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Abstract

A non-coding single-stranded oligonucleotide (ssON), 35 nucleotides in length, has demonstrated promising
immunomodulatory effects in vivo, including in the skin of non-human primates, as previously reported by Jérver et
al. Mechanistically, extracellularly added ssON inhibits the endocytic uptake of Toll-like receptor (TLR) ligands in
monocyte-derived dendritic cells (moDC), thereby transiently suppressing endosomal TLR3/4/7 signalling. However, a
comprehensive understanding of its mechanism of action remained incomplete, particularly regarding the cellular mediators
involved in ssON-induced immune regulation in the skin.

To address this, we first investigated the immune cell populations recruited following local injection of the 35-nucleotide
long ssON in mice. In Paper I, repeated injections in mice resulted in a significant local influx of CD11b* Ly6C" monocytic
cells to the site of injection. Transcriptomic and flow cytometric analyses revealed that ssON treatment induced the
expression of checkpoint proteins PD-L1 and ILT3 on dermal CD11b" subsets. Functional assays and cytokine profiling
further showed that ssON promoted the development of monocytic-myeloid derived suppressor-like cells (M-MDSC),
which suppressed Th1, Th2, and Th9 responses in vitro and attenuated Th17-driven inflammation in an imiquimod-induced
psoriasis model in vivo, while also supporting Treg induction in vitro.

To evaluate relevance in human systems, Paper II examined the effects of ssON on human moDCs. ssON exposure
during differentiation altered the process and resulted in upregulation of both CDla and PD-L1. Furthermore, these
ssON-conditioned moDCs exhibited impaired maturation, characterized by reduced expression of MHC II and CD86 and
diminished pro-inflammatory cytokine production upon LPS stimulation. Transcriptomic profiling indicated a tolerogenic
phenotype dependent on activation of the transcription factor PPARYy. These findings are consistent with the murine data,
where ssON-induced skin-infiltrating cells similarly displayed tolerogenic properties.

Given that monocytes are key precursors of dermal macrophages, Paper III assessed whether ssON priming influences
macrophage polarization. Transcriptomic, phenotypic, and cytokine analyses revealed that ssON priming altered both M1-
and M2-like macrophage profiles, notably increasing expression of the anti-inflammatory cytokine IL1RN. Following IL-4-
induced polarization, ssON-primed macrophages showed enhanced production of IL-1RA and IL-10, along with reduced
expression of HLA-DR and CD86.

Finally, in Paper IV, we investigated the effects of ssON on keratinocytes (KCs), the predominant cell type in the
epidermis. ssON treatment attenuated poly I:C-induced inflammatory transcriptional and cytokine responses in KCs.
Moreover, Staphylococcus enterotoxin B (SEB) loaded KCs stimulated with poly I:C in the presence of ssON, exhibited
reduced T cell stimulatory capacity compared to poly I:C stimulated KCs.

In summary, this thesis demonstrates that ssON exerts immunomodulatory effects in the skin, promoting tolerogenic
immune responses across multiple cell types in vitro and in vivo.

Keywords: single-stranded oligonucleotides, tolerance, dendritic cells, macrophages, MDSCs, keratinocytes,
Regulatory T cells, skin inflammation, Immunoregulation.
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Summary

A non-coding single-stranded oligonucleotide (ssON), 35 nucleotides
in length, has demonstrated promising immunomodulatory effects in
vivo, including in the skin of non-human primates, as previously
reported by Jarver et al. Mechanistically, extracellularly added ssON
inhibits the endocytic uptake of Toll-like receptor (TLR) ligands in
monocyte-derived dendritic cells (moDC), thereby transiently
suppressing  endosomal TLR3/4/7 signalling. However, a
comprehensive understanding of its mechanism of action remained
incomplete, particularly regarding the cellular mediators involved in
ssON-induced immune regulation in the skin.

To address this, we first investigated the immune cell populations
recruited following local injection of the 35-nucleotide long ssON in
mice. In Paper 1, repeated injections in mice resulted in a significant
local influx of CD11b* Ly6C* monocytic cells to the site of injection.
Transcriptomic and flow cytometric analyses revealed that ssON
treatment induced the expression of checkpoint proteins PD-L1 and
ILT3 on dermal CD11b* subsets. Functional assays and cytokine
profiling further showed that ssON promoted the development of
monocytic-myeloid derived suppressor-like cells (M-MDSC), which
suppressed Thi, Th2, and Tho responses in vitro and attenuated Thi7-
driven inflammation in an imiquimod-induced psoriasis model in vivo,
while also supporting Treg induction in vitro.

To evaluate relevance in human systems, Paper II examined the effects
of ssON on human moDCs. ssON exposure during differentiation
altered the process and resulted in upregulation of both CD1a and PD-
L1. Furthermore, these ssON-conditioned moDCs exhibited impaired
maturation, characterized by reduced expression of MHC II and CD86



and diminished pro-inflammatory cytokine production upon LPS
stimulation. Transcriptomic profiling indicated a tolerogenic phenotype
dependent on activation of the transcription factor PPARy. These
findings are consistent with the murine data, where ssON-induced skin-
infiltrating cells similarly displayed tolerogenic properties.

Given that monocytes are key precursors of dermal macrophages,
Paper III assessed whether ssON priming influences macrophage
polarization. Transcriptomic, phenotypic, and cytokine analyses
revealed that ssON priming altered both M1- and M2-like macrophage
profiles, notably increasing expression of the anti-inflammatory
cytokine /LI/RN. Following IL-4-induced polarization, ssON-primed
macrophages showed enhanced production of IL-1RA and IL-10, along
with reduced expression of HLA-DR and CDS86.

Finally, in Paper IV, we investigated the effects of ssON on
keratinocytes (KCs), the predominant cell type in the epidermis. ssON
treatment attenuated poly I:C-induced inflammatory transcriptional and
cytokine responses in KCs. Moreover, Staphylococcus enterotoxin B
(SEB) loaded KCs stimulated with poly I:C in the presence of ssON,
exhibited reduced T cell stimulatory capacity compared to poly I:C
stimulated KCs.

In summary, this thesis demonstrates that ssON exerts
immunomodulatory effects in the skin, promoting tolerogenic immune
responses across multiple cell types in vitro and in vivo.



Populirvetenskaplig sammanfattning

En icke-kodande enkelstringad oligonukleotid (ssON), med en langd
pa 35 nukleotider, har uppvisat lovande immunmodulerande effekter in
vivo, inklusive i huden pa icke-humana primater, vilket tidigare har
rapporterats av Jarver et al. Mekanistiskt sett himmar extracellulért
tillsatt ssON det endocytiska upptaget av Toll-liknande receptor (TLR)-
ligander i1 dendritiska celler, vilket dvergaende trycker ner endosomal
TLR3/4/7-signalering. Vér kunskap angéendedess verkningsmekanism
ar dock fortfarande ofullstidndig, sdrskilt nir det giller de celluldra
mediatorer som &r involverade 1 ssON-inducerad immunreglering 1
huden.

For att adressera detta undersokte vi forst de immuncellspopulationer
som rekryteras till huden efter lokal injektion av denna 35-mer ssON. I
artikel I resulterade upprepade injektioner i mus-hud 1 ett signifikant
inflode av CD11b* Ly6C* monocytiska celler. Transkriptomiska och
flodescytometriska analyser visade att ssON-behandling inducerade
uttrycket av checkpoint-proteinerna PD-L1 och ILT3 pa dermala
CD11b"-subpopulationer. Funktionella analyser och cytokinprofilering
visade ytterligare att ssON frdmjade utvecklingen av monocytiska
myeloid-deriverade suppressor-liknande celler (M-MDSC). Dessa
tryckte ner Th1-, Th2- och Th9-svar in vitro och ddmpade Th17-driven
inflammation 1 en imiquimod-inducerad psoriasismodell in vivo,
samtidigt som de stodde induktion av regulatoriska T-celler (Trg) in
vitro.

For att utvdrdera relevansen i humana system undersokte artikel 11
effekterna av ssON pd monocytderiverade dendritiska celler (moDC).
Exponering for ssON under differentieringen fordndrade processen,
vilket ledde till ett uppreglerat uttryck av bade CD1a och PD-L1. Dessa
ssON-konditionerade moDC uppvisade dven en nedsatt mognad,
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karakteriserad av minskat uttryck av MHC II och CD86 samt minskad
produktion av proinflammatoriska cytokiner vid LPS-stimulering.
Transkriptomisk profilering indikerade en tolerogen fenotyp beroende
av aktivering av transkriptionsfaktorn PPARy. Dessa fynd
overensstimmer med musdata, dir ssON-inducerade hudinfiltrerande
celler pa liknande sitt uppvisade tolerogena egenskaper.

Eftersom monocyter dr viktiga prekursorer till dermala makrofager,
utvérderade artikel 111 om ssON-priming  péverkar
makrofagpolarisering. Transkriptomiska, fenotypiska och
cytokinbaserade analyser visade att ssON-priming fordndrade
profilerna for bdde M1- och M2-liknande makrofager, och noterbart
okade uttrycket av den antiinflammatoriska cytokinen /L/RN. Efter IL-
4-inducerad polarisering visade ssON-primade makrofager en dkad
produktion av IL-1RA och IL-10, tillsammans med ett minskat uttryck
av HLA-DR och CDg6.

Slutligen, 1 artikel IV, undersokte vi effekterna av ssON pa
keratinocyter (KC), den dominerande celltypen 1 epidermis. ssON-
behandling ddmpade poly I:C-inducerade inflammatoriska
transkriptionella svar och cytokinsvar 1 KC. Dessutom uppvisade
Staphylococcus enterotoxin B (SEB)-laddadeKC, som stimulerats med
poly I:C i ndrvaro av ssON, en minskad féormaga att stimulera T-celler
j@mfort med poly I:C-stimuleradeKC.

Sammanfattningsvis visar denna avhandling att ssON utdvar
immunmodulerande effekter 1 huden genom att frimja tolerogena
immunsvar 1 flera olika celltyper in vitro och in vivo.
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List of abbreviations

AD: Atopic Dermatitis

AMPs: Antimicrobial Peptides

APC: Antigen-Presenting Cells

AP-1: activator protein 1

BMDCs: Bone Marrow Derived Dendritic Cells
CCL: C-C motif chemokine ligand

¢DCs: Conventional Dendritic Cells

CLRs: C-type Lectin Receptors

CXCL: C-X-C motif chemokine ligand
DAMPs: Damage-Associated Molecular Patterns
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GM-CSF: Granulocyte-Macrophage Colony-Stimulating Factor
IFN: Interferon

ILs: Interleukins
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KCs: Keratinocytes
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Introduction

1. The Immune System: The Dual-Front
Defense

The human body has a robust and well-coordinated immune defense
system that protects against harmful pathogens, damage and stress. It is
constituted of ~1.8 trillion (10'?) of immune cells distributed across
various organs, each designed for specialized functions.! Interestingly,
only about 2-3 % of immune cells are circulating in the blood. Most of
the immune cells are localized in the tissues and lymphoid organs,
waiting for an appropriate signal.’

The immune system does more than protect us from external threats; it
is a critical regulator of internal homeostasis acting as a dual front
defense system. Tolerance to self-molecules is an essential element of
the immune system. Traditionally, this system is divided into two arms
based on the speed and specificity of their response: Innate and
Adaptive immunity. These two arms are dependent on complex cellular
systems. Rather than operating in isolation, these two branches rely on
constant, intricate crosstalk between various cell types. The following
sections explore these essential cellular networks in more detail.

1.1 Innate Immunity

Innate immunity is the body's natural, inborn defense system. Acting as
the first line of defense, innate immunity provides an immediate, and
rapid response to danger signals, whether from an invading pathogen or
cellular damage. Physical barriers such as the epithelial layers of the
skin, mucosal tissues and glandular tissues form the major interface for
2 Microbial barriers provide additional
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protection, for example, commensals thriving in the skin, produce their
own antimicrobial peptides, protecting their own ecological niche and
enhancing the host’s defense.’ Beyond epithelial cells, specialized
immune cells play a critical role in sensing incoming danger. This
cellular defense network primarily consists of phagocytes (monocytes,
macrophages, neutrophils and dendritic cells), granulocytes, and innate-
like lymphocytes.

1.1.1 Dendritic cells

In 1973, Steinman and others described a novel subset that they
discovered in peripheral lymphoid organs of mice and called them
dendritic cells (DCs).* DCs are the primary professional antigen-
presenting cells (APCs), uniquely specialized in capturing, processing,
and presenting antigens to prime naive T cells.’ To internalize diverse
foreign materials, DCs utilize distinct endocytic mechanisms, including
macropinocytosis, phagocytosis, and receptor-mediated endocytosis.®
Following internal processing, DCs display antigens as peptide—Major
Histocompatibility complex (MHC) complexes on their cell surface,
and further produce cytokines that dictate subsequent T-cell
polarization and effector responses.’

DCs are found in both blood and tissues. The major subsets of DCs that
will be described in this thesis are shown in Figure 1. Based on their
functions and ontogeny, they can be divided into conventional DCs
(cDCs), plasmacytoid DCs (pDCs), monocyte-derived DC (moDC) and
Langerhan cells (LCs).> ¢DCs differentiate from the common DC
precursor.® The cDCs can be further divided into 2 subsets; cDC1 and
cDC2. Functionally, the cDC1 subset possess biological capacity to
take up extracellular antigens via phagocytosis and direct them into the
MHC class I pathway rather than the expected class II pathway.” This
process, known as cross-presentation, is critical for generating
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cytotoxic T cell-mediated immunity against viruses and tumors. The
other subset, coined as ¢cDC2s, are main drivers of Thelper responses.’
The cDCs are abundant in barrier organs such as skin and gut,'* a
strategic positioning that allows these innate immune cells to actively
orchestrate immunogenic or tolerogenic adaptive responses.

DC subsets with robust anti-viral capacity, called pDCs secrete high
amounts of type 1 interferons in response to viral infections.!! They
express CD123 on the cell surface and usually reside in the lymphoid
organs and other tissues like eye, liver and small intestine.'?> However,
they are absent in healthy skin and are recruited upon inflammation. '2

Non-conventional DCs include moDCs and LCs. MoDCs develop from
monocytes and are recruited in response to inflammatory signals.!?
They can present antigens to both CD4" and CD8" T cells driving Thelper
and cytotoxic T cell responses.'® They can get recruited as monocytes
in tissue during inflammation and produce pro-inflammatory cytokines
forming inflammatory DCs (iDC).!* Inflammatory Epidermal DCs
(IDECs) are distinct population of moDCs that infiltrate the skin during
chronic inflammatory states. Specifically found in AD and psoriatic
lesions, they express high levels of the high-affinity IgE receptor
(FceRI).'>!® Another DC subset, LCs colonize the skin during
embryonic development from fetal liver and yolk sac progenitors.'’
(Figure 1). LCs maintain skin homeostasis when the skin is intact and
uninflamed.!”-!®
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Figure 1: Major subsets of DCs and their functions; macrophage DC
progenitor (MDP), common DC precursor (CDP). Image created in
biorender.

