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Abstract

ABSTRACT

Despite considerable progress in immunotherapy for treating tumor diseases such as
metastatic melanoma with immune checkpoint inhibitors (ICls), many patients respond poorly
to the treatment. In addition to other known factors, the composition of the gut microbiome has
been associated with interindividual differences in treatment response, whereas the underlying
molecular mechanisms have not yet been sufficiently explored. Bacterial-derived metabolites
have been suggested as the missing link between the gut microbiome and ICI efficacy. In this
study the impact of the bacterial-derived metabolites desaminotyrosine (DAT) and indole-3-
carboxaldehyde (ICA) on the efficacy of ICI therapy has been investigated using a murine
melanoma model. The results indicate that supplementation with DAT and ICA enhances the
efficacy of ICI therapy, albeit with variations based on the tumor model and ICI type, dosage,
and timing of administration. Furthermore, it was demonstrated that DAT facilitates the
activation of immune cells such as T cells and natural killer (NK) cells in combination with
anti-cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) therapy, therefore modifying the
tumor microenvironment (TME). Host type | interferon (IFN-I) signaling was identified as a
critical mediator for the additive effects of DAT and anti-CTLA-4 therapy on tumor control,
overall survival (OS), and the activation of immune cells in the TME. Consistently DAT
administration promoted the expansion and proliferation of tumor antigen-specific T cells in
conjunction with an IFN-I-inducing adjuvant in a vaccination model. Intriguingly, DAT did not
directly affect B16.0OVA tumor cells, highlighting its selective impact on the immune response.
Moreover, DAT administration mitigated the adverse effects on anti-CTLA-4 therapy caused by
broad-spectrum antibiotic treatment. Oral supplementation of DAT induced alterations in the
gut microbial composition in steady state mice, indicating its potential role in additional gut
microbiome modulation. Remarkably, this study highlights that DAT and ICA did not exacerbate
anti-CTLA-4-induced immune-related adverse events (irAEs), despite the enhanced T-cell
response and the associated inflammatory potential, suggesting their potential as safe and
effective adjuncts to existing immunotherapies.

Overall, these findings provide novel insights into the complex interplay between bacterial-
derived metabolites, the host immune system, and anti-CTLA-4 therapy, paving the way for
the development of more effective and tailored immunotherapeutic approaches for cancer

treatment even in the context of broad-spectrum antibiotic therapy.



Kurzzusammenfassung

KURZZUSAMMENFASSUNG

Trotz erheblicher Fortschritte in der Immuntherapie zur Behandlung von Tumorerkrankungen
wie dem metastasierenden Melanom mit Immuncheckpoint-Inhibitoren (ICls) sprechen viele
Patienten nur unzureichend oder gar nicht auf die Therapie an. Neben anderen bereits
bekannten Faktoren wird das Darmmikrobiom mit den interindividuellen Unterschieden im
Therapieansprechen in Verbindung gebracht, wobei die zugrunde liegenden molekularen
Mechanismen noch nicht ausreichend erforscht sind. Bakterielle Metabolite wurden als das
fehlende Bindeglied zwischen dem Darmmikrobiom und der Wirksamkeit von ICls erwogen. In
dieser Studie wurde der Einfluss der bakteriellen Metabolite Desaminotyrosin (DAT) und Indol-
3-carboxaldehyd (ICA) auf die Wirksamkeit der ICI-Therapie mithilfe eines murinen Melanom-
Modells untersucht. Die Ergebnisse deuten darauf hin, dass die Supplementierung mit DAT
und ICA die Wirksamkeit der ICI-Therapie erhdht, wenn auch mit Schwankungen basierend
auf dem Tumormodell und dem ICI-Typ, der Dosierung und dem Zeitpunkt der Verabreichung.
Darlber hinaus wurde gezeigt, dass DAT die Aktivierung von Immunzellen wie T-Zellen und
natlrlichen Killerzellen (NK-Zellen) in Kombination mit der anti-zytotoxisches-T-Lymphozyten-
assoziiertes-Antigen-4(CTLA-4)-Therapie erleichtert und somit die Tumormikroumgebung
(TME) modifiziert. Die Interferon-Typ-l (IFN-I)-Signalgebung des Wirtes wurde als kritischer
Mediator fir die additiven Effekte von DAT und der anti-CTLA-4-Therapie auf die
Tumorkontrolle, das Gesamtuberleben und die Aktivierung von Immunzellen in der TME
identifiziert. Konsequenterweise steigerte die DAT-Verabreichung die Expansion und
Proliferation von tumorspezifischen T-Zellen in Verbindung mit einem IFN-I-induzierenden
Adjuvans in einem Vakzinierungsmodell. Interessanterweise zeigte DAT keine direkten
Auswirkungen auf B16.0VA-Tumorzellen, was somit die selektive Wirkung auf die
Immunantwort hervorhebt. Daruber hinaus milderte die DAT-Verabreichung die nach einer
Breitbandantibiotikabehandlung verursachten negativen Effekte auf die anti-CTLA-4-Therapie.
Die orale Supplementierung von DAT fuhrte zu Veranderungen in der Zusammensetzung des
Darmmikrobioms bei Mausen im Grundzustand, was auf seine potenzielle Rolle bei der
zusatzlichen Modulation des Darmmikrobioms hinweist. Bemerkenswerterweise zeigt diese
Studie, dass DAT und ICA trotz der verstarkten T-Zell-Antwort und des damit verbundenen
entziindlichen Potenzials die durch anti-CTLA-4 induzierten immunvermittelten
unerwunschten Effekte (irAEs) nicht verschlimmern, was auf ihr Potenzial als sichere und
effektive Erganzungen zu bestehenden Immuntherapien hinweist.

Insgesamt liefern diese Ergebnisse neue Erkenntnisse Uber das komplexe Zusammenspiel
bakterieller Metabolite, des Wirtsimmunsystems und der anti-CTLA-4-Therapie und ebnen den
Weg fur die Entwicklung effektiverer und maflgeschneiderter immuntherapeutischer Ansatze

zur Behandlung von Krebs, sogar im Zusammenhang mit Breitbandantibiotikatherapie.
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Introduction

I INTRODUCTION

1. Melanoma

Melanoma is an aggressive disease arising from the uncontrolled proliferation and malignant
transformation of melanocytes, which are responsible for the production of melanin, a pigment
that determines the color of the skin, hair, and eyes, and offers protection against sun exposure
and oxidative stress.? The disease mainly involves melanocytes in the epidermis, specifically
the innermost layer known as the stratum basale.? The malignant transformation of epidermal
melanocytes ultimately leads to cutaneous melanoma. Despite being the least common type
of skin cancer, malignant melanoma is the most aggressive and life-threatening form.® Risk
factors include UV exposure, ethnicity, age, and gender.* Survival rates vary with localized
tumors having up to a 100% 5-year relative survival rate, while distant metastases result in a
32% survival rate.® Patients with melanomas at stage | and Il have the best prognosis as the
tumors are localized and no regional lymph nodes are affected, and surgery holds a high
curative potential. However, patients at stages Ill and IV, with involvement of local or distant
lymph nodes or distant organs, as well as some patients at stage Il, require adjuvant treatments
to halt disease progression.®” While radiotherapy is occasionally used for exceptional cases,
its effectiveness is limited due to the radio resistance of melanomas.® Similarly, chemotherapy
is generally avoided due to its limited activity and lack of survival benefit.® Instead, targeted
therapies and immunotherapeutic approaches are more widely applied in advanced
melanoma. Given the abundance of genetic alterations in genes associated with proliferative
signaling pathways, targeted therapy uses small molecule inhibitors to specifically target these
pathways.” The immunotherapeutic approach started with interleukin-2 (IL-2) and interferon
alpha-2b (IFNa-2b) with moderate responses in long-term follow up and high toxicity."®"" Since
2011, a significant change has occurred in the role of immunotherapy in melanoma with the
approval of the immune checkpoint inhibitor (ICI) ipilimumab. Over the last few years, in
addition to ipilimumab other ICIs targeting different immune checkpoints have also been
approved and have shown significant results in terms of therapy response and overall survival
(0S)."2-'% |Cls allow for the re-establishment of an antitumor immune response by overcoming
inhibited T cell functions. Nevertheless, a large percentage of patients do not respond to ICI
therapy or develop resistance, and the reasons behind this remain elusive.'®-'® Another aspect
is that patients often experience immune-related adverse events (irAEs) due to ICl therapy.'?'®
Another approach for first line treatment for locoregional disease is represented by oncolytic
viruses, also in combination with ICls to generate a systemic antitumor response.?®

Ultimately, the principal constraint is related to the emergence and subsequent development

of treatment resistance for the current state of the art therapies.
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Introduction

2. The immune system
2.1 Basic concepts

The human immune system comprises three key levels: anatomic and physiologic barriers,
innate immunity, and adaptive immunity, with deficiencies in any of these levels significantly
heightening susceptibility to infection. Anatomic and physiologic barriers, including intact skin,
effective mucociliary clearance mechanisms, low stomach pH, and bacteriolytic lysozyme in
bodily secretions, serve as the initial defense line against pathogens. Innate immunity
supplements the protection provided by anatomic and physiologic barriers by rapidly initiating
a protective inflammatory response upon pathogen exposure and facilitating the subsequent
activation of the adaptive immune response. The innate immune system identifies invaders
through pattern detection, utilizing pattern recognition receptors (PRRs) which recognize
distinct and conserved molecular structures in pathogens, the so-called pathogen-associated
molecular patterns (PAMPs). These PAMPs are vital for pathogen survival, possessing unique
attributes absent in host cells. Consequently, PRRs initiate signaling pathways, triggering
immune responses like cytokine release, inflammation, and innate immune cell activation,
contributing to pathogen elimination and host-microbe balance.?'-** PRRs are categorized into
important main types based on protein domain homology: these include membrane-bound toll-
like receptors (TLRs), C-type lectin receptors (CLRs), and cytosolic receptor families like
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), RNA-helicases such
as RIG-I-like receptors (RLRs), absent in melanoma-2 (AIM2)-like receptors (ALRs), and the
Cyclic GMP-AMP synthase (cGAS).2'-?® Furthermore, PRRs can recognize so called danger-
associated molecular patterns (DAMPs). Unlike PAMPs, DAMPs are endogenous molecules
produced by host cells. The recognition of DAMPs by the innate immune system helps in the
clearance of damaged tissues, the repair of injured areas, and the initiation of defense
mechanisms against potential threats or infections resulting from tissue damage.?'-*
Additionally, the innate immune system features a humoral component consisting of various
well-characterized components, including complement proteins, lipopolysaccharide (LPS)
binding protein, C-reactive protein, pentraxins, collectins, and anti-microbial peptides like
defensins.?5?” These circulating innate immune proteins play a crucial role in both pathogen
sensing and facilitating the clearance of infections. As adaptive immunity progressed alongside
a fully operational innate immune system throughout evolution, the conventional differentiation
between innate and adaptive immunity is regarded as overly simplistic, given that numerous
adaptive immune responses rely on the fundamental framework established by innate
immunity.25-2¢ Adaptive immunity is a complex and highly specialized defense mechanism of
the immune system that provides long-lasting protection against specific pathogens. This type
of immunity is antigen-specific, meaning it recognizes and targets particular antigens. Adaptive

immunity also exhibits immunological memory, enabling the immune system to recognize and
15



Introduction

mount a stronger and faster response upon subsequent encounters with the same pathogen.
Adaptive immunity involves two primary types of immune responses: humoral immunity
mediated by B lymphocytes and the antibodies they produce as well as cell-mediated

immunity.?”

2.2. Cell-mediated immune responses

The innate immune system engages a wide array of cells of both hematopoietic and non-
hematopoietic origins to provide defense against pathogens. Hematopoietic cells involved in
innate immune responses include macrophages, dendritic cells (DCs), mast cells, neutrophils,
eosinophils, natural killer (NK) cells, and NK T cells, while non-hematopoietic cells such as
those in the skin and the epithelial linings of the respiratory, gastrointestinal, and genitourinary
tracts further contribute to innate immune responsiveness. The adaptive immune system on

the other hand relies on hematopoietic T and B lymphocytes.?6-

2.21. T cells

T cells develop in the thymus through chemokine-guided interactions, undergo positive and
negative selection, establish central tolerance in the medulla, and exit as mature T cells with
unique T cell receptors (TCRs) that recognize diverse antigens. Activation occurs when TCRs
interact with antigenic peptides presented by major histocompatibility complex (MHC)
molecules, leading to the formation of an immunological synapse and activation of intracellular
signaling pathways.2%-3!

The mature T lymphocytes can be identified as either CD4* T helper (Th) cells or CD8"
cytotoxic T lymphocytes (CTLs). Th cells produce cytokines essential for triggering both
humoral and cell-mediated immune responses. The activation of Th cells is regulated, and
naive CD4" cells become active when they encounter antigens presented by MHC complexes
(in humans specifically called human leukocyte antigen (HLA)) on professional antigen
presenting cells (APCs), like DCs, with the appropriate co-stimulatory molecules. Upon
activation, CD4"* T cells differentiate into distinct subsets, including Th1, Th2, Th17, and Tregs,
each with specialized functions. Th1 cells promote cell-mediated immunity against intracellular
pathogens, Th2 cells facilitate responses against extracellular parasites and allergens, while
Th17 cells play a role in inflammation and mucosal defense.?’3232 Tregs, on the other hand,
help maintain immune tolerance and prevent excessive immune reactions. Tregs are
characterized by the expression of the transcription factor FoxP3 and are capable of
suppressing the activation and function of other immune cells, such as effector T cells, B cells,
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and antigen-presenting cells. By exerting immunosuppressive effects, Tregs help control
inflammation and immune reactions, making them essential for immune homeostasis.
Dysfunction or deficiencies in Tregs can lead to autoimmune diseases, contribute to chronic
inflammatory conditions, and regulate tumor immunity.3435

CD8* T cells play a critical role in the adaptive immune response by recognizing and eliminating
infected or abnormal cells. When they encounter cells displaying antigens on MHC class |
(MHC-I) molecules, typically as a result of viral infection or cellular transformation, CD8* T cells
become activated. Upon activation, they undergo clonal expansion and differentiate into
effector cells equipped to recognize and destroy the target cells. This process involves the
release of cytotoxic molecules, such as perforin and granzymes, which induce apoptosis in the
target cells.®® CTLs can provide a defense against spontaneous tumors by identifying
alterations in the antigens of tumor cells. As cells undergo transformation into tumors, their
protein composition is modified as well. CD8" T cells are capable of identifying these antigens
presented by MHC-I molecules, which acquire peptides from the internal protein degradation
process of a cell and present them on the cell surface. This mechanism enables CTLs to
conduct surveillance for any cellular changes, including those occurring in tumor cells.3637
Both CD4* and CD8" T cells express T cell activation markers, including early activation marker
CD69 and activation marker CD25, upon encountering antigens or other signals. These
activation markers are integral to various T cell functions, such as T cell proliferation and
cytokine production.® In addition to these markers, activated T cells also produce cytokines
like interferon-gamma (IFN-y) as part of their effector function. While IFN-y is typically not used
as a direct marker for identification of activated T cells, its presence in the surrounding
environment or its secretion by T cells can serve as an indicator of an ongoing T cell response
and activation.38%°

After an initial encounter with an antigen, some T cells develop into memory T cells. These
cells provide long-lasting immunity and can rapidly respond to re-infection with the same
pathogen. These cells come in two primary subtypes: central memory T cells (TCMs) and
effector memory T cells (TEMs). TCMs primarily reside in lymphoid tissues, such as lymph
nodes and the spleen, and possess a high degree of proliferative potential. They function as a
reservoir of memory T cells and contribute to the generation of secondary immune responses.
TEMSs, on the other hand, circulate in peripheral tissues and have immediate effector functions,
swiftly mobilizing to infection sites to combat invading pathogens. Both TCMs and TEMs are
derived from previously activated T cells, often naive T cells that have undergone antigen
stimulation and differentiation into effector cells during the initial encounter with an antigen.*°
Memory T cells can play a crucial role in preventing cancer recurrence. This phenomenon is
the basis for some immunotherapies and cancer vaccines that aim to stimulate the

development of memory T cells specific to tumor antigens.4%4’
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2.2.2 Dendritic cells

DCs are essential antigen-presenting cells found in various tissues, acting as immune system
sentinels. They play a crucial role in maintaining the immune balance by promoting immune
tolerance under normal conditions. However, when there are disruptions in this balance, often
signaled by innate immune activation, DCs become activated and carry antigens to the nearby
draining lymph nodes. There, they initiate the activation of naive T cells, a pivotal step in
launching immune responses against perceived threats. In essence, DCs serve as a bridge
between innate and adaptive immunity, regulating immune responses in both steady state and
perturbed conditions. DCs are a heterogenous group of cells that include conventional DCs
(cDCs), plasmacytoid DCs (pDCs), and monocyte derived DCs (Mo-DCs). DCs, similar to all
other types of leukocytes, originate from hematopoietic stem cells found in the bone marrow.
Monocytes, macrophages, granulocytes, megakaryocytes, and erythrocytes go through the
process of differentiation from a shared myeloid progenitor.42-46

Plasmacytoid DCs, while having lower antigen presentation capabilities than cDCs at baseline,
can induce T cell proliferation when stimulated. They express high levels of toll-like receptor
(TLR) 7 and TLR9, allowing them to produce type | interferon (IFN-I) in response to nucleic
acids, which makes them important in antiviral, antitumor, and autoimmune responses. The
pDCs can regulate various immune responses, including those of NK cells, cDCs,
macrophages, CD4* T cells, and CD8* T cells through IFN-1.43

Conventional DCs, expressing CD11c and MHC-II, are categorized into resident and migratory
cDCs based on their initial location and migration patterns. Both subsets can be further divided
into cDC1s and cDC2s. The cDC1s are characterized by CD103 expression in mice and are
critical for cross-presentation to prime CD8* T cells, particularly in antiviral and antitumor
responses. They also present antigens to CD4* T cells, initiating Th cell differentiation. The
cDC2s, on the other hand, are characterized by CD11b expression in mice. They have diverse
subsets, and their functions include activating naive CD4" T cells and directing their
differentiation into various Th cell subsets including Th2, Th17, and Tregs, depending on the
specific cDC2 subset and inflammatory conditions.*44°

Mo-DCs can migrate to lymph nodes and influence CD4* T cell differentiation through cytokine
production, but they are not typically involved in naive T cell priming. Instead, they contribute
to shaping CD4" T cell subsets, particularly during inflammatory states, and can reactivate

primed CD4" T cells in tissues.*®
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2.2.3 Natural killer cells

NK cells are a type of innate immune cell with cytotoxic abilities similar to CD8* T cells in
adaptive immunity. However, they lack CD3 and TCRs and thus do not require prior
sensitization or the need for specific antigen recognition. NK cells are primarily found in the
blood, constituting around 5-10% of peripheral blood mononuclear cells, and they are present
in bone marrow and lymphoid tissues like the spleen as well. These cells originate from
common lymphoid progenitor cells in the bone marrow.*

In cases of infection and inflammation, NK cells are swiftly recruited and activated, undergoing
rapid proliferation, and making significant contributions to both innate and adaptive immune
reactions. NK cells can be activated by cytokines like IL-12, IL-15, and IL-18, which stimulate
them to produce IFN-y. Also, interaction with DCs or co-stimulatory signals from other immune
cells or target cells can lead to production of IFN-y by NK cells.#”~#° Like in T cells, IFN-y can
serve as an indicator of an ongoing NK cell immune response or activation. Additionally, they
can secrete various cytokines and chemokines, thereby influencing the recruitment and

function of other immune cells.*’

2.3 The significance of type | interferon signaling

IFN-Is, including IFN-a and IFN-B, constitute a vital component of the immune system,
functioning as crucial mediators in the immune response. The diverse biological responses
initiated by IFN-I are mediated through the ubiquitously expressed heterodimeric interferon
alpha/beta receptor (IFNAR), comprised of subunits IFNAR1 and IFNAR2. The IFN-I response
is mediated via PRRs. IFNAR1 knockout mice underscore the critical role of this subunit in
mediating biological responses and reveal the pleiotropic functions of IFN-I in regulating host
responses to viral infections and adaptive immunity. Upon IFNAR receptor occupancy, various
signaling cascades, particularly the Janus kinase-signal transducer and activator of
transcription (JAK-STAT) pathway, are activated, leading to the transcriptional regulation of
numerous IFN-stimulated genes (ISG). Notably, the IFNAR/JAK/STAT1 pathway can induce a
negative feedback loop through the transcription of suppressors of cytokine signaling (SOCS)
which negatively regulates IFN-I signaling.50-%2

IFN-I acts directly on immune cells, induces chemokines for immune cell recruitment, and
influences cytokine secretion. Notably, IFN-I has diverse effects on various immune cell types,
such as enhancing NK cell functions, affecting monocyte and macrophage function and
differentiation, and exerting significant regulatory effects on DCs. IFN-I also plays a pivotal role
in initiating adaptive immune responses by influencing the differentiation, maturation, and

migration of APCs, thereby impacting the overall immune response against infections and
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tumors. Furthermore, IFN-I demonstrates adjuvant activities on humoral immune responses,
affecting B cells, CD4* T cells, and CD8* T cells, promoting antibody production, inducing
differentiation of Th1-like T cells, and directly stimulating CD8" T cells for clonal expansion and
memory differentiation.5%:5

The aberrant expression of IFN-I or signatures of IFN-I-inducible genes are associated with
severe autoimmune disorders.5' Furthermore IFN-Is exert control over autocrine or paracrine
circuits in cancer immunosurveillance, with their intact signaling being essential for the efficacy
of various cancer treatments.?*% For example, mice lacking IFNAR1 show increased tumor
growth in response to both syngeneic tumor cell xenografts and carcinogen-induced tumors. A
similar outcome is observed when IFNAR1-neutralizing antibodies are administered and in

mice with impaired functional IFNAR1.55-%8

2.4 Regulators of the immune system: immune checkpoints

Immune checkpoints are mechanisms that regulate the immune response, preventing
excessive or ill-suited activation of the immune system. By doing so, these regulatory
checkpoints play a pivotal role in maintaining self-tolerance and averting the onset of
autoimmunity.%*%2 The activation of immune checkpoints is initiated by specific signals from
specific molecules, known as checkpoint proteins, which include cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1). Upon the binding
of these checkpoint proteins to their respective ligands, they transmit signals to initiate the
downregulation or inhibition of immune responses.®?

