu et al. (201), recently published data within the phase II
NIVOREN GETUG-AFU 26 study suggest a significant association of unswitched memory B-
cells (=marginal zone B-cells) with the survival of 44 metastatic RCC patients treated with
nivolumab (203), thereby corroborating the findings of Wu et al. (201). In detail, higher baseline
levels of unswitched memory B-cells (CD19°CD27'IgD" I[gM") were significantly associated
with longer OS (12-months OS 100% vs. 66.3%, p=0.002) and PFS (6.8 vs. 1.8 months,
p=0.048) (203). In addition, unswitched memory B-cells significantly correlated with follicular
T-helper cells and the abundance of TLS in the TME of tumor samples, which by themselves
were associated with patient’s survival outcomes (203). In line with the results of Carril-Ajuria
etal. (203), high levels of IgM" memory B-cells at treatment start of anti-PD-(L)1 monotherapy
(=unswitched memory B-cells) in the blood of advanced NSCLC patients were significantly
associated with both, higher response rates and prolonged survival in a retrospective Chinese
cohort study including two cohorts of 50 and 70 individuals, respectively (172). However, in a
performed subgroup analysis, response prediction could only be achieved in patients
undergoing PD-1 and not PD-L1 targeted therapy (172).

Unlike switched memory B-cells, unswitched memory B-cells have not undergone class
switching to IgG", IgA" or IgE" and may enter germinal centers upon antigen rechallenge,
thereby differentiating into germinal center B-cells undergoing class switching and affinity
maturation (204-206). Thus, given their lower antigen affinity, unswitched memory B-cells
may adapt upon antigen rechallenge and enable a faster [gM-mediated immune response (205).
Furthermore, unswitched memory B-cells have a longer life span than switched memory B-
cells and are therefore hypothesized to behave as a “peripheral imprint” of TLS and the TME
(203). In the present study, a significant decrease of unswitched memory B-cells was reported,

which may implicate that unswitched memory B-cells may be drawn to TLS in the TME, where
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they may undergo class switching and eventually differentiate into mature memory B-cells or
plasma cells. Although survival analysis was not performed in our study, at least in our present
analysis, no signals of peripheral blood unswitched memory B-cells being connected to
treatment response, neither at baseline nor after 8-12 weeks of ICI treatment, were observed.
This may be explained by the smaller sample size or the heterogenous tumor types of our study
cohort, yet conclusions should be drawn with caution, since the prognostic impact of a given
biomarker may not automatically implicate the ability of reliable response prediction. Thus,
further research and prospective studies are warranted to clarify this question.

While we did not observe associations of unswitched memory B-cells with response, we
detected signals of switched memory B-cells as predictors of response after the initiation of ICI
therapy. In detail, an increase of the frequency of switched memory B-cells after 8-12 weeks of
ICI treatment was linked to decreased odds of treatment response.

In cancer, abundance of switched memory B-cells is higher in the TME as compared to
peripheral blood of tumor patients (130,207). An interesting study by Helmink et al. (85)
investigated B-cell in TLS in small individual cohorts of patients with melanoma and RCC as
well as a TCGA RCC cohort. Besides demonstrating that a higher density of B-cells in TLS is
linked to response to immune checkpoint blockade, intra-tumoral CXCR3" switched memory
B-cells were increased in responders as compared to non-responders (85). In our study, we
reported a decrease of the frequency of switched memory B-cells in the blood of responders
and moreover found a significant decrease of absolute counts of switched memory B-cells after
8-12 weeks of ICI therapy. Thus, it may be hypothesized that switched memory B-cells could
be drawn to TLSs in the TME of responders, resulting in a decrease in peripheral blood, where
they might eventually differentiate into plasma cells inducing a cancer-specific immune
response (85,208). Supporting this hypothesis, in the study by Helmink et al. (85) plasma cells
were also enriched in the TME of responders. Furthermore, a study monitoring circulating
memory B-cells of melanoma patients for IgG antibodies targeted against the tumors found an
increase of antibody responses in melanoma patients as compared to healthy controls as well as
a decrease in advanced disease stages. In addition, the authors were able to isolate antibodies
from patient-derived B-cell cultures that effectively targeted and killed melanoma cells in vitro
indicating an important role of B-cell mediated anti-tumor response through antibody

production (209). Yet further research with larger sample sizes is still needed.
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Besides memory B-cells, Helmink et al. (85) also reported that naive B-cells were enriched in
the blood and TME of patients who did not respond to ICI therapy. This is in contrast to
observations of another study, which linked higher levels of naive B-cells in the TME before
treatment start with ICI treatment response (161). In line with these results, the present study
found an increase of naive B-cells after 8-12 weeks of ICI therapy to be significantly associated
with higher rates of treatment response. However, in a murine model of malignant pleural
effusion, activated naive PD-L1" B-cells were shown to inhibit the expansion of effector T-
cells, such as Th-17 cells, via the PD-1/PL-L1 pathway, thereby promoting tumor growth (210).
Collectively, the role of naive B-cells in tumor immunity and especially in the context of
checkpoint molecule blockade remains unclear and may vary by tumor site or even by targeted
checkpoint molecules.

Lastly, the present study is the first to report a consistent connection between a CD21- B-cell
population and efficacy of ICI therapy.