Altogether, different subsets of DCs have specialized functions in
innate immunity providing protection from harmful pathogens as well
as maintaining homeostasis.

1.1.2 Monocytes and macrophages

Monocytes are progenitors to macrophages, and a subset of DCs called
monocyte derived dendritic cells (moDCs).!"” Monocytes and tissue
macrophages originate from the hematopoietic stem cell in the bone
marrow.'? Different monocytes subsets circulate and patrol in the blood
and gets recruited into tissues in high numbers to combat infection,
clear debris and resolve inflammation.?® Monocytes differentiate to
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form tissue macrophages, constantly replenishing their pool.?!

Additionally, macrophages can also develop from embryonic
progenitors in the yolk sac.?! Under the influence of single-cell
technologies and new fate mapping studies, the monocyte-macrophage
ontogeny and heterogeneity has been revised and redefined.?>** These
cells will be described in more detail in following sections.

1.1.3 Granulocytes and mast cells

In the late 19th century, Paul Ehrlich classified granulocytes
(neutrophils, eosinophils and basophils) based on their staining
properties with acidic and basic dyes. Granulocytes, a distinct category
of white blood cells originating from hematopoietic stem cell, are
characterized by their prominent cytoplasmic granules under light
microscopy. They do not exhibit classical features of APCs, however
neutrophils may possess antigen presenting capacities.>*? Packed with
a vast array of hydrolases, peroxidases, and lysosomal enzymes, these
cells release their granular contents to eradicate pathogens.’® While
neutrophils actively eliminate threats intracellularly via phagocytosis,
concurrent degranulation releases cytotoxic enzymes and reactive
oxygen species into the surrounding milieu, which can inadvertently
cause collateral tissue damage especially in allergy and
inflammation.?”?® Eosinophils combat parasitic infections and express
FceRI receptors that bind to IgE leading to degranulation and histamine
release.?® Ehrlich had described another cell type in his doctoral thesis,
and called them mast cells which he initially described as granulocytic
cells in connective tissue.?’ These cells release histamine and heparins,
and play important role in parasite infections, type 2 responses and
allergies.>°
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1.1.4 Innate-like lymphocyte

Innate-like lymphocytes (ILLs) are a special type of lymphocytes that
share the common origin with T and B cells but have limited diversity
in antigen receptors. They include NKT cells, yoT cells, B1 cells and
innate lymphoid cells (ILCs).*" ILLs react instantly to microbial or host
stress signals by secreting a variety of cytokines. This rapid response
protects the body while the adaptive immune system is still
mobilizing.*!

1.2 Adaptive Immunity

The adaptive immune system is represented by body’s specialized and
specific responses towards pathogens that breached the innate immune
system. Adaptive immunity involves the establishment of long-term
immunological memory. This process ensures faster neutralization of
infection if it re-occurs. The two main cell types involved are T and B
cells.

1.2.1 T cells

T cells undergo maturation in a stepwise manner within the thymus,
where they develop functional aff TCRs by undergoing called variable
(V), diversity (D), and joining (J) gene [V(D)J] recombination in the
TCR gene and selection for T cells that can bind self-peptide MHC
complexes.>>* This process generates two major subsets: CD4" and
CDS8" T cells, based on MHC II and MHC I binding capacities and they
possess distinct functionalities, directing T helper (Thn) and cytotoxic
(Tc) responses, respectively. CD4" T cells get activated and start
proliferating upon receiving appropriate signals; peptide-MHCII
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complex presentation (signal 1) and co-stimulation by APCs (signal 2),
and distinct cytokine environments (signal 3).

CD4" Tn cells represent a heterogeneous population with various
subsets. Upon receiving the appropriate signal inputs, naive Th cells
differentiate into specialized subsets, including Thi, Th2, follicular
helper T (Tm), Thi7, Tho, Th22, and CD4" cytotoxic T lymphocytes
(CTLs). Specifically, the pro-inflammatory cytokines IFN-y and IL-12
drive Tn differentiation via the sequential activation of STAT1 and
STAT4, which ultimately induces the master transcription factor (TF)
T-bet.* Tny cells upregulate the expression of TF GATA-3 and
cytokines IL-4, IL-5 and IL-13, functioning to provide protection from
helminth infections while exacerbating asthma and allergies.>> Tho cells
identified more recently, relatively, are induced by IL-4 and TGF-f in
vitro, and produce high levels of IL-9. They express the TFs IRF4 and
PU.1.3637 Tyy7 cells are characterized by expression of IL-17A-F, IL-
23, IL-22 and IL-10 while RORYT acts as TF for these cells.*® Ts cells
are specialized subsets that can support humoral responses by
supporting B cell proliferation. They express PD-1 and CXCRS, and
can produce cytokine IL-4 and IL-21, signaling molecules SAP, TFs
STAT3 and Bcl-6.* They play central role in regulating antibody
responses during infection, vaccination and autoimmunity.

CD8" T. cells function as eliminators of intracellular pathogens and
malignant tumor cells.*’ Upon stimulation, naive CD8" T cells undergo
robust expansion to form effector cells that produce perforins and
granzymes to induce apoptosis of infected or malignant cells.*! Memory
CD8" T cells exhibit strong immunological memory providing
protection from antigen re-exposures.*> CD8" T cells form many
subsets serving different functions, orchestrated by regulation of
various TFs, epigenetics and metabolism.*’

Another subset of T cells that develops in the thymus are yo T cells, that
follow a different development trajectory compared to aff T cells. They
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are mainly enriched in barrier tissues such as skin, lungs and gut.*® y§
T cells can recognize antigens independently of MHC molecules unlike
af T cells which rely on MHC-peptide complexes. Therefore yo T cells
form an important bridge between innate and adaptive immunity.*

1.2.2 B cells

The role of B cells in immunity is profound, as they not only provide
immediate defense, but also contribute to immunological memory by
forming memory B cells.* B cells develop in the bone marrow and also
undergo peripheral development.*®. Mature B cells express CD19,
CD21, membrane bound IgM and IgD in addition to several other
receptors.*” Upon encountering an antigen, they proliferate within
germinal centers and form plasma cells to start producing antibodies.*®
Further, B cell can process the internalized antigen and present as
peptide-MHCII complexes to T cells.*® The cross talk between B and T
cells ensures effective elimination of pathogens.*®

2. Immune tolerance: The harmony within

Immune tolerance is a fundamental phenomenon by which the immune
system maintains homeostasis and assumes a state of unresponsiveness
towards self-antigens, while retaining the ability to bind to harmful
foreign antigens. The first historical evidence of tolerance was observed
by Traub (1938), where he observed that mice embryos inoculated with
LCMV, could carry infection for entire life without forming
neutralizing antibodies or any symptoms.* However, the concept of
“immune tolerance” was formally introduced and developed in the
1950s by Burnet and Medawar, who were later awarded the 1960 Nobel
Prize in Physiology or Medicine for their pioneering work.’® Burnet
proposed that the ability of the immune system to distinguish self from
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non-self is established during foetal development,’! while Medawar
experimentally demonstrated this phenomenon in mouse foetuses
through transplantation studies.>>

Immune tolerance is a complex process governed by different cell
types. These cells act in a coordinated manner modulating the immune
system to prevent autoimmunity. The immune tolerance mechanisms
can be divided into 2 categories; Central and peripheral tolerance.

2.1 Central tolerance

Central tolerance occurs during early development and maturation of
lymphocytes of the adaptive immune system. It occurs in the primary
lymphoid organs; bone marrow for B cells and thymus for the T cells.>
This process involves elimination of self-reactive lymphocytes in a
highly regulated manner. Thymocytes undergo positive selection for
MHC restricted TCR expressing cells followed by negative selection
and clonal deletion for T cells that bind to self-antigens.>* A similar
process occurs in the bone marrow for clonal selection of B cells,
ensuring the selected B cells do not react to self- antigens. As mentioned
before, this process in both T and B cells involves somatic
rearrangements in the TCR and BCR genes respectively. This process
creates a diverse repertoire of receptors that bind to novel antigens.

2.2 Peripheral tolerance

Peripheral tolerance compensates for the inherent gaps in central
tolerance mechanisms. Some autoreactive lymphocytes may evade
central tolerance and bind strongly to self-peptide MHC complexes.>
Such autoreactive cells are kept in check by mechanisms of peripheral
tolerance. Tolerogenic APCs form a crucial part of peripheral tolerance
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mechanisms. It was shown that DCs in spleen and lymph nodes induces
tolerance in naive T cells in the absence of inflammation by presenting
self-MHC complexes to T cells***’. Moreover many subsets of tissue
resident DCs have been identified in the skin, lungs, gut, liver and
kidney that maintain tolerance.’® Lack of co-stimulation to molecules
such as CD28 and B7, leads to clonal anergy and functional hypo
responsiveness of T cells.” Induction of CD4'FOXP3" regulatory T
cells (Tregs), is another mechanism by which peripheral tolerance is
maintained and autoreactive T cells are controlled.®® Interestingly, some
Tregs can develop from slightly more self-reactive cells in the thymus,
eventually expressing FOXP3 which later migrate to secondary
lymphoid organs and peripheral tissues.®! Tiees will be described in more
detail in the upcoming sections of this thesis.

3. Molecular factors in tolerance

Tolerogenic molecular factors are bioactive molecules, proteins,
receptors, and soluble signaling agents that actively suppress immune
responses and promote immune tolerance. They are critical for
preventing autoimmune diseases and transplant rejection and are being
actively researched to develop effective immunotherapies.

3.1 Inhibitory Immune checkpoint proteins

Self-reactive lymphocytes are kept under control by a group of
inhibitory receptors called immune checkpoint proteins. They play a
key role in maintaining immune homeostasis and self-tolerance by
regulating the magnitude of effector responses and thereby preventing
collateral tissue damage.®?®3 Checkpoint proteins are expressed on
APCs such as DCs, monocytes, macrophages etc., and on T cells. The
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majority of checkpoint proteins belong to the B7 family®* and TNF
family®® of proteins. Specifically, the B7 protein family plays an
important role in regulating T cell responses. Programmed death 1 (PD-
1) and cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4) have an
inhibitory effect on T cell responses which binds to their counterpart
ligands that can be expressed on APCs i.e. programmed cell death
ligand 1 and 2 (PD-L1 and PD-L2) and CD80/86 respectively.®® This
interaction results in transmission of negative signal 2, leading T cell
suppression.

PD-L1/PD-1 interaction have been reported to prevent T cell function
by phosphorylation of immunoreceptor tyrosine-based inhibitory motif
(ITIMs) that in turn dephosphorylates targets downstream of TCR and
prevents Ras/Akt activation in T cells.®” Moreover, PD-1 signaling also
targets PI3 kinase pathway that prevents CD28 co-stimulatory
signaling.®® Collectively, this leads to reduced T cell proliferation and
cytokine response, along with decreased activation of transcription
factors like activator protein 1 (AP-1), nuclear factor of activated T cells
(NFAT) and nuclear factor-kB (NF-kB).®® (Figure 2) This robust
resistance offered by PD-1-PD-L1 signaling determines the fate of T
cell response. It has been suggested that PD-1 expression on CTLs acts
as a mechanism by which CTL clones raise the activation threshold to
counter continuous exposure to stimuli.”®

T cells may express other checkpoint molecules such as Lymphocyte
activation gene 3 (LAG-3/CD223), a type I transmembrane protein
belonging to the Ig superfamily.”* LAG-3 interacts with MHC-II to
dampen T cell activation.”> Moreover, it was shown that LAG-3
maintained a tolerogenic state in CD8" T cells’® and is selectively
upregulated in CD4" Tregs.”* B and T lymphocyte attenuator (BTLA) is
another glycoprotein belonging to the same family as PD-1 that
interacts with its ligand herpesvirus entry mediator and blocks TCR
signaling. 7

20



Apart from PD-L1, high levels of immunoglobulin-like transcript 3
(ILT3, also known as LILRB4) and immunoglobulin-like transcript 4
(ILT4, also known as LILRB2) are particularly expressed by MDSCs.”®
Of note, ILT3 blockade in MDSCs decreased the expression of anti-
inflammatory cytokine IL-10 and promoted upregulation of CD86
molecules M-MDSCs.”” ILT receptors display cytoplasmic ITIMs that
inhibit cell activation by using SHP-1 phosphatases and induce CD4"
Th cell anergy.’®

%,  APC o
y L)
Z .'-.. IL-10, activation, -.."
“, s,  altered metabolism AN o
¥ ..‘-... \ ..t..
” PD-L1 signali
. " S Antigen presentation
MHC-I
..oool“..
U “..ono-
e L)
'.'
CcD8
co3[J0
$990000,,
i) lnou-...
- %%eeq, Pop
@TCR LCK) s e ..."-u
s, %,
o.... Do,
) i - .."-. P,
RN [P RAS ) PI3K o *,
N Cuus_Cra “,

o TCR signaling 4 l AKT ",
o CD28 signaling 4 %
cytokine production 4 “
TF expression & AP1
BATF T / \

Figure 2: PD-L1/PD-1 signaling pathway involving APC and T cell
interaction. Binding PD-L1 to PD-1 induces the intracellular trafficking of
SHP2 phosphatases that dephosphorylates and inactivates RAS and PI3K
molecules which operate downstream of TCR and CD28 signaling and
collectively cause reduced activation of TFs AP-1, NFAT and NF-«xB.
Inspired by Sharpe et al. 2018, Image created in Biorender

T cell
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3.2 Anti-inflammatory cytokines

Cytokines are low molecular weight soluble effector proteins that are
secreted from various cells. They play a very important role in immune
response and act as crucial mediators that help in transmitting the
correct immune signals to the neighboring or distant cell-types.”® Anti-
inflammatory cytokines play a major role in maintenance of tolerance
to components of self as well as elimination of pathogen with minimum
collateral damage. Some well-known anti-inflammatory cytokines are
IL-10, IL-19, IL-1RA, TGF- and some new ones added to the list are
IL-27, IL-35 and IL-37. 8

The most well studied cytokine is IL-10. IL-10 acts in coordinated
manner in various stages of immune responses. It suppresses pro-
inflammatory cytokine secretion myeloid cells such as monocytes,
macrophages and DCs.8! Additionally, it prevents upregulation of
MHCII expression and further induces the expression of inhibitory
molecules such as ILTs in DCs.#2 It also promotes the release of other
tolerogenic cytokines such as IL-1RA and TGF-p in DCs.8? T and Thi7
are suppressed in an IL-10 dependent manner through IL-10Ra
signalling which further triggers the T cells to produce IL-10.83
Furthermore, IL-10 was shown to prevent DC maturation and promote
tolDCs, using a lentiviral mediated IL-10 gene transfer model.®
Further, Clausen et al. used skin Contact Hypersensitivity models, to
show that IL-10 release was necessary for DC-mediated recruitment of
Tregs.®

Another anti-inflammatory cytokine is IL-1RA belonging to IL-1 gene
family. IL-1RA competes with IL-1B and binds to IL-1 receptors but
does not induce any intracellular signalling. 8 The production of IL-
1RA is promoted by molecules such as IgG,%’ cytokines like IL-1p and
microbial components such as LPS.% IL-1RA is found in peripheral
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blood cells, spleen, lungs and in tissues, particularly in large amounts
in the skin.® Dysregulation of IL-1RA is also implicated in many
autoimmune and chronic inflammatory disorders.®® Moreover, IL-1RA
signalling is important in mRNA vaccine related innate signalling.
Interestingly, when murine monocytes are exposed to these RNA
vaccines in vitro, they responded by increasing their production of pro-
inflammatory IL-1B.** However, administration of RNA vaccines,
triggered an even higher upregulation of IL-1RA systemically, which
protected mice from IL-1-mediated adverse events in vivo.* Although
these observations were only made in mice, IL-1RA signalling may act
as important regulators of immune responses.