CTLA-4, discovered in 1987, is a homolog of CD28, a T cell surface molecule that activates T
cells during the priming phase by binding to B7-1 (CD80) or B7-2 (CD86) on APCs. Unlike
CD28, CTLA-4 has a higher binding affinity for B7-1/2 and generates an inhibitory effect on T
cells. Constitutive expression of CTLA-4 on Tregs suppresses immune responses, preventing
continuous activation of T cells and maintaining self-tolerance.®*%° CTLA-4 haploinsufficiency
in humans leads to Treg dysregulation and hyperactivation of effector T cells, resulting in
lymphocytic infiltrates.®’-®® In animal models, CTLA-4 knockout induces widespread organ
inflammation and early mortality.>®7:%¢ Conversely, excessive CTLA-4 expression by cancer
cells, such as non-small cell lung cancer, nasopharyngeal carcinoma, breast cancer, or
melanoma, contributes to immune evasion which promotes cancer progression. 673

PD-1, discovered in 1992, is a costimulatory receptor in the B7/CD28 family, regulating T cell
activation through interactions with its ligands PD-L1/B7-H1 and PD-L2/B7-H4. While PD-L1
is constitutively expressed on various immune cells, PD-L2 is inducible and limited to specific

cell types. PD-1, expressed broadly in activated T cells, B cells, and monocytes, acts during

20



Introduction

the effector phase, inhibiting TCR signaling upon coincident binding with TCR. * Complete
PD-1 deficiency increases susceptibility to tuberculosis and other autoimmune conditions but
does not result in fatal lymphocytic infiltrates. Unlike CTLA-4, PD-1 ligands are expressed in
regions where tolerance induction is less critical, causing a milder immune dysregulation when
deficient.6%627576 The role of PD-1 in cancer varies, with cell-intrinsic PD-1 overexpression
promoting tumorigenesis in some cancers but having tumor suppressive effects in others.”’-8
PD-L1 expression in tumors is consistently associated with poor prognosis and decreased
activated T cell numbers. Unlike CD80 and CD86, PD-1 ligands are not confined to lymphoid

cells.81-86

3 Immune checkpoint inhibitor therapy

Cancer immunotherapies, including ICls, have emerged as a revolutionary approach in the
treatment of cancer, leveraging the body's own immune system to target and eliminate
malignant cells. Unlike traditional treatments like chemotherapy and radiation, which directly
attack cancer cells, immunotherapies focus on stimulating the patient's immune response to
recognize and target tumors.®:88 The identification and advancement of monoclonal antibodies
targeting inhibitory immune checkpoints, such as CTLA-4 and PD-1, have led to remarkable
antitumor responses. One significant contrast between ICI therapy and other systemic cancer
treatments lies in its capacity to achieve long-lasting cancer control. These antibodies achieve
this by enhancing immune activation at different stages of the immune cycle. Currently, ICI

therapies find broad applicability across various types of cancer.'38%%0

3.1 Anti-CTLA-4 therapy

In mouse models, anti-CTLA-4 has been shown to significantly increase the antitumor immune
response to immunogenic tumors, either alone or in combination with tumor cell vaccines. The
anti-CTLA-4 blockade leads to the proliferation and prolonged activation of T cells.®-%4

Ipilimumab, the first CTLA-4 targeting ICI, was approved in 2011 by the FDA for the treatment
of metastatic melanoma after demonstrating a proven benefit in the OS in a randomized phase
1l clinical trial.®>®® The long-term clinical response is of special interest because ipilimumab
was the first medication to show a durable clinical response in 25% of the patients. However,
only a small percentage of patients showed a durable response with 4 doses of 3 mg/kg, while

the majority of patients did not benefit from anti-CTLA-4 monotherapy.®®*’” In melanoma
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patients, the 3-year OS rate is 34%, and the 5-year OS rate is 26% for patients treated with
ipilimumab.38° At present, the decision to use anti-CTLA-4 therapy is primarily based on the
clinical condition of the patient and the judgment of the treating oncologist. Biomarker testing
may be considered in some cases to provide additional information, but it is not yet a routine
practice for all patients. Biomarkers for the response to anti-CTLA-4 can be the inducible
costimulatory molecule (ICOS) which is expressed on activated Th1-like CD4 T cells, the tumor

mutational burden (TMB) or the abundance of specific immune cell subsets and cytokines.%%°

3.2 Anti-PD-1 therapy

In 2014, the first human PD-1 ICI, nivolumab, was approved by the FDA for patients with
advanced melanoma.'® Studies demonstrated that anti-PD-1 monotherapy similarly to
anti-CTLA-4 monotherapy significantly extended OS and increased objective response
rates.’' But, compared to anti-CTLA-4 therapy, anti-PD-1 therapy exhibited higher
effectiveness in various advanced cancers, with a durable clinical response of 25-47%."%2 For
melanoma patients, the 3-year OS rate with nivolumab reached 52%, and the 5-year OS rate
was 44%."38° Furthermore, the combination therapy of ipilimumab and nivolumab achieved a
5-year OS rate of 52%.%° Similar to predictive markers for the anti-CTLA-4 response,
biomarkers such as TMB and specific immune cell subsets have been analyzed and identified
for anti-PD-1 therapy response.®193104 Additionally, one of the most extensively studied and
widely recognized biomarkers is the expression of PD-L1 on tumor cells. Some tumors with
higher levels of PD-L1 expression are more likely to respond positively to anti-PD-1

therapy. 103105

3.3 Resistance mechanisms

It is differentiated between primary and acquired resistance to ICI therapy. Primary resistance
occurs in a large proportion of melanoma patients from the very beginning of the
treatment.'®"1% For treatment success the TME and its infiltration by effector T cells plays a
pivotal role. Tumor cells have the ability to impair the maturation of DCs and thus their function
as APCs by sustaining elevated levels of IL-6, IL-10, or the vascular endothelial growth factor
within the tumor microenvironment.'’-""" Additionally, several factors secreted by tumor cells
such as IL-10 and transforming growth factor (TGF)-B can guide the maturation process of
DCs towards a regulatory phenotype.'?-"'* Thus, effector T cells are not recruited to the TME
anymore, leading to resistance to ICI. However, not only infiltration into tumors and antigen
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recognition are important in anti-cancer immunity, but also activation and functionality of those
T cells. T cells from the TME can present with an exhaustion phenotype and thus impaired
functionality.">""” For example, indoleamine-2,3-dioxygenase (IDO) an enzyme that catalyzes
the breakdown of tryptophan is constitutively expressed by a variety of tumors and strongly
affects tumor immune resistance by inhibition of T cell proliferation and limitation of their
effector functions through tryptophan shortage."'®'2° Within the TME, IDO, among other
enzymes, chemokines, and cytokines, achieves immune tolerance by recruiting Tregs,
myeloid-derived suppressor cells, and tumor-associated macrophages.'?'-'?* The JAK-STAT
pathway is a central signaling cascade activated by IFN-I. Mutations or dysregulation in key
components of this pathway, such as JAK1, JAK2, or STAT1, can compromise the transmission
of IFN-I signals within the cell. This leads to a failure in the induction of ISGs that mediate the
anti-tumor effects of IFN-I and therefore to a decreased effectiveness of the immune
response.'?® Moreover, the canonical function of tyrosine-phosphorylated STAT2 mediates the
antiproliferative actions of IFN-I, suggesting a tumor suppressor role, while the progesterone
receptor degrades STAT2 to inhibit the IFN response in breast cancer. Unphosphorylated
STAT2 exhibits noncanonical functions, promoting tumor progression by enhancing the
expression of cytokines and inhibiting STING-mediated IFN-I synthesis, contributing to
resistance to DNA damage in tumors.>* Another primary resistance mechanism is a low TMB.
The TMB refers to the number of genetic mutations that have accumulated within a tumor's
DNA. Specifically, it counts the nonsynonymous mutations per megabase of the tumor
genome, which are changes in the DNA sequence that lead to altered protein products.'? It
can provide insights into the genetic diversity and complexity of a tumor. Tumors with a higher
TMB tend to have accumulated more mutations and these mutations can give rise so-called
tumor-associated antigens (TAAs), that can be recognized by the immune system as foreign,
potentially triggering an immune response against the tumor. Tumors with a low TMB have
fewer distinctive mutations and therefore may be less likely to trigger a strong immune
response. These tumors can thus evade immunosurveillance.'®*127.128 |ntrinsic resistance to
ICI therapy can also be mediated by the gut microbiome as well as the tumor microbiome as
the microbial composition of the gut and tumor have been observed to differ between patients
responding and not responding to ICls.2%-131

In contrast to the primary resistance acquired resistance emerges after an initial phase of
clinical response to treatment following tumor progression. Subpopulations of tumor cells that
develop new genetic and epigenetic traits and undergo selection due to treatment can evade
immune surveillance. Examples are the loss of beta-2-microglobulin leading to a subsequent
loss of MHC-I expression and the mutation of JAK1/2 that confers resistance to immunotherapy
by disrupting the IFN-y-induced cell growth arrest and the JAK/STAT pathway, including

diminished IFN-I signaling, promoting survival and progression of resistant cells.25132-13%
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Acquired resistance can stem from individual cells adapting their gene expression in response
to immune signals, such as upregulating PD-L1 due to immune cytokines like IFN-y."%
Additionally, chronic exposure to low doses of IFN-I, observed in cancer cells exposed to
repeated or prolonged therapy, contributes to resistance to DNA damage and therefore
contributing to acquired resistance.®* Moreover, several negative regulators exist to modulate
the intensity and duration of IFN-I signaling to prevent excessive inflammation. However, the
production these negative regulators, such as RIG-| inhibitors or SOCS, can increase over
time to attenuate anti-tumor effects of IFN-1.54'3° These observations highlight the ambiguous
role of IFN-I in cancer therapy, where the strength and duration of IFN-I stimulation determine

whether it exerts cytotoxic effects in tumors or promotes survival.

3.5 Immune-related adverse events

ICI therapy can lead to a range of side effects, known as immune-related adverse events
(irAEs), due to the immune system's increased activity. Common side effects include fatigue,
skin rash, diarrhea, colitis, thyroid dysfunction, and liver inflammation.’” More severe irAEs
can affect vital organs and systems, such as the lungs, heart, and endocrine glands.™’ It is
important to note that while ICls have shown great promise in cancer treatment, close
monitoring and management of potential side effects are essential to ensure patient safety and
optimize treatment outcomes. Around 30% of patients treated with ipilimumab, approximately
15% of those treated with nivolumab, and about 40% of those receiving a combination of
present with gastrointestinal irAEs."%6.138-140 Because of their distinct mechanisms, the toxicities
linked to anti-CTLA-4 and anti-PD-1 therapies vary slightly, with symptoms from anti-CTLA-4
antibodies often being more severe. Ipilimumab is predominantly associated with a higher
incidence of colitis and hypophysitis, while nivolumab and pembrolizumab are more frequently
linked to pneumonitis and thyroiditis.'%13%141.142 The side effects of ICIs are largely
manageable and responsive to treatment.’®” Nevertheless, minimizing their occurrence
undoubtedly enhances the overall well-being of patients, without posing an increased risk of
more severe or life-threatening irEAs. Overcoming these side effects might play an even more
significant role for patients who suffer from autoimmune diseases prior to therapy.'*® Further,
the composition of the gut microbiome may serve as an indicator to predict whether patients
are prone to experiencing colitis or not, and given that the microbiome can be modulated, it

might serve as an adjustable element to address and mitigate this concern.12%.131.144
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4. The gut microbiome

All host-associated microorganisms are acquired through vertical transmission following birth
and subsequently adapt changes through continuous exposure to the environment throughout
their entire lifespan. Gut microbiota, alternatively referred to as the gut microbiome, consist of
a diverse array of microorganisms, including bacteria, archaea, fungi, and viruses, that inhabit
the digestive tract. The quantity of microbial cells present within the gut lumen is approximately
tenfold greater than the count of eukaryotic cells within the human body.'® The human gut
microbiome is increasingly recognized as a significant regulator in human physiology. 45146 |t
demonstrates substantial diversity, even among healthy individuals.'"'*® The human gut can
undergo modifications influenced by factors such as age and environmental conditions,
including dietary habits and nutrition.'#>'4° Interestingly, the gut microbiome can serve as an
indicator of health status, and an imbalance or disruption in the composition and function of
the microbial communities — referred to as dysbiosis — can significantly impact the success of

cancer immunotherapy treatment.®

4.1 Significance and features of the gut microbiome

In essence, the gut microbiome is an intricately connected ecosystem that influences a wide
range of physiological processes, contributing to overall health and disease susceptibility.'>°
Microbial enzymes play a pivotal role in breaking down otherwise indigestible substances, such
as plant cell walls, into smaller components that can be absorbed by the body. Dietary fibers,
found in fruits, vegetables, and whole grains, are composed of complex carbohydrates that
human digestive enzymes cannot break down. However, the gut microbiome possesses
enzymes that can degrade these fibers through fermentation.' As a result, short-chain fatty
acids (SCFAs) like acetate, propionate, and butyrate are produced that provide an additional
energy source.'® Furthermore, microbes can convert insoluble forms of minerals like iron, zinc,
and magnesium into more soluble and absorbable forms.’? These processes enhance the
bioavailability of nutrients, such as vitamins and minerals, which are released during microbial
fermentation and subsequently absorbed by the host.'®? Moreover, the gut microbiome acts as
a barrier by competing with potential pathogens for nutrients and attachment sites within the
gut lining. This competitive exclusion helps prevent the colonization and overgrowth of harmful
microorganisms, ultimately protecting against infections.’>®%* Notable strides in large-scale
sequencing and mass spectrometry have enhanced our insights into the impact of the
microbiome and its metabolites on the initiation and advancement of intestinal and
extraintestinal cancers, as well as their role in shaping the effectiveness of cancer

immunotherapy.'® The impact of the gut microbiome extends to the very early stages of cancer
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development, influencing the development of precancerous lesions with specific bacterial
genera linked to increased risk.'®>'% Dysbiosis in the intestinal tract can lead to persistent
inflammation which is a well-established risk factor for cancer."’ In general, dietary habits play
a pivotal role in shaping the gut microbiome and thus cancer risk as diets can promote the

growth of certain beneficial or potentially harmful microbes. %0158

4.2 Mechanisms and interactions with the immune system

The interactions between the gut microbiome and the immune system are intricate and
multifaceted, playing a pivotal role in upholding immune homeostasis, safeguarding against
pathogens, and averting inappropriate immune responses. These interactions manifest
through a range of mechanisms that collectively shape and regulate the immune system's
functioning. As highlighted earlier, the gut microbiome impacts the innate immune defense by
both outcompeting pathogenic bacteria and preserving the integrity of the epithelial
barrier.’31%* A robust gut barrier is crucial in preventing the migration of pathogens from the
gut lumen into the bloodstream. The mucus layer enveloping the gut epithelium functions as a
physical shield and hosts antimicrobial compounds.'4'%° Certain gut microbes encourage
mucus production by epithelial cells, thus contributing to the maintenance of this protective
layer.'6%-162 Moreover, mucosal immunity finds its footing in structures like the gut-associated
lymphoid tissue (GALT), which houses a variety of immune cells. These specialized lymphoid
structures, such as the lamina propria, Peyer’s patches, and mesenteric lymph nodes, hold
pivotal roles in pathogen recognition and the initiation of an immune responses.'®® The innate
(and adaptive) immune response repertoire in the gut is expanded by the interactions of
commensal derived microbe-associated molecular pattern (MAMPS) with PRRs such as TLRs
and NLRs.'® This interplay triggers the release of pro-inflammatory cytokines, such as IL-1B
and IL-6 which can activate and recruit immune cells.’®*%> Such pro-inflammatory cytokines
for example stimulate the differentiation of Th17 cells, which play a crucial role in defense
against fungal or bacterial infections by IL-17 secretion.®5%" Intriguingly, specific gut microbes
are indispensable for the development and differentiation of immune cells. This importance
becomes evident in the context of germ-free (GF) or antibiotic-treated mice, which display
impaired immune cell development.'®-172 Microbial components, such as bacterial LPS and
other PAMPs, can stimulate DCs and NK cells via TLRs."*'7* Thus, immature DCs undergo a
maturation process which includes the upregulation of costimulatory molecules and the
secretion of cytokines and chemokines.*?'"® Consequently, these actions provide essential
signals that support the development and differentiation of lymphocytes. Furthermore, NK cells

releasing cytokines are important in contributing to an inflammatory environment and thus
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response to infections.*”'7* Moreover, the production of IL-12 and IL-18 induced by gut
microbes can implicate the activation of NK cells.'®®75 The transition from innate immunity to
adaptive immunity is facilitated by the IFN-I signaling induced by microbiota.'’®'"7 Moreover,
the gut microbiome can significantly contribute to the augmentation of IFN-I signaling. The
bacterial-derived metabolite DAT can, through this mechanism, protect the host against viral
infection.’”®17® These examples show that the commensal microbiota can influence different
immune cell subsets contributing to health and that bacterial-derived metabolites might be
linked to this observation.

While the gut microbiome significantly contributes to the host's defense against pathogens, it
also plays a foundational role in fostering immune tolerance. The early exposure to diverse
microbial communities assists in establishing immune tolerance, thereby mitigating the risk of
allergies and autoimmune diseases. Tregs are crucial in maintaining tolerance, and microbial
metabolites like SCFAs have been shown to support the generation and function of these
cells.'8%181 Additionally, some gut microbes induce a state of tolerogenic antigen presentation
by DCs. This phenomenon involves DCs presenting antigens in a manner conducive to Treg
development while simultaneously suppressing the activation of pro-inflammatory T cells. The
gut microbiome's ability to produce anti-inflammatory cytokines, such as IL-10 and TGF-(3,
serves to dampen immune cell activation and reduce inflammation, adding another layer to its

immunomodulatory impact.'82183

4.3 The microbiome and cancer immunotherapy
4.3.1 Correlation between bacterial taxa and treatment outcomes

Over the past years 16S-rRNA sequencing of the gut microbiome revealed that specific
bacterial taxa can be associated with the response to ICI therapy. Several studies assessed
the microbial composition in melanoma patients that were treated with IClIs. In general, a higher
alpha diversity and richness can be associated with longer progression-free survival and
response to ICls in melanoma patients but also in non-melanoma patients.'®-® Responder
to anti-CTLA-4 and anti-PD-1 treatment showed mainly enrichment in bacterial families
Ruminococcaceae, Tannerellaceae, Bacteriodaceae, Lachnospiraceae, and
Bifidobacteriaceae. Specific microbes that could be identified in these patients are
Bifidobacterium longum, Bifidobacterium adolescentis, Collinsella aerofaciens, Enterococcus
faecium, Faecalibacterium prausnitzii, Ruminococcus gnavus, Bacteroides massiliensis,
Bacteroides stercoris, Bacteroides thetaiotamicron, and Parabacteroides distasonis."% 184~
186,189-193  On family level of non-responding patients to anti-CTLA-4 and anti-PD-1

Lachnospiraceae, Bacteriodaceae, Enterobacteriaceae, and Lactobacillaceae were found to
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be enriched. Here, specific microbes that could be identified are Ruminococcus obeum,
Roseburia intestinalis, Escherichia coli, Anaerotruncus colihominis, Veillonella atypica,
Lactobacillus gasseri and Klebsiella aerogans.'30:184-186.189-193 \W hen comparing these studies,
members of the Firmicutes phylum, specifically Lachnospiraceae and Ruminococcaceae, were
found to be more abundant in individuals who responded positively to therapy, while non-
responder exhibited a greater presence of the Bacteroidetes phylum,'30.184-186,189-193

Based on these findings, research is increasingly focused on therapies for disrupted
microbiomes in diseases such as cancer. One approach that has been introduced is fecal
microbiota transplantation (FMT), in which fecal material (stool) from a healthy donor is
transplanted into the gastrointestinal tract of a recipient to treat the recipient's potential
dysbiosis. FMT is associated with increased response rates in cancer treatment with ICls in
preclinical studies.'8%194-1% Clinical trials in melanoma patients have indicated that FMT from
ICI responder patients can improve therapy response in immunotherapy-refractory
patients. 184190

In recent years, probiotics have gained substantial attention in oncology. Probiotics are live
microorganisms that are known for their potential to promote gut health, modulate immune
responses, and alleviate treatment-related side effects in cancer therapy. Probiotics are also
found in certain foods and fermented products.’” In preclinical models, patient cohorts, and
clinical trials, it has been demonstrated that defined probiotics, including Bifidobacterium sp.,
Bacteroides sp., Akkermansia muciniphila, and Clostridium butyricum, enhance response
rates to ICI therapy across different types of solid cancers.'®292 Probiotics and other
commensal bacteria in the gut can be affected by prebiotics. Prebiotics are non-digestible
fibers and compounds that serve as food for beneficial bacteria in the gut and thus promote
the growth and activity of these bacteria.2°32%* Bacteria that benefit from prebiotic intake include
Lactobacilli and Bifidobacteria.?®>?°* Higher dietary fiber intake is linked to improved
progression-free survival in melanoma patients undergoing ICI treatment, with corresponding
results in preclinical models illustrating a compromised response to anti-PD-1 therapy in mice
fed low-fiber diets or probiotics, highlighting the clinical significance for cancer patients

receiving ICI treatment.2%

4.3.2 Bacterial-derived metabolites in cancer immunotherapy

Over the last couple of years, the intricate relationship between the human microbiota and
cancer has gathered significant attention, unveiling a novel avenue for exploring the
therapeutic potential of bacterial metabolites in cancer treatment. The multifaceted nature of

bacterial metabolites, produced by various microbial communities residing in the human body,
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has sparked interest in their role as influential modulators of the tumor microenvironment and
immune response. With mounting evidence suggesting their capacity to impact tumorigenesis,
immune regulation, and drug efficacy, investigating the intricate mechanisms underlying the
effects of bacterial metabolites on cancer immunotherapy has emerged as promising
therapeutic strategy. Increasing numbers of in vivo studies suggest several bacterial-derived
metabolites as potential cancer therapeutics.?°6-2'% One study identified the by Bifidobacterium
pseudolongum produced metabolite inosine to enhance the efficacy of ICls in murine cancer
models. ICl-induced impairment of the gut barrier function results in the systemic translocation
of the metabolite inosine, activating T cells dependent upon their expression of the Aga
receptor.2%® Another study demonstrated that the probiotic Lactobacillus reuteri enhances
antitumor immunity and supports ICI treatment by stimulating IFN-y production in CD8* T cells
within a murine melanoma model. This effect is attributed to the secretion of indole-3-aldehyde
(I3A), an aryl hydrocarbon receptor (AhR) agonist and tryptophan metabolite.2'® The anacardic
acid 6-pentadecyl salicylic acid was shown to promote antitumor immunity through caspase-
8-mediated apoptosis in a breast cancer model. It increases immune cell populations such as
NK cells and CTLs by secretion of different cytokines.?°” One study suggests that the SCFAs
pentanoate and butyrate enhance the anti-tumor activity of CTLs and CAR T cells by triggering
metabolic and epigenetic reprogramming, leading to increased production of effector
molecules such as CD25 and IFN-y.2% A prospective cohort biomarker study investigated the
association between SCFAs and the efficacy of anti-PD-1 therapy in patients with solid tumors.
High concentrations of certain SCFAs, particularly acetic acid, propionic acid, butyric acid,
valeric acid in fecal samples, and isovaleric acid in plasma, are associated with longer
progression-free survival.?®® In general, SCFAs are associated with antitumor effects.?'" But
nevertheless there are studies indicating contradictory results. For example, one study found
that high blood levels of butyrate and propionate are associated with resistance to anti-CTLA-4
therapy in both mice and patients.?'?

