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Summary

The immune system has the function to defend organisms against a variety of pathogens
and malignancies. To perform this task, different parts of the immune system work in concert and
influence each other to balance and optimize its functional output upon activation. One aspect that
determines this output and ultimately the outcome of the infection is the tissue context in which the
activation takes place. As such, it has been shown that dendritic cells can relay information from
the infection sites to draining lymph nodes. This way, the ensuing adaptive immune response that
is initiated by dendritic cells, is optimized to the tissue context in which the infection needs to be
cleared.

Here, we set out to investigate whether unconventional T cells (UTC) could have a similar
function in directing a site-specific immune response. Using flow cytometry, scRNA-sequencing
and functional assays we demonstrated that UTC indeed drive a characteristic immune response
in lymph nodes depending on the drained tissues. This function of UTC was directly connected to
their lymphatic migration from tissues to draining lymph nodes reminiscent of dendritic cells.
Besides these tissue-derived UTC that migrated via the lymph, we further identified circulatory UTC
that migrated between lymph nodes via the blood. Functional characterization of UTC following
bacterial infection in wt and single TCR-based lineage deficient mice that lacked subgroups of UTC
further revealed that both tissue-derived and circulatory UTC were organized in functional units
independent of their TCR-based lineage-affiliation (MAIT, NKT, v T cells). Specific reporter mouse
models revealed that UTC within the same functional unit were also located in the same
microanatomical areas of lymph nodes, further supporting their shared function. Our data show that
the numbers and function of UTC were compensated in single TCR-based lineage deficient mice
that lacked subgroups of UTC.

Taken together, our results characterize the transcriptional landscape and migrational
behavior of UTC in different lymph nodes. UTC contribute to a functional heterogeneity of lymph
nodes, which in turn guides optimized, site-specific immune responses. Additionally, we propose
the classification of UTC within functional units independent of their TCR-based lineage. These
results add significantly to our understanding of UTC biology and have direct clinical implications.
We hope that our data will guide targeted vaccination approaches and cell-based therapies to

optimize immune responses against pathogens and cancer.



Zusammenfassung

Das Immunsystem verteidigt den Wirt gegen eine Vielzahl an Pathogenen und malignen
Transformationen. Um diese Aufgabe effizient zu erflllen, arbeiten verschiedene Bereiche des
Immunsystems zusammen, um bei Aktivierung optimal zu funktionieren. Einen potenziellen
Einfluss auf die Immunantwort hat der Gewebekontext, in dem die Aktivierung stattfindet. Es konnte
gezeigt werden, dass dendritische Zellen Informationen von der Infektionsstelle im Gewebe zum
drainierenden Lymphknoten transportieren. Auf diese Weise kann die adaptive Immunantwort,
initiiert von den dendritischen Zellen, auf die Situation im Gewebe optimiert werden, um die
Infektion zu bekampfen.

In dieser Arbeit wollten wir die Rolle der unkonventionellen T Zellen (UTC) in der
Generierung der ortsspezifischen Immunantwort untersuchen. Durch die Verwendung der
Durchflusszytometrie, der EinzelzelllRNS Sequenzierung und funktioneller Analysemethoden,
konnten wir zeigen, dass diese Zellen eine Lymphknoten-spezifische Immunantwort generieren,
die vom drainierenden Gewebe abhangt. Diese Eigenschaft der UTC war direkt mit ihrer Fahigkeit
geknlpft, vom Gewebe zu den Lymphknoten zu wandern — wie dendritische Zellen. Neben dieser
Gewebe-abstammenden UTC Population konnten wir auch eine im Blut zirkulierende Gruppe
dieser Zellen identifizieren. Die Analyse von UTC nach bakterieller Infektion von wild Typ und
einzelnen Gen-defizienten Mausen, denen bestimmte Gruppen an UTC fehlen, zeigte, dass UTC
als funktionelle Einheiten agieren, unabhangig von ihrer auf T Zell Rezeptor basierenden
Subgruppen (MAIT, NKT, v6 T Zellen). Mit spezifischen Reporter Maus Linien konnten wir zeigen,
dass sich verschiedene Subgruppen von UTC gemeinsam in spezifischen mikroanatomischen
Nischen in Lymphknoten befinden, was eine Uberlappende Funktion andeutet. AuRerdem war die
Anzahl und Funktion der UTC insgesamt unverandert, auch wenn einzelne Subgruppen in Gen-
defizienten Mausen fehlten.