Another anti-inflammatory cytokine belonging to IL-1 family is IL-
36RA. Loss of function mutations for /L36RN gene leads clinical
manifestations of pustular psoriasis, a severe neutrophilic dermatosis.
IL-36y, a pro-inflammatory cytokine, is present in many tissues
including skin at low levels.?? It can be produced by a range of cell
types, including KCs, monocytes and T cells upon exposure to external
stimuli including allergens.®* Appropriate high IL-36RA/IL-36y ratios
ensure homeostatic conditions under steady state.*°

TGF-B is another well-studied cytokine pivotal for maintenance of
tolerance. Most tissues have high constitutive expression of TGF-f in
contrast to IL-10 which is triggered in response to appropriate stimuli.?
TGF- is initially produced as an inactive protein bound to latency
associated peptide. Active protein is released from the complex
triggered by appropriate signals. 3

IL-2 has a crucial immunoregulatory role. During T cell activation, IL-
2 serves as a classic mediator of signal 3, working in tandem with
antigen recognition (Signal 1) and co-stimulation (Signal 2). The
binding of IL-2 to its high-affinity trimeric receptor

CD25/CD122/CD132 complex delivers the decisive signal for
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activation of JAK/STATS signaling that upregulates anti-apoptotic
proteins like Bcl-2, resulting increased T cell proliferation.”* While IL-
2 activates T cells, IL-2 deletion was lethal in mice as they die pre-
maturely due to autoimmunity and excessive invasion of activated T
cells into lymphoid organs.?® This was later found to be due to lack of
FOXP3" Tregs that require IL-2 for development. Tregs express high
levels of CD25 and thereby consume IL-2.% Consequently, maintaining
tight homeostatic control over IL-2 levels is essential to balance
protective immunity with tolerance.

3.3 Immunoregulatory enzymes

Immunoregulatory enzymes involved in catabolism of amino acids and
production of bioactive compounds have an important role in
maintenance of tolerance.”” Usually produced by APCs of myeloid
origin, they act as immune checkpoints by snatching essential and semi-
essential nutrients, necessary for T cell proliferation and activation.”’
They are classified based on the substrate they act on. Indoleamine
dioxygenases act by degrading tryptophan,®’ while arginase-1 (ARG1)
%and nitric oxide synthase-2 (NOS2)* act by degrading arginine. Both
NOS2 and ARG causes depletion of arginine in the microenvironment,
to produce urea and L-ornithine or NO respectively, leading to loss of
the CD3( chain and consequent cell cycle arrest of T cells.!%10!
Interleukin 4 induced gene 1 (IL4Il) breaks down phenylalanine and
expressed by mature DCs that inhibit T cell proliferation.!??
Furthermore, they produce inhibitory or pro-apoptotic byproducts for
example, IDOs produce kynurenines, while iNOS and eNOS produce
NO, which directly interfere with TCR signaling.'®*!% Nitrosylation by
NO inhibits the differentiation of murine Thi7 cells!® and M1
macrophages.'® Immunoregulatory enzymes form a relatively new
research field, and further studies are required for their identification

and mechanistic characterization.
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3.4 TLRs in tolerance

Toll-like receptors (TLRs) are evolutionarily conserved molecules of
the immune systems which act as pattern recognition receptors (PRRs)
sensing pathogen associated molecular patterns (PAMPs) and damage
associated molecular patterns (DAMPs). 7 They are expressed by a
variety of innate immune cells such as DCs, monocytes, macrophages,
neutrophils, epithelial cells and even T cells, acting as sentinels of
immunity.!%®1% They are localized on the cell surface or in
endosomes.!!’ Cell surface TLRs (TLR1-6, TLRI10) recognize
molecules from pathogens leading to activation of immune response.!!?
Intracellular TLRs (TLR3/7/8/9) recognize nucleic acids originating

from bacteria/virus or self.!!!

Besides activating the immune system, TLRs also mediate tolerance
mechanisms. The human body carries a myriad of micro-organisms
expressing various TLR ligands, establishing a symbiotic relationship
between host and microbes, without mounting detrimental immune
responses in the host. 1113 A study showed that TLR2 signaling was
essential in production of microbe related IL-10 induction and
suppression of Th17 responses in the gut, thereby promoting tolerance to
symbiotic bacteria growth. ''* Repeated exposure to TLR ligands can
lead to the development of tolerance.''> Tolerance to LPS, a TLR4
ligand, has been very well studied.!'®!'” A number of factors are
involved in LPS mediated tolerance, including the upregulation of
negative regulators of TLR4 signaling such as IRAK-M!®
and negative regulators of NF-kB-related expression, such as BCL-3
and NF-xB p50.'" LPS mediated TLR signalling induced chromatin
related changes in proinflammatory gene expression of tolerant
macrophages, in vitro.'?® Moreover, the concept of cross tolerance is
well established, where initial exposure of cells to one TLR renders
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induces tolerance to another TLR. For example, there was a study that
showed exposure to LPS to leukocytes in vivo via injections, and
consequent restimulation of leukocytes ex vivo with several TLR
ligands against TLR2, TLR3, TLRS, TLR7 and TLRY, resulted in
reduced responsiveness.!?! Cross tolerance induced by TLR signalling
is partly attributed to the upregulation negative regulators such as
Interleukin-1 receptor-associated kinase M (IRAK-M).!?> Moreover,
macrophages exhibited low LPS responsiveness when restimulated
second time with LPS, primarily due to downregulation of TLR4-MD2

complex.'?

In summary, TLRs play a pivotal role in shaping immune tolerance via
several distinct immunoregulatory mechanisms.

4. Role of myeloid cells in immunoregulation

Myeloid cells play a pivotal role in regulating innate and adaptive
immunity. They have the vital function of initiating immune responses
by acting as APCs during infection, while they can also regulate
immune responses to prevent autoimmunity and maintain homeostasis.
These activities are mediated by several types of innate immune cells.
Many of them belong to cells of the mononuclear phagocyte system .124
Examples of regulatory myeloid cells are immunoregulatory
monocytes/macrophages, tolerogenic DCs (tolDC), and myeloid-
derived suppressor cells (MDSCs).

4.1 Monocytes

Monocytes exhibit remarkable plasticity. In humans, they can be
classified into CD14"CD16" classical monocytes (inflammatory and
more phagocytic in nature), CD14"CD16" intermediate monocytes and
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CD14°CD16" non-classical monocytes.'?> The majority of IL10-
producing monocytes are intermediate monocytes that expand under
certain conditions, whereas non-classical monocytes are involved in
patrolling and surveilling damage or injury sites.'*> In mice, a similar
nomenclature is used with a different set of markers, which includes
Ly6CMCCR2MCD43 classical monocytes, intermediate monocytes
being Ly6CPMCD43", and Ly6C'°CCR2°CD43" being non-classical

monocytes.'?

It is widely accepted that monocytes act as precursor cells that have the
ability to migrate to various tissues and differentiate into tissue
macrophages.?? In humans, classical CD14" monocytes generally
invade tissue by interaction with CCR2/CCL2 or CCR5/CCLS gradient
and subsequently mature into M1 macrophages with higher MHC class
IT expression and ability to stimulate TCR.126 The life-span of classical
monocytes is very short (~1 day) and they often die or transition into
intermediate cell-types CD14°CD16" cells. While, CD14° non-
classical monocytes tend to be of patrolling nature which gets recruited
to tissue using CCL3/CX3CR1 interaction and is associated with anti-
inflammatory properties.*?” Non-classical monocytes have a longer life-
span of around 7 days.'?® Altogether, these features make monocytes
one of earliest cell-types, poised for regulating and maintaining
homeostasis following appropriate tissue-derived environmental cues.

4.2 Macrophages: M1/M2 paradigm

Some of these monocytes can migrate to tissues and transform into
macrophages. Macrophages also develop during embryonic
hematopoiesis and their abundance greatly varies between tissues. 23
Macrophages (Mo) have the capacity to redirect themselves into binary

Mi/M; polarization settings, depending on the external stimuli

27



originally.?® My cells, upon exposure to IFN-y, LPS, or TNF-a can
differentiate into M 1-like macrophages whereas treatment with IL-4 or
IL-13 can induce M2-like macrophages.’?® M| macrophages are pro-
inflammatory in nature and glycolytically very active whereas M>
macrophages are anti-inflammatory with higher mitochondrial
respiration rate, ECM remodeling capacities and increased fatty acid
metabolism that aid in tissue repair and wound healing.'*° (Figure 3)

This M1/M2 paradigm introduced by Mills et. al in 2000,'3! however,
represents an oversimplification of macrophage activation states.
Analysis of single-cell datasets originating from macrophage samples
indicate the existence of several intermediate transitional states (Figure
3) with unique transcriptomes suggesting highly heterogeneous nature
of macrophages which can switch their activation states depending on
the tissue microenvironments.'32133 Functionally, the heterogenous
nature of macrophages facilitates the most optimal response to any
threat. For example, dermal macrophages exhibit anti-inflammatory
properties as they cannot present antigens effectively to T cells and do
not produce pro-inflammatory cytokines in response to inflammatory
stimuli, and further produce IL-10 constitutively.!®* Additionally,
scRNAseq studies show that dermal macrophages self-renew by
producing basal levels of CCL24 to maintain their M2-like

135 Thus making them well suited to maintain tolerogenic

136,137

properties.
conditions in the skin.
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Macrophage spectrum model
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Figure 3: Macrophage spectrum model. Oversimplification of macrophage
activation states as M1 (pro-inflammatory) and M2 (anti-inflammatory) types
introduced by Mills ef. al. undermines the functional heterogeneity of
macrophages. Cross talk with other cell types along with tissue-specific
signals drive the differentiation of macrophages into several intermediate
states that have specialized functions. Image created in Biorender

Using scRNAseq tools, researchers further showed that alveolar
macrophages maintain pro-inflammatory properties by producing
CBFB which was identified as an indispensable transcription factor for
their maintenance in the lungs. This is crucial to fight off infections as
alveolar macrophages act as first line of defense against pathogen.!32
The functional heterogeneity of macrophages in the lungs of young
C57BL/6 under homeostatic conditions, was supported by the existence
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of several clusters poised for distinct functions such as surveillance,
stress response, inflammation, self-maintenance etc. '3®

Together, these studies support the spectrum model of macrophages and
indicate that macrophages may attain specialized states in response to
the complex tissue-derived signals and cellular cross-talk. More studies
are needed to fully characterize these intermediate macrophage

activation states.

4.2.1 Anti-inflammatory roles of PPARYy

Peroxisome proliferator-activated receptors (PPARSs) are transcription
factors belonging to the nuclear receptor superfamily. There are 3
different types of PPARs in mammals, PPARa, PPARS (also referred
to as PPARp), and PPARy. PPARY is the most well studied type as its
most well conserved amongst humans and mice with 96% homology.*3°
PPARs are involved in fatty acid metabolism in adipocytes and their
differentiation process and insulin signaling.'® Besides, PPARs have
an important role in regulating immune responses.'*! Due to a large
volume of ligand binding cavity of PPARs, it can potentially be
activated by a many ligands. Native and modified fatty acids act as
natural ligands for these receptors but they can also be activated by
fibric acids and thiazolidinediones, usually used for treatment of
metabolic disorders such as type 2 diabetes. In fact, PPARy activation
directly enhances glucose uptake by activation of GLUT proteins.'*? In
this thesis, we focused on the immunological role of PPARs in
promoting tolerance (summarized in Figure 4) rather than the
metabolic role which is also critical since the immune effector functions
are tightly linked to the metabolic state of the macrophages.

Previous studies have shown that pharmacological activation of PPARYy
could suppress macrophage inflammatory programs.***Activation of
PPARYy using prostaglandin D2 metabolite resulted in downmodulation
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of iNOS and antagonized the activation of transcription factors AP-1,
STATs and NF-«xB.}** Moreover, alternative stimulation of
macrophages with IL-4/IL-13 and subsequent binding to their cognate
receptors culminated with activation of STAT6 that induced the
expression of M2-macrophage specific target genes such as ARG/,
CHI3L3, MRCI and RETNLA along with PPARG/PPARD
expression.'* This was coupled with increased oxidative metabolism
and mitochondrial responses, a bona fide component of alternatively
activated M2 macrophages.'* Additionally, PPARYy activation in DCs,
resulted in reduced TLR-mediated signaling, downregulation of co-
stimulatory molecules and pro-inflammatory cytokine production and
overall inhibition of DC maturation process.!*¢ Notably, reduced DC
maturation affected T cell responses leading to CD4" T cell anergy, in
vivo.1*” PPARYy signaling has also been shown to result in induction of
FOXP3 gene expression by increased demethylation of the Foxp3
promoter in CD4" T cells resulting in generation functionally
suppressive iTregs.2*® Furthermore, PPARY agonists have been shown to
inhibit Th1 responses in an experimental allergic encephalomyelitis
(EAE) model with decreased IL-12 production. 14° Although it has been
shown that PPARy activation can reduce Th» responses as well,
conflicting results showed that it is perhaps more complex in Tpa-cell

associated pathologies.*>°

The molecular mechanism by which PPARy transrepresses major
inflammatory TFs such as AP-1, STATs and NF-«B, involve
heterodimerization with RXR (9-cis-retinoic acid receptor) proteins.!>!
The PPAR-RXR complex binds to certain co-activators in a manner that
it becomes rate limiting for the targeted TF activation.!>' Another
mechanism involves PPARy-RXR heterodimers which inhibit the
phosphorylation and activation of certain members of MAPK signaling

cascade preventing downstream activation of TFs.1%!