However, bacterial metabolites are still being investigated in preclinical models or cohort
biomarker studies in the context of cancer rather than being tested in clinical trials. To date,
the metabolite inosine was examined in a single-center, prospective, randomized Phase 2/3
clinical trial in combination with PD-1/PD-L1 for patients with advanced solid tumors
(NCT05809336), although the results have not yet been published. This suggests that while
some progress has been made, not all mechanisms by which bacterial metabolites operate
have been thoroughly investigated, emphasizing the need for further testing and the inclusion
of promising candidates in clinical trials.

Understanding the intricate interplay between gut microbiota and cancer therapy holds promise
for tailoring treatment approaches, potentially paving the way for personalized interventions

and improved outcomes in the realm of cancer care.
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5. Aim of the study

The primary objective of this study is to comprehensively investigate the impact of bacterial-
derived metabolites, specifically DAT and ICA, on the efficacy and potential side effects of
immune checkpoint inhibitor therapy, particularly anti-CTLA-4 treatment. Both metabolites are
naturally produced by bacterial species that are abundantly present in both mice and
humans.'”82'3 Given the crucial role of IFN-I in antitumor immunity, exploring bacterial-derived
metabolites that can modulate this response in a favorable manner becomes intriguing. DAT
is a recognized IFN modulator, associated with protection from viral infections by enhancing
IFN-I signaling.'®2'® Recent research indicates bacterial-derived metabolites as the link
between the gut microbiome and the response to ICI therapy.?°6-2' Consequently, investigating
the impact of metabolites that enhance IFN-I signaling holds particular interest in
understanding their potential influence on ICI therapy outcomes and translational potential.
ICA, being an indole derivative and a metabolite of tryptophan, emerges as a promising
candidate among bacterial metabolites with potential positive effects on therapy. Notably, the
indole derivative I3A, has recently been documented for its beneficial impact on ICI therapy.?'°
This aims to develop robust therapeutic strategies and to conduct a comparative analysis of
indole derivates. Unraveling the effects of both, DAT and ICA, on ICI therapy can provide
deeper insights into the complex interplay between microbial metabolites, host immune
responses, and cancer. Accordingly, this work aims to clarify if these two metabolites can
improve the efficacy of ICI therapy and to investigate the safety of these metabolites regarding
irAEs. The objective is to examine the direct effects of DAT on immune cells and on the gut
microbiome to determine how DAT mediates potential antitumor effects. Furthermore, another
aim is to elucidate if DAT operates in dependence of the pre-existing gut microbiome
composition or can act independently. Given its role as IFN-I mediator, the importance of host

cell-intrinsic IFN-I signaling in mediating the antitumor response will be investigated.
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Il MATERIALS AND METHODS
1. Reagents and Materials

1.1 Mouse strains

Table 1: Mouse strains

Line Alias Distributor RRID
C57Bl/6j WT Janvier-Labs IMSR_JAX:000664
B6(Cg)-Ifnar1tmi-2€es/J Ifnar1” Bred in house IMSR_JAX:028288
1.2 Cell lines
Table 2: Cell lines
Line Description Background | RRID Source
B16.0OVA | Melanoma C57BI/6 CVCL_WM78 Marcel R.M. van den
Brink (MSKI, USA)
Panc02 | Pancreatic C57BI/6 CVCL_De27 Marcel R.M. van den
adenocarcinoma Brink (MSKI, USA)
1.3 Reagents
1.3.1 Reagents, chemicals, and buffers
Table 3: Reagents, chemicals, and buffers
Product Company

2-Mercaptoethanol (50 mM)

Thermo Fisher Scientific, Waltham, USA

2-Propanol

Carl Roth, Karlsruhe, Germany

Aqua

Braun, Melsungen, Germany

Bovine Serum Albumin Powder (296%)

Sigma-Aldrich, Taufkirchen, Germany

Collagenase Il Worthington, Lakewood, NJ, USA
DNAse | Sigma-Aldrich, Taufkirchen, Germany
Ethanol Merck Millipore, Darmstadt, Germany

Formalin solution, neutral buffered (10%)

Sigma-Aldrich, Taufkirchen, Germany

In vivo-jetPEl

Polyplus, llikirch-Graffenstaden, France

Isoflurane CP

CP Pharma, Burgdorf, Germany

Ovalbumin (298%)

Sigma-Aldrich, Taufkrichen, Germany

Percoll Sigma-Aldrich, Taufkrichen, Germany
Trypan Blue Stain (0.4%) Gibco, Fisher Scientific, Waltham, USA
Tween 20 Sigma-Aldrich, Taufkrichen, Germany
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1.3.2 Cell culture media and reagents

Table 4: Cell culture media and reagents

Product

Company

0.05% Trypsin-EDTA (1x)

Gibco, Fisher Scientific, Waltham, USA

Advanced DMEM/F-12

Gibco, Fisher Scientific, Waltham, USA

B27 Supplement (50x)

Gibco, Fisher Scientific, Waltham, USA

Cell Stimulation Cocktail (plus protein

transport inhibitors)

eBioscience, Fisher Scientific, Waltham, USA

DMEM - high glucose

Sigma-Aldrich, Taufkirchen, Germany

Dulbecco's Phosphate Buffered Saline

Sigma-Aldrich, Taufkirchen, Germany

DMSO

Sigma-Aldrich, Taufkrichen, Germany

EDTA (0.5 M)

Invitrogen, Fisher Scientific, Waltham, USA

FBS Good Forte (VLE)

PAN Biotech, Aidenbach, Germany

HEPES Buffer Solution (1 M)

Gibco, Fisher Scientific, Waltham, USA

L-glutamine (200 mM)

Gibco, Fisher Scientific, Waltham, USA

Lipofectamine 2000

Thermo Fisher Scientific, Waltham, USA

mEGF (50 pg/ml)

Peprotech, Hamburg, Germany

mNoggin (11 pg/ml)

Peprotech, Hamburg, Germany

N2 Supplement (100x)

Gibco, Fisher Scientific, Waltham, USA

N-acetyl cysteine (500mM)

Sigma-Aldrich, Taufkirchen, Germany

NEM-NEAA (100x)

Gibco, Fisher Scientific, Waltham, USA

Opti-MEM (1x)

Gibco, Fisher Scientific, Waltham, USA

PEG 300

Sigma-Aldrich, Taufkirchen, Germany

Penicillin/Streptomycin (10000 U/ml)

Gibco, Fisher Scientific, Waltham, USA

RBC Lysis Buffer (1x)

Invitrogen, Fisher Scientific, Waltham, USA

Recombinant Murine GM-CSF

Peprotech, Hamburg, Germany

RPMI-1640

Sigma-Aldrich, Taufkirchen, Germany

Sodium hydroxide

VWR International, Darmstadt, Germany

Sodium Pyruvate 100 (mM)

Gibco, Fisher Scientific, Waltham, USA

VLE RPMI

Bio&SELL, Feucht, Nirnberg
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complete DMEM complete RPMI T cell media BMDC media
in DMEM high in RMPI-1640 in complete RPMI-1640 | in VLE-RPMI
glucose

10% FBS 10% FBS 1 mM HEPES 10% FBS

3 mM L-glutamine

3 mM L-glutamine

1x non-essential amino

acids

3 mM L-glutamine

100 U/ml penicillin

100 U/ml penicillin

1 mM sodium pyruvate

100 U/ml penicillin

100 pg/mi 100 pg/mi
streptomycin streptomycin
50 uM

[B-mercaptoethanol

100 pg/ml

streptomycin

20 ng/ml GM-CSF

Table 6: Organoid media

complete DMEM/F-12

Rspondin conditioned

media

ENR

in advanced DMEM/F-12

in DMEM high glucose

in advanced complete DMEM/F-12

100 U/ml penicillin

10% FBS

1.25 mM N-acetyl-cystein

100 pg/ml streptomycin

100 U/ml penicillin

1x N2 Supplement

1 mM HEPES

100 pg/ml streptomycin

1x B27 Supplement

1x Glutamax

Conditioned with 293T-
HA-Rspol-Fc cells for 7
days

10% Rspondin conditioned media

50 ng/ml mEGF

100 ng/ml mNoggin

1.3.3 Drinking water and gavage reagents

Table 7: Drinking water and gavage reagents

Product

Company

3-(4-Hydroxyphenyl)propionic acid

Sigma-Aldrich, Taufkirchen, Germany

Amphotericin B, dissolved

Merck Millipore, Darmstadt, Germany

Ampicillin sodium salt

Carl Roth, Karlsruhe, Germany

Aspartame

Fragon, Glinde, Germany

Indole-3-carboxaldehyd

Sigma-Aldrich, Taufkirchen, Germany

Metronidazole

Thermo Fisher Scientific, Waltham, USA

Neomycin

Carl Roth, Karlsruhe, Germany

Vancomycin-Hydrochloride

Thermo Fisher Scientific, Waltham, USA
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1.4 Kits

Table 8: Kits

Product Company

Foxp3/Transcription Factor Staining Buffer eBioscience, Thermo Fisher, Waltham, USA
Set

MEGAshortscript T7 Transcritption Kit Thermo Fisher, Waltham, USA

Pan T Cell Isolation Kit Il Miltenyi, Bergisch Gladbach, Germany

1.5 Antibodies

1.5.1 In vivo antibodies

Table 9: In vivo antibodies

Antibody Clone Isotype Company

InVivoMADb anti-mouse NK1.1 PK136 Mouse IgG2a, K Bio X Cell, Lebanon, USA

InVivoMAb anti-mouse CD8a YTS169.4 | Rat IgG2b, K Bio X Cell, Lebanon, USA

InVivoMAb anti-mouse CD4 GK1.5 Rat 1gG2b, « Bio X Cell, Lebanon, USA

InVivoMAb anti-mouse CTLA-4 | 9H10 Syrian hamster Bio X Cell, Lebanon, USA
IgG

InVivoMAb anti-mouse PD-1 RMP1-14 | Rat IgG2a, k Bio X Cell, Lebanon, USA

InVivoMAb polyclonal Syrian Polyclonal | Syrian hamster Bio X Cell, Lebanon, USA

hamster I1gG IgG

InVivoMAD rat IgG2a isotype 2A3 Rat 1gG2a, Bio X Cell, Lebanon, USA

control

1.5.2 FACS antibodies

Table 10: FACS antibodies

Fluorophore | Antigen | Isotype Clone Company
APC-Cy7 Fixable Near-IR Dead Cell Stain Thermo Fisher Scientific,
Waltham, USA
AmCyan Fixable Viability Dye eFluor™ eBioscience, Fisher
506 Scientific, Waltham, USA
PerCP-Cy5.5 | CD103 Armenian Hamster 2E7 Biolegend, San Diego, USA
IgG
APC CD11b Rat IgG2b, « M1/70 Biolegend, San Diego, USA
Pacific Blue | CD11c Armenian Hamster N418 Biolegend, San Diego, USA
IgG
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Fluorophore | Antigen | Isotype Clone Company
FITC CD11c Armenian Hamster N418 Biolegend, San Diego, USA
IgG
APC-Cy7 CD25 Rat IgG1, PC61.5 eBioscience, Fisher
Scientific, Waltham, USA
FITC CD3 Rat 1gG2b, « 17A2 Biolegend, San Diego, USA
Pacific Blue | CD4 Rat 1gG2b, GK1.5 Biolegend, San Diego, USA
PerCP-Cy5 | CD4 Rat 1gG2b, GK1.5 Biolegend, San Diego, USA
PE-Cy7 CD4 Rat 1gG2b, « GK1.5 Biolegend, San Diego, USA
Pacific Blue | CD44 Rat IgG2b, « 30-F11 eBioscience, Fisher
Scientific, Waltham, USA
APC-Cy7 CD45.2 Mouse IgG2a, K 104 Biolegend, San Diego, USA
PE CD62L Rat IgG2a, « MEL-14 eBioscience, Fisher
Scientific, Waltham, USA
PerCP CD69 Armenian Hamster H1.2F3 Biolegend, San Diego, USA
IgG
PerCP-Cy5.5 | CD8 Rat 1gG2a, K 53-6.7 Biolegend, San Diego, USA
APC CD8 Rat IgG2a, « 53-6.7 Biolegend, San Diego, USA
Pacific Blue | CD80 Armenian Hamster 16-10A1 Biolegend, San Diego, USA
IgG
PE CD86 Rat 1gG2a, k GL1 eBioscience, Fisher
Scientific, Waltham, USA
APC FoxP3 Rat IgG2a, « FJK-16s eBioscience, Fisher
(AF647) Scientific, Waltham, USA
PE-Cy7 IFN-y Rat 1gG1, k XMG1.2 Biolegend, San Diego, USA
FITC MHC-II Rat IgG2b, M5/114.15.2 | Biolegend, San Diego, USA
(I-A/1-E)
APC MHC-II Rat 1gG2b, k M5/114.15.2 | Biolegend, San Diego, USA
(I-A/1-E)
APC NK1.1 Mouse 1gG2a, k PK136 Biolegend, San Diego, USA
PE T-bet recombinant human | REA102 Miltenyi, Bergisch

lgG1

Gladbach, Germany
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1.6 Materials

Table 11: Consumables

Product

Company

100 Sterican Gr. 17 needle

Braun, Melsungen, Germany

50 ml, 15 ml tubes cellstar

Greiner bio-one, Kremsmuinster, Austria

BD GazPak EZ Anaerobe gas generating

pouch system with indicator

Becton, Dickinson and Company, Dublin,

Ireland

BD Plastipak syringes Sub-Q 26 G or 27 G

BD Biosciences, New Jersey, USA

Cellstar pipettes (5 ml, 10 ml, 25 ml, 50 ml

Greiner bio-one, Kremsmunster, Austria

Counting Chamber BLAURAND

Brand, Wertheim, Germany

CryoPure tube 1.6ml

Sarstedt, Nimbrecht, Germany

ELISA plate 96-well

Fisher Scientific, Waltham, USA

Falcon Cell Strainers

Fisher Scientific, Waltham, USA

Feather disposable scalpel

pfm medical, Kéln, Germany

Glass bottles

Schott, Duran, Deutschland

Glass bulbs

Schott, Duran, Deutschland

magnetic stirring cylinders

Labsolute, Th. Geyer, Renningen, Germany

Micro Sample Tube K3 EDTA

Sarstedt, Nimbrecht, Germany

Micro test plates u-bottom, 96-well

Hartenstein, Wirzburg, Germany

Millex Filter unit 100 ym

Merck Millipore, Darmstadt Germany

Millex-GV 0.22 pm syringe filter

Merck Millipore, Darmstadt Germany

Omnifix-F 1ml syringe

Braun, Melsungen, Germany

pH indicator strips, pH 0-14

Merck Millipore, Darmstadt Germany

Pipette tips

Sarstedt, Nimbrecht, Germany

Plate Safe Sealers

Biozol, Eching, Germany

Reusable animal feeding needle 7912

Fisher Scientific, Waltham, USA

SafeSeal Reaction Tubes (0.5-2.0 ml)

Sarstedt, NUmbrecht, Germany

Schaedler Blood Agar Plates PB5034A

Fisher Scientific, Waltham, USA

Supra blood lancets

Megro, Wesel, Deutschland

Syringe Injekt

Braun, Melsungen, Germany

Tissue culture flasks 25-150 cm?

TPP, Trasadingen, Switzerland

Tissue Culture Test Plates (different sizes)

TPP, Trasadingen, Switzerland

Tubes for flow cytometry, 5 mi

Sarstedt, Nimbrecht, Germany
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1.7 Software

Table 12: Software
Software Company
FACSDiva BD Biosciences, Heidelberg, Germany
Flowdo V10.9.0 Tree Star Inc., Ashland, USA
GloMax Discover 3.0.0 Promega, Walldorf, Germany
GraphPad Prism GraphPad Software, Boston, USA
Inkscape V1.3 GitLab, open source
Mendeley Elsevier Inc., New York, USA
Microsoft office 365 Microsoft, Redmond, USA
R and R Studio Gnu project
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1.8 Devices

Table 13: Technical equipment and devices

Device

Company

120 mm forceps

Lab logistics group, Meckenheim, Deutschland

160 mm, 130 mm surgical scissors

Lab logistics group, Meckenheim, Deutschland

3-1810 mini centrifuge

neolLab Migge, Heidelberg, Germany

Accu jet pro

Brand, Wertheim, Germany

Axiovert 40C Microscope

Zeiss, Aalen, Germany

BD FACSAria lll

BD Biosciences, New Jersey, USA

BD FACSCanto I

BD Biosciences, New Jersey, USA

Cat RM5 roller mixer

CAT, Ballrechten-Dottingen, Germany

Centrifuge 5810R with rotor A-4-81

Eppendorf, Hamburg, Germany

COs: incubator model CB

Binder, Tuttlingen, Germany

Envair eco safe comfort hood

Envair Technology, Heywood, UK

Freezer (-20 °C)

Liebherr, Biberach an der Ri}, Germany

Freezer (-80 °C)

Binder, Tuttlingen, Germany

GloMax Discover

Promega, Walldorf, Germany

LLG thermometer compact

Lab logistics group, Meckenheim, Deutschland

LLG-uniVACUUSYS

Lab logistics group, Meckenheim, Deutschland

M523i-M precision scale

VWR International, Darmstadt, Germany

Magnetic stirring plates RT5

IKA-Werke, Staufen, Germany

Pipets: Discovery, Comfort, variable

volumes

HTL Lab Solutions, Warsaw, Poland

Refrigerators (4 °C)

Siemens, Munich, Germany

Tabletop centrifuge 5417R

Eppendorf, Hamburg, Germany

Thermomixer compact

Eppendorf, Hamburg, Germany

Vacusafe Comfort with Vacuboy

Integra, Biebertal, Germany

Vortex-Genie2 vortexer

Scientific Industries, New York, USA

Water bath WTB

Memmert, Schwabach, Germany
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2. Methods
2.1 In vitro experiments
2.1.1 Cell lines and culture conditions

The full-length chicken ovalbumin expressing B16 murine melanoma cell line (here referred to
as B16.0OVA) was cultured in complete DMEM medium. Panc02 cells were cultured in complete
RPMI medium. Cells were cultured at 37°C and 5% CO.. All in vitro assays and reagents were
performed using sterile techniques and under a laminar flow hood. Tumor cells were regularly
passaged to new culture flasks by aspirating the culture medium, rinsing the adherent cells
with PBS, and subsequently detaching them with 1% trypsin-EDTA solution at RT for 1 to 5
min. Inactivation of trypsin was achieved by adding the respective serum-containing complete
medium, followed by reseeding the cells in a 1:20 ratio after a single washing step with
complete medium. For viability and cell number determination in vitro and in vivo assays, cells
were subjected to trypan blue exclusion using a Neubauer hemocytometer. The characteristic
of dying cells is a decreased membrane integrity, which allows the absorption of the dye. In
contrast, living cells are impermeable to trypan blue, thereby facilitating the exclusion of dead
cells from observation under the light microscope due to the distinctive blue intracellular
staining. The density per ml of a single-cell suspension was calculated with the following
formula: cells (per ml) = mean cell count X dilution factor x 10°. Cell density, signs of cell
death, and microbial contaminations were periodically monitored using light microscopy. The
cells were expanded from a mycoplasma-free and tested master stock. Vials with early
passage numbers were stored in liquid nitrogen. To freeze the cells, the trypsinized cells, which
were suspended in complete medium to halt the enzyme activity, were centrifuged at 400xg
for 5 minutes at 4 °C. Subsequently, they were resuspended in FBS with 10% DMSO at a
density of 4x10° cells/ml. The cells were transferred into cryo vials and placed in a freezing
container ensuring a cooling rate of 1 °C/min in a -80 °C freezer. After 24 hours, the vials were
transferred to a liquid nitrogen tank. The cells were thawed quickly by transferring them to a
37°C water bath, followed by the addition of 9 ml of pre-warmed complete medium for each
1 ml of cell suspension in freezing medium. The cell suspension was then centrifuged at 400xg
for 5 min at 4 °C. Subsequently, the cells were resuspended in pre-warmed complete medium
and transferred into a cell culture flask. The cells used for the experiments were at early
passages 5-10. Prior to in vivo experiments, the cells were thawed one week in advance and
passaged three times to ensure optimal viability and consistency. The cells were routinely

tested for mycoplasma and have been validated using STR analysis with 18 STR markers.
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2.1.2 Stimulation of BMDCs

For stimulation of BMDCs with DAT 5x10° BMDCs/ml (see 2.3.2) were seeded in BMDC
medium in 48-well cell culture treated flat-bottom plates. All cells were treated with 100 ng/ml
LPS or the vehicle (PBS). In addition, DAT was added at concentrations of 100 uM or 1 mM or
cells were left untreated. After 24 h of incubation at 37 °C and 5% CO- cells were harvested

and stained for subsequent flow cytometry analysis.