Zusammengefasst charakterisieren unsere Ergebnisse das Transkriptionsprofil und
Migrationsverhalten der UTC in verschiedenen Lymphknoten. Wir zeigen, dass UTC zum Teil fir
die Lymphknoten spezifischen Unterschiede ursachlich sind und damit eine spezifische, optimierte
Immunantwort steuern. Diese Ergebnisse erweitern unser Wissen Uber die Biologie von UTC
signifikant und haben direkte klinische Relevanz. Auf der Basis dieses Wissens konnen neue

Impfansatze oder Zelltherapie Strategien zielgenau entwickelt werden.



Introduction

The immune system

The immune system is responsible for defending the host against a variety of threats,
ranging from pathogens such as viruses, bacteria, or parasites, to malignant diseases like cancer.
Its importance is probably best recognized in times where the immune system is suppressed or
dysfunctional. Patients undergoing radiotherapy to treat cancer, taking immune suppressive
medication after organ transplantation, or being born with mutations causing dysfunctionality in
parts of the immune system suffer from re-occurring infection and would, in most cases, succumb
to them without medical intervention'. As much as a missing or weakened immune response can
be fatal for patients, an overshooting or even unnecessary activation of the immune system can
have detrimental effects as well, ranging from pathologies like allergies to severe autoimmune
diseases®. These two extreme scenarios of a dysfunctional and misguided immune response
visualize how essential it is for the immune system to maintain a balance and react appropriately.
Based on certain characteristics the immune system is classically divided into the innate and the

adaptive arms of the immune system.

The innate immune system

In order to fulfill its purpose in reacting in a balanced and appropriate manner, the most
essential task of the immune system is to differentiate between self and non-self®. Therefore,
immune cells are equipped with a variety of receptors that can specifically recognize pathogen
associated molecular patterns (PAMP) or danger associated molecular patterns (DAMP)*. The
molecules that can be recognized by these receptors are either an integral part of pathogens like
lipo-polysaccharide (LPS), a cell membrane building block of Gram-negative bacteria®, or indicate
stressed, damaged or dying cells like the presence of adenosine-triphosphate (ATP) in the extra-
cellular space®. The recognition of these molecular patterns by germline encoded receptors is
classically facilitated by receptors of the innate immune system.

Once an innate immune receptor recognizes its ligand, for example LPS and its
corresponding receptor toll-like receptor (TLR)-4’, an intracellular signaling cascade is initiated.
Next to the TLR-family of receptors, other innate immune receptors like the retinoic acid-inducible
gene | (RIG-1)-like receptors®, C-type lectin receptors®, and nucleotide-binding and oligomerization
domain (NOD)-like receptors'® exist. All these receptors commonly recognize different evolutionary
conserved ligands and upon activation initiate a signaling cascade and transcriptional activity. For
TLRs this cascade is initiated with the recruitment of a toll/interleukin-1 receptor (TIR)-domain
containing proteins like myeloid differentiation primary response 88 (MyD88) or TIR-domain-
containing adapter-inducing interferon-g (TRIF) to the TLR signaling scaffold''. This recruitment

activates signaling pathways like the nuclear factor 'kappa-light-chain-enhancer' of activated B-



cells (NFkB) or mitogen-activated protein (MAP) kinase pathway'', inducing the transcription of
cytokines fulfilling an immunological function. This efficient signaling cascade and rapid response
kinetic endows the innate part of the immune system to immediately react upon activation and
therefore forms the first line of defense against invading pathogens.

To appropriately react to the diverse innate immune stimuli, given the multitude of contexts
in which they can be recognized, the innate arm of the immune system is divided into specialized
cells which all fulfill one or multiple functions to coordinate the immune response. Examples of
these cells are macrophages, innate lymphoid cells (ILC), natural killer (NK) cells, which have been
classified as a group 1 ILC subpopulation'? and neutrophils. Macrophages are present in basically
every tissue including the lung, liver, brain, and heart. As an integral part of the tissue structure,
these cells fulfill functions beyond immunological defense, ranging from tissue repair and
maintenance to support of the physiological function. For example, it was shown that cardiac

t'3. As local

macrophages play a role in conducting the electrical current that drives the heartbea
resident immune cells, macrophages also form the first line of defense. Equipped with a variety of
innate immune receptors, macrophages sense DAMPs and PAMPs in the tissue and initiate the
immune response by secreting factors that activate other local immune cells, such as ILC'.