31



PPARy has important implications in skin homeostasis. It was shown
that PPARy-mediated suppression of DC function could prevent AD
onset in NC/Tnd mice.*>? Furthermore, network and pathway analysis-
based modelling transcriptomic datasets showed downregulation of
PPARy signaling in patients suffering from psoriasis.’>® Altogether,
PPARy play an important role in maintaining tolerance but precise
mechanisms leading to its activation in natural settings, is complex and
warrant more studies.
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Figure 4: Anti-inflammatory role of PPARy. Other than having a role in fat
metabolism and insulin sensitivity, PPARY acts as an important ‘break’ in the
immune system. It can interfere and inhibit DC maturation process and
promote T cell anergy. It can prevent Th responses and trans repress the
activity of inflammation-related genes. It further reinforces tolerogenic state
by promoting M2 polarization and inducing Treg. Image created in Biorender
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4.2.2 Role of CCR2

CCR2 is a crucial chemokine receptor, belonging to the human class A
GPCR family."™* It is expressed not only by monocytes/macrophages
but also expressed by various other cell types such as Tregs, CD4"/CD8*
T-cells, NKT cells, B cells, pDCs, basophils and microglia.*>> Although
many chemokines can bind to CCR2, CCL2 is the prototype chemokine
that is relevant for CCR2 function.?*® Binding of CCL2 to CCR2 leads
to activation of PI3K/Akt, RAC-GTPase, PKC and JAK/STAT
signaling pathways that eventually aids in increased CCL2 production,
enhanced cell proliferation, migration and chemotaxis essential for
pathogen clearance.!”” Early work in CCR2”" mice have shown the role
of CCR2 in monocyte recruitment and leads to entrapment of
monocytes in the bone marrow in absence of CCR2.1%®

However, CCR2 can also have non-chemotactic functions."”® CCR2
signaling can affect functional polarization of monocytes/macrophages.
It has been implicated in the promotion of suppressive nature M-
MDSCs and tumor associated macrophages.!” Pre-treatment of
macrophages with CCL2 promoted M2-like features and inhibited pro-
inflammatory cytokine, IL-12 production in response to IFN-y and
staphylococcus aureus.'®® Moreover CCR2 also acts as homing receptor
involved in recruitment of Tregs and can be expressed on several subsets
of T cells.’®1 CCR2" Tregs have enhanced capabilities of producing IL-
10.181 Owing to the critical role of CCR2 in recruitment of
inflammatory monocytes, many pharmaceutical companies had
developed CCR2 antagonist, but those drugs managed to reach only
Phase II trials with limited effectiveness.'®? This could be partly
explained by the dual role of CCR2 in recruitment of anti-inflammatory
cell types such as MDSCs and potential interference in
immunoregulatory axes involving macrophages and Tregs.*%? Therefore,

33



CCR2 acts as double-edged sword, enabling tissue repair and pathogen
defence, as well as inflammation and tumour progression.

4.3 Tolerogenic DCs

Tolerogenic DCs (tolDCs) are specialized subsets of DCs that suppress
immune responses and prevents autoimmunity. Steinman and
colleagues published a foundational concept describing immature DCs
are not just inactive cells waiting for a pathogen. Instead, in steady-state
tissues, they continuously sample self-antigens and environmental
antigens, silencing self-reactive T cells or expanding Tregs.'®

TolDCs exhibit tolerogenic features that includes a low expression of
HLA-DR and co-stimulatory molecules CD80/CD86,%* reduced
capacity to produce pro-inflammatory cytokines and low T cell
stimulatory capacity.'®> Moreover, under clinical settings, it has been
shown that they could induce infiltration of Tregs that suppressed graft
rejection.'®® Furthermore, tolDCs can express immunomodulatory
proteins such as PD-L1, inducible costimulatory ligand (ICOSL),
Indolamine 2,3 dioxygenase (IDO) and ILT3/4 molecules and produce
anti-inflammatory factors such as IL-10 and TGF-B.16718 These

molecules aid in suppressing T cell responses.16®

In laboratory settings, DCs are either isolated from blood, lymphoid, or
non-lymphoid organs, or generated from monocytes via GM-CSF and
IL-4 stimulation. TolDCs are generated and expanded in vitro as
therapeutic agents to suppress autoimmunity.'® Over the last few
decades, a broad range of immunomodulatory mediators and anti-
inflammatory agents, such as dexamethasone, rapamycin, 1a,25-
dihydroxyvitamin D3, PGE2, glucosamine etc. have been successfully
employed to generate these tolerogenic phenotypes in DCs.2”° (Figure
5) Previously, it was also reported that oligonucleotide targeted for
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silencing of NF-kB in DCs, could be used to generate tolerogenic
DCs.1

In physiological conditions, tolDCs expressing immunoglobin family
proteins BTLA and CDS5, are abundant and strategically positioned in
various lymphoid tissues, capturing self-antigens from apoptotic cells
and maintain self-tolerance.’> CD36 engagement via apoptotic cells
has also been shown to induce tolDCs that produce IL-10 and promote
FOXP3" Ty development.’® Vitamin D3 acts as a key factor for
induction of tolDCs in vivo.'”!> Vitamin D3 binds vitamin D
receptors in DCs, which upon activation cooperate with JAK2 and
STAT3 to induce tolerance associated gene profiles'’®. Moreover,
dietary supplements such as zinc has also been shown to promote
tolerance in DCs.172

Emerging evidence points to the existence of tolDCs in barrier tissues
such as the skin and gut. LCs expressing CD207'® and dermal DCs
expressing CD141, produce IL-10, suppress T cell responses and can
promote Tregs in human skin.!”” LCs was reported to express higher PD-
L1 and IDO in association with psoriatic lesions, suggesting a
protective role.!”® In experimental colitis models, CD103* DCs from
mesenteric LN and lamina propria, could express IDO and promote
FOXP3" Trees. !” Therefore, growing evidence suggests that mere
expression of certain markers is not enough to define tolDCs. The
ability to promote Treg pools and the ability to switch on certain gene
regulatory networks along with metabolic programs might be necessary
to generate tolDCs.!8%18! Understanding effective tolerizing and
molecular factors found in physiological environments, that control DC
function will be crucial for designing effective therapies for directing
immune tolerance.

Overall, more strategies are needed for effective modulation of DC-
induced tolerance that can help in the development of cell therapies for
autoimmunity and transplantation.
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Figure 5: Different strategies involving the generation of tolerogenic DCs
in vitro using monocytes (in human) or bone marrow derived DCs (BMDCs;
in mice) and the consequent tolerogenic features associated with such cells.
TolDCs exhibit key tolerogenic features by displaying distinct phenotype with
reduced expression of MHC II, co-stimulatory molecules CD80/86 and
reduced capacity to produce pro-inflammatory cytokines and antigen
presentation to T cells. Furthermore, tolDCs express inhibitory molecules and
promote the induction of Trs. Image created in Biorender

4.4 Myeloid-derived suppressor cells (MDSCs)

MDSC:s are a heterogenous group of myeloid immune cells that play an
important role in immune regulation and suppression of immune
responses, not just during infection or autoimmunity but also in
pregnancy and neonates.'®%18% They are characterized as being of
myeloid origin. Since the 2000s, there has been growing interest in
defining and characterizing these cells, especially in the field of cancer
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due to their potent immunosuppressive behavior.'® They can be grossly
be classified into two types depending on the expression of cell surface
markers and morphology; monocytic MDSC (M-MDSC) and
polymorphonuclear/granulocytic MDSC (PMN-MDSC). Notably,
there is evidence that the majority of PMN-MDSC can differentiate
from monocyte-like precursors.’®> M-MDSCs accumulate in lymphoid
organs and tumors in response to growth factors (such as GM-CSF, G-
CSF, M-CSF, SCF, and VEGF), cytokines, and chemokines (such as
IFN-gamma, IL-1B, IL-6, IL-8, and TNF-a) released during
pathological conditions, such as cancer and inflammation.'8¢

Currently, murine MDSCs can be identified as being phenotypically
quite similar to monocytes and granulocytes in terms of cell surface
markers that they express. However, they can functionally suppress T
cell responses.’®® In humans, PMN-MDSCs have been shown to
express lectin-type oxidized LDL receptor (OLR1/LOXT1), which can
be used to identify them in cancer patients.®”-18 Human M-MDSCs can
be distinguished from monocytes by their reduced expression of MHC
class II molecules.!® Recently, CD84, a self-binding immunoreceptor
of signaling lymphocyte activation molecule (SLAM) family, was
suggested to be upregulated in MDSCs which further led to
upregulation of PD-L1 expression.’®® PD-L1 expression on MDSCs is
pivotal for T cell suppressive responses.'®! Furthermore, MDSCs
upregulate of ectonucleotidases CD39 and CD73'%? resulting in
increased production of adenosine that inhibit effector T cell
responses.'” Yet, we lack standardized strategies to discriminate
between the conventional counterparts due to their heterogenous nature,
and consequently more novel markers along with functional validation
are needed to characterize MDSCs. Therefore, several parameters
should be measured simultaneously to define these cell types. Table 1
summarizes the typical characteristics of MDSCs in mice and humans.
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Table 1: Characteristics of M-MDSC and PMN-MDSC compared
to classical monocytes and neutrophils

Feature Monocyte Neutrophils M-MDSC PMN-MDSC

Origin CMP and |CMP and |CMP and | CMP, granulocytic and
monocytic granulocytic monocytic monocytic precursors'®
precursors'** precursors'** precursors'”’

Activation TLR ligands, PAMPSs, DAMPs |Prolonged exposure to cytokines and

stimuli (short duration stimulus) chemokines released during chronic infection,

inflammation and cancer

Phenotypical Mice: %0197 Mice: 19617 Mice: 196197 Mice: 196197
markers CD11b'Ly6G™ |CDI1b+LY6G |CDI11b'Ly6G™ CDl1 1b+Ly6G+Ly6C"’
Ly6C" +Ly6C" Ly6C"
Human: 196,197
Human:l‘)é.l(ﬂ Human:196,197 Human: 196,197 CDI lblCDl4 CD]S‘
CD14'CD15~ CDI11b'CDI14” | CDI14'CDI15
HLA-DR" CD15" CD66b* | HLA-DR"
Developmental |GM-CSF, M- |GM-CSF, G- |M-CSF*®, GM-CSF*?, VEGF, IL6*%,
factors CSF, FLT3L, |CSF, SCF" VEGE,?! IL-1B,%° HIF 102"
SCF!*® adenosine,?"!
HIF10>"!
Factors - STAT3%*, STATI1*S, STAT6*, NF-xB>,
regulating COX2%, CEBPB*®, IRF8* etc.
suppressive
function
Mechanism  of | NOS2/NO, IL- |ROS/NOX2, ARG,
suppression 10%,  TGFB*'’, | PGE?"?
PD-L1%!!

A defining feature of MDSCs is their ability to inhibit immune
responses of other cells i.e. mediated by T cells, NK cells, and B cells.
This typically involves the release of several factors that aid in the
regulation of immune responses.?’> M-MDSCs mediated suppression
appears to be achieved through nitric oxide (NO) release that inhibits
IL-2 production in T cells, production of anti-inflammatory cytokines
IL-10 and TGF-B and expression of immunoregulatory proteins such as
PD-L1.2®> While PMN-MDSCs predominantly utilize ROS, ARGI
cyclooxygenase 2 (COX2) and prostaglandin E2 (PGE2). 206212214 [[_-
10 is crucial for activation and upregulation of the signal transducer and
activator of transcription (STAT) 1 and 3. STAT3 is the central
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signaling pathway in MDSC.25216 MDSC-produced IL-10 plays a
critical role in the induction of Tregs that have anti-proliferative effects

on T cells.2t”

Emerging evidence supports that MDSCs have a crucial physiological
role in shaping immune responses in pathological conditions and in the
resolution of inflammation.?*® MDSCs contribute to tissue repair and
wound healing processes. In fact, it has been suggested that they have
a protective role in early phase of tissue injury (within minutes to days)
and later phases of resolution (within days to weeks) particularly in
context of wound healing.?!” CCR2" MDSCs were recruited to wound
site and proliferated/transdifferentiated into fibrocytes driven by TF,
Kruppel-Like Factor (KLF4).28 In a mouse model of dermatophagoides
farinae (Df)-induced AD-like skin lesions, authors showed that
intravenous injections of MDSCs from human cord blood, resulted in
improvement of clinical symptoms, and suppressed Th2 responses.**°

In more chronic settings such as infection and sepsis, MDSCs
accumulate in large numbers.??! (Figure 6) Sepsis patients have high
number of MDSCs circulating in their bloodstream often used as an
indication of chronic state.??! In sepsis survivors, MDSCs accumulated
increasingly over time and displayed T cells suppressive properties only
at later stages.”* This study highlights that MDSCs have a dual role and
attempt to clear infection at early stages but persistent exposure to pro-
inflammatory environment leads to increased MDSC-mediated T cell
suppression.’”> Chronic inflammation also occurs in obese patients
who have shown increased numbers of MDSCs in the adipose tissue. It
has been suggested that large amounts of free fatty acids originating
from hyperplastic adipocytes can profoundly affect the local myeloid
cell subset and can functionally reprogram them to form MDSCs with
immunosuppressive properties.??* Inhibition of fatty acid uptake by
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depletion of transport proteins in vitro, could prevent the
immunosuppressive function of MDSCs.2%°

However, molecular mechanisms for intrinsic and extrinsic tissue
microenvironment related signals that promote MDSC recruitment and
differentiation, and their switching to ‘harmful’ state by persistence
rather than mere presence, is still not clear. Understanding the
immunosuppressive factors that promote MDSC recruitment will aid in
development of improved therapeutics for treatment of autoimmunity
and cancer.