2.1.3 Stimulation of T cells

For stimulation of T cells with DAT 5x10° panT cells/ml (see 2.3.3) were seeded in a 48-well
cell culture treated flat-bottom well in T cell media and supplemented with 30 U IL-2 and 5 ul
of Dynabeads™ Mouse T-Activator CD3/CD28 beads per well or 30 |U IL-2. DAT (neutralized
solution) was added at concentrations of 100 uM or 1 mM or cells were not treated. After 24 h
of incubation at 37 °C and 5% CO: cells were harvested and stained for subsequent flow

cytometry analysis.

2.2 In vivo experiments
2.2.1 Animals

C57BI/6j mice were acquired from Janvier-Labs and are herein referred to as WT mice. Mice
lacking the interferon-a receptor 1 (B6(Cg)-Ifnar1tm1.2Ees/J; referred to as Ifnar1”") have been
previously characterized and were selectively bred in the animal facility at the University
Hospital Regensburg.?'* For ease of husbandry, female mice were predominantly procured for
most experiments. Nevertheless, male mice from the KO strain, bred in-house, were also
utilized. No significant disparities in tumor growth were observed between male and female
mice. At the onset of experiments, mice ranged between 6 and 10 weeks of age and were
housed under specific pathogen-free (SPF) conditions in a controlled environment. The
housing conditions included a 12-hour light-dark cycle (12 h light/12 h darkness), a constant
temperature of 24 °C, and a humidity level maintained between 55% and 65%. Ad libitum
access to autoclaved standard laboratory chow and water, including any special treatments,
was ensured throughout. To enhance their welfare, environmental enrichment such as nesting
material, houses, and chew toys was provided. Animals were acclimated in the facility where
the experiments occurred for a minimum of one week before initiating any experiments. All
animal studies were approved by the local regulatory agency (Regierung von Oberbayern,
Munich, Germany, TV 55.2-2532.Vet_02-19-159).
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2.2.2 Tumor growth dynamics and survival

To assess the treatment effect, measure the tumor volume over time, and determine the
continuous survival a syngeneic tumor model with B16.0OVA cells was established. 2.4 x 10°
tumor cells in 60 ul PBS were injected subcutaneously (s.c.) into the right flank of the animals.
For some experiments the Panc02 pancreatic adenocarcinoma cell line was used and 1.5 x
108 cells were injected s.c. into the right flank of the animal. For easier measurement of the
tumor volume the mice were shaved at the injection side one day prior to the tumor inoculation.
The immune checkpoint therapy when tumors of palpable size had formed with an average
volume of 50 mm? to 75 mm?. Tumor dimensions (length and width) were measured daily with
a Vernier caliper, and their volumes were calculated using an ellipsoid volume formula:

((lengthxwidth)

3
> ) . Immune checkpoint inhibitors of CTLA-4 or PD-1 were

volume (mm?) = gx

injected intraperitoneally (i.p.) in 200 ul PBS on days 7 (200 ul), 10 (100 pl), and 13 (100 ul) in
the B16.OVA model. As Panc02 cells led to palpable tumors of sufficient size earlier than
B16.0OVAtumor cell inoculation the treatment with checkpoint inhibitors was conducted on days
4,7, and 10. The standard DAT treatment was started on the day of tumor cell injection with
100 mM DAT in the drinking water and continued until the end of the experiment. For the 'late’
DAT treatment group, drinking water containing 100 mM DAT was provided starting from day
5 after tumor cell injection and continued until the end of the experiment. In the gavage
treatment groups, mice received 100 uM DAT in 200 ul of 5% EtOH and water or 100 uM ICA
in 20% DMSO and 40% PEG in water once per day via gavage, starting from the day of tumor
cell injection and continuing until the end of the experiment. To analyze tumor antigen-specific
T cells in the B16.0OVA model blood was collected from the vena facialis on day 15 and directly

transferred to a EDTA Microvette tube.

2.2.2.1 Supplementation with broad-spectrum antibiotics

For some experiments, WT animals with B16.0OVA tumors received broad-spectrum antibiotics
(Abx) to deplete most of the gut microbiota. The administration of Abx was conducted via the
drinking water, containing 1 mg/ml ampicillin, 1 mg/ml neomycin, 0.5 mg/ml vancomycin, 1
mg/ml metronidazole, 0.01 mg/ml amphotericin B, and 2.5 mg/ml aspartame, starting 5 days
prior to the tumor cell inoculation, and continuing until day 20. In some groups, Abx and DAT
were combined in one drinking water bottle from the day of tumor cell inoculation. The amount
of water intake by the mice was tested and observed to assure that the mice do not suffer from

dehydration and take up enough of the treatment mixture.
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2.2.2.2 Depletion of immune cell subsets

To investigate the growth dynamics of B16.OVA tumors in dependence on DAT and different
immune cell subsets, WT mice were injected with depletion antibodies. 250 ug depletion
antibodies for either CD4, CD8, or NK cells were injected i.p. 5 and 2 days prior to the tumor
cell injection. One day prior to the tumor challenge, blood was collected from the vena facialis
to confirm the depletion of the respective immune cell subset. After that the injections of the
antibodies were scheduled every 7 days with a dose of 125 ug and the depletion was confirmed
again two weeks later. Mice were treated with DAT in the drinking water from the day of tumor

cell inoculation with B16.0OVA cells.

2.2.3 Vaccination and lung pseudo-metastases

Avaccine was prepared by mixing 10 ug 3pRNA with 3.5 ul in vivo-jetPEI and 50 ug ovalbumin
protein in 5% Glucose at a total volume of 20 ul. 3pRNA was generated as described earlier.?'
The mixture was pre-incubated for 15 min before injection. WT Mice were injected s.c. into the
upper thigh with the vaccine or the vehicle control that contained in vivo-jetPEI in 5% glucose.
On day 7 after the vaccination, blood was collected from the vena facialis to analyze the
expansion of OVA antigen-specific T cells. One week prior to the vaccination DAT
administration via the drinking water was started and continued throughout the experiment.
For some experiments mice were challenged with 10° B16.0VA cells injected s.c. into the right
flank or 3 x 106 B16.0OVA cells injected i.v. into the tail vein on day 7 after vaccination. As
described before, the s.c. tumor were measured daily. On day 14, the mice were euthanized,
and their lungs were subjected to intracardial injection with 20 ml of PBS before. Subsequently,

superficial pulmonary pseudo-metastases of each lung were counted by eye.

2.2.4 Induction of a subclinical colitis

To provoke an anti-CTLA-4-induced colitis WT mice that were administered with DAT in the
drinking water or ICA gavage and the respective controls from day 0 on were injected i.p. with
anti-CTLA-4 on days 7 (200 ug), 10 (100 ug), and 13 (100 ug). Mice were sacrificed for
subsequent analysis of the small intestine and colon using an organoid assay, a neutrophil-

granulocyte influx assay, and immunohistochemical staining on day 15.
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2.2.5 Collection of stool samples for 16S-rRNA analysis

For the DAT effects on the microbiome in the steady state, WT mice were administered with
DAT in the drinking water for 7 days. After 7 days fecal samples were collected and snap-
frozen in 1.5 ml Eppendorf reaction tubes in liquid nitrogen before long-term storage at -80 °C.
For some experiments fecal samples were collected after tumor bearing mice were treated

with immune checkpoint inhibitors.

2.3 Ex vivo analysis and processing of murine cells

2.3.1 Isolation of tumor infiltrating leukocytes and cells from tumor-draining lymph

nodes

Tumors and tumor-draining inguinal lymph nodes (tdLNs) were extracted immediately after
sacrificing each mouse using surgical scissors and forceps. The second inguinal lymph node
and spleen were harvested for single-stain samples for subsequent analysis. The organs were
placed in ice-cold PBS in a 24-well plate until all mice were processed and all samples were
handled on ice. Before submerging the tumors in PBS, the tumor weight was determined using
a precision scale. Single cell suspensions were gained by mashing tumors or tdLNs with 20 ml
of cold PBS through 100 um and 70 pym nylon cell strainers into a 50 ml Falcon tube. The cells
were pelleted by centrifugation at 400xg for 5 min at 4 °C and the supernatant was discarded.
After resuspension in 600 pl of PBS, the cell suspension was equally divided into three parts,
each transferred into a separate 96-well round-bottom plate and kept on ice. Alternatively, the
cells were incubated in 200 ul of T cell media with 1x Cell Stimulation Cocktail (plus protein
transport inhibitors) per well if IFN-y was to be stained for 3 hours with a subsequent PBS

washing step before subsequent analysis.

2.3.2 Isolation of BMDCs

To generate BMDCs, bone marrow from C57BL/6 mice was isolated from the tibia and femur
of both hind legs. The bones were disinfected with 80% EtOH and equilibrated in BMDC media
under sterile conditions. After cutting the epiphysis off each end with surgical scissors, the
bones were flushed with BMDC medium using a syringe with a needle and filtered through a
100 pm nylon cell strainer. Cells were then pelleted at 400xg for 5 min at 4 °C, and the
supernatant was discarded. The cell pellet was resuspended in 2 ml of red blood cell lysis
buffer to remove erythrocytes and incubated for 5 min at RT. The enzymatic reaction was
stopped by adding 20 ml of BMDC medium. After another centrifugation step at 400xg for 5 min
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at 4 °C, the cells were seeded in non-cell culture-treated 10 cm bacterial dishes in 10 ml BMDC
medium at a density of 5x10° cells/ml. The cells were cultured at 37 °C and 5% CO: for 7 to
10 days. On day 3 of culture 10 ml of fresh medium was added and on day 6 10 ml of the
medium from each dish was collected and centrifuged at 400xg for 5 min at RT and the cells
were resuspended in 10 ml fresh medium and put back into the cell culture dish. Cells were
harvested between day 7 and 10 of culture by flushing the plate with a serological pipette to

also collect loosely adherent cells.

2.3.3 Isolation of splenic T cell populations

cells were extracted from C57BI6/J mouse spleens. The spleen was minced through a 100 um
nylon cell strainer using ice-cold PBS and then subjected to centrifugation (all centrifugation
steps for 5 min, 4 °C, 400xg). All subsequent steps were carried out with pre-cooled reagents
and on ice. Following the removal of the supernatant, cells underwent a 2 min incubation in
2 ml of red blood cell (RBC) lysis buffer per spleen, with the subsequent addition of 15 ml of
PBS. The mixture was filtered through a 70 um strainer and then centrifuged again. The
resulting cell pellet was resuspended in 10 ml of PBS, filtered through a 40 um nylon cell
strainer, and centrifuged. The supernatant was discarded, and the T cells were isolated using
the Pan T Cell Isolation Kit Il for mice, following the manufacturer's protocol. In brief, cells were
resuspended in 40 ul of MACS buffer per 107 total cells and 10 pl of a Biotin-Antibody Cocktail
per 107 total cells were added. After a 5 min incubation time in the refrigerator 30 pl of buffer
per 107 total cells were added as well as 20 pl of anti-Biotin MicroBeads per 107 total cells
following a 10 min incubation time in the 4 °C dark refrigerator. The LS column was prepared
by rinsing with 3 ml of MACS buffer. The cell suspension was applied onto the column and the
flow through containing the desired cell population was collected as was the flow through after
washing the column with additional 3 ml of buffer. Cells were centrifuged and subsequently

washed with PBS before seeding.

2.3.4 Neutrophil granulocyte influx

The neutrophil granulocyte influx was used as a surrogate marker for the degree of intestinal
inflammation.2'® The distal third of the small intestine was removed using surgical scissors and
forceps. The intestine was flushed with cold PBS and opened using an artery scissor with a
ball tip. The opened intestine was cut into 1 cm pieces using a scalpel and the pieces were
washed with cold PBS until the supernatant was clear. The intestinal pieces were then
incubated in PBS containing 10% FBS and 0.1 mM EDTA in Erlenmeyer pistons on a shaker
(225 rpm) for 20 min at 37°C. Afterwards the tissue pieces were washed and filtered through
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a 100 um nylon cell strainer. Next, the intestinal pieces were incubated in 20 ml complete RPMI
supplemented with 200 U/ml collagenase Il and 0.05 mg/ml DNAse for 60 min in Erlenmeyer
pistons on a shaker (225 rpm) at 37°C until the pieces dissolved. Then, the solution was filtered
through a 100 um nylon cell strainer and 20 ml of PBS were used to flush the strainer. The cell
suspension was centrifuged at 400xg for 5 min at RT. The pellet was resuspended in 4 ml of
80% Percoll and transferred into a 15 ml falcon. Next, 4 ml of 40% Percoll and on top of that
3 ml of 20% Percoll were added carefully. The Percoll gradient was centrifuged at 3000 rpm
for 30 min at RT without brakes. Cells from the interphase between 80% and 40% were
collected and transferred to a clean 15 ml Falcon tube. 14 ml of PBS were added, and the
suspension was centrifuged at 400xg for 5 min at 4°C. Afterwards cells were transferred into

96-well round-bottom plates for subsequent analysis.

2.3.5 Organoid preparation

The whole small intestine (duodenum - ileum) was extracted using surgical scissors and
forceps and flushed with cold PBS. Then the intestine was opened using an artery scissor with
a ball tip and cleaned carefully with a microscopy slide before transferring it into cold PBS and
vortexing for 5 sec. The intestine was cut into 1 cm pieces using a scalpel and the pieces were
washed with cold PBS until the supernatant was clear. The samples were washed once with
PBS containing 10 mM EDTA and were then incubated with PBS containing 10 mM EDTA for
30 min at 100 rpm at 4°C. After a washing step with PBS, 20 ml of PBS were added, and the
tubes were shaken firmly to detach the crypts. Everything was filtered through a 100 pm nylon
cell strainer and flushed additionally with 10 ml of PBS. The filtering process was repeated
once again. After centrifuging the samples at 250xg for 5 min at 4°C the supernatant was
discarded, and the pellet was resuspended in 10 ml of cold PBS. Two 10 pl drops per sample
were pipetted onto a microscopy slide, and the crypts were counted to calculate the mean
crypts per ml. Material for 200 crypts per sample was transferred into a 1.5 ml Eppendorf
reaction tube and centrifuged at 250xg for 5 min at 4°C to remove the PBS. A mixture of 20 pl
of ice-cold Matrigel and 10 ul of ice-cold PBS was used to resuspend the 200 crypts per
sample. The Matrigel drops containing the crypts were pipetted onto a 24-well flat-bottom plate
and 600 pl of ENR medium were added after the Matrigel drop solidified at 37 °C. After 3 days

the organoids per drop were counted under a microscope.

2.3.6 Processing of blood samples

Blood samples were processed further for subsequent flow cytometric analysis. Each sample
(approximately 50 ul) was transferred into a 96-well round-bottom plate and diluted with 100
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pl of PBS. The plate was then centrifuged at 400xg for 5 min at RT, and the supernatant
containing serum was discarded. The cell pellet, comprising red and white blood cells, was
resuspended in 100 ul of red blood cell lysis buffer and incubated for 5 min at RT. After the
incubation, 100 pl of PBS was added to each sample, and the samples were centrifuged at
400xg for 5 min at RT. The process of red blood cell lysis was repeated after discarding the

supernatant. Following the red blood cell lysis, the samples were washed once with cold PBS.

2.4 Analytical assays and techniques
2.4.1 Flow cytometry

All flow cytometry analysis were performed using a FACSCanto Il. The FACSCanto Il was set
up with three different lasers. A blue argon-ion laser with a wavelength of 488 nm facilitates
the detection of fluorochromes fluorescein isocyanate (FITC), phycoerythrin (PE), the Cy7-
coupled tandem-dye PE-Cy7, and peridinin chlorophyll protein (PerCP). The second red diode
laser with a wavelength of 633 nm excites the fluorochromes allophycocyanin (APC) and the
tandem-dye APC-Cy7. Additionally, the third laser, a violet diode laser with an excitation
wavelength of 405 nm, excites fluorochromes Pacific Blue (PB) and Anemonia majano Cyan
Fluorescent Protein (AmCyan). Emission spectra that were shared between some of the
fluorophores and caused spectral overlap were compensated before acquiring the samples to
minimize spillover. All samples were stained in 96-well round-bottom well plates and
centrifuged at 400xg for 5 min at 4 °C. To minimize light exposure the staining and incubation

were carried out in the dark.

2.4.1.1 Livel/dead staining and Fc receptor blocking

To distinguish live cells from dead cells all samples were stained with a live/dead dye. The
plates with cells were centrifuged to remove the supernatant. To each well 50 ul of PBS with
the respective live/dead marker (1:1000) and anti-CD16/CD32 FcRy block (1:200) were added
and the cells resuspended in that solution. After the incubation for 20 min at 4°C, 150 pl of PBS
were added to each well, the plate was centrifuged, and the supernatant discarded. Cells were

washed with 200 ul of PBS per well and subsequent extracellular staining was performed.
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2.4.1.2 Extracellular staining

Following the live/dead staining each sample was resuspended in 100 pl of PBS containing
the respective fluorophore-coupled antibodies for surface markers (see 2.4.1.4 Staining panels
and cell populations). The cells were incubated with the surface staining (1:400 for each
antibody and 1:160 for the OVA tetramer) for 50 min at RT before 100 pl of PBS per well were
added and the plate was centrifuged. The cells were washed twice with 200 ul of PBS per well
to remove excessive dye. If the samples were analyzed for surface markers only, the cells
were resuspended in 180 pl PBS per well and transferred into flow cytometry tubes. Otherwise,

cells were processed further for intracellular staining.

2.4.1.3 Intracellular staining

The intracellular staining was performed with the FoxP3/Transcription factor staining buffer set.
To prepare the staining for intracellular antigens cells were resuspended in 50 ul of fixation
buffer after the extracellular staining and centrifuged. Then the supernatant was discarded,
and the cells were resuspended in 100 pl fixation buffer per well. Following an incubation of
45 min at RT the plates were centrifuged, and the supernatant was discarded. The cells were
washed once in permeabilization buffer. The fluorophore-coupled antibodies for the respective
intracellular markers (see 2.4.1.4 Staining panels and cell populations) were diluted in
permeabilization buffer (1:200) and 100 ul of the staining solution was added to each sample.
After an incubation of 50 min at RT 100 pl of permeabilization buffer was added to each well.
The plate was centrifuged, and the supernatant was discarded. Cells were washed once with
200 pl of permeabilization buffer per well and twice with 200 ul of PBS per well. In the end

samples were resuspended in 180 ul of PBS and transferred into flow cytometry tubes.

2.4.1.4 Staining panels and cell populations

Cells from tumors and tdLNs were analyzed as follows:

Immune cell activation panel (Table 14; Fig. 1A): activated CD4* and CD8* T cells were defined
as live CD45* CD3* CD4* IFN-y* cells or as live CD45* CD3* CD4" IFN-y* cells respectively.
OVA antigen specific T cells were defined as CD45* CD3* CD4" H-2kP-OVAzs7-264-Tetramer*
cells. Natural killer cells were characterized as live CD45" CD3" NK1.1* cells and described as
activated when cells expressed IFN-y.

T cell panel (Table 14; Fig. 1B): cytotoxic T cells (“CD8" cells”) were defined as live CD45*
CD3* CD8" cells and Th cells (“CD4" cells”) as live CD45* CD3* CD4* cells. It was differentiated
between all CD4* cells, CD4* cells without regulatory T cells (live CD45* CD3* CD4* FoxP3"),

and regulatory T cells (live CD45* CD3" CD4* FoxP3*). CD4" and CD8" T cells were further
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defined as naive T cells (CD62L" CD44"), central memory T cells (CD62L*" CD44%), and effector
memory T cells (CD62L- CD44*) with the respective other markers.
DC panel (Table 14; Fig. 1C): dendritic cells were defined as CD45* CD11¢* MHC-II* cells.