ILC are usually located in barrier tissues where they act as resident immune sentinels as in
the lung, intestine, liver and other organs'®. Upon activation they react with the production of local
cytokines, which activate and direct the functionality of other immune cells'®. Neutrophils are short-
lived cells that circulate in the blood throughout the body until local activation signals, potentially
produced by ILC, induce their extravasation and migration into barrier tissues. There, neutrophils
are directed to the site of danger where they migrate in swarms'’ and release effector molecules
like proteases and can undergo NETosis to fight the infection'®. NETosis is a process by which
neutrophils release their DNA and nuclear proteins to entrap pathogens and actively kill them'®. NK
cells can also be recruited from the blood stream, participating in active killing of malignant of
infected target cells®®, as well as guiding the recruitment of further specialized immune cells like

dendritic cells (DC), which initiate the specialized adaptive immune response?’ .

The adaptive immune system

The large breadth of patterns and stimuli that are recognized by innate immune cells gives
them the advantage to react immediately and in a pathogen- or damage-specific manner that is
appropriate to the situation. Nevertheless, to achieve complete protection against pathogens or
malignant transformed cells a response limited towards these patterns is insufficient, which is likely
why the adaptive immune system has developed as an additional layer of defense®?. One hallmark
of the adaptive immune system is the use of non-germline encoded receptors. The recognition of
foreign molecules is facilitated via randomly assembled receptors, like T and B cell receptors.

During the maturation of these cells from bone marrow progenitors, their receptor encoding genes



2325 processes that lead to the

undergo random recombination and/ or somatic hypermutation
generation of a unique receptor per cell?®. Looking at the overall population of T cells, around 10"
receptors with unique binding capacities can theoretically be formed, allowing for a specialized the
recognition of the same number of different antigens?’. This number of specialized receptors
exceeds by far the repertoire of innate immune receptors, but also causes difficulties in particular

the danger of autoimmunity.

T cells

As previously stated, the main task of the immune system is to differentiate self from non-
self. For germline encoded receptors, this task is solved by evolutionary pressure. If genetic
mutations in the genes encoding for innate receptors cause them to recognize self, the individuals
harboring aforementioned mutations suffer from autoimmune diseases and will in most cases die
early in life. This selection avoids the inheritance of these mutations and therefore selects against
innate immune receptors that recognize self. Randomly recombined receptors, like the T cell
receptor (TCR), on the other hand, are not inherited and need to be selected after maturation of
the cells, therefore the chances to form a self-recognizing receptor is high and can have detrimental
consequences®®. To control for these consequences, T cells mature in the thymus, where, upon
TCR recombination, the cells undergo positive and negative selection®.

Double negative (DN) thymocytes, referring to their expression pattern of cluster of
differentiation (CD4 and CD8 co-receptors), develop into double positive T cells, and get selected
for recognition and interaction with antigen presenting molecules like major histocompatibility
complex (MHCI and MHCIN®. These thymocytes can be subdivided into stage 1 to 4 DN cells,
based on their expression level of CD44 and CD25%', marking different maturation steps in their
development in the thymus. In the DN3 stage, the pre-TCR is formed and shuffled to the surface®.
Signaling through this receptor provides the thymocytes with survival signals to induce the
recombination of the TCR and forming a mature receptor®***. Successfully recombined receptors
can then interact with MHC molecules present on the cortical thymic epithelial cells. Thymocytes
failing to interact with MHC molecules succumb to apoptosis, a process referred to as positive
selection®®. This selection ensures that only thymocytes survive that have a recombined TCR
capable of interacting with their antigen presenting molecule.

During the following maturation step in the thymic medulla, thymocytes develop into single
positive T cells and undergo a process referred to as negative selection®. In the medulla, the cells
are exposed to a variety of host derived antigens. In the case of MHCI and MHCII the presented
antigens are processed peptides derived from endogenously produced proteins. Other classes of
antigens, like lipids and metabolites, are presented by other specialized antigen presenting

molecules. High affinity recognition of these peptide self-antigens induces cell death, to avoid the



maturation of highly auto-reactive T cells. Conventional T cells can either interact with MHCI or
MHCII, maturing into CD8 or CD4 single positive T cells, respectively®. This division of cell fates
further determines the function of these cells during an immune response. CD4 T cells, interacting
with MHCII, get their antigen presented solely by professional antigen presenting cells (APC) like
DCs or macrophages in peripheral tissues®. This antigen is primarily, although not exclusively,
derived from extracellular sources obtained via phagocytosis®. Upon recognition of their cognate
antigen in the periphery presented by APCs, naive CD4 T cells polarize into either T helper cell
type (Th)1, Th2 or Th17 cells, depending on the flavor of inflammatory response driven by innate
receptors, and guide the immune response and the maturation of antibody producing B cells or
other immune cells®.