Protective role of MDSC in Detrimental role of MDSC in
Homeostasis Inflammation
Cytokines, » PAMP/PRR Cviokine storms s Cancer
growth + Infection yiokine * Sepsis
factors ete. « Pregnancy o Te « Chronic infection
® « Obesity ER =D « Autoimmunity
%0 o ==
*0
Transient Prolonged
exposure exposure
« Suppression of inflammation . Continu_ous inflammation
+ Restore homeostasis * Expansion of MDSCs
« Differentiation to macrophages, DCs, neutrophils etc. + Tissue damage and tumour development

Figure 6: Role of MDSCs in regulating homeostasis and inflammation.
Under steady state, it has been implicated that MDSCs exhibit a protective
role by preventing excessive inflammation and restoring tissue homeostasis.
Once homeostasis has been reached, they continue to differentiate to form
DCs, macrophages etc. Under inflammatory conditions, such as cancer or
sepsis, persistent antigen exposure can lead to MDSC recruitment to the site
in large numbers as a failed attempt to prevent inflammation. Uncontrolled
extrinsic signals in the form of cytokine storms for example, lead to perpetual
loop of inflammation, tissue damage and tumor progression. Inspired by
Sanchez-Pino et al. 2021, Image created in Biorender
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5. Role of Tegs

Tregs play a crucial role in maintaining tolerance in the body. Natural
Tregs initially develop in the thymus and migrate to secondary lymphoid
organs. Tregs also develop in the periphery from conventional T cells
upon receiving appropriate signals and cross talk with APCs (eg.
induced Tregs).?2® The discovery of FOXP3 gene served as defining
transcription factor for identification of Tregs>?’ They can also express
additional TFs such Helios, GATA, RORYT, PPARYy etc. which are
uniquely expressed by different subsets of Trgs in their tissue
microenvironment.??® Treg in the gut mainly express RORyT whereas
60% of Tregs in the skin are GATA'.228 CD4" Tregs also express high
levels of the IL-2 receptor a-chain, CD25.22° They express high levels
of checkpoint proteins such as CTLA4, PD-1 and GITR that play an
important role in the immunosuppressive function. CD223 and TIGIT
are some other immune checkpoint proteins that they express which
have different functions depending on the tissue-specific subsets.??
Tregs act as important breaks on the immune system and suppress
immune responses mainly via three mechanisms including contact-
dependent suppression utilizing inhibitory molecules, metabolic
disruption of conventional T cells and secretion of inhibitory cytokines
such as IL-10 and TGF-B.23° APCs can drive the development of Tregs
not only in the thymus but also in the periphery. CCL17/CCL22
gradients generated by thymic DCs guide the development of Tregs by
CCR4 engagement.?®! In the periphery, cDC2(CD1¢"CD5") subtype in
humans, have been predominantly shown induce T-cells that produce
IL-10.%2 In addition to immunosuppression, Tregs can also involve in
maintenance of hair follicle stem cell niche in the skin. It has been
shown that Tregs can activate hair follicles and help in regeneration of
hair.?3® Taken together, complex cross talks between APCs and Tregs
play an important role in peripheral tolerance.
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6. Skin: An Immunological barrier

The skin forms a major barrier between the body and the external
environment. It provides physical, chemical and immunological
protection from mechanical injury, water loss, pollution, UV damage
and microbial pathogens. Besides being a mechanical barrier, skin is
described as the first line of immunological defense against
pathogens.?3* First conceptualized as skin-associated lymphoid tissue
by Streilein in 1983, the cutaneous immune system is now known to
comprise a vast cellular network.?>> This includes KCs, LCs, DCs,
macrophages, mast cells, neutrophils and tissue-resident T cells. In
addition to fighting off pathogens, skin immune cells have an important
role in the maintenance of a tolerogenic environment to prevent the
development of allergic responses and hypersensitivities. It is
constituted by many different cell subsets with specialized functions,
which will be described in more details below.

6.1 Immunoregulatory role of cutaneous innate
immune cells

To understand the tolerogenic pathways governing cutaneous immune
homeostasis, it is crucial to map the complex repertoire of resident and
recruited innate immune cells. The skin harbors diverse subsets of
myeloid and lymphoid cells that engage in intricate, coordinated
networks of cellular crosstalk.

LCs are the most prevalent innate immune cells in the epidermis,
accounting for 3-4% of epidermis. They have an embryonic origin and
are maintained in situ by self-renewal.?¢ About 10-20% of LCs can also
be derived from the bone marrow and peripheral mononuclear myeloid
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cells.?*” Furthermore they have been classified into tissue macrophage
lineage despite having a morphological resemblance to dendritic
cells.?*® In humans LCs express CD1a, HLA-DR, EpCAM and langerin
(CD207) while in mice, LCs are usually identified by CD11c in addition
to aforementioned markers.?3%24°  They act as potent professional
APCs, and upon activation upregulate MHCII, CD40 and CCR7, and
migrate to the skin draining lymph nodes.?*! LCs have also been shown
to induce immunosuppressive effects, opposing its antigen-presenting
function. LCs were found to protect mice from developing allergic
contact dermatitis by tolerizing CD8" T cells and further promoted the

induction of FOXP3" Tregs.2?

Recent data suggests the existence of several subsets of DCs in the
dermis.’* Dermal ¢DCs reside near the dermal-epidermal junction.
Serving as highly efficient APCs, they improve the skin's immune
defense by capturing pathogens and activating T cells.?3® Depending on
the function and phenotype, they can be classified into either dermal
cDCI1 or cDC2 subsets (Figure 7 for murine subsets).

In humans, cDC1 expresses CD141, CLEC9A, CADMI1, and XCR1
while in mice they are identified as CLEC9A" XCR1* CDI11b" cells.
(Figure 7) cDClare highly specialized in cross-presentation to CD8" T
cells and antiviral/anti-tumor immunity.>** The other subset, cDC2,
constitute 90% of dermal DCs and are identified as CD11b" CCR2"
¢DC2s in mice and CDIllc" CDIc" in humans?* cDC2 are
phenotypically heterogenous and can present antigens to naive T cells
to drive Theper immune responses.”*® In humans, CD141" ¢DCl
produced high levels of IL-10 and suppressed inflammation
transplantation  models.>*’” Moreover, a subset of cDC2,
expressing CD301b, was recently reported to capture commensal
antigens in neonatal skin and promoted tolerance via RALDH mediated
Tree induction.”*® In mice, it was found that dermal DCs expressed
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Aldhla2 (involved in retinoic acid or Vitamin A production) which
promoted the development of Trgs in the skin.?*® Therefore, the
presence of regulatory DC subsets within both murine and human skin
is well-documented.

Compared to LCs, cDC2 and moDCs have short lifespans and
continuously renewed from bone marrow-derived precursors in a CCR2
dependent manner.?*° It is known that moDCs can be derived from
blood Ly6C™ monocytes in mice!3® and CD14"CD16™ monocytes in
humans.>®! MoDCs exert their function locally at the sight of
inflammation and show less migratory capacity to lymph nodes
compared to cDCs.?*? (Figure 7). Recruited Ly6C™ monocytes can
either develop into anti-inflammatory DCs or pro-inflammatory DCs
that produce effector cytokines.?>® Similarly, dermal macrophages can
develop from monocytes. Murine dermal macrophages develop from
extravasated Ly6C"CCR2* monocytes, which upon differentiation,
downregulate CCR2.1%® (Figure 7) Dermal macrophages, however,
have poor antigen presenting capacities compared to dermal DCs and
express unique set of genes involved in scavenging self-molecules and
pathogens. Interestingly, both CD11b" dermal macrophages and
moDCs in mice, express high levels of /L7/0 mRNA suggesting their
role in homeostasis.?>* Moreover, dermal macrophages pool in the skin
are continuously replenished by Ly6CM monocytes after birth.?>*

Other innate immune cells found in the skin are pDCs, mast cells,
granulocytes and ILCs. pDCs are usually absent in healthy skin, but a
large proportion of the pDCs are detected during inflammation in skin.
255 Mast cells are effector cells responsible for IgE responses to allergen
exposures.”>® Recently, neutrophils producing matrix, via TGF-B
signaling was shown to play an important role in skin homeostasis.?’
In human skin, ILCs act as tissue resident innate immune cells,
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mirroring the activity of T cells but without expressing antigen
receptors.?>®

Collectively, innate immune cells in the skin do not merely act as static
barriers; they serve as critical orchestrators that shape downstream

adaptive immunity and maintain local tissue homeostasis.
Understanding the mechanisms governing their functions may be
crucial to develop effective therapies for skin disorders.
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Figure 7: Major subsets of innate immune cells in the skin (mouse). KCs
act as non-professional APCs sensing PAMPs and DAMPs. LCs are most
dominant APCs present in the epidermis, and there they capture antigens and
further migrate to the lymph nodes. Dermal DCs comprises of XCR1* ¢DCls
involved in cross-presentation to CD8" T cells and CD11b* ¢cDC2s that direct
T helper responses. In addition to DCs, Ly6C" monocytes can extravasate the
skin which can further differentiate to form moDCs and dermal macrophages
in a CCR2 dependent manner. /mage created in Biorender
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6.2 Keratinocytes as guardians of skin
homeostasis

KCs constitute the outermost layer of skin and are the most abundant
cell type found in the skin. They provide structural, functional and
immunological support to the skin.?> From the structural integrity point
of view, they form outer layer of epidermis constituting distinct layers
including stratum basale, stratum spinosum, stratum granulosum and
stratum corneum (containing the keratin filled dead corneocytes in a
lipid matrix).%®° They originate from the stem cells residing in stratum
basale and successively proliferate and terminally differentiate as they
move up. Any perturbations in this structure can damage the skin barrier
and expose the internal layers to allergens, chemical irritants and
pathogens which lead to the development of skin inflammatory

disorders such as atopic dermatitis, psoriasis etc.25?

At resting state, KCs are the most abundant non-professional APCs
involved in antigen presentation during an immune response.?®?> They
play a vital role in sensing extracellular pathogens and function as key
initiators of immune responses due to the expression of various PRRs
including TLRs and NLRs. KCs can identify molecular motifs
associated with pathogens; PAMPs such as LPS, nucleic acids from
viruses or bacteria, etc. that bind to various pathogen recognition
receptors (PRRs) such as TLRs, C-type lectin receptors (CLRs),
Nucleotide-binding oligomerization domain-like receptors (NLR) and
Retinoic-acid-inducible gene I (RIG-I)-like receptors.?®® After
activation, they release cytokines, alarmins and chemokines, that signal
to recruit and activate other immune cells to the skin.26426
Additionally, KCs are inherently programmed to produce cationic
antimicrobial peptides namely defensins and cathelicidins, an

evolutionarily conserved strategy in KCs used to fight off infections.?%>
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Following tissue injury, KCs recognize dsRNA released from dying
necrotic cells and activate TLR3.26¢ This pertains to the fact that KCs
express very high levels of TLR3.267 Other than TLR3, they also
express TLRs 1-6 on the cell surface and TLR7/8/9 which are
endosomal.?®® Other receptors such as TLR2/4, transient receptor
potential vanilloid (TRPV)-1 and TRPV4 can further lead to production
of itch-inducing mediators such TSLP, IL-33 and IL-25 by KCs.26¢

By acting as non-professional APCs, KCs can activate T cells in the
skin. KCs upon activation, can express MHC II and present antigens to
CD4" T cells. KCs lack co-stimulatory molecules CD80/CD86 but
transmit co-stimulatory signals through interaction of CD58 on KCs
and CD2 on T cells.?%® Therefore through production of cytokine and
direct contact with T cells, KCs can influence T cell responses.

Whether KCs act as initiators of psoriasis has been a matter of debate.
But they do play a crucial role in immunopathology of psoriasis. Haase
and colleagues showed that conditional ablation of inhibitor kappa B
kinase 2 (IKK2) in KCs (K14-Cre/Ikk2""FL), led to spontaneous
development of psoriasis in mice.’® Follow-up studies led to the
identification of TNFR1-mediated IL-24 production by KCs which
initiated severe inflammation.?’® Furthermore, it has been suggested
that KCs can retain memory-like functions and can lead to relapse of
psoriasis and AD.?"! This involved rapid production of IL-7 or IL-15
upon exposure to certain triggers, which further activated resident
memory T cells (Tm), thereby lowering the threshold for inflammation
by attaining a baseline pro-inflammatory state.?’! Furthermore,
crosstalk between KCs and other immune cells—including ILCs, mast
cells, basophils, and DCs—creates a continuous cycle of activation,
especially in patients with AD.?%®¢ Therefore, KCs constitute an
important cell type that may be targeted in skin disorders as they are the
key drivers of inflammation and barrier dysfunction.
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6.3 Role of T cells in the skin

Under homeostatic conditions, the human skin contain billions of T
cells comprising resident T cells along with recirculating T cells.?”2

Foster et al. in 1990s, were the first ones to demonstrate the existence
of T cells in the skin.?”® Skin T cells form functionally and
phenotypically diverse subsets that have been named based on their

location, memory status and functions.

Upon exposure to environmental stimuli, activated LCs and dermal
DCs in skin migrate to the skin draining lymph nodes where they direct
effector T cells (Terr) production which further leads to the recruitment
of Tetr cells from blood into the site of infection.?’* This occurs through
skin homing receptors such as CCR4, CCR8 and CCR10.27>276

It was shown in early studies by Spetz and colleagues in 1996, that
majority of T cells in the epidermis expressed CD45RO and were
negative for CD62L suggesting a memory phenotype.?’” Up until
2000s, it was thought that T cells in the skin were recirculating.?’>"’
This was changed by seminal studies by Masopust et al. who suggested
the concept of tissue resident T cell with lytic effector functions.?’®
Later Gebhardt and colleagues provided evidence for the proposed
concept of tissue resident T cells, where they showed a pool of Tesr
persisted after HSV infections, which were maintained as tissue
resident memory T cells(Trm).2”

Alternatively, APCs in skin can directly activate tissue recruited Tesr
and skin residing Tmm cells.?®® Resident memory cells are non-
circulating T cells that can reside in the skin indefinitely and identified
by the expression of markers CD69, CD103, and CD49a.2’4281 By
suppressing the surface expression of SIPR1, CD69 acts as a crucial
retention signal that prevents T cells from exiting the tissue.”®* T in
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the skin exhibit a characteristic signature expression of transcription
factors such as B lymphocyte-induced maturation protein 1 (Blimp1)
and runt-related transcription factor 3 (RUNX3),283,284

Another population of T cells in the skin are recirculating memory T
cells (Tm) acting as protective and immune surveilling cells that are
ready to act as soon as they encounter an attack from an unknown
pathogen.?®> They are identified as CD69°, CD103" and CLA" T
cells.?”” Central memory T cells (Tem) express CCR7 and CD62L and
can circulate between blood and lymph nodes?®® and enter or exit the
skin in response to CCL21 gradients.?8” Notably, it has been suggested
that central memory T cells act as memory stem cells due to the
exposure to environmental antigens since birth and they can undergo
self-renewal constitutively.?®

To maintain barrier integrity and suppress inflammation, the skin
harbors a population of Treg. Tregs in the skin get activated upon
receiving appropriate stimuli, for example, when it comes into cellular
contact with dermal fibroblasts.?*>28°Around 20-60% of the CD4" T
cells found in adult mouse skin are Treg cells and in humans, around
20% of T cells are resident Tregs.23¥2%0 Most circulating Tregs €xpress
skin-homing chemokine receptors such as CCR4 and CCR6 that
facilitate trafficking to the skin in response to chemokine gradients
constituting CCL22/CCL17 and CCL20 respectively.?*! Interestingly,
Tregs in skin are very heterogeneous, as they recognize a variety of
antigens.?®? A recent study tracking Tregs in skin showed that a subset
expresses Nrpl while the other expresses granzyme B or CTLA4.2%3
Memory Tregs can also be induced in the skin upon repeated antigen
exposure and interestingly, they can persist even after the antigen is
removed, but respond with greater efficiency when re-challenged.?
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Given the substantial role of T cells in maintaining homeostasis in the
skin, more studies are needed to understand strategies for skewing T
cell responses in a desirable manner and preventing immunopathology.

6.4 Inflammatory Skin disorders

Skin inflammatory disorders are characterized by overreactive immune
activation and the continuous infiltration of T cells. In both chronic and
acute conditions, common clinical manifestations include redness,
itching, swelling, and pain. Among the most frequent of these disorders
are psoriasis and atopic dermatitis, both of which involve complex
immunopathology, as described below.