Activation of these cells was measured as mean fluorescence intensity (MFI) of CD86.
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Figure 1: Gating strategy for TME and tdLN analysis
Representative dot plots of (A) the immune cell activation panel, (B) the T cell panel, and (C) the DC panel.

Table 14: Staining panels for tumors and tdLNs

live/dead

69.0%

FoxP3

30.5% oA

CD4

cb4

CDé2L

T cell panel Immune cell activation panel DC panel
Antigen | Fluorochrome | Antigen Fluorochrome | Antigen | Fluorochrome
Live/dead | AmCyan Live/dead AmCyan Live/dead | AmCyan
CD3 FITC CD3 FITC CD45.2 APC-Cy7
CD4 PE-Cy7 CD4 PerCP-Cy5.5 | CD103 PerCP-Cy5.5
CD44 Pacific Blue CD45.2 APC-Cy7 CD11b APC
CD45.2 | APC-Cy7 H-2kP-OVAzs7. | PE CD11c Pacific Blue

264- Tetramer
CD62L PE IFN-y PE-Cy7 CD86 PE
CD8 PerCP-Cy5.5 | NK1.1 APC MHC-II FITC
(I-A/1-E)
FoxP3 APC (AF647)

Tumor antigen specific T cells from the blood were characterized as live CD3* CD4" H-2kb-

OVAzs7.264-Tetramer™ cells (Table 15; Fig. 2A).
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Figure 2: Gating strategy for tumor antigen-specific T cells and neutrophils
Representative dot plots of (A) the OVA tetramer panel and (B) the neutrophil-granulocyte influx.

Table 15: Staining panel for tumor antigen specific T cells

OVA tetramer panel
Antigen Fluorochrome
Live/dead APC-Cy7
CD3 FITC
CD4 APC
H-2kP-OVA,57.264- Tetramer PE

Neutrophils in the neutrophil granulocyte influx assay were defined as live CD45* CD11bMd"
Ly6GMd" cells (table 16; Fig. 2B).

Table 16: Staining panel for neutrophils

Neutrophil granulocyte influx
Antigen Fluorochrome
Live/dead AmCyan
CD45.2 Pacific Blue
CD11b PE
Ly6G PE-Cy7

For in vitro studies (table 17), isolated and treated T cells were characterized as live CD4* and
CD8" cells and analyzed for either CD25*, CD69", IFN-y*, or T-bet" cells (Fig. 3A). From bone
marrow isolated and treated DCs were defined as CD11c* MHC-II* cells and analyzed for MFI
of CD80 and CD86 (Fig.3B).
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Figure 3: Gating strategy for in vitro assays
Representative dot plots of (A) the T cell panel and (B) the DC panel.

Table 17: In vitro staining panels

T cell panel DC panel
Antigen Fluorochrome Antigen Fluorochrome
Live/dead AmCyan Live/dead APC-Cy7
IFN-y PE-Cy7 CD11c FITC
CD69 PerCP MHC-II (I-A/I-E) APC
CD25 APC-Cy7 CD80 Pacific Blue
CD4 Pacific Blue CD86 PE
CD8 APC
T-bet PE

2.4.2 Targeted metabolomics

Targeted metabolomics was performed by the Bavarian Biomolecular Mass Spectrometry
Center (BayBioMS) who utilized their own machines and reagents, and provided the following
protocol.

About 20 mg of mouse feces was measured and placed in a 2 mL bead beater tube (FastPrep-
Tubes, Matrix D, MP Biomedicals Germany GmbH), which was then mixed with 1 ml of
methanol for resuspension. The samples were subjected to extraction using a bead beater
FastPep-24TM 5G (MP Biomedicals Germany GmbH) equipped with a CoolPrepTM (MP
Biomedicals Germany, cooled with dry ice). This involved a total of 3 cycles, each consisting

of 20 seconds of beating at a speed of 6 m/s, with a 30-second pause in between.
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Quantification ICA or DAT was carried out using the 3-NPH method.?' In summary, 40 pl of
the fecal extract and 15 pl of isotopically labeled standards (approximately 50 uM) were mixed
with 20 pl of 120 mM EDC HCI-6% pyridine-solution and 20 pl of 200 mM 3-NPH HCI solution.
This mixture was then subjected to a 30-minute incubation at 40°C with shaking at 1000 rpm
using an Eppendorf Thermomix. Subsequently, 900 ul of acetonitrile/water (50/50, v/v) was
added after which the clear supernatant was used for analysis. For the measurement, a
QTRAP 5500 triple quadrupole mass spectrometer (Sciex) coupled to an ExionLC AD (Sciex)
ultrahigh-performance liquid chromatography system was employed. The electrospray voltage
was set to -4500 V, curtain gas to 35 psi, ion source gas 1 to 55 psi, ion source gas 2 to 65
psi, and the temperature to 500°C. The MRM-parameters were optimized using commercially
available standards. Chromatographic separation was achieved on a 100x2.1 mm, 10 nm, 1.7
pum, Kinetex C18 column (Phenomenex) utilizing 0.1% formic acid (eluent A) and 0.1% formic
acid in acetonitrile (eluent B) as elution solvents. An injection volume of 1 ul and a flow rate of
0.4 ml/min were used. The gradient elution was initiated at 23% B and was maintained for 3
minutes. Subsequently, the concentration was raised to 30% B at 4 minutes, further increased
to 40% B at 6.5 minutes, with a switch to 100% B at 7 minutes, maintained for 1 minute, and
then equilibrated to the initial conditions at 8.5 minutes. The column oven was set to 40°C,
while the autosampler was set to 15°C. Data acquisition and instrumental control were
managed using Analyst 1.7 software (Sciex), and data analysis was carried out using
MultiQuant 3.0.3 (Sciex).

2.4.3 Immunohistochemistry

Immunohistochemistry was conducted by the Institute of Pathology of the TUM School of
Medicine and Health and Technical University of Munich who utilized their own machines and
products, and provided the following protocol. The samples were analyzed by Katja Steiger.

The colon tissues from the mice were fixed in a 10% neutral-buffered formalin solution for a
period of 48 hours. Subsequently, the tissues were dehydrated following standard protocols
(Leica ASP300S) and then embedded in paraffin. Serial 2 pym-thin sections were prepared
using a rotary microtome (HM355S, ThermoFisher Scientific) and were subjected to both
histological and immunohistochemical examinations. Immunohistochemistry was conducted
with a Bond RXm system (Leica, using all reagents from Leica) employing a primary antibody
against cleaved caspase-3 (Clone 5A1E, at a dilution of 1:150, Cell Signaling). In brief, slides
were deparaffinized using a deparaffinization solution and then treated with Epitope retrieval
solution 1 (equivalent to citrate buffer pH6) for a duration of 20 minutes. The primary antibody
was allowed to incubate for 15 minutes at room temperature. Antibody binding was detected

utilizing a polymer refine detection kit without the post-primary reagent, and visualization was
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achieved with DAB resulting in a dark brown precipitate. Hematoxylin was used for
counterstaining. Subsequently, the slides were cover-slipped and digitally scanned using an
AT2 scanner system (Leica Biosystems). The staining reaction was evaluated using

Imagescope (12.4.0.2018, Leica Biosystems).

2.4.4 16S-rRNA sequencing

16S-rRNA sequencing was done by the ZIEL - Institute for Food & Health Central of the
Technical University of Munich who utilized their own machines and products, and provided
the following protocol.

Murine fecal samples were gathered at various intervals during the experiments and promptly
frozen in liquid nitrogen. The processing of these samples followed previously outlined
procedures, albeit with some modifications.?'® In essence, after DNA isolation, targeted
16S-rRNA gene amplicons were generated using a two-step PCR method, which involved the
incorporation of barcodes and adapters. The specific primers employed were 341F (5'-CCT
ACG GGN GGC WGC AG-3') and 785R (5'-GAC TAC HVG GGT ATC TAA TCC-3"), as
previously documented.?’® DNA isolation was performed using the MaxWell RSC Fecal
Microbiome DNA Kit from Promega, utilizing bead beating with the FastPrep-24 (MP
Biomedicals) instrument, accompanied by a CoolPrep cooled with dry ice. This process
involved three 20-second rounds of beating at a speed of 6 m/s, with each session followed by
a 30-second pause for cooling. Modifications were made to the cycle times for the initial and
secondary PCR stages, adjusting denaturation to 10 seconds, annealing to 20 seconds, and
extension to 45 seconds. Subsequent to library preparation and equimolar pooling of the
amplicons, the samples underwent sequencing using a MiSeq (lllumina) platform. For the DAT
DW data, a total of 60 samples with a read length of 301 bp were examined, while the
responder/non-responder data encompassed 17 samples with a similar read length. Raw
sequencing data underwent analysis via a UPARSE-based pipeline that clustered sequences
into denoised operational taxonomic units (zOTUs) using www.imngs2.org, incorporating the
TIC algorithm.?2%22" Downstream analysis of zOTU tables was carried out using Rhea and
default settings. This involved the normalization of reads and the removal of spurious

taxa 222,223

2.4.5 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay

4x10* B16.0OVA cells were seeded in a 96-well flat-bottom cell culture treated plate in 100 pl

complete DMEM per well. DAT or ICA were added at concentrations of 1 uM, 10 uM, 50 pM,

100 uM, 200 uM, 400 uM, and 800 uM or cells were treated with PBS as negative control or 3
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pg/ml 3pRNA as positive control. The 3pRNA was pre-incubated with 0.2 ul Lipofectamine
2000 per well in OptiMEM for 15 min before adding it to the wells. After 24 h of incubation at
37 °C and 5% CO- the cell culture supernatant was discarded and 100 pl complete DMEM
containing 0.5 mg/ml MTT was added per well. The cells were incubated for 3 h at 37 °C and
5% CO2 with the MTT media. Next, the MTT solution was discarded and 150 ul of DMSO per
well were added and the plate was incubated for 3 h at 37 °C. The absorption was measured

with a plate reader at 560 nm.

2.5 Statistical analysis

The corresponding sample sizes were determined based on preliminary internal studies,
previous research, and other ongoing projects. In the case of the B16 tumor model, it was
shown that a minimum of 5 mice per group was practical for detecting variations in tumor
growth post-therapy.??* Correspondingly, the impact of DAT and ICA were observed in a
separate internal project with comparable group sizes. Adherence to ethical guidelines was
also considered, ensuring the use of the minimum animals necessary while maintaining
statistical validity. Adjustments to the sample size for subsequent analyses were made to
accommodate limitations in resources. Mean values with a 95% confidence interval (Cl) were
used for graphs where parametric tests were applicable, while non-parametric tests were
represented with median and corresponding Cl at a 95% confidence level. Evaluation of
normality was conducted through visual assessment using a QQ plot, and homoscedasticity
was assessed via the Brown-Forsythe test and visual inspection of plotted values. Unpaired
parametric t-tests were utilized for data with normal distribution, with Welch's correction applied
in cases where standard deviations differed. ANOVA with Tukey's multiple comparison test was
used for analyses involving three or more groups, while specific pre-selected pairs were
analyzed using Bonferroni's multiple comparison test. Instances where the data did not meet
ANOVA criteria employed the Kruskal-Wallis test with Dunn's post-hoc test. Tumor growth
curves were assessed using two-way ANOVA with Tukey's post-hoc test, with the hypothesis
being that tumor volume in the DAT treated group differed from the control groups over time.
The reported p-values in the graphs indicated the latest time point for conducting the test,
depending on the included groups. Overall survival was analyzed using the Log-rank (Mantel-
Cox) test, with the survival experiments initiated at day 0 and monitored until day 80, with the
event of interest typically starting around day 10. All statistical analyses were performed using
GraphPad Prism.

53



Results

Il RESULTS

1. Impact of the bacterial-derived metabolites on ICI therapy
1.1 Supplementation with the metabolites DAT and ICA enhances anti-CTLA-4 therapy

To address the role of the bacterial-derived metabolites DAT and ICA on tumor
immunosurveillance and therapy, C57BI/6j mice were provided with 3.4 mg DAT or 3.0 mg ICA
per mouse per day via controlled oral gavage. Supplementation with DAT or ICA was initiated
on the day of tumor cell inoculation with B16.0OVA cells. On days 7, 10, and 13 the mice were
injected with anti-CTLA-4 or the isotype control antibodies. The controlled application of DAT
did not result in significant differences in tumor growth compared to that in the control mice on
day 7 before the anti-CTLA-4 treatment (Fig. 4A). When comparing the overall tumor growth,
there was a non-significant trend hinting at improved tumor control in mice administered with
DAT and a combination of anti-CTLA-4 treatment (Fig. 4B). Nonetheless, a significant increase
in long-term survival was observed in mice receiving the combination of DAT and anti-CTLA-4
compared to those treated with anti-CTLA-4 alone (Fig. 4C). Interestingly, sole gavage of DAT
did not have an effect on tumor growth and survival (Fig. 4B and C). Similar results were
obtained by the administration of ICA. While the tumor growth did not differ between mice that
received ICA and control mice (Fig. 4D and E), the combination of ICA and anti-CTLA-4
significantly enhanced the anti-CTLA-4 effect (Fig. 4E). The OS improved with the
combinatorial treatment compared to control mice treated with anti-CTLA-4, whereas sole ICA

administration did not influence the survival rate (Fig. 4F).
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Figure 4: Treatment with DAT or ICA enhances the efficacy of anti-CTLA-4 therapy in melanoma

C57Bl/6j mice were injected s.c. with B16.0OVA tumor cells on day 0 and treated with anti-CTLA-4 or isotype control
antibodies on days 7, 10, and 13. From the day of tumor cell inoculation on mice were administered with DAT, ICA,
or the respective solvent via oral gavage once per day until the end of the experiment. (A) Tumor volume on day 7
comparing control mice with mice that received DAT via gavage [unpaired t-test]. (B) Tumor growth curves and (C)
overall survival of the DAT gavage experiments. (D) Tumor volume on day 7 comparing control mice with mice that
received ICA via gavage [two-way ANOVA with Tukey’s multiple comparison test on day 12 for growth curves and
Log-rank (Mantel-Cox) test for Kaplan-Meier survival]. (E) Tumor growth curves and (F) overall survival of the ICA
gavage experiments [two-way ANOVA with Tukey’s multiple comparison test on day 15 for growth curves and Log-
rank (Mantel-Cox) test for Kaplan-Meier survival]. The data were obtained from 3 independent experiments. All
graphs show mean with 95% CI.

In order to investigate the priming and expansion of tumor antigen-specific T cells, blood
samples were collected two days after the final anti-CTLA-4 treatment. The circulating tumor
antigen-specific T cells were analyzed via flow cytometry. Compared to mice receiving the
isotype control antibody, mice that were treated with anti-CTLA-4 showed increased
frequencies of tumor antigen-specific T cells (Fig. 5A and B). Equivalent to sole metabolite
administration, the combination of anti-CTLA-4 and DAT or ICA did not have any additive effect

regarding the expansion of tumor antigen-specific T cells (Fig. 5A and B).
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Figure 5: DAT and ICA do not increase the frequencies of tumor antigen-specific T cells

On day 15 blood was collected from the vena facialis from the experimental mice described in figure 5 and circulating
tumor antigen-specific T cells were analyzed via flow cytometry. H-2kP-OVA2s7.264-Tetramer* CD8* T cells after
anti-CTLA-4 and (A) DAT or (B) ICA administration [Kruskal-Wallis test with Dunn’s multiple comparison test]. The
data were obtained from 3 independent experiments. All graphs show median with the CI at the requested
confidence level of 95%.

1.2 DAT but not ICA improves anti-PD-1 therapy in a murine model of pancreatic ductal

adenocarcinoma

To account for the high immunogenicity of the B16.0VA melanoma model and ensure that the
effects of DAT and ICA were not restricted to this issue, the metabolites were administered
through oral gavage in a subcutaneous model of murine pancreatic adenocarcinoma.
Additionally, this approach was combined with anti-PD-1 therapy as the Panc02 model was
more sensitive to sole anti-PD-1 treatment than the B16.0OVA model. DAT in combination with
anti-PD-1 led to slightly enhanced tumor control, leading to a significantly extended survival
rate (Fig. 6A and B). In contrast, ICA did not contribute to enhancing the anti-PD-1 effect,
neither in tumor growth dynamics nor in survival (Fig. 6C and D). Combining these data, it
becomes evident that oral DAT supplementation enhances the efficacy of both anti-CTLA-4
and anti-PD-1 ICl immunotherapies across various tumor models whereas the effect of ICA

seems to be restricted to the B16.0OVA tumor model and anti-CTLA-4 treatment.
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Figure 6: DAT but not ICA improves anti-PD-1 therapy in a murine model of pancreatic carcinoma

C57BI/6j mice were injected s.c. with Panc02 tumor cells on day 0 and treated with anti-PD-1 or isotype control
antibodies on days 4, 7, and 10. From the day of tumor cell inoculation on mice were administered with DAT, ICA,
or the respective solvent via oral gavage once per day until the end of the experiment. (A) Tumor growth curves
and (B) overall survival of mice that received DAT [two-way ANOVA with Tukey’s multiple comparison test on day
11 for growth curves and Log-rank (Mantel-Cox) test for Kaplan-Meier survival]. (C) Tumor growth curves and (D)
overall survival of mice that received ICA [two-way ANOVA with Tukey’s multiple comparison test on day 11 for

growth curves and Log-rank (Mantel-Cox) test for Kaplan-Meier survival]l. The data were obtained from 3
independent experiments. All graphs show mean with 95% CI.

1.3 The additive effect of DAT and anti-CTLA-4 immunotherapy varies based on dosage
and method of administration

Because of its chemical properties, DAT could be dissolved in higher doses than ICA and
administered via drinking water without causing acute toxicity by single gavage of a high dose.
Furthermore, the oral uptake via the drinking water better reflects the oral drug intake in
humans. This characteristic prompted investigations into its potential under these conditions
excluding ICA. The approach of DAT in the drinking water has been described previously and

was adjusted to meet experimental criteria.'’® As before, DAT was administered from the day
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of B16.0VA tumor cell inoculation on and on days 7, 10, and 13 the mice were injected with
anti-CTLA-4 or the isotype control antibodies. Administration of DAT via drinking water (100
mM) showed no difference in the total tumor volume on day 7 before anti-CTLA-4 treatment
(Fig. 7A). However, in contrast to the low dose via oral gavage, it resulted in 50% of tumor-free
mice on day 7 with the tumors becoming visible two to three days later in the DAT treated group
(Fig. 7B). The overall tumor control with DAT administration via the drinking water significantly
enhanced the anti-CTLA-4 efficacy (Fig. 7C). Similar to low dose gavage the sole DAT
administration here did not lead to improved tumor control (Fig. 7C and D). Furthermore, the
additive effect of DAT and anti-CTLA-4 was evident in the OS rate (Fig. 7D). Even the high
dosage of DAT did not impact the expansion of tumor antigen-specific T cells (Fig. 7E). In
summary, the administration of a higher dose of DAT resulted in an even more prominent

antitumor effect and a potent model for further mechanistic studies.
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Figure 7: The additive effect of DAT and anti-CTLA-4 therapy varies based on dosage and method of
administration

C57BI/6j mice were injected s.c. with B16.0OVA tumor cells on day 0 and treated with anti-CTLA-4 or isotype control
antibodies on days 7, 10, and 13. From the day of tumor cell inoculation on mice were administered with DAT via
drinking water until the end of the experiment. (A) Tumor volume and (B) percentage of tumor-free mice per
experiment on day 7 comparing control mice with mice that received DAT [unpaired t-test]. (C) Tumor growth curves
and (D) overall survival [two-way ANOVA with Tukey’s multiple comparison test on day 14 for growth curves and
Log-rank (Mantel-Cox) test for Kaplan-Meier survival]. (E) On day 15 tumor antigen-specific T cells were analyzed
via flow cytometry [Kruskal-Wallis test with Dunn’s multiple comparison test]. The data were obtained from 3-6

independent experiments. All graphs show mean with 95% CI or median with the CI at the requested confidence
level of 95%.
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To simulate the more commonly used combination of anti-CTLA-4 and anti-PD-1 in patients,
mice were treated with a combination of both ICls. Interestingly, while the combined ICI
treatment was more effective than anti-CTLA-4 treatment alone, the addition of DAT
supplementation had only a moderate influence on the overall therapy in this case (Fig. 8Aand
B). The percentages of circulating tumor antigen-specific T cells markedly increased with
treatment with both ICls compared to anti-CTLA-4 therapy. However, the additional
administration of DAT did not further increase the numbers of these T cells (Fig. 8C). Taken
together, the strong antitumor effect of combined anti-CTLA-4 and anti-PD-1 could be boosted

modestly by additional DAT administration.
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Figure 8: DAT moderately influences anti-CTLA-4 and anti-PD-1 combination therapy

C57BI/6j mice were injected s.c. with B16.0VA tumor cells on day 0 and treated with anti-CTLA-4 and anti-PD-1 or
isotype control antibodies on days 7, 10, and 13. From the day of tumor cell inoculation on mice were administered
with DAT via drinking water until the end of the experiment. (A) Tumor growth curves and (B) overall survival [two-
way ANOVA with Tukey’s multiple comparison test on day 13 for growth curves and Log-rank (Mantel-Cox) test for
Kaplan-Meier survival]. (C) On day 15 tumor antigen-specific T cells were analyzed via flow cytometry [Kruskal-
Walllis test with Dunn’s multiple comparison test]. The data were obtained from 2 independent experiments. All
graphs show mean with 95% CI or median with the CI at the requested confidence level of 95%.