Previously, CD217/low B-cells were linked to autoimmune diseases such as rheumatoid
arthritis, systemic lupus erythematosus or Sjogren’s syndrome (211), where they were generally
considered to represent an anergic B-cell population in the context of B-cell exhaustion (211—
215). In cancer, in a study by Bruno et al. (86), the presence of so-called exhausted TIL-Bs
(CD69'HLA'DR'CD27°CD21") correlated with a regulatory phenotype of CD4" TIL-Ts in
NSCLC. Tregs are frequently associated with cancer immune evasion and reduced ICI treatment
efficacy (216,217). On the one hand, Bruno et al. (86) suggest that TIL-Bs may promote
immunological antitumor response by antigen presentation to CD4" lymphocytes in the TME.
On the other hand, TIL-Bs could suppress antitumor immune response by expression of an
exhausted B-cell phenotype (CD19°CD20"'CD69'CD27°CD21) thereby exerting an immune-
regulatory effect through their association with CD4" TIL-Ts. The authors hypothesize that the
purpose of these exhausted TIL-Bs might be the prevention of host damage in the light of
chronic inflammation and suggest exhausted TIL-Bs as potential therapeutic targets in order to
complement ICI therapy and potentially increase response rates in NSCLC (86). Although
generally tumor tissues were tending towards enrichment with activated B-cells, patients with
an exhausted TIL-B phenotype either faced recurrent disease or cancer-related death in their
study (86). Notably, considering the comparably small sample size of 10 patients, these results
should be interpreted with caution. However, these data are consistent with the results of this

present study, where longitudinal measurements of B-cell subpopulations during ICI treatment
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revealed a consistent association of an increase of peripheral blood CD21" cells with reduced
ICI efficacy. Considering the results of Bruno et al. (86), an increase of CD21" B-cells during
ICI therapy may resemble B-cell exhaustion upon ICI treatment and could thus be linked to
treatment failure. Although no signals of CD21" B-cells being linked to ICI efficacy were
present at baseline, interestingly, CD21" B-cells were significantly decreased after 8-12 weeks
of ICI treatment in patients who showed response to ICI therapy, thereby supporting this
hypothesis.

Interestingly, in patients with germline mutations in CTLA4 who developed severe immune
dysregulation a progressive loss of circulating B-cells as well as an increase in CD21'° B-cells
was observed (218). As a matter of fact, circulating CD21' B-cells were also previously linked
to the occurrence of irAEs. Das et al. (219) analyzed circulating B-cell subtypes at baseline and
after the first administration of ICI therapy in melanoma patients and found individuals with a
decrease in CD21" B-cells at an increased risk of developing higher grade irAEs. In the
analysis, no evaluation of treatment efficacy or survival outcomes considering CD21% B-cells
was performed. However, since the development irAEs upon ICI treatment is generally a
marker for enhanced treatment response (220,221), the results may implicate and thus support
our findings of a decrease in CD21" B-cells being a novel potential biomarker for ICI treatment
efficacy. As such, the higher rate of irAEs in these patients may accompany the increase in
activated B-cells with the initiation of an effective B-cell mediated anti-cancer immune
response and the concomitant decline of an exhausted and anergic CD21" B-cell population
upon blockade of immune checkpoint molecules. Yet further studies are warranted to verify
this hypothesis.

Circulating B-cells at baseline were higher in responders as compared to non-responders in
patients undergoing ICI therapy as reported in two recent studies in NSCLC patients undergoing
treatment with the PD-1 inhibitor pembrolizumab (172) as well as in a pan-cancer cohort of 75
cancer patients (171). In this present study, these findings could not be validated, however, the
retrospective nature of both mentioned studies should be noted as a noteworthy limitation. At
least the latter study did not implement logistic regression models and did not further account
for different B-cell subtypes in the analysis (171).

Some limitations of this study should be noted. First, due to the limited sample size especially
concerning the second blood draw the study may be underpowered to detect small differences

in the distribution of B-cell subtypes and their association with treatment response. Yet,
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significant signals of three different subpopulations, namely naive, switched and CD™ B-cells
could be observed. Second, due to the single center design, selection bias cannot be entirely
excluded. Third, considering the pan-cancer study design, follow-up protocols and ICI
treatment dosing schemes may vary depending on cancer entity and cancer-specific changes in
B-cell populations may not be considered. Fourth, a large proportion of the patients included in
the study had undergone chemotherapy before inclusion in the study. Chemotherapy was
previously shown to directly impact and alter B-cell frequencies during active treatment (222).
Although long-term effects after termination of chemotherapy treatment on B-cells are
unknown, this fact should at least be considered when interpreting the results. Fifth, PD-L1
expression was not available for most patients, since routine assessment is not performed in all

cancer types. Sixth, single plasmablasts might have been lost due to conservative CD19 gating.

4.3 Conclusions

The prospective nature as well as longitudinal measurements of autoantibodies and B-cells
should be noted as important strengths of this study.

Based on the results of this dissertation thesis, the presence of autoantibodies determined by an
extensive panel of autoantibody measurements at treatment initiation and after 8-12 weeks of
ICI therapy is neither associated with treatment efficacy of ICIs as indicated by DCR, ORR and
PFS nor linked to an increased risk for higher-grade irAEs.

Considering B-cell measurements and longitudinal changes in circulating B-cell subtypes upon
ICI therapy, changes in naive, switched and CD21" B-cells may represent novel predictors of
ICI treatment efficacy. Furthermore, this is the first study to report a link between an anergic
and exhausted CD21" B-cell population with response to ICI therapy, yet further larger-scaled

as well as functional studies are warranted to verify these results.
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