6.4.1 Psoriasis

Psoriasis afflicts 1-3% of adults.?®> Psoriasis vulgaris, the most
common form of the disease, is characterized with raised red and scaly
plaques in the skin that histologically resembles thick epidermis with
excessive growth and uncontrolled proliferation of KCs. Moreover, the
stratum corneum layer of the psoriatic skin harbors abnormally
differentiated KCs that lose their basic function of barrier protection
and secrete extracellular lipids.?”® During the initiation phase, KCs get
activated by triggers such as infection, stress or injury leading to release
of AMPs and pro-inflammatory cytokines IL-1p, IL-8 and IL-6. KCs
produce the AMP, LL-37 that forms complexes with self-DNA (from
dying KCs) and such complexes trigger TLR9 activation in pDCs which
in turn, release high levels of IFN-a.?°” These cytokines activate dermal
DCs (forming iDCs) which further produce pro-inflammatory factors
such as iNOS, IL-23, TNF-a and IL-12.2°® These cytokines drives IL-
23/IL-22 mediated activation of Thi7/Th22 responses.?”” Thi7 and Thaz
cells aggravate inflammation by producing high levels of IFN-y, IL-17
and 1L-22.3% (Figure 8) Furthermore, the Th17/Tr balance was shown
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to be disrupted in psoriasis skin.3%! In terms of signaling, psoriatic
lesions display high expression of STAT and NF-xB TFs, along with
growth factors such as PDGF and VEGF that support stromal cell
growth.3%?

Conventionally, treatment with cyclosporine, methotrexate and
acitretin is carried out in mild to moderate cases.3®®* Many effective
biologic treatments are available such as TNF-o inhibitor, 1L-23
inhibitor and IL-17 inhibitor in addition to topical corticosteroids and
Vitamin D analogs.3%* IL-23R signaling plays a crucial role in psoriasis
pathology. IL23 from myeloid cells, can further activate IL23R" T cells
and innate immune cells such as (mucosal-associated invariant T cells,
ILCs, y8 T cells, and NK cells) to drive skin inflammation.3%>-3%
Icotrokinra, a recent approval for patient use, is a once-daily oral
peptide that selectively blocks the IL-23R, showed great efficacy.’®
New drugs such as TYK2 inhibitors, envudeucitinib (phase 3) and
zasocitinib (phase 2b), also showed promising effects.’*!? Yet, a more
rationalized cost-effective therapy 1is required for improved
management and complete cure of psoriasis.

6.4.2 Atopic dermatitis

AD is a common chronic skin inflammatory disease with a lifetime
prevalence of 20%, associated with intense form of itch and recurrent
eczema like lesions. Patients with AD, tend to have greater
predisposition to develop hypersensitivity like diseases such as allergies
and asthma.3!? Intense scratching and consequent exposure to allergens
seem to act as triggers.3!! Loss of function mutations in Filaggrin gene
also contribute to barrier dysfunction and can lead to the development
of AD in humans and dogs.3!23!? (Figure 8) The immune response in
acute AD is highly skewed towards Tnz cell mediated pathways leading
to epidermal barrier disruption and increased T cell infiltration with
release of cytokines including IL-4, IL-13, IL-22, IL-25, IL-31, IL-33,
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and TSLP.31*AD patients often exhibit elevated serum levels of IgE and
eosinophils 31> that recirculate and engage in allergen triggered IgE"
LCs and mast cells that further contribute to T responses in acute AD
conditions.?'® (Figure 8) Subclinical inflammation in AD patients is
common involving high expression of type 2 cytokines even in normal
looking AD skin. Progression to chronic conditions involve infiltration
of greater number of inflammatory IDECs, macrophages and
eosinophils that can switch the response to a Tni type response with
increased IFN-y release.3'® More recently, increased Tni7 and Th2
responses have been reported, suggesting a complex immunopathology
in AD.3Y These factors culminate in the clinical signs of chronic AD,
which include thick plaques and dry, fibrotic papules. Furthermore, the
accumulation of dead KCs fuels an ongoing itch-scratch cycle, leading
to progressive lichenification.3'® Moreover, many AD patients develop
increased sensitivity towards food allergens, leading to the atopic
march.3!’ Staphylococcus aureus infections are common in 90% of AD
patients which is further aggravates the disease. Superantigens
originating from the S. aureus, such as SEA, SEB and TSST-1 leads to
further mast cell degranulation, IgE production and increased
production of TSLP in AD.31°

Treatment options for AD have been effective, but limitations arise due
to adverse side effects and insufficient efficacy. Non-steroidal topical
treatments, such as crisaborole, roflumilast and tapinarof creams, are
used for treatment in children and adults (approved by US Food and
Drug Administration).’”® Topical Janus kinase (JAK) inhibitors,
including ruxolitinib, are effective with lowconcern for safety when
used locally.*?! Biologics targeting IL-4/IL-13 signalling has also been
used for treatment of AD. Dupilumab, a monoclonal antibody that binds
to alpha subunit of IL-4R has shown great efficacy by inhibiting IL-
4/IL-13 signalling and Ty, responses.*** It is currently approved for
usage in moderate to severe cases, after the landmark phase 3 trials in

201732 However, some adverse side effects were seen, such
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as injection-site reactions and conjunctivitis in the AD patient group
receiving dupilumab.??® Therefore, improved strategies are needed to

minimize adverse effects.

Skin Inflammation

Psoriasis

Atopic Dermatitis

Infection, injury, stress

o KC activation T

o, 00 KC hyperproliferation T
1B, IL6, I8, @ ® @ |AMPs (LL-37, S100As) T
cxcLioete.. @ @ -# | Chemokinest \

pDC IL174 /‘.\
IL17F Ra/

1L-22
IFN
‘3. o TNFa

e
112
IL-23

iDC TNFa

10 e0l gL, ILs,

H
g ’-f. @ TSLP
; LA

neutrophil &
recruitment }

: [EiR= IgE response T
i IECT I S
' Axist: > 3/} ’ 9.

! R _ B,

3 b dpc .

FLG deficiency A\Ierger}palhagens

itching

S. aureus

$ KC activation T

—®9@ &cxciio i-s3iis

LCs :
et 14
D 113 - Mast cell T
\-. it-4

cosinophils

£

Thi

: i IFNy T
! Axis2: — (@7 —> 1,
{ orenic Th TNFat

IL12 qF
IL-23 22

IDEC L33

siwepld]

siwiaq

Figure 8: Immunopathology of skin inflammatory disorders. In psoriasis,

environmental triggers such as infection, tissue damage and trauma can lead

to the activation of various cells such as KCs, pDCs, iDCs etc. Which in turn

activate T cells to develop Tni, Tni7 and T responses. Cytokines released
from T cells leads to further activation and proliferation of KCs which releases
AMPs and pro-inflammatory chemokines forming a vicious loop of
inflammation. In AD, barrier disruptions lead to activation of LCs, dermal
DCs and IDECs that cross talk with T cells, leading to increased Tn, and
Thi/1722 responses in acute and chronic conditions, respectively. T cells
further activate mast cells, eosinophils and plasma cells to release IgE. Thi/17/22
cells release IFN-y and TNF-a leading to chronic inflammation. Image created

in Biorender

53



7. Inmunomodulatory nucleic acids

Extracellular nucleic acids derived from viruses, bacteria, or damaged
host cells act as PAMPs and DAMPs in innate immunity. These genetic
materials are recognized by a variety of innate immune sensors,
including TLRs, RLRs, and intracellular helicases.3?* The endosomal
receptors TLR3, TLR7, TLRS, and TLRY constitute the major pathway
for detecting extracellular nucleic acids. TLR3 is activated by dsRNA,
that triggers TRIF dependent pathway leading to activation of IRF3 and
NF-xB.*” While, TLR7 and TLRS8 act as sensors for ssRNA, a
component of many viruses.’?**?” Moreover, TLR7 and TLRS8 are
activated when endosomal RNases degrade ssRNA into single
nucleosides (guanosine or uridine) and short oligonucleotides that bind
two separate sites synergistically, inducing homodimerization and
MyD88-dependent NF-xB signalling.*?%3? Unmethylated CpG-DNA
motif containing bacterial DNA triggers TLRO signalling leading to the
recruitment of MyD88 which triggers downstream NF-kB and IRF7
signalling. Synthetically generated immunomodulatory DNA and RNA
are widely employed to mimic natural ligands and activate endosomal
TLR signaling.*° Such as, CpG ODNs and Poly I:C are used to trigger
TLR9 and TLR3 respectively.!

Since the immune system must differentiate between foreign and host
genetic material, this nucleic acid-sensing machinery is under tight
regulatory control to prevent aberrant activation by self-DNA and self-
RNA.**? Crucial to the development of mRNA vaccines, the 2023
Nobel Prize in Physiology or Medicine was awarded for the discovery
that incorporating naturally occurring nucleoside modifications, such as
pseudouridine, alters the immunogenicity of synthetic RNA.3*
Specifically, Karikd6 and Weissman demonstrated that while
unmodified in vitro-transcribed RNA triggers inflammatory response
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via endosomal TLR7 and TLRS, these specific nucleoside
modifications allow the mRNA to evade TLR detection.333

A new class of single-stranded DNA or RNA with immunosuppressive
properties were discovered and described recently.33* Earlier, Skold and
colleagues demonstrated that a 35-nucleotide long CpG containing
ssON could inhibit Poly I:C mediated TLR3 signaling in moDCs.33
Interestingly, the removal of CpG motifs did not diminish their
immunosuppressive capacity.’>* Building on these findings, Jirver et
al. demonstrated that TLR3 inhibition was length-dependent, requiring
a minimum DNA length of more than 25 nucleotides. Notably, this
immunosuppressive activity was found to be largely independent of the
sequence.33® Furthermore, the immune dampening effects were also
observed with the RNA form of the ssON.*® These immunomodulatory
ssDNA oligonucleotides or ssON differed from antisense

oligonucleotides that act by binding with specific mRNA sequences.***

Additionally, Jarver et. al. demonstrated that a 35 nucleotide long ssON
possessed the capability to block endocytic uptake of TLR3 ligand
Polyl:C in moDCs and could dampen TLR3 mediated inflammation in
the skin of macaques in vivo.>*® Specifically, the temporary inhibition
of clathrin-mediated endocytosis was achieved by both native ssDNA
and methylated ssRNA 2'Ome, a modification often found in ribosomal
RNA. However, the inhibitory effect was more prolonged in the
presence of PS-backbone variant of ssON compared to the natural PO
backbone, due to higher stability of the molecule. Of note, 35 nucleotide
long ssON could not prevent macropinocytosis (dextran uptake)
indicating it can only interfere with certain endocytic routes but not
all.336

When evaluating TLR4 activation via LPS, ssON specifically inhibited
downstream TRIF-mediated signalling in moDCs, resulting in
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diminished secretion of IL-29 and CXCL10. It did not, however, block
the initial MyD88-dependent pathway occurring from TLR4 located on
the cell surface. Because TRIF signalling strictly requires TLR4
internalization into the endosome, this selective inhibition provides
strong evidence that ssON acts primarily by disrupting endocytic
trafficking.33® Leveraging this capacity to inhibit endocytosis, ssONs
have additionally been demonstrated to exert broad antiviral activity
against major respiratory pathogens, including respiratory syncytial
virus and Influenza A virus (HIN1).337338 A study also showed that
ssON could ameliorate itch by blocking mast cell degranulation in the

skin of mice.33°

Altogether, the data showing inhibited TLR3 activation in the skin of
macaques, reduced mast cell degranulation in murine skin and
supporting data with human cells in vitro, support the
immunoregulatory role of ssON in skin inflammation. These previous
studies raised key questions regarding the mechanism of
immunomodulation by ssON. In this thesis, we address these gaps in
knowledge to identify the specific cell types and molecular pathways
involved in ssON-mediated immunomodulation.
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8. Present Investigation

8.1 Aims of the thesis

The overall aim was to investigate the influence of non-coding single-
stranded oligonucleotides on skin immunity and their modulatory effect
on professional/non-professional APCs such as DCs, macrophages and
KCs. This was addressed through four projects and the specific aims
were:

. Paper I: To investigate the effect of ssON in the skin of healthy mice
and to map the local immune responses associated with myeloid cells.
Moreover, to phenotypically and functionally characterize the
accumulated myeloid cells in response to ssON administrations.
Further, we aimed to evaluate the immunomodulatory effect of ssON in
Imiquimod-mediated psoriasis model.

. Paper II: To evaluate if ssON can be used as an immunomodulatory
agent to induce tolerogenic DCs from human monocytes in vitro.

. Paper III: To evaluate if ssON priming in monocytes in vitro can
modulate the polarization of macrophages (Mo) into pro-inflammatory
(M) or anti-inflammatory (M>) cell types.

. Paper I'V: To investigate the role of ssON in inhibiting TLR3-mediated
responses in human keratinocytes and to assess the antigen presenting
capacities of staphylococcal enterotoxin B (SEB)-pulsed KCs to T cells
in presence of ssON.
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8.2 Material and Methods

The detailed description of methods and experimental set up can be
found in each individual paper. The main model systems and methods
utilized in this thesis are briefly described below.

8.2.1 Oligonucleotides

In most of the experiments we used the parent oligonucleotide, which
was a 35-base long fully phosphorothioate modified ssON, with the
sequence:
5’-GAAGTTTTGAGGTTTTGAAGTTGTTGGTGGTGGTG-3’

A 15-nucleotide long ssON with the sequence:
5'-GGTTTTGAAGTTGTT-3' was used as a control to show the length
dependency of oligonucleotide-mediated immunomodulatory effects.
Both oligonucleotides were purchased from Integrated DNA
Technologies and resuspended in 1X PBS solution and stored in -20°C.

8.2.2 Mouse models

Female BALB/cAnNCrl and C57BL/6J mice at 8—15 weeks (weighing
1622 g) were obtained from Charles River Laboratories. Female
B6.129S4-Ccr2tm11fc/J (CCR2—/—) were purchased from the Jackson
Laboratory. Mice had access to food and water ad libitum and were
maintained in a 12 h light/dark cycle and always in groups. 200uL of
PBS or ssON was subcutaneously injected on the back skin of mice
which shaved a day before while the mice were anesthetized.
Administration of oligonucleotides was done either once or multiple
times (3-4 times) in the same spot which was marked.
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8.2.3 Imiquimod-induced psoriasis model

For skin inflammation model, we used the well-established Imiquimod-
mediated psoriasis model. The back skin of the mice was shaved and
sensitized with 40uL of 5%IMQ cream in 1% week and challenged with
the IMQ-cream again in the 2" week. Another group of mice also
received ssON injections in parallel. The experimental scheme is shown
in Figure 8. Biopsies were collected on day 9 and downstream analysis
was using flow cytometry and NanoString.