1.4 The timing of DAT administration influences its effect on anti-CTLA-4 treatment

Next, the evaluation focused on whether the timing of DAT administration could influence the
effectiveness of ICl immunotherapy in this murine melanoma model. To investigate this, DAT
administration through drinking water (100 mM) was initiated on day 5 following tumor
inoculation, which is referred to as "late" treatment. In comparison to the early DAT
supplementation starting from day 0, the late initiation of DAT administration from day 5
onwards resulted in a similar, though statistically non-significant, trend of delayed early tumor
growth (Fig. 9A). However, when combined with anti-CTLA-4 therapy, late DAT treatment did
not achieve the same favorable effects on tumor control and the corresponding survival of

animals as observed with the early DAT treatment (Fig. 9B and C). Comparable to the early
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DAT administration, the late DAT treatment did not result in increased frequencies of tumor
antigen-specific T cells. To summarize, a later start of the DAT treatment dampened the efficacy

of the combined treatment in comparison to an earlier start of DAT supplementation.
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Figure 9: The additive effect of DAT and anti-CTLA-4 is time dependent

C57BI/6j mice were injected s.c. with B16.0OVA tumor cells on day 0 and treated with anti-CTLA-4 or isotype control
antibodies on days 7, 10, and 13. From day 5 after tumor cell inoculation on mice were administered with DAT via
drinking water until the end of the experiment. (A) Tumor volume on day 7 comparing control mice with mice that
received DAT [one-way ANOVA with Tukey’s multiple comparison test]. (B) Tumor growth curves and (C) overall
survival [two-way ANOVA with Tukey’s multiple comparison test on day 14 for growth curves and Log-rank (Mantel-
Cox) test for Kaplan-Meier survival]. (D) On day 15 tumor antigen-specific T cells were analyzed via flow cytometry
[Kruskal-Wallis test with Dunn’s multiple comparison test]. The data were obtained from 3 independent experiments.
All graphs show mean with 95% CI or median with the CI at the requested confidence level of 95%.
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2. Potential ICI treatment-related changes in DAT and ICA levels poorly correlate with

treatment response

Given the presence of numerous bacterial-derived metabolites in the gut and even the
circulation, targeted metabolomics was conducted to identify the levels of the bacterial-derived
metabolites DAT and ICA in murine stool samples from both responder and non-responder
mice to anti-CTLA-4 therapy. One aim of the experiment was to explore if the pre-existing levels
of the metabolites can serve as predictive markers for the success or failure of the anti-CTLA-4
treatment. The second aim was to investigate the impact of anti-CTLA-4 therapy on the levels
of the metabolites, potentially linking them to treatment response or non-response. Stool
samples of C57BI/6j WT mice were collected one day prior to the subcutaneous injection of
B16.0OVA cells (referred to as ‘steady state’) and on the final day of the anti-CTLA-4 treatment
(‘anti-CTLA-4’). The mice were subsequently categorized into groups, including control mice

receiving the isotype control, as well as responder and non-responder to the anti-CTLA-4

therapy.
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Figure 10: Treatment-related changes in metabolite levels following anti-CTLA-4 therapy

C57BI/6j mice were injected s.c. with B16.OVA tumor cells on day 0 and treated with anti-CTLA-4 or isotype control
antibodies on days 7, 10, and 13. Stool samples were collected on day 0 (“steady state”) and day 13
(“anti-CTLA-4") and different bacterial-derived metabolites were measured utilizing targeted metabolomics. The
mice were retrospectively classified as responder or non-responder to anti-CTLA-4 therapy. Control mice received
the isotype control. Levels of (A) DAT and (B) ICA in stool samples of steady state and anti-CTLA-4 treated mice
[Kruskal-Wallis test with Dunn’s multiple comparison test]. The samples were obtained from mice from 3
independent experiments for each group with control n=9, responder n=10, and non-responder n=6. All graphs
show median with the Cl at the requested confidence level of 95%.

DAT was detected at very low levels in the initial steady state. In responder mice, there was a
slight increase in levels, although this trend was not statistically significant (Fig. 10A). After the
mice received anti-CTLA-4 this difference disappeared (Fig. 10A). ICA showed no significant
differences in levels among control, responder, and non-responder mice in the steady state
(Fig. 10B). However, unlike DAT levels following anti-CTLA-4 therapy, there was a slight, non-

significant increase in ICA levels specifically observed in responder mice (Fig. 10B). Taken
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together the results suggest potential treatment-related alterations in DAT and ICA levels but
the results cannot be correlated with response due to the lack of statistical significance.
Nevertheless, the higher DAT levels in the steady state might hint at a potential role as a
predictive biomarker, but further investigation is needed to understand the biological

significance of these observations.

3. DAT enhances the activation of DCs, T cells and NK cells

3.1 DAT supplementation modifies the TME and enhances T cell activation mediated by
anti-CTLA-4

In order to investigate the effects of DAT on the tumor microenvironment, mice were
supplemented with 100 mM DAT in the drinking water from the day of B16.OVA tumor cell
inoculation and treated with anti-CTLA-4 as described previously on days 7, 10, and 13. On
day 15 tumor tissue was analyzed via flow cytometry. Combined treatment with DAT and
anti-CTLA-4 enhanced anti-CTLA-4 induced T cell activation characterized by an increased
frequency and increased activity of IFN-y* CD4" T cells (Fig. 11A and B). Likewise, DAT
significantly enhanced the anti-CTLA-4-induced activation in CD8" T cells (Fig. 11C and D). As
anticipated, anti-CTLA-4 immunotherapy had a significant impact on T cells in the TME.
However, no additional effects from DAT supplementation in terms of the expansion and
activation of OVA antigen-specific T cells (Fig. 11E and F), the frequency of FoxP3* regulatory
T cells (Fig. 11G), or the T cell memory phenotype (Fig. 11H-M) could be observed. Moreover,
the frequency and maturation of conventional CD11c* MHC-II* DCs in the TME, essential for
presenting antigens during T cell priming, remained unchanged following oral DAT
supplementation (Fig. 11N and O). Of interest, significantly higher frequencies of activated IFN-
y-producing NK cells were observed following DAT supplementation and combined
anti-CTLA-4 treatment (Fig. 11P). In summary, these data collectively demonstrate that sole
DAT supplementation did not significantly affect the TME. However, when administered

alongside anti-CTLA-4 therapy, DAT potently enhanced the activation of both T and NK cells.
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Figure 11: DAT supplementation alters the TME and enhances anti-CTLA-4-mediated T cell activation

On day 15 mice (described in figure 8) were sacrificed and tumors were extracted. The cells from the TME were
analyzed via flow cytometry. (A) Frequencies of activated CD4* T cells and (B) their expression of IFN-y (MFI,
normalized to the ‘control + isotype’ group). (C) Frequencies of activated CD8* T cells and (D) their expression of
IFN-y (MFI, normalized to the ‘control + isotype’ group). (E) Frequencies of tumor antigen-specific T cells and (F)
their expression of IFN-y (MFI, normalized to the ‘control + isotype’ group). Frequencies of (G) regulatory T cells,
(H) naive CD8* T cells, (I) naive CD4* T cells, (J) CD8* TCMs, (K) CD4* TCMs, (L) CD8* TEMs, (M) CD4* TEMs,
(N) DCs and (O) their expression of IFN-y (MFI, normalized to the ‘control + isotype’ group), and (P) IFN-y
expressing NK cells [one-way ANOVA with Tukey’'s multiple comparison test]. The data were obtained from 4
independent experiments. All graphs show mean with 95% CI.

The effects of DAT on T cell activation in the tdLNs were not as pronounced as in the TME
(Fig. 12A and B). The expansion of OVA antigen-specific T cells (Fig. 12C), the frequency of
FoxP3* regulatory T cells (Fig. 12D), or the T cell memory phenotype (Fig. 12E-J) could not be
influences by additional DAT supplementation. The lymph nodes presented with low
frequencies of DCs which could neither be increased with anti-CTLA-4 treatment nor the

combinatorial treatment (Fig. 12K). The activation of DCs was also unaffected by any of the
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treatment combinations (Fig. 12L). While the frequencies of IFN-y-expressing NK cells were
significantly higher with the combinatorial treatment in the TME, the effect in the tdLNs was
less pronounced and suggested a non-significant trend towards higher frequencies of activated
NK cells with the combination of DAT and anti-CTLA-4 (Fig. 12M). Taken together, in contrast
to the potent impact of DAT on the anti-CTLA-4-mediated effects in the TME, particularly with

regard to T cell and NK cell activation, DAT in combination with anti-CTLA-4 just minimally

affected the immune cell subsets in the tdLNs.
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Figure 12: DAT supplementation minimally affects anti-CTLA-4-mediated effects on immune cells in tdLNs
On day 15 mice (described in figure 8) were sacrificed and tdLNs were extracted. The cells from the tdLNs were
analyzed via flow cytometry. Frequencies (A) of activated CD4* T cells, (B) activated CD8* T cells, (C) tumor
antigen-specific T cells, (D) regulatory T cells, (E) naive CD8* T cells, (F) naive CD4* T cells, (G) CD8* TCMs, (H)
CD4* TCMs, (I) CD8* TEMSs, (J) CD4* TEMs, (K) DCs and (L) their expression of IFN-y (MFI, normalized to the
‘control + isotype’ group), and (M) IFN-y expressing NK cells [one-way ANOVA with Tukey’s multiple comparison
test]. The data were obtained from 4 independent experiments. All graphs show mean with 95% CI.

64



Results

3.2 Depletion of T cells and NK cells limits the additive effect of DAT and anti-CTLA-4

To assess if all cell types for which increased frequencies were observed after the
combinatorial treatment are critical for the DAT-mediated antitumor immunity, depletion
experiments were performed. The mice were treated as described above and depletion
antibodies for CD4, CD8, and NK1.1 were injected i.p. prior to the tumor cell injection and
afterwards every 7 days to maintain the depletion status. The depletion status was monitored

by analyzing blood samples throughout the experiment using flow cytometry (Fig. 13A).
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Figure 13: Depletion of T cells and NK cells limits the additive effect of DAT and anti-CTLA 4

C57BI/6j mice were injected s.c. with B16.OVA tumor cells on day 0 and treated with anti-CTLA-4 or isotype control
antibodies on days 7, 10, and 13. From the day of tumor cell inoculation on mice were administered with DAT via
drinking water until the end of the experiment. Prior to the tumor cell inoculation and at defined time points
throughout the experiment mice were injected i.p. with either anti-CD4, anti-CD8, or anti-NK1.1 antibodies. The
depletion status was assessed via analysis of blood samples via flow cytometry. (A) Representative dot plots of UT
(no depletion antibody), anti-CD8, anti-CD4, or anti-NK1.1 treated animals. (B) Tumor growth curves and (C) overall
survival [two-way ANOVA with Tukey’s multiple comparison test on day 12 for growth curves and Log-rank (Mantel-

Cox) test for Kaplan-Meier survival]. The data were obtained from 2 independent experiments. All graphs show
mean with 95% CI.
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As cytotoxic T cells play a crucial role in antitumor immunity tumor control could not be
achieved in mice with depleted CD8* T cells (Fig. 13B).3¢%” Similarly, mice with depleted CD4*
and NK cells showed no improved tumor control with the combinatorial treatment compared to
the isotype control (Fig. 13B). These results were confirmed by the long-term survival which
demonstrated that DAT administration was not capable to compensate for the absence of any
of the immune cell subsets (Fig. 13C). Altogether, the results outline that both T cells and NK
cells are crucial in mediating the DAT effect and that this cannot be compensated by other still

functional immune cell subsets.

3.3 DAT directly enhances T cell and DC activation in vitro

Bacterial metabolites can exert both direct and indirect effects on immune cells. While some
metabolites mediate their effects on immune cells through systemic changes or alteration of
inhibit

cells.206:207.210225.226 Tq yglidate whether the activation of T cells resulted from the direct impact

the microbial composition, other metabolites directly activate or immune

of DAT, T cells were exposed to varying concentrations of DAT in a controlled in vitro

environment.
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Figure 14: DAT directly enhances T cell activation in vitro

T cells from C57BI/6j mouse spleens were treated with 100 yM DAT, 1 mM DAT, or left untreated under culture
conditions providing IL-2 and TCR activating beads. Frequencies of CD8" T cells expressing (A) T-bet, (B) IFN-y,
(C) CD25, (D) CD69, and (E) CD25 and CD96. Frequencies of CD4* T cells expressing (F) T-bet, (G) IFN-y, (H)
CD25, (I) CD69, and (J) CD25 and CD96. [one-way ANOVA with Tukey’s multiple comparison test]. The data were
obtained from 4 independent experiments. All graphs show mean with 95% CI.
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When T cells were exposed to a TCR stimulus along with co-stimulatory signals provided by
CD3/CD28-coated beads and recombinant IL-2, DAT notably enhanced T cell activation (Fig.
14). DAT treatment under TCR stimulating conditions led to increased percentages of CD8* T
cells expressing the transcription factor T-bet, the pro-inflammatory cytokine IFN-y, and the
activation marker CD25, but not the early activation marker CD69 (Fig. 14A-E). Concerning
CD4* T cells, exposure to DAT under additional TCR stimulus resulted in an increased
frequency of cells expressing T-bet (Fig. 14F). The proportions of CD4* T cells expressing IFN-
y and the activation markers CD25 and CD69 were not altered by additional DAT treatment
(Fig. 14GH-K).

Interestingly, none of the investigated activation markers showed increased expression on
CD8* T cells in the absence of a TCR stimulus (Fig. 15A-C). Similar to CD8* T cells, CD4* T
cells showed no increased expression of any activation markers without an additional TCR
stimulus (Fig. 15D-F).
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Figure 15: DAT-induced T cell activation needs a TCR stimulus

T cells from C57BIl/6j mouse spleens were treated with 100 uM DAT, 1 mM DAT, or left untreated under culture
conditions providing IL-2. Frequencies of CD8* T cells expressing (A) T-bet, (B) IFN-y, and (C) CD25. Frequencies
of CD4* T cells expressing (D) T-bet, (E) IFN-y, and (F) CD25. [one-way ANOVA with Tukey’s multiple comparison
test]. The data were obtained from 4 independent experiments. All graphs show mean with 95% CI.

Within DCs, DAT led to maturation characterized by heightened surface expression of the co-

stimulatory molecules CD80 or CD86, but this effect was observed exclusively when DCs were
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concurrently subjected to LPS (Fig. 16A-B). LPS is a constituent of the outer membrane of

gram-negative bacteria and serves as a molecular pattern that activates Toll-like receptor.'”
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Figure 16: DAT directly enhances DC activation in vitro
DCs from C57BI/6j mouse bone marrow were treated with 100 uM DAT, 1 mM DAT, or left untreated under culture
conditions providing either LPS or no stimulus. The expression of the activation markers (A) CD80 and (B) CD86

were assessed via flow cytometry. The data were obtained from 3 independent experiments. All graphs show mean
with 95% CI.

These findings provide evidence that DAT has the capacity to directly stimulate the activation
of both T cells and DCs. However, it is important to note that this process may require additional
signals, such as TCR engagement in the case of T cells or microbial co-stimulatory signals in
DCs.
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3.4 DAT amplifies the antigen-specific priming and proliferation of cytotoxic T cells

The analysis of the TME revealed an increased abundance of activated IFN-y-producing T
cells following DAT supplementation during anti-CTLA-4 immunotherapy. However, the data
obtained did not allow differentiation regarding the impact of DAT on T-cell priming, effector
function, or both. Subsequently, an evaluation was conducted to assess the potential of DAT
to modulate T-cell priming in a controlled vaccination model without tumor development. This
model employed purified OVA protein and the RIG-I ligand 3pRNA as an adjuvant in naive
mice. Starting on day 0, administration of DAT via drinking water was initiated, with a

subsequent s.c. vaccination on day 7 involving OVA and 3pRNA.
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Figure 17: DAT amplifies the antigen-specific priming and proliferation of cytotoxic T cells

C57BI/6j mice were injected with the vaccine containing 10 ug 3pRNA and 50 pg ovalbumin protein or the vehicle
s.c. into the upper thigh 7 days after starting DAT administration via the drinking water. Seven days after the
vaccination tumor antigen-specific T cells from the blood were analyzed via flow cytometry [Kruskal-Wallis test with
Dunn’s multiple comparison test]. The data were obtained from 5 independent experiments. All graphs show median
with the CI at the requested confidence level of 95%.

In accordance with earlier observations, DAT supplementation alone failed to enhance the
priming and proliferation of OVA antigen-specific T cells. Nevertheless, it significantly
augmented the expansion of circulating OVA antigen-specific T cells when combined with the
3pRNA adjuvant (Fig. 17).

Following vaccination, mice were subjected to a tumor challenge involving bimodal inoculation
of B16.OVA tumor cells, administered subcutaneously and intravenously. The i.v. injection of
B16.0OVA tumor cells results in the formation of lung pseudo-metastases, providing a more
aggressive challenge than s.c. tumors.??":22 Mice that received the combined vaccine, which
included the 3pRNA adjuvant and oral DAT administration, demonstrated significant
improvements in subcutaneous tumor control (Fig. 18A) and exhibited enhanced systemic
tumor control, as evident from the reduction in the number of pulmonary pseudo-metastases
(18B and C). These findings provide robust evidence that DAT treatment amplifies the antigen-
specific priming and expansion of cytotoxic T cells, ultimately resulting in potent antitumor

activity.
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Figure 18: DAT enhances antitumor immunity after vaccination in tumor challenge models

C57BI/6j mice were injected with the vaccine containing 10 ug 3pRNA and 50 pg ovalbumin protein or the vehicle
s.c. into the upper thigh 7 days after starting DAT administration via the drinking water. Seven days after the
vaccination mice were injected s.c. and i.v. with B16.OVA cells. (A) The tumor volume of s.c. tumors was measured
frequently [two-way ANOVA with Tukey’s multiple comparison test on day 11 and additional unpaired t-test with
Welch’s correction for ‘vaccine’ and ‘vaccine + DAT’ group on day 14]. 13 days after tumor cell inoculation lung
pseud-metastases were counted and (B) the percentage of tumor-free mice per experiment (< 5 dots per lung) was
calculated. (C) Representative images of lungs with pseud-metastases [one-way ANOVA with Bonferroni’s multiple
comparison test]. The data were obtained from 4 independent experiments. All graphs show mean with 95% CI.

4. Cytotoxicity assessment reveals no impact of DAT and ICA on B16.0OVA tumor cells

As bacterial-derived metabolites like anacardic acid can induce apoptosis in tumor cells and
reduce proliferation, the cytotoxicity of DAT on tumor cells and the potential to directly eliminate
tumor cells was investigated.?°”-226 Therefore, a MTT assay was performed. In the MTT assay,
live cells with active mitochondria convert the colorless MTT reagent into a purple formazan
product. The amount of formazan produced is directly proportional to the number of viable
cells. Following 24 hours of DAT treatment, the viability of B16.OVA cells was analyzed and
normalized to the untreated control. Cell transfected with 3pRNA served as the positive control
for tumor cell killing. Interestingly, neither cells treated with DAT nor cells treated with ICA did
exhibit any differences in viability, regardless of the dose applied (Fig. 19A and B).
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Figure 19: Cytotoxicity of DAT against B16.0VA tumor cells
B16.0OVA cells were incubated with different concentrations of DAT for 24 h. Afterwards an MTT assays was
performed to determine the viability of the B16.0OVA cells treated with (A) DAT or (B) ICA [one-way ANOVA with
Bonferroni’s multiple comparison test with all not depicted comparisons being p>0.99]. The data were obtained from
2 independent experiments. All graphs show mean with 95% CI.

These results suggest that DAT and ICA are not cytotoxic to B16.OVA tumor cells, and the

mechanism of action does not involve direct tumor cell killing.