Challenge
A\ '/\IMQ+ssON
Sensitization IMQ N e

““‘ ‘DT D8 D9 D10

'[ | | biopsy
sha\.ied ‘ ‘ \ Flow
DI D2 D3 D4 D5 Cytometry
00 I T T I T . 'IMQ A NanoString
IMQ MQ  IMQ MQ IMQ D8 D9 D10
I Ibiopsy

Figure 9: Experimental scheme for IMQ sensitization and challenge in mice
to develop skin inflammation. Adapted from Kamal et. al.>*°

8.2.3 Primary human cells

Human monocytes were isolated by negative selection from buffy coats
(acquired from Karolinska University Hospital, Solna) using
RosetteSep monocyte enrichment kit (1ml/10ml) followed by Ficoll
separation. Monocytes were grown in RPMI complete containing FBS
(10%), sodium pyruvate (1%), Hepes (1%), Penicillin and streptomycin
(1%), L-glutamine (1%) supplemented with IL-4 (6.5 ng/mL) and GM-
CSF (250 ng/mL) and for 6 days to differentiate into moDCs.
Monocytes were primed with 1puM ssON daily during moDC
differentiation. For macrophage differentiation, purified monocytes
were cultured in 24-well plates in RPMI 1640 medium containing 10%

59



FBS and recombinant human macrophage colony-stimulating factor
(M-CSF, 50 ng/ml, Immunotools) or GM-CSF (50ng/ml, Peprotech) for
6 days at 37°C with 5% CO». SsON was added twice on days 0 and 3
during macrophage differentiation Polarization to MIl-like
macrophages was achieved using Escherichia coli derived LPS (50
ng/ml; Sigma-Aldrich) plus IFN-y (20ng/mL, Peprotech) and into M2-
like macrophages using IL-4 (50 ng/ml, Immunotools) for 48 h.

For keratinocyte cultures, primary epidermal KCs isolated from adult
human skin were purchased from ATCC orlnvitrogen, andgrown in
recommended media, i.e. dermal cell basal media and defined KC-SFM
media, respectively with appropriate growth supplements. Cells were
seeded at a density of 6000/cm2 in T75 flasks and incubated at 37°C
with 5% COas. Cells were split before reaching 80% confluency, to
prevent growth arrest due to increased cell-cell contact, by using
trypsin-EDTA. Passages 2-6 were used for the TLR3 activation studies.

8.2.4 T cell activation assays

For assessing the T cell responses, APCs were co-cultured with T cells
that were activated either by using an anti-CD3 monoclonal antibody
(OKT3) or activated by allogeneic moDCs. The proliferation and
activation of T cells were assessed by CFSE dye dilution and CD69
expression on the proliferating T cells.

8.2.5 Flow cytometric analysis

Immuno-phenotyping was done using multi-parameter flow cytometry
using different myeloid and T-cell panels. The data were acquired on a
BD FACSverse machine and analyzed using FlowJo software.

8.2.6 Transcriptomic analysis

Total RNA were extracted from tissue biopsies orcells that were stored
in RNA later at -80°C until use. The transcriptomic analysis of mice
skin biopsies and tolDCs were done using NanoString technology
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related to immune genes for mouse and humans, respectively. Whereas
for macrophage samples, bulk RNAseq was done on the extracted
RNA. Differential gene expression and gene set enriched pathways
were analyzed to study the transcriptomic changes.

8.2.7 Cytokine analysis

For measuring the cytokine secretion in the supernatants, we used
standard ELISA techniques. For the APC and T cell co-culture
experiments, we used cytokine bead array technique to study the
secretion of T-helper related cytokines in the culture supernatants.

8.3 Results and discussion

8.3.1 Paper I: A Non-Coding Oligonucleotide Recruits Cutaneous
CD11b* Cells that Inhibit Theiper Responses and Promote T'regs

Myeloid cells are essential for maintaining skin homeostasis. Beyond
sensing pathogens, they continuously patrol the skin periphery to
sample antigens and secrete anti-inflammatory factors to maintain the
Treg pool. However, we lack the knowledge about which extracellular
cues could facilitate the recruitment of immunoregulatory myeloid
cells. In our study (Paper I), we found that a 35-mer non-coding single
stranded DNA oligonucleotide or ssON, could be used to recruit
CD11b" myeloid cells in the skin in a CCR2-dependent manner.
Previously, the study by Jarver and colleagues, showed that ssON, acts
as an immunomodulator that temporarily shutdowns certain endocytic
machinery in moDCs, inhibiting TLR activation by preventing the
uptake of TLR ligands. The effect was also shown in vivo in macaques,
where ssON could dampen TLR3-mediated inflammation in the skin
with increased IL-10 production. This led us to hypothesize if ssON
could induce the recruitment of anti-inflammatory cell types in the skin.
To address this question, we injected ssON subcutaneously into the
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back skin of mice either once or repeatedly. Analysis of skin biopsies
from ssON-treated mice revealed a significant increase in CDA45*
leukocytes, with the majority consisting of CD11b*Ly6C" monocytic
cells. This recruitment was dependent on the monocyte-trafficking
receptor CCR2, as ssON failed to induce the accumulation of CD11b*
Ly6C" monocytes in CCR2-deficient CCR2”" mice. Transcriptomic
analysis of the skin biopsies identified numerous differentially
expressed genes related to immunosuppressive pathways. Some of the
top genes were Ccl2, Pdll, 11t3, Socs1, 1l10ra, Nos2 and Cox2. Of note,
the 15-mer control oligonucleotide did not induce cellular recruitment
at the injection site and was not associated with any detectable
transcriptomic changes. This finding is consistent with previous
observations demonstrating that the immunomodulatory effects of
ssON are dependent on oligonucleotide length. The observed
transcriptomic alterations, together with the phenotypic characteristics
of the recruited cells, led us to hypothesize that ssON promotes the
recruitment of myeloid-derived suppressor cell (MDSC)-like
populations. A defining feature of these cells are that they can
functionally suppress T cell responses. As a next step, we tested the
functionality of the cutaneous CD11b" cells by co-culturing them with
T cells. We found that these cells suppressed T cell proliferation
following stimulation with an anti-CD3 antibody. Further analysis of
supernatants from T cell co-cultures revealed that cutaneous CD11b"
cells inhibited the production of several T-helper cell-associated
cytokines, including IL-2, IFN-y, IL-6, TNF-a, IL-4, IL-13, and IL-9.
Notably, CD11b" cells isolated from ssON-treated skin promoted the
production of the anti-inflammatory cytokine IL-10.

The induction of IL-10 was dependent on PD-L1 signalling, as reduced
IL-10 levels were observed in co-cultures treated with a PD-L1-
blocking antibody. This observation prompted us to investigate whether
Tregs were being induced under these conditions. Indeed, intracellular
staining demonstrated an increased frequency of CD4"FOXP3" Tregs
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among T cells cultured in the presence of CD11b" cells isolated from
ssON-treated skin.

Collectively, these findings suggest that ssON-induced CD11b"* cells
exert potent immunosuppressive functions and promote a regulatory
immune environment through PD-L1-dependent mechanisms. A
graphical summary of the findings for paper I is presented in Figure

10.
NSON administrations
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Figure 10: Graphical summary of paper I: Repeated treatment with ssON
leads to CCR2-dependent accumulation of CD11b"Ly6C" monocytes that
express high levels of checkpoint proteins PD-L1 and ILT3. Recruited cells
can inhibit Thi/0 responses in vitro and Tni7 responses in vivo while promoting
the induction of FOXP3" Tys. Image adapted from Kamal et. al.>*

Next, we sought to determine whether ssON could suppress Thi7-
mediated responses in vivo. To address this question, we employed the
well-established  imiquimod (IMQ)-induced psoriasis model.
Transcriptomic analyses were performed on skin biopsies collected
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from mice treated with IMQ and ssON and compared with those from
mice treated with IMQ alone. (Figure 11). Interestingly, we observed
increased expression of the genes Slamf7 and Trem2. Trem2 1is
expressed by macrophages and has been implicated in promoting
wound healing as well as driving macrophage polarization toward an
M2-like phenotype.**! Although Slamf7 can be expressed by multiple
immune cell types, it plays a particularly important role in monocytes
and macrophages, where it functions as a molecular “brake” that
dampens pro-inflammatory cytokine responses.>*>** Cell suspensions
obtained from skin biopsies were subsequently restimulated ex vivo
with PMA and ionomycin to assess IL-17 production by T cells. We
observed a significantly reduced frequency of IL-17—producing T cells
in IMQ-treated mice that received ssON injections compared with mice
treated with IMQ alone (Figure 11B). Among the most strongly
downregulated differentially expressed genes were Tn2-associated
cytokines, //13 and Tslp along with genes for Thi7 and Tn22 cytokines,
1117f and 1122 respectively. (Figure 11C)

Most studies have been directed towards T cell dependent immune
responses in skin disorders.>** More investigation is needed to assess
the role of immunoregulatory APCs and MDSCs as they dictate the T
cell responses.?®® In paper I, we show persistent signals in the form of
repeated ssON injections, could recruit large numbers of CD11b"Ly6C*
monocytes in the skin of mice. CCR2 was important for mobilization
of ssON-mediated monocyte recruitment in the skin, as we failed to
recruit them in CCR2”- mice. In bacterial infection models, it has been
shown that CCR2 is critical for egress of monocytes from the bone
marrow into the bloodstream.>*> However, the entry of monocytes into
the spleen tissue, at the site of bacteria infection in Listeria infection
model, was not dependent on CCR2.2% A limitation of our study in this
aspect is that we used CCR2 knockout animals, where it has been shown
that monocytes gets entrapped within the bone marrow, therefore
leading to reduced monocyte levels in circulation.>* Our results from

64



CCR2"" mice, indicate that the monocytes recruited in the skin after
ssON treatment, could have originated from the bone marrow as we did
not see any recruitment in such mice. Notably, MDSC precursors are
normally present in the bone marrow.'®® To definitively determine the
origin of recruited monocytes, more studies are needed.

We showed that the recruited CD11b" cells when co-cultured with
activated T cells, could inhibit Thelper responses in vitro while IL-10 was
also detected in those cultures. This suggests that cross talk of myeloid
cells with T cells might be necessary for IL-10 production, which was
otherwise not detected in vivo, in association with ssON-mediated
transcriptomic changes in healthy mice. Treatment with ssON could
also inhibit Th17 responses in vivo and here we saw a trend of /10
upregulation in IMQ-sensitized mice receiving ssON injections.
However, precise [1/10 expressing populations remain unknown.
Moreover, whether some cells differentiate to form specialized subsets
of DC/macrophages was not clear. Future studies using scRNAseq and
spatial transcriptomic tools, would resolve those questions.
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Figure 11: Effects of ssON on IMQ-mediated skin inflammation model.
A) Volcano plot depicting transcriptomic changes in the skin from
ssON+IMQ group as compared to IMQ group. B) Percentage of IL-17
producing CD3" T cells restimulated ex vivo with Tonomycin and PMA. C)
Reduced expression of proinflammatory cytokine genes in the skin of the
ssON+IMQ group. N= 4-5 mice per group. Pairwise comparisons done using
Mann-Whitney non-parametric test. Data is shown as mean £SEM. Data are
representative of two independent experiments. Figure 10B and 10C (111b, 116
and 1117) have been adapted from Kamal et. al 3*°
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8.3.2 Paper II: Induction of Tolerogenic Dendritic Cells by a
Noncoding Oligonucleotide

In paper II, we investigated whether ssON influences the
differentiation of human monocytes into moDCs in vitro in the presence
of GM-CSF and IL-4. ssON was added daily throughout the culture
period, after which we assessed the phenotypic and functional
properties of the resulting cells together with their associated
transcriptional programs. As a positive control, we included moDCs
differentiated in the presence of Vitamin D3, although this condition
consistently resulted in substantial cell death compared with
ssON-moDCs. This reduced viability represents a practical limitation
of Vitamin D-based tolDC generation due to markedly lower cell
yields. In contrast, ssON-moDCs displayed higher percentage of viable
cells and a tolerogenic phenotype, supporting a role for ssON in
directing monocyte differentiation toward a regulatory dendritic cell
profile. On day 6, PD-L1 expression was significantly higher in ssON-
moDCs than in control moDCs; furthermore, ssSON-moDCs
downregulated CD14 and maintained CD1a, mirroring normal moDC
differentiation. Following 24 hours of LPS stimulation, ssON-moDCs
downregulated HLA-DR and CD86 expression and produced minimal
amounts of pro-inflammatory cytokines, IL-6 and IL-12p40.
Furthermore, ssON-moDCs could potently suppress alloreactive T cell
proliferation and instead supported the induction of CD4'CD25"
FOXP3" Tregs in vitro.

We also observed transcriptomic changes in tolDCs differentiated in the
presence of ssON. Because no universal transcriptomic consensus
currently exists for tolerogenic DCs, profiles vary significantly based
on the stimuli used to induce tolerance. Transcriptomic profiling of
ssON-moDCs identified both shared and unique gene expression
patterns relative to VitD3-moDCs that support a tolerogenic phenotype.
Notably, we observed an upregulation of PPARG, which is known to
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play a key role in the induction of a tolerogenic DC phenotype.'*’
Inhibition of PPARy activation using chemical inhibitor GW9662,
resulted in increased pro-inflammatory signature and loss of T cell
suppressive capacity of ssON-moDCs.

TolDCs are crucial players in immune tolerance that can control the
adaptive arm of the innate immune system by suppressing T cell
responses. PPARy is an important TF which has been shown to
negatively regulate inflammatory gene expression various skin immune
cells.** In DCs, PPARY activation has been shown to suppress pro-
inflammatory cytokine responses and compromises their capacity to
promote Thi and Thi7 responses from naive T cells.>* In this study, we
identified ssON as an immunomodulatory agent that could induce
tolDCs with impaired capacity to produce pro-inflammatory cytokines
while acting as poor stimulators to alloreactive T cells. Further, this
effect was dependent on the PPARY activation. Taken together, our data
suggest that ssON promotes a tolerogenic DC phenotype in monocytes
in vitro through the activation of the PPARy pathway.

8.3.3. Paper I1I: Priming of monocytes with an immunomodulatory
oligonucleotide shapes M2-like cells poised for PPARg-dependent
secretion of IL-1RA

In Paper I we found that ssON injections resulted in influx of
monocytic cells in a CCR2-dependent manner in the murine skin. While
in paper II, we found increased tolerogenic properties in moDCs after
ssON addition. In paper III, we addressed the question if ssON can
shape the polarization of monocytes towards pro-inflammatory M1-like
or anti-inflammatory M2-like cells. Transcriptomic analysis of ssON-
primed macrophages was carried out on day 7 after ssON was added to
macrophages on two occasions in the presence of either GM-CSF (M1
conditions) or M-CSF (M2 conditions). The transcriptome of ssON-
primed M1-like cells was substantially different from unprimed M1-
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like cells. (Figure 12) We found an increase in the expression of genes
such as ILIRN, SPP1 and OLRI and downregulation of genes such as
TLR7 and CIITA. We observed that the expression of typical M1-like
markers such as CD86, NOS2, HIFIA etc. remain largely unchanged.
The upregulation of /LIRN, which encodes an anti-inflammatory
cytokine, suggests that ssON priming shifts macrophages toward an
immunomodulatory subset. Furthermore, SPPI and OLRI have been
associated with tumor-associated macrophages that acquire
Immunosuppressive properties within the tumor
microenvironment.**33* Phenotypic analyses of ssON-primed M1-like
cells after polarization with IFN-y and LPS showed that the M1-like
characteristics were maintained. This data suggests that ssON priming
modulates macrophage polarization towards a specialized phenotype
rather than a conventional M1 state. In M2-like cells, we found
significant upregulation of classical M2-related genes such PPARG,
CHI3LI and CCL22 in addition to /LI/RN. (Figure 12) Additionally, an
increase in expression of genes related to checkpoint proteins, like
LILRBI and CD276 and a decrease in the expression of HLA genes was
observed. However, we did not observe any changes in other M2
specific markers such as CDI63 and CD206. Moreover, flow
cytometric analyses of the ssON-primed M2-like cells after polarization
with IL-4, revealed that they expressed significantly lower levels of
HLA-DR, CD86 and CD163.