5. The role of host-IFN-I signaling

5.1 Host-IFN-I signaling is required for the additive effect of DAT and anti-CTLA-4 on

tumor control and survival

Considering its established function as an IFN modulator, the subsequent investigation
explored the significance of host cell-intrinsic IFN-I signaling in the DAT-mediated
enhancement of antitumor immunity.'”822° As previously detailed, mice harboring a genetic
deficiency in the common IFN-a receptor 1 (/fnar1””) exhibited an overall poor response to
anti-CTLA-4 ICl treatment (Fig. 20).22* Notably, the oral supplementation of DAT in Ifnar1” mice
failed to exert any impact on early tumor control, as evidenced by the absence of DAT-
mediated tumor growth delay (Fig. 20A-B). However, the additive effect of DAT and
anti-CTLA-4 was entirely absent in Ifnar1” mice, leading to rapid tumor growth and diminished
survival rates compared to their wild type counterparts (Fig.20C-D). Interestingly, mice treated
with DAT and the isotype control presented with a survival benefit compared to the control mice
which was not reflected in the tumor growth curves (Fig. 20C-D). However, there was no
expansion of tumor antigen-specific T cells observed in mice treated with anti-CTLA-4, and
DAT supplementation did not affect this result (Fig. 20E). The investigation of the role of host
cell-intrinsic IFN-I signaling in DAT-mediated enhancement of antitumor immunity revealed that
genetic deficiency in the IFN-a receptor 1 hindered anti-CTLA-4 efficacy. The oral DAT
supplementation failed to delay early tumor growth and abrogated the additive effect of DAT

and anti-CTLA-4 in Ifnar1” mice.
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Figure 20: Host-IFN-I signaling is required for the additive effect of DAT and anti-CTLA-4 on tumor control
and survival

Ifnar1”- mice with C57BI/6j background were injected s.c. with B16.OVA tumor cells on day 0 and treated with
anti-CTLA-4 or isotype control antibodies on days 7, 10, and 13. From the day of tumor cell inoculation on mice
were administered with DAT via drinking water until the end of the experiment. (A) Tumor volume and (B)
percentage of tumor-free mice per experiment on day 7 comparing control mice with mice that received DAT
[unpaired t-test]. (C) Tumor growth curves and (D) overall survival [two-way ANOVA with Tukey’s multiple
comparison test on day 13 for growth curves and Log-rank (Mantel-Cox) test for Kaplan-Meier survival]. (E) On day
15 tumor antigen-specific T cells were analyzed via flow cytometry [Kruskal-Wallis test with Dunn’s multiple
comparison test]. The data were obtained from 3-6 independent experiments. All graphs show mean with 95% CI
or median with the CI at thr requested confidence level of 95%.
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5.2 The additive impact of DAT and anti-CTLA-4 on immune cell activation in the TME
requires host-IFN-I signaling

To confirm the previous results on cellular level, the TME of Ifnar1” mice was analyzed via flow
cytometry. It is noteworthy that oral DAT supplementation did not mitigate the detrimental
consequences of impaired host IFN-I signaling on the therapeutic efficacy of anti-CTLA-4.
Consequently, when examining the TME in Ifnar1” mice, there was no observed increase in
the abundance of activated T and NK cells in response to anti-CTLA-4, whether administered
as monotherapy or in conjunction with oral DAT supplementation (Fig. 21A-L). Notable
changes in other immune cell populations of the TME such as DCs could not be observed as
well (Fig. 21M and N).
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Figure 21: DAT supplementation does not alter the TME or enhance anti-CTLA-4-mediated T cell activation
in Ifnar1”’- mice

On day 15 mice (described in figure 8) were sacrificed and tumors were extracted. The cells from the TME were
analyzed via flow cytometry. (A) Frequencies of activated CD4* T cells and (B) their expression of IFN-y (MFI,
normalized to the ‘control + isotype’ group). (C) Frequencies of activated CD8* T cells and (D) their expression of
IFN-y (MFI, normalized to the ‘control + isotype’ group). (E) Frequencies of tumor antigen-specific T cells and (F)
their expression of IFN-y (MFI, normalized to the ‘control + isotype’ group). Frequencies of (G) regulatory T cells,
(H) naive CD8* T cells, (I) naive CD4* T cells, (J) CD8* TEMs, (K) CD4* TEMSs, (L) IFN-y expressing NK cells, (M)
DCs and (N) their expression of IFN-y (MFI, normalized to the ‘control + isotype’ group) [one-way ANOVA with
Tukey’s multiple comparison test]. The data were obtained from 3 independent experiments. All graphs show mean
with 95% CI.

These findings underscore the critical reliance of DAT-mediated enhancement of anti-CTLA-4
immunotherapy on intact host IFN-I signaling. However, it is important to note that these data
do not elucidate whether DAT actively modulates IFN-I signaling or exerts its influence on

downstream immunomodulatory functions within host (immune) cells mediated by IFNAR1.

73



Results

6. The effect of DAT on anti-CTLA-4 therapy is not dependent on the gut microbiome but

DAT is able to modify the microbial composition
6.1 DAT mitigates the antibiotic-induced efficacy reduction of anti-CTLA-4 therapy

The use of broad-spectrum antibiotics prior to ICI therapy remains a maijor clinical challenge
as these antibiotics lead to adverse effects with associated gut dysbiosis on
immunotherapy.3®-23¢ To assess whether oral DAT supplementation could mitigate the
detrimental impacts of gut dysbiosis, mice were administered a mixture of broad-spectrum
antibiotics (Abx), which included ampicillin, neomycin, vancomycin, metronidazole, and the
antifungal agent amphotericin B prior to the inoculation of B16.0OVA tumor cells and subsequent
treatment. DAT was added to the Abx drinking water on the day of tumor cell inoculation. In
fact, mice receiving the Abx solution displayed significant alterations in their gut microbiota
characterized by poor bacterial growth in both conventional aerobic and anaerobic culture
settings of stool samples (Fig. 22A). 16S-rRNA analysis was performed to confirm the depletion

of the intestinal microbiome of Abx-treated mice (Fig. 22B).
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Figure 22: The gut microbiota was depleted successfully in mice treated with Abx

C57BI/6j mice were injected s.c. with B16.0OVA tumor cells on day 0 and treated with anti-CTLA-4 or isotype control
antibodies on days 7, 10, and 13. From the day of tumor cell inoculation on mice were administered with DAT via
drinking water until the end of the experiment. Additionally, mice were treated with broad-spectrum antibiotics (Abx)
starting 5 days prior to the tumor cell injection until day 21. The depletion status of the gut microbiome was assessed
by (A) plating stool samples on blood agar plates for 48 h under aerobic and anaerobic conditions (representative
images) and by (B) 16S-rRNA sequencing of stool samples and the calculation of bacterial reads vs. spike reads
[Kruskal-Wallis test with Dunn’s multiple comparison test]. All graphs show median with the CI at the requested
confidence level of 95%.

In line with prior studies, the administration of anti-CTLA-4 treatment did not lead to enhanced
tumor control or prolonged survival in mice subjected to prior Abx treatment (Fig. 23A and B)."°
Intriguingly, oral administration of DAT resulted in partial restoration of the anti-CTLA-4 efficacy
in Abx-treated mice. Although the intestinal bacterial population was significantly reduced, DAT
in combination with anti-CTLA-4 led to enhanced tumor control and significantly prolonged
survival in these mice (Fig. 23A and B). Interestingly, the decreased expansion of circulating
tumor antigen-specific T cells in anti-CTLA-4 treated mice that were exposed to Abx treatment

could be recovered by additional DAT supplementation (Fig. 23C). Control groups that did not
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receive Abx treatment were run in parallel to validate the efficacy of the anti-CTLA-4 treatment
and the additional impact of DAT. The corresponding data for these control groups are
presented in additional graphs for readability (Fig. 23D-F). Comparing the mice that received
the combination of DAT and anti-CTLA-4 under antibiotic (Abx) conditions with those that had
the combined treatment without Abx-induced dysbiosis, it was observed that DAT could nearly
restore the antitumor response to the level of non-dysbiotic mice. Collectively, these findings
indicate that while oral DAT supplementation is unable to prevent intestinal dysbiosis
subsequent to broad-spectrum antibiotic treatment, it has the capacity to reduce the negative

effects of the dysbiosis on the effectiveness of anti-CTLA-4 immunotherapy.
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Figure 23: DAT ameliorates the Abx-induced efficacy reduction of anti-CTLA-4 therapy
C57Bl/6j mice were injected s.c. with B16.0OVA tumor cells on day 0 and treated with anti-CTLA-4 or isotype control
antibodies on days 7, 10, and 13. From the day of tumor cell inoculation on mice were administered with DAT via
drinking water until the end of the experiment. Additionally, mice were treated with broad-spectrum antibiotics (Abx)
starting 5 days prior to the tumor cell injection until day 21. (A) Tumor growth curves and (B) overall survival of Abx
treated mice [two-way ANOVA with Tukey’s multiple comparison test on day 12 for comparisons of ‘Ctrl + isotype’
and other groups and a two-way ANOVA with Tukey’s multiple comparison test on day 14 excluding ‘Ctrl + isotype’
for all other comparisons (the statistical analysis was performed on the whole data set from fig. 21E) and Log-rank
(Mantel-Cox) test for Kaplan-Meier survival]. (C) On day 15 tumor antigen-specific T cells were analyzed via flow
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cytometry [Kruskal-Wallis test with Dunn’s multiple comparison test]. (D) Comparison of the overall survival of mice
treated with DAT and anti-CTLA-4 und Abx and non-Abx conditions [Log-rank (Mantel-Cox) test for Kaplan-Meier
survival]. (E) Tumor growth curves and (F) overall survival of the whole data set [two-way ANOVA with Tukey’s
multiple comparison test on day 12 for comparisons of ‘Ctrl + isotype’ and other groups and a two-way ANOVA with
Tukey’s multiple comparison test on day 14 excluding ‘Ctrl + isotype’ for all other comparisons and Log-rank (Mantel-
Cox) test for Kaplan-Meier survival]. The data were obtained from 3 independent experiments. All graphs show
mean with 95% CI or median with the CI at the requested confidence level of 95%.

6.2 Oral DAT supplementation induces alterations in the gut microbial composition of

mice

Previous research has indicated that specific bacterial taxa are enriched in patients who
respond positively to treatment compared to non-responders.'8418%.187.188,19 Fyrthermore, it has
been suggested that metabolites derived from bacteria may play a role in mediating varying
antitumor immune responses.?’6-2'° To determine whether the favorable immunomodulatory
effects of oral DAT administration were primarily due to compensating for insufficient
endogenous DAT levels or actively influencing the gut microbiome composition, DAT was
administered via the drinking water for a period of 7 days and fecal samples were analyzed via
16S-rRNA sequencing. The analysis revealed that the effective richness and Shannon effective
diversity significantly decreased in DAT-treated mice. This suggests that the number of species
and their relative abundances were lower in the stool samples of mice that received DAT
supplementation (Fig. 24A and B). When examining beta-diversity, a notable dissimilarity

between the gut microbiota of DAT-treated mice and untreated mice was found (Fig. 24C).
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Figure 24: DAT changes the richness of the gut microbiome

C57BI/6j mice were administered with DAT (n=10) or control (n=10) drinking water for 7 days. Stool samples were
analyzed via 16S-rRNA sequencing and (A) the effective richness and (B) the Shannon effective were assessed
[unpaired t-test]. (C) Beta-diversity was displayed as non-metric multidimensional scaling (NMDS) biplot with
permutational multivariate analysis of variance (PERMANOVA). All graphs show mean with 95% CI.
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Taxonomic binning was utilized to demonstrate differences among different bacterial taxa.
Differences between mice administered with DAT in the drinking water and control mice could

be detected on class, order, and family level, but not on genus level (Fig. 25A-D).
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Figure 25: Taxonomic binning shows differences between DAT treated and control mice

C57Bl/6j mice were administered with DAT (n=10) or control (n=10) drinking water for 7 days. Stool samples were
analyzed via 16S-rRNA sequencing and different taxa present in each sample were displayed on (A) class, (B)
order, (C) family, and (D) genus level.

Analyzing the samples on class level, DAT application resulted in changes in the composition
of the intestinal microbiota. Notably, the relative abundance of Bacteroidia significantly
increased following DAT supplementation, while the relative abundance of Clostridia, the
taxonomic class of the known DAT producer Flavonifractor plautii (NCBI:txid292800),
decreased (Fig. 26A and B).""82%5 On order level, an increase in the relative abundance of
Bacteroidales and Burkholderiales could be noticed, along with a decrease in the relative

abundance of Lachnospirales following DAT supplementation (Fig. 26C-E). 16S-rRNA in stool
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samples collected from mice before tumor inoculation and treatment with anti-CTLA-4
treatment was analyzed to retrospectively categorize them as responder or non-responder to
ICI therapy. This retrospective analysis aimed to identify microbial signatures associated with
therapy response, providing insight into the potential impact of DAT on modifying the gut
microbiome in a way that aligns with the observed therapy response. Interestingly,
Burkholderiales were found to be enriched in anti-CTLA-4 responder melanoma-bearing mice
before treatment initiation, in the absence of DAT supplementation (Fig. 26F). On family level,
an increased relative abundance of Tannerellaceae, alongside decreased abundances of
Lachnospiraceae and Oscillospiraceae following DAT supplementation could be observed
(Fig. 26G-I). Upon closer examination at the genus level, only a few distinct genera could be

identified, none of which were influenced by oral DAT supplementation.
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Figure 26: DAT induces differences in taxonomic composition of the gut microbiome

(A-E, G-l) C57BI/6j mice were administered with DAT (n=10) or control (n=10) drinking water for 7 days. Stool
samples were analyzed via 16S-rRNA sequencing and different taxa were compared between mice that received
DAT and control mice. Relative abundances of (A) Bacteroidia and (B) Clostridia at class level, and (C)
Bacteroidales, (D) Burkholderiales, and (E) Lachnospirales on order level [unpaired t-test]. (F) B16.OVA tumor
bearing C57BI/6j mice that were treated with anti-CTLA-4 were retrospectively categorized as responder and non-
responder to the therapy. Stool samples from day 0 (before tumor cell inoculation) were analyzed [unpaired t-test
with Welch'’s correction]. Relative abundances of (G) Tannerellaceae, (H) Lachnospiraceae, and () Oscillospiraceae
on family level [unpaired t-test]. All graphs show mean with 95% CI.

In summary, these findings suggest that oral DAT supplementation can induce alterations in
the gut microbial composition in mice. Some of the more abundant bacterial taxa can be
associated with responder to anti-CTLA-4 treatment.
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7. DAT and ICA do not exacerbate anti-CTLA-4-induced irAEs

One major clinical challenge associated with ICls is the occurrence of immune-related adverse
events. When considering combination therapies, concerns about these excessively
stimulated and misguided immune responses become evident. Among the irAEs, colitis is a
common concern in cancer patients undergoing ICI treatment, often leading to significant
health issues.%6.137-140 |n general, murine models exhibit low sensitivity to irAEs. Consequently,
in the experimental mice clear clinical indications of ICl-induced colitis, such as bloody diarrhea
or weight loss, could not be observed. Earlier reports have mentioned a subclinical form of
colitis in mice treated with anti-CTLA-4 immunotherapy.'®® However, a promising approach to
detect intestinal damage is via cleaved caspase-3 staining of colon sections.'® Increased
caspase-3 cleavage in large intestinal tissue sections from mice undergoing anti-CTLA-4
treatment, indicative of therapy-induced apoptosis of intestinal cells, was not observed (Fig.
27A and B). Given that the cleaved caspase-3 data yield statistical significant results, an
established assay for measuring the influx of neutrophils into the gut lamina propria was
employed as a highly sensitive surrogate marker for epithelial damage, loss of barrier function,
and intestinal inflammation.?'® Notably, the previously reported outcome of anti-CTLA-4
treatment causing gut epithelial damage and subclinical colonic inflammation, characterized
by significant neutrophil influx, could be successfully reproduced (Fig. 27C)."® Oral
supplementation with DAT appeared to completely ameliorate the gut damage induced by
anti-CTLA-4 and the subsequent subclinical tissue inflammation (Fig. 27C). Yet, ICA
administration resulted in a not as robust decrease of neutrophils in the lamina propria as DAT
supplementation (Fig. 27C). To determine epithelial regeneration, an organoid recovery assay
was employed. Increased numbers of organoids that recover from extracted crypts represent
a healthy and intact epithelial barrier.23® The assay failed to detect differences in mice treated
with anti-CTLA-4 or control mice (Fig. 27D). Interestingly, crypts that were isolated from the
small intestine of mice that were treated with anti-CTLA-4 and supplemented with DAT or ICA

showed a higher recovery rate that led to increased numbers of organoids (Fig. 27D).
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Figure 27: DAT and ICA do not aggravate anti-CTLA-4-induced immune related adverse events

C57Bl/6j mice were administered with DAT via the drinking water or gavaged with ICA from day 0 on and injected
with anti-CTLA-4 or isotype control antibodies on days 7, 10, and 13. On day 15 mice were sacrificed and small
intestine and colon were removed and processed. (A) Representative images of cleaved caspase-3 positive cells
after immune histochemistry of the colon samples and (B) count of cleaved caspase-3 positive cells per high-power
field (HPF) [Kruskal-Wallis test with Dunn’s multiple comparison test]. (C) Neutrophil granulocyte influx into the small
intestinal lamina propria was assessed via flow cytometry [one-way ANOVA with Tukey’s multiple comparison test].
(D) Organoid recovery calculated as organoid count per 200 seeded crypts [one-way ANOVA with Tukey’s multiple
comparison test]. The data were obtained from 3-4 independent experiments. All graphs show mean with 95% CI
or median with the CI at the requested confidence level of 95%.

In summary, these results suggest that combining oral DAT or ICA supplementation with
anti-CTLA-4 does not exacerbate irAEs like colitis. Instead, DAT even has the potential to

reduce colonic anti-CTLA-4-induced inflammation.
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IV DISCUSSION

1. The experimental model and treatment schedule

The B16.0VA model is often used for studying primary tumor growth, whereas human
melanoma is known for its propensity to metastasize to other organs, making it a more complex
and lethal disease which is a critical aspect.”?%"238 |n patients, metastatic melanomas most
commonly exhibit metastases in local and distant lymph nodes and lungs.?*”?*® When injected
intravenously into the tail vein B16.0OVA migrate to the lungs and form aggressive pseudo-
metastases as presented in the current study and in the literature.??”?2¢ Therefore, in addition
to studying subcutaneous tumors, the current work here explored the more aggressive lung
pseudo-metastases and revealed that DAT has a noteworthy impact in that context as well.
The primary advantage of the B16.OVA model is the possibility to track antigen-specific
immune responses, including the analysis of tumor antigen-specific T cells in the circulation or
the TME, as well as its suitability for vaccination approaches as shown in the present study.
The model antigen makes these tumors more immunogenic.?° To circumvent the possibility
that the observed effects were limited to B16.OVA some experiments were performed with the
pancreatic adenocarcinoma cell line Panc02.

The timing and sequencing of treatments can significantly impact their efficacy. It is essential
to determine when to administer ICI therapy, bacterial metabolites, or both to achieve the most
potent antitumor effects. This may involve evaluating whether concurrent treatment,
combination therapy, or sequential administration is more effective. In patients, ICls are often
administered at regular intervals, such as every two to three weeks.?13.1%.9.10 Thjs schedule
allows for consistent and sustained immune checkpoint blockade to maintain the activation of
immune responses against cancer cells. Here, an in vivo ICl application schedule that has
been previously described and established, mirroring common treatment schedules found in
the literature was employed.??424° This treatment schedule with anti-CTLA-4 significantly
improved tumor control but still had room for further enhancement of tumor control and long-
term survival through combination with metabolites.

Some studies have explored concurrent treatment, where probiotics or bacterial metabolites
are administered alongside conventional cancer therapies. This approach aims to leverage the
immune-boosting properties of bacterial metabolites while treating the tumor directly and can
often be combined with a pretreatment approach. It can enhance immune responses and
potentially improve treatment outcomes.206:210241-244 Thjs is in line with the results presented
here. The specific time point of treatment onset seems to be strongly dependent on the tumor
entity and the bacterial metabolites (or probiotics) as it was shown in the B16.OVA murine
model where pretreatment was combined with concurrent anti-CTLA-4 treatment. Starting the

DAT administration on a later time point reduced the combinatorial treatment effect. As of today,
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no studies investigated the administration of bacterial metabolites or specific bacterial species
solely as a pretreatment to prepare the immune system or sensitize tumor cells to subsequent
treatment. The only approach has been the colonization of GF or Abx treated mice with defined
bacterial species.?%6245246 The results with DAT in the B16.0OVA model give a hint that the
immune system was primed due to delayed tumor growth before onset of immunotherapy.
Bacterial species and their metabolites can also be used as adjuvants after primary cancer
treatment (e.g. surgery or chemotherapy). This approach seeks to prevent cancer recurrence,
to promote long-term immune memory, or to reduce side effects. 243247

The effectiveness of oral administration can vary depending on factors like metabolite stability
and gut absorption.?*® In contrast, intravenous administration ensures direct and rapid
metabolite delivery into the bloodstream.?*® However, the administration of the metabolite
inosine had the same effect whether given orally or intravenously.?”® Due to the superior
outcomes achieved with continuous but slow high-dose administration throughout the day, as
opposed to low-dose application via gavage, and considering its toxicity when administered as
a single high dose, the most feasible method of application appeared to be the oral
administration of DAT via the drinking water.

The effectiveness of these strategies may vary based on cancer type, stage, and patient
characteristics. Here, ICA was shown to have an additive effect with combined anti-CTLA-4
treatment in the B16.OVA model but not with combined ant-PD-1 in the Panc02 model.
Moreover, individualized treatment plans may be necessary to account for patient-specific
factors, such as microbiome composition and immune status. In summary, the timing and
application form of bacterial metabolites in cancer therapy depend on multiple factors and need

further investigation.

2. The effect of bacterial metabolites on immune cells

The interplay between the gut microbiota and the immune system has gained increasing
attention in recent years due to its profound impact on host health. Bacterial metabolites,
particularly SCFAs and other bioactive compounds, play pivotal roles in regulating immune cell
funCtion_181,206,208,210,244,249

In the present study, DAT, when combined with anti-CTLA-4, significantly enhanced the
activation of both CD8* and CD4" T cells in vivo. A study investigating the microbial metabolite
inosine observed that tumor-bearing mice that received inosine, anti-CTLA-4, and a co-
stimulus showed higher frequencies of IFN-y expressing CD4* and CD8* T cells in the TME
contributing to antitumor immunity against intestinal cancer, bladder cancer, and melanoma.?%

In the present study, similar effects could be observed with DAT administration. Interestingly,
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DAT could enhance the efficacy of anti-CTLA-4 and induce higher frequencies of activated T
cells without the need for an additional stimulus in vivo whereas an additional TCR stimulus
was necessary to ensure T cell activation in vitro. In vivo, various factors such as interactions
with other cell types, signaling molecules, and the overall physiological context may contribute
to a more nuanced and efficient T cell activation in the presence of DAT and anti-CTLA-4,
compared to the simplified conditions of an in vitro setting. The tissue microenvironment plays
a crucial role in immune cell activation. In some tissues, co-stimulatory molecules may be
readily available, while in others, the microenvironment may lack the necessary co-stimulatory
signals.?%>?%" The effect of inosine relies on the presence of the adenosine Aza receptor on T
cells and, just like DAT in vitro, requires co-stimulation.?® Furthermore, other bacterial-derived
metabolites like SCFAs, such as butyrate, enhance CD8" T cell memory and promote memory
differentiation of activated CD8" T cells. It has been demonstrated that butyrate enhances
CD8" T cell function in a receptor-dependent manner, highlighting even more the role of
bacterial metabolites in T cell responses.?*® Furthermore, aryl hydrocarbon receptor (AhR)
agonist I3A was found to promote the activation of CD8* T cells and to enhance ICI therapy.?'°
One study identified sodium butyrate to decrease the proportion of Tregs and to increase Th17
and NKT cells.?>? But bacterial-derived metabolites can also have opposite effects. Especially
within the group of SCFAs opposing results have been published. For example, SCFAs
butyrate and propionate have been shown to increase de novo Treg generation, shape the
colonic Treg pool, and increase the numbers of Tregs in general, leading to immune
tolerance.'®2'2 Furthermore, one study noticed that butyrate hinders co-stimulatory signals
that enhance the activation and proliferation of T cells and the accumulation of T cells that
specifically target the tumor during anti-CTLA-4 therapy.?'?

Interestingly, DC activation could be triggered by DAT in combination with LPS in a controlled
in vitro environment, but no increased DC activation was observed in the in vivo experiments.
In general, bacterial-derived metabolites are capable to stimulate DCs in mice but conversely,
they can also limit their activation.?’>?%® Yet, tumors can create immunosuppressive
microenvironments that inhibit the activation of DCs.?** Even though DAT and anti-CTLA-4 may
enhance T cell activation, immunosuppressive factors within the tumor could abrogate these
effects on DCs in vivo. Even if the overall DC activation is not increased, the subset of DCs
capable of cross-presentation may play a pivotal role in activating cytotoxic T cells.?% To fully
understand the role of DCs in the DAT melanoma model this aspect necessitates further
exploration with the detailed analysis of multiple DC subsets.

Apart from T cells and DCs, other immune cells have been reported to be affected by microbial
products and metabolites as well. The bacterial-derived metabolite anacardic acid was found
to induce the production of neutrophil extracellular traps (NETs) which leads to NK cells,

macrophages and CTLs infiltrating the tumor.207:2252%.257 Thjs aligns with the finding that DAT
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also increases the frequencies of IFN-y-expressing NK cells in vivo, in addition to T cells. The
more increased frequencies of activated NK cells in vivo it might explain the counterintuitive
observation of activated T cells but not the significant increase of DC activation. Cytokines
released by other immune cells, such as macrophages or NK cells, can also contribute to T
cell activation.?82%° While DCs are considered to mainly present antigen, macrophages can
present antigens to T cells as well.?%® These alternative APCs might compensate for any
shortcomings in DC activation. Furthermore, it is suggested that DAT affects bone marrow-
derived macrophages (BMDMs) as well by inducing an increase expression of ISGs in vitro.®
Moreover, butyrate can induce the differentiation of macrophages and therefore enhance their
antimicrobial capabilities.?®°

The gut microbiota is a complex ecosystem comprising various bacterial species, each capable
of producing a unique array of metabolites. Understanding how different bacterial metabolites,
such as DAT, ICA, inosine, or SCFAs, interact with one another and collectively influence
immune cell behavior is an ongoing area of research. Bacterial metabolites are a diverse group
of molecules, and their effects on immune cells can vary widely. The immune system likely
integrates signals from multiple metabolites to fine-tune immune responses in a context-
specific manner. The intricate interplay between these bacterial metabolites and immune cells

underscores the complexity of the gut-immune axis.

3. The composition of the gut microbiome
3.1 Broad-spectrum antibiotics-induced changes and implications

The use of broad-spectrum antibiotics in cancer patients, though crucial for preventing life-
threatening bacterial infections, raises concerns regarding their impact on the efficacy of
ICls.?61262 On the one hand infections can lead to treatment interruptions, delaying the
administration of ICIs and potentially compromising their effectiveness. On the other hand
broad-spectrum antibiotics lead to gut dysbiosis, characterized by a loss of diversity, depletion
of essential microbial species, and a diminished capacity for defense against invasive
pathogens.?®3 Following exposure to antibiotics, gut dysbiosis sets in rapidly, and it can require
more than six weeks for the human microbiome to recover after the administration of broad-
spectrum antibiotics.?64265 Multiple studies associate the use of broad-spectrum antibiotics
prior to ICI therapy with poor response, decreased PFS and OS, and a higher tumor burden in
different tumor entities.230-234266.267 | the present study, the administration of antibiotics equally

led to impaired response to anti-CTLA-4 and thus decreased OS in mice.
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Notably, microbial-derived metabolites like DAT can be utilized even during continuous
antibiotic treatment, a possibility not afforded by the administration of specific bacterial species
or consortia, thus opening up new opportunities for application. In this study, DAT
administration could reverse the adverse effects of antibiotic treatment on anti-CTLA-4 efficacy.
With the underlying depletion of the gut microbiome, this demonstrates that DAT can act
independently of a functional gut microbiome and supports the hypothesis that its antitumor
efficacy, according to the TME and in vitro data, is achieved through direct effects on immune
cells. One study found that while some probiotic bacteria are commonly prescribed to prevent
antibiotic-associated dysbiosis, they delay and have an incomplete effect on reconstituting the
gut mucosal microbiome in both mice and humans after antibiotic treatment.?%® The effect of
probiotic bacteria on the recovery of the intestinal microbiome after antibiotic administration
has been poorly studied so far, and bacterial metabolites have not been thoroughly examined
either. It cannot be ruled out that DAT may have similar effects due to its potential influence on
the intestinal microbiome. On the other hand, positive effects on recolonization cannot be ruled
out either and further investigation on this topic is necessary.

The use of broad-spectrum antibiotics prior to ICI therapy in cancer patients is a complex issue.
Decisions regarding antibiotic use should be made on a case-by-case basis, weighing the risks
of infection against the potential consequences of microbiome disruption. By harnessing
bacterial-derived metabolites, it becomes possible to overcome certain challenges associated

with the use of broad-spectrum antibiotics.

3.2 Metabolite-induced changes and implications

The results highlighting the impact of DAT on immune cells, combined with the findings from
the antibiotic experiments, clearly indicate that DAT can influence immune cells and thus the
antitumor response is independent of the gut microbiome or in compensation for missing
microbial signals. However, it is important to assess to what extent DAT may influence the
microbiome and thus potentially other signaling pathways.

Although a high o-diversity is typically viewed as a sign of a healthy gut microbiota, several
meta-analyses have failed to establish a link between gut microbial diversity and
responsiveness of patients to immunotherapy involving ICls.?6%27° DAT did even decrease the
a-diversity but still was efficient in tumor control. DAT supplementation led to a decline in the
relative abundance of Clostridia, a group of microorganisms that are obligate anaerobes.
Among the members of this class, certain species like Flavonifractor plautii (formerly known
as Clostridium orbiscindens) have been identified as contributors to DAT production'®,

Interestingly, a high abundance of DAT producing F. plautii is associated with CRC in an Indian
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cohort.?”" Assuming a dysbiosis with increased numbers of F. plautii leads to enhanced
degradation of flavonoids, it implies that beneficial flavonoids and their bioavailability are
missing, which could promote CRC. Nonetheless, the function of naturally occurring DAT
originating from the predominant gut microbiota, as opposed to therapeutically administered
DAT, remains uncertain. The data here indicate a potential link between endogenous DAT
levels in stool samples and the subsequent response to anti-CTLA-4 immunotherapy, but this
association must be approached with caution, as the levels of DAT in murine stool samples
were close to the detection limit of the mass spectrometry technique employed.

Based on the data obtained from melanoma-bearing mice, it was observed that DAT
supplementation had the capacity to augment the abundance of Burkholderiales in the gut
microbiome. The correlation with the increased abundance of Burkholderiales in responder
mice suggests that the increase in Burkholderiales in DAT treated mice indicates a potential
beneficial effect of DAT on the gut microbiome. Furthermore, Bacteroidales which were
enriched upon DAT supplementation are also positively correlated with disease control in
mice.'®® Lachnospirales, and more specifically Lachnospiraceae, are generally described as
beneficial taxa in the immunotherapy setting.?’22"3 However, DAT supplementation resulted in
a decrease in their abundance. Notably, the interpretation of the significance of these results
is controversial. In microbiome 16S-rRNA studies, nucleic acid extraction is a critical step, and
debates have emerged about the best protocol to accurately represent microbial diversity.?’4
The accuracy of taxonomic classification also depends on the quality and comprehensiveness
of the reference databases. In comparison to shotgun sequencing 16S-rRNA sequencing
recovered less data regarding low-abundance genera and phyla.?’526 Furthermore,
microbiome research involves choices regarding the hypervariable regions of the 16S-rRNA
gene, primers, sequencing platforms, databases, and computational tools. These choices can
impact the results and comparability of studies, and a standardized approach in this field is still
lacking.?’* These differences among different studies may explain the discrepancy between
some results in the literature. Interestingly, most studies on other bacterial metabolites, such
as inosine or SCFAs, have not investigated the potential effects of these metabolites on the
gut microbiome.206:209

Moreover, the interpretation of microbial data is significantly influenced by niche-specific
interaction networks and the progression of disease.?’"?"® |t is established that microbes can
form diverse microbial networks, interact with each other, and create correlation or co-
occurrence networks, potentially leading to microbe translocation.?”®28 Microbes can impact
tumor responses at distant locations through systemic effects, such as microbial-derived
metabolites in the bloodstream or the translocation of microorganisms through the gut
epithelium.?8'-28 Apart from potential direct impacts on immune cells, the early tumor control

observed in this study could be partly attributed to the influence of DAT on the gut microbiome.
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While DAT supplementation impacts microbial diversity and specific taxa in the gut, the
nuanced interplay of these changes in the context of disease progression and microbial

networks necessitates further investigation.

4. DAT as an IFN-I modulator in antitumor immunity

Recent research has shed light on the intricate interplay between the host's immune response
and the efficacy of ICls, particularly emphasizing the role of host IFN-I signaling. Ifnar1”" mice
present with enhanced angiogenesis and tumorigenesis.?* Interestingly, the tumors extracted
from Ifnar1”- mice contained more blood than tumors from WT mice (data not available) which
is in line with this observation. As described before, the treatment with ICls is dependent on
intact host-IFN-I signaling.®>2?%* In line with these results, tumor growth was observed to be
more aggressive in Ifnar1” mice and the mice responded poorly to anti-CTLA-4 treatment in
the present study. Oral DAT supplementation could not circumvent or neutralize the severe
defect of anti-CTLA-4-induced antitumor immunity which reinforces the idea that DAT
strengthens antitumor immunity through IFN-I signaling. It could potentially be one of the
microbial factors needed to sustain the production of basal IFN-I in this particular scenario.
Additionally, the protective effect of a DAT-producing bacterial strain against influenza, by
increasing interferon levels and suppressing viral replication, provides additional evidence for
this hypothesis.’® In line with these results, other bacterial-derived metabolites such as
acetate have been shown to be dependent on IFN-I signaling via IFNAR to ameliorate signs
of disease.?® Earlier studies have recognized that the intestinal microbiota plays a role in
sustaining constitutive host IFN-I expression through nucleic acid-sensing PRRs like
cGAS/STING or RIG-I, thus enabling both anti-viral and antitumor immune responses. 7628
Another study reveals that certain lactic acid bacteria stimulate the production of IFN-I through
intracellular sensors STING and MAVS.?®” One study determined whether DAT exerts its
effects through augmentation of IFN-I induction or IFN-I amplification with experiments using
BMDMs from mice lacking key mediators of both pathways. The results showed that DAT still
enhances the expression of IFN-y—induced protein 10 (IP-10) when BMDMs lacking a
component of the induction pathway (MAVS) are used, suggesting that DAT is more likely
involved in the amplification of IFN-I rather than the induction process. Further experiments
with BMDMs from mice lacking STAT1, a downstream signaling molecule of IFNAR, confirmed
that the effect of DAT on IP-10 expression depends on IFN amplification through IFNAR and
STAT1.'78 A study suggests that despite its presence in serum, DAT may not primarily function
through direct IFN-I induction at infection or tumor sites, as serum levels of DAT remain largely

unchanged in a virus infection model. Instead, it indicates that the efficacy of DAT may be
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linked to immune cell migration, a vital process for orchestrating effective immune responses
at sites of infection or tumors.'” These findings highlight the need for further investigation into
the precise mechanisms through which DAT operates and its potential role in orchestrating
local immune responses in dependence of host IFN-I signaling.

Not only does host-IFN-I signaling play a pivotal role in antitumor immunity but tumor cell
intrinsic IFNAR signaling could play a role as well. One the one hand tumor cell intrinsic IFNAR
signaling can decrease the response to ICls or radiotherapy.?®® On the other hand, IFNAR
signaling in tumor cells can enhance the expression of MHC-I molecules, which are crucial for
presenting tumor antigens to T cells.?®® Furthermore, IFNAR activation can increase the
expression of PD-L1 on tumor cells, making them more susceptible to ICls while IFNAR
downregulation can enhance cancer progression.?®®?' |n cancer patients the absence of
IFNAR in tumors is associated with decreased OS and increased tumor growth.2%22%3 Whether
tumor cell intrinsic IFNAR is required for the efficacy of DAT in antitumor immunity is unknown.
As DAT affects host immune cells and exerts its function via direct effects on these cells, it can
be assumed that host-IFN-I signaling plays the major role compared to tumor-intrinsic IFN-I
signaling. The effects of IFNAR signaling in tumor cells can be context dependent. While
activation of IFNAR signaling is generally associated with antitumor immunity, in some cases,
chronic or excessive IFNAR signaling may promote immune suppression or tolerance. The
balance between immune activation and tolerance depends on various factors, including the
tumor microenvironment, the type of immune cells present, and the specific molecular

pathways involved.?%

5. Clinical application and advantages of bacterial-derived metabolites

Bacterial-derived metabolites have the potential to be incorporated into clinical applications,
not only as standalone addition to ICI therapy, but also in conjunction with existing approaches,
such as probiotics or engineered microbes. Metabolites could potentially contribute to probiotic
treatment. As an example, probiotic bacteria Akkermansia muciniphila and Bifidobacterium
pseudolongum are associated with a better response to ICI treatment, regulating immune
responses, and furthermore, producing the beneficial metabolite inosine.98:200202.206.233 Hance,
microbes that are not directly related may share similar immune-modulating properties by
generating the same or similar metabolites and activating a common host signaling pathway.
Furthermore, Akkermansia muciniphila produces the SCFA PA that is suggested to inhibit
cancer cell proliferation and improve antitumor response together with ICls.?*® Importantly, the
tryptophan metabolite I3A derived from Lactobacillus reuteri was found to enhance ICI efficacy

and being more enriched in responder patients.?'® This is in line with the results of the current
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study that ICA, another tryptophan metabolite, was able to improve anti-CTLA-4 therapy. DAT-
producing bacteria also merit consideration as potential probiotic candidates due to the
recognized benefits of DAT in cancer immunotherapy. However, a critical aspect in evaluating
these probiotics is the safety concern. As mentioned earlier, a high abundance of F. plautii has
been linked to CRC in a cohort study.?”" This association raises questions about the potential
for F. plautii to produce other metabolites that may interact negatively with the disease, making
it crucial to thoroughly assess the safety profile of any probiotic bacteria under consideration
for cancer therapy. In the case of DAT further research is needed to assess the effects of F.
plautii as a probiotic. Interestingly, one DAT producer, Lactiplantibacillus pentoses,
demonstrates enhanced antiviral activity via the IFN-I pathway when compared to another
strain of the same bacterium that lacks DAT production.'”® This additionally indicates that
bacterial-derived metabolites might play a pivotal role in probiotics applications. Moreover, it
would be conceivable to combine safe probiotics that enhance the antitumor effect of ICls with
other bacterial metabolites that also have combinatorial effects with ICI therapy and these
probiotics.

Bacteria can also be engineered to deliver immune-modulating proteins or substances to the
TME.?°6-2% The bacterial delivery of bacterial-derived metabolites such as DAT, ICA, or SCFAs
has not been tested yet. This approach could be promising as bacterial-derived metabolites
might be more effective when transported directly into the tumor. That might be feasible for
metabolites that inhibit tumor cell proliferation, like PA, or directly activate immune cells, like
inosine, SCFAs, or DAT in this study.2%62982% Fyrthermore, tumor-targeting bacteria might be
able to convert amino acids or other products into beneficial metabolites in the TME.
Escherichia coli Nissl 1917 colonizes tumors and is capable of converting ammonia to L-
arginine which enhances T cell survival and antitumor activity.?®® Moreover, Lactobacilli can
convert tryptophan into indole derivates like I3A which then could improve antitumor
immunity?10-300

Using isolated bacterial metabolites in cancer treatment with ICls offers certain advantages
compared to other microbiome-related therapy approaches like FMT, probiotics, or engineered
microbes. Bacterial metabolites can be isolated and administered in a more targeted and
controlled manner. This allows for precise dosing and avoids introducing a wide variety of
microorganisms, reducing the risk of unwanted side effects. The reduced immunogenicity of
bacterial metabolites is another significant advantage. They are less likely to trigger unwanted
off-tumor/off-target immune responses in the recipient when compared to live bacteria or
engineered microbes as they are specific molecules and do not carry a variety of antigens and
molecular patterns.'”3301.302 This [ower immunogenicity could improve treatment tolerance and
efficacy. Unlike probiotics or FMT, they do not carry the risk of causing infections, overgrowth,

or other adverse effects within the recipient. This might make bacterial-derived metabolites a
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suitable alternative for high-risk patients.>*3-3% Even though FMT is generally considered safe
when appropriate donor screening and preparation procedures are followed, there are risks,
including the potential transmission of infections or unknown pathogens from the donor. Two
patients who underwent FMT in separate clinical trials experienced extended-spectrum beta-
lactamase (ESBL)—producing Escherichia coli bacteremia, linked to the same stool donor
through genomic sequencing, emphasizing the need for enhanced donor screening to prevent
adverse infectious events.3®* Furthermore, FMT requires suitable donors whereas bacterial
metabolites can be produced and purified in a standardized way, ensuring consistency in their
composition and quality. This is important for clinical applications where reproducibility and
reliability are essential.306:307

Moreover, Bacterial-derived metabolites offer a solution where concerns about colonization
efficacy, typically in the context of probiotics, become less relevant. Direct quantification of
mucosal probiotics colonization, observed in some studies through endoscopies in humans
and pigs, suggests variable and limited colonization patterns, while a metagenomic
assessment revealed mucosal association of probiotics in 60% of supplemented individuals.
The persistence of probiotics in colonizing the gut mucosa after cessation of consumption
remains uncertain, with studies indicating strain- and person-specific variability in shedding
patterns, including detectable shedding of specific probiotic strains in stool samples for weeks
or even months following supplement discontinuation, influenced by the individual microbiome
composition.3® In the case of engineered bacteria the effective dose of live bacteria in the
target tissue may also not correlate directly with the administered dose. Factors like tissue
accessibility, extent of tumor necrosis or hypoxia, and pre-existing tumor-infiltrating
inflammatory cells determine the effectiveness. While concerns may persist about the gut
absorption capacity with the oral administration of bacterial-derived metabolites, alternative
methods such as i.v. application provide additional possibilities, setting them apart from
probiotics.206248

Another advantage could be the potential discovery of biologically active derivates that could
mimic the functions of bacterial-derived metabolites, but with an even more specific targeting
mechanism. But the application of this approach requires the precise elucidation of underlying
mechanisms and the molecular targets of the bacterial-derived metabolites.

Furthermore, certain bacterial-derived metabolites, as demonstrated in this study, can
potentially protect the host from irAEs without impeding or even enhancing the efficacy of
antitumor immunotherapy.??®24 This capability facilitates the uninterrupted administration of
ICIs without the need for treatment termination resulting from these irAEs. By utilizing bacterial
metabolites, it might still be feasible to apply antibiotics, if necessary, provided that the bacterial
metabolite functions independently of the gut microbiome's composition, similar to DAT in the

current study or inosine which exerted its function in GF mice.?® Especially in cases where
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antibiotic treatment needs to be applied concurrently with ICI therapy, limiting the use of live
bacteria, bacterial-derived metabolites could offer a significant advantage.

In summary, the utilization of metabolites in tandem with ICI therapy, alongside approaches
like FMT and probiotics, holds considerable promise for antitumor effects. The safety, antibiotic
resilience, and ease of isolation and control make metabolites a compelling alternative to live

bacteria, presenting a potentially impactful avenue for innovative cancer treatments.

6. Concluding remarks

In conclusion, this study unveils the crucial role of bacterial-derived metabolites, particularly
the IFN-I modulator DAT, in enhancing the efficacy and safety of anti-CTLA-4 immunotherapy
for melanoma. The significance of IFN-I in the antitumor response underscores the pivotal role
that IFN-I modulating metabolites might play in shaping and optimizing the immune response
against cancer. Importantly, the ability to restore the efficacy of anti-CTLA-4 with DAT under
antibiotic conditions and its independent yet modulatory role in the gut microbiome composition
offer novel perspectives in the dynamic interplay between metabolites and microbial
environments. These findings hold significant promise for advancing therapeutic strategies that

harness bacterial-derived metabolites to optimize the outcomes of ICI therapy.
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