Cytokine profiling revealed higher levels of IL-1RA detected in culture
supernatants of ssON-primed M1 and M2-like cells, both before and
after polarization. (Figure 13A,B) IL-1RA production was dependent
on PPARY activation, as the IL-1RA levels were significantly reduced
in the presence of PPARYy inhibitor. In addition, IL-10 and IL-19
production were significantly increased in the supernatants of ssON
primed Ml-like cells. Furthermore, bothIL-1RA and IL-10 were
detected at higher levels in ssON primed M2-like cells compared with
control M2-like cells.
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We also measured the levels of soluble factors, sSCD14 and sCD163, in
the culture supernatants of polarized M1- and M2-like cells. sCD14
remained unchanged while significantly lower sCD163 was detected in
the supernatants of ssON-primed M1-like cells. Higher levels of sCD14
were detected supernatants of ssON-primed M2-like cells compared to
the controls. Conversely, in M2-like cells, significantly higher levels of
sCD163 were detected after polarization. sCD14 and sCD163 are often
used as a biomarker for macrophage activation. Higher sCD14 and
sCD163 levels in ssON primed M2 polarized cells indicate an activated
state in sSON primed M2-like cells after polarization.
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Figure 12: Priming with ssON drives macrophages into a distinct activation
state separate from M1 and M2 phenotypes. While both M1 and M2-like cells
exhibit PPARy-dependent upregulation of IL-1RA, M2-like cells specifically
produced higher levels of IL-10. Image created in Biorender
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Loss of function in gene encoding IL-1RA causes a disease called
deficiency of interleukin-1 receptor antagonist (DIRA), which entails
excessive sterile inflammation in skin and bones.>** Furthermore,
Anakinra, a recombinant IL-1RA protein is used clinically for the
treatment of skin conditions such AD, psoriasis, melanoma, photoaging
etc.>>! Interestingly, in paper I, we observed that ssON induced
significantly increased ///ra gene expression in vivo in mouse skin
(Figure 13C) compared to 15-mer control oligonucleotide, after
multiple injections (on day 5). Consequently, the consistency of the IL-
1RA profile demonstrates robust translational validity between human
cellular assays and in vivo murine models.
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Figure 13: IL-1RA production in A) M1-like cells B) M2-like cells C) Gene
expression counts from mouse skin after treatment with ssON (35 nucleotides)
and control oligonucleotide (15 nucleotides). In A) and B), N= 13 donors in
total. Pairwise comparisons done using Mann-Whitney non-parametric test.
Data is shown as mean £SEM. For mice experiments in C, N=4 mice per
group. Data is representative of 2-5 independent experiments. **** p <
0.0001, *** p <0.001, **p <0.01. Data in Figure 13C has been adapted from
Kamal et. al >
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Taken together, our findings demonstrate that ssON priming in
macrophages induces distinct activation states that differ from classic
M1 and M2 phenotypes. These states are transcriptome wise unique,
characterized by the robust production of anti-inflammatory cytokines,
specifically IL-1RA in both M1- and M2-like cells, and IL-10 in M2-
like cells. This aligns with the original observations by Jéarver et al., who
reported increased IL-10 production in macaque skin. Furthermore, in
that macaque skin inflammation model, ssON effectively dampened
TLR3-mediated inflammation. While this study confirms that ssON-
primed macrophages serve as a major source of IL-10 and IL-1RA in
vitro, whether ssON can successfully induce these M2-like cells in vivo
in humans, remains to be determined.

8.3.4 Paper IV: Inhibited TLR3 activation and blunted antigen-
presenting capacity in primary human keratinocytes by a non-
coding oligonucleotide

In Paper IV, we investigated the effects of ssON on human KCs, which
serve as a primary cellular component of the skin's epithelial barrier.
Specifically, we examined whether ssON could modulate or interfere
with the capacity of KCs to sense PAMPs via TLR signalling.
Evaluation of TLR signalling in KCs by stimulation with various TLR
ligands revealed KCs responded efficiently to TLR3 agonist Poly I:C,
with significant IL-8 secretion. We found that ssON could significantly
inhibit Poly I:C mediated TLR3 activation in KCs with reduced levels
of pro-inflammatory cytokines IL-8, CXCL10, IL-18 and TSLP.
Furthermore, it was demonstrated that ssON could prevent
inflammatory gene signatures induced by Poly I: C.

KCs are regarded as non-professional APCs. We therefore measured
the antigen presenting capacity of KCs. (experimental setup in 13A)
Stimulation with Poly I:C resulted in upregulation of MHCI, MHCII
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and ICAMI1. However, the KCs did not express typical co-stimulatory
molecules such as CD80, CD83 and CD86, which is in agreement with
a previous study.?® Additionally, we also examined the expression of
CD58 in KCs, which remained unchanged after Poly I:C and ssON
treatments. Furthermore, in co-cultures with alloreactive T cells, we
found that SEB-preloaded and Poly I:C-stimulated KCs induced T cell
proliferation. SEB-pulsed KCs in the presence of ssON and Poly I:C,
however, showed significantly lower capacity to support T cell
proliferation. (Figure 14A,B) Thereby showing that ssON can interfere
with antigen -presenting capability of KCs. SEB loaded KCs stimulated
with poly [:C in the presence of 15-nucleotide long control
oligonucleotide showed non-significant changes compared to poly I:C
stimulated KCs.

KCs are major responders to PAMPs and DAMPs expressing wide
array of TLRs.*? Increased TLR3 signaling was implicated in the
pathogenesis of AD, as TLR3 expression is upregulated in the lesional
skin of AD patients.>>*% Moreover, endogenous RNA released from
dying cells within a disrupted skin barrier can further activate
TLR3.%36357 KCs are major drivers of Tn, responses, producing itch-
mediating cytokines such as TSLP, as well as other pro-inflammatory
factors.>> Herein, we report ssON as a novel strategy to suppress
overactive TLR3 signaling in KCs and mitigate these downstream
pathogenic effects. Importantly, ssON suppressed the immune response
triggered by KCs pulsed with the S. aureus superantigen SEB. Bacterial
infections remain a major challenge in the management of AD, a
condition that is frequently exacerbated by Staphylococcus-driven
dysbiosis.*>® By disrupting this keratinocyte-mediated T cell activation
axis, ssON may present a promising therapeutic avenue to break the
chronic cycle of inflammation and barrier disruption characteristic of
AD.
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Figure 14: Effect of ssON on Poly I:C mediated responses in human KCs. (A)
The co-culture setup with SEB-pulsed KCs and allogeneic T cells. (B)
Percentage of CFSE™ T cells proliferating in the presence SEB loaded KCs
either untreated, pre-treated with polyl:C alone, ssON alone or polyl:C and
ssON. N= 5 donors. Data is representative>3 independent experiments.
Multiple comparisons were made using one-way ANOVA with Dunnet’s
post-hoc test. **** p < (0.0001, *** p < 0.001, **p < 0.01. Image created in
Biorender in Figure 14A.

74



8.4 Conclusions and future perspectives

Tolerance is a complex interplay of many cell types and molecular
factors acting towards a common goal of maintaining homeostasis and
prevent detrimental immune responses. Myeloid cells represent
important part of the process which can direct appropriate T cell
responses.

In Paper I, we demonstrated that ssON could be a strategy to recruit
CDI11b'Ly6C" cells, in a CCR2-dependent manner. The recruited
CDI11b" cells expressed high levels of checkpoint proteins PD-L1 and
ILT3. We further concluded that they exhibit functional ability to
suppress Theper responses and control cytokine responses while
inducing Treg. This finding highlights the importance of dermal
myeloid populations, in maintaining T cell responses and Treg pools.
Our findings further highlight the implications of MDSC-like cell
recruitment in the skin. Although heterogeneous MDSCs have been
documented in skin tissues under pathological conditions, 22133930 their
role in healthy skin remains uncharacterized. The origin of these cells
is thought to be the bone marrow and the spleen but their localization
of expansion is hugely debated.!®® Their rapid differentiation into
distinct cell lineages in the absence of appropriate lineage-sustaining
signals in the tissues, presents a technical challenge for characterization.
Recruited MDSCs can be hypothesized to function as a short-term
"rheostat," protecting the local microenvironment from excessive
overactivation. Under this hypothetical model, a minor pool of dermal
MDSCs could be continuously replenished via monocyte influx driven
by persistent local signalling via for example, ssON signalling. Future
studies utilizing bone marrow chimera experiments will be essential to
definitively trace their cellular origin and validate this hypothesis.

Molecular factors released from necrotic cells could act as tolerogenic
signals for the recruitment of MDSCs as shown by Seifert et al, in the
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context of cancer progression.*®! In this study by Seifert and others,
tumor derived signatures, such as chemokine CXCL1 and mincle-
signaling, were identified as driving factors for MDSCs.*®! We
hypothesize that ssON provides a sustained signalling milieu mediated
by specific cytokines, chemokines, and other factors that maintains
MDSC s in their immature state. Supporting this, ssON administration
led to a significant upregulation of Ccl2, Ccl3, Ccl5, and Cxcl10, all of
which have been implicated in the recruitment of myeloid suppressor
cells.??219 Using conditional knockout models and CRISPR strategies,
the role of these chemokines in ssON-mediated MDSC recruitment,
could be potentially determined.

Circulating monocytes usually have a short half-life’*> and monocytes

enter healthy dermis differentiate into DCs and macrophages.!*® In
papers II and III, we showed that ssON can drive the differentiation
of human monocytes to moDCs and macrophages, in vitro. DCs
differentiated in the presence of ssON displayed tolerogenic features, in
a PPARy-dependent manner. Paper II and III provided a molecular
basis for ssON’s mechanism of action. PPARY is key transcription
factor with immunosuppressive properties which is known to inhibit
DC maturation, IL-12 production and expression of co-stimulatory
markers.'#736* We also found that tolDCs induced by ssON, could also
suppress alloreactive T cells and induced FOXP3™" Tregs instead. PPARy
activation resulted in retinoic acid production in DCs which led to the
induction of iTiegs in vitro.*®* It will be interesting to determine the role
of PPARY activation in ssON-mediated Treg induction that was detected
in our experiments. Whether this was through retinoic acid production
or not, can be tested. Besides inducing tolerance in DCs, PPARy can
induce the polarization of macrophages towards M2 types. In paper II1,
we found that significant increase in IL-1RA production ssON-primed
macrophages, which was further shown to be dependent on PPARYy
activation. This suggests an important role of PPARy in controlling
ssON-mediated macrophage polarization.
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Apoptotic cells are cleared by phagocytic activity of macrophages.>®
This clearance is associated with increased production of anti-
inflammatory factors such as TGF-B and IL-10, after ingestion of
apoptotic cells.*®® Moreover, supernatants from apoptotic cells,
preferentially recruited monocytes in vivo.**” The engulfment of
apoptotic cells by macrophages involves an increased uptake of
cholesterol mediated by PPARy activation, which subsequently
facilitates cholesterol efflux and exerts its immunosuppressive
effects.’®® However, the exact molecular factors and mechanisms
governing the tolerogenic activities of macrophages during this process
remain fully elucidated. Our studies imply that extracellular
oligonucleotides, may serve as ligands for an unknown upstream
receptor, triggering the PPARy activation required to induce immune
tolerance. To definitively determine whether this is mediated by nucleic
acids, future studies using apoptotic cell supernatants and followed by
DNase and RNAse treatments, and subsequent PPARYy activation, can
be evaluated.

Epithelial cells lining the barriers, such as KCs, are key initiating
players in driving immune responses. We further characterized the
effects of ssON on human KCs in paper IV. We found ssON could
significantly inhibit TLR3-mediated activation of KCs, thereby
reducing pro-inflammatory gene expression and cytokine release after
Poly I:C stimulation. TLR3 1is a crucial receptor that senses dsRNA
from dying cells. Release of dsRNA from necrotic KC leads to the
production of proinflammatory cytokines in psoriasis.*® Therefore
ssON could serve as a strategy to prevent TLR3 activation.

As KCs are major producers of TSLP,*”® a key cytokine driving Tn>
responses in the skin,*”! by inhibiting the release of TSLP, ssON may
prevent the initiation of T2 responses. The low potential of SEB-pulsed
KCs treated with poly I:C and ssON to support T cell proliferation,
showed that ssON reduced antigen presenting capacity of KCs.
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Staphylococcus aureus infections are very common in AD patients with
90% prevalence.*>® The colonization with bacteria in AD patients
further exacerbates inflammation in the skin with multifaceted effects.
S. aureus affects barrier integrity by microbiome dysbiosis®’.
Moreover, S. aureus superantigens activates distinct subsets of T cell
receptors.’”® By interfering with SEB mediated KC and T cell

interaction, ssON may help to control T cell responses in the skin.

Induction of Tregs is an important requirement for developing antigen
specific tolerance.>’* In Papers I and II, we demonstrated in vitro that
ssON primed cutaneous CD11b" cells and tolDCs could promote
FOXP3" Ty differentiation. However, whether these cells are induced
in vivo, remains to be determined. Recruitment of Tregs in the skin was
reported to be important in controlling AD-like inflammation in
mice.’”® Notably, phase IB trials of Ty, selective interleukin-2 receptor
agonist rezpegaldesleukin in humans, showed increased expansion of
CD25% T, accompanied with 83% average improvement in
Eczema Area and Severity Index (EASI) scores that persists weeks after
treatment cessation in patients with AD.*’® Therefore, future
investigations should focus specifically on tracking the dynamics of
FOXP3'CD25" Twg populations  within  the  cutaneous
microenvironment following ssON injections.

Taken together, the findings presented in this thesis bridge a critical
knowledge gap regarding cutaneous immune regulation by myeloid and
epithelial cells. By elucidating how single-stranded oligonucleotides
dampen inflammation through the induction of tolerogenic cells and
anti-inflammatory factors, the work in this thesis enhances our
understanding of the pathways governing dermal homeostasis.
Ultimately, these insights highlight a novel, immunomodulatory role
for extracellular nucleic acids in driving peripheral tolerance, offering
promising avenues for targeted immunotherapy in inflammatory skin
diseases.
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