In brief, Th1, Th2 and Th17 directed immune responses develop to defend against different
classes of pathogens. Th1 polarized CD4 T cells produce primarily interferon-y (IFNy) to defend
against viruses and intracellular bacteria®. Th2 polarized CD4 T cells express interleukin (IL)-4 and
IL-13 guiding the immune response against parasites*!, while Th17 CD4 T cells secrete IL-17 in
order to defend the host against extracellular bacteria and fungi*2.

CD8 T cells recognize antigens that are presented via MHCI, an antigen presenting
molecule that is expressed by nearly every nucleated cell in the body. The antigen source is
primarily intracellularly produced protein that is further degraded via proteasomes***4. Upon viral
infection or malignant transformation of cells, viral or tumor antigens get presented via MHCI and
CD8 T cells have the capacity to directly target and kill these cells*®. However, before being able
to fulfill this effector function, naive CD8 T cells need to be properly activated by professional
antigen presenting cells like DCs***’. This activation induces the CD8 T cells to proliferate and
further differentiate into either memory or short-lived effector cells*®“°.

Next to the usage of randomly recombined receptors, the formation of memory cells with
the capacity to mount a more intense and faster secondary immune response, is another hall mark
of the adaptive immune system, although it is debated whether innate cells can have memory
features as well®. In contrast to naive CD8 T cells, memory cells can be activated via cytokines
and partially reside in barrier tissues, being integrated in the first line of defense and monitoring the

local cells for infection or malignancies via the antigens presented on their MHCI molecules®’.

Cytokines

Thymic selection is an essential step in ensuring that T cells, limited to being fully activated
upon non-self recognition, are present in the periphery. Nevertheless, there are multiple
mechanisms in place to ensure that naive conventional T cells only get activated in appropriate
situations. As such, naive T cells need to acquire three types of signals to become fully activated.

First, the TCR is required to engage and recognize an antigen presented via MHC. Second, the



antigen presenting cell needs to provide costimulatory molecules, primarily in form of CD80 or
CD86, which interact with CD28 on the T cell®%3. Third, the antigen presenting cell, or surrounding
cells have to produce inflammatory cytokines which are recognized by dedicated receptors on the
T cell and provide confirmation that a non-self-antigen was detected in an inflammatory context®*%°.

Cytokines are the most common form for immune cells to communicate in a contact
independent manner. They can be used as survival signals like IL-7 or IL-15, which are expressed
during homeostasis. Activating cytokines like IFNy and IL-18 are mainly secreted during an ongoing
inflammatory immune response. Furthermore, suppressive cytokines like transforming-growth-
factor (TGF)-B and IL-10 can dampen or resolve the immune activation and often counteract the
action of inflammatory cytokines. Overall, cytokines play an essential role in every step of the
immune response. As an example, the cytokines received by a naive CD4 T cell during activation
determine whether it matures into a Th1, Th2 or Th17 effector cell®®. The context of cytokine
signaling and integration into a plethora of multiple signals determines the functional outcome of
cytokine signaling. Cytokines bind to dedicated receptors on the cellular surface of the target cells.
These receptors are mainly made of two or three trans-membrane proteins, which together form
the signaling complex and high affinity receptor®’. Binding of the cytokine induces structural
changes, which allow the recruitment of intracellular signaling molecules and the induction of the
signaling cascade®®. Commonly used signaling pathways downstream of cytokine receptors are
the Janus-kinase or tyrosine-kinase pathway®’,

The availability of cytokines is often a rate limiting step for cells upon activation but also
during homeostasis. This limitation is controlled by tightly regulated production and scavenging
mechanisms in the tissue. The importance of this limitation is best exemplified with the cytokine IL-
18. IL-18 is a highly inflammatory cytokine® that is produced mainly by macrophages after
inflammasome activation® and binds to a receptor complex consisting of IL-18R1 and IL-18rap®’.
To limit the inflammatory effects of IL-18 to a local response, a binding protein for IL-18, IL-18BP,
is secreted into the circulation, buffering excessively produced cytokine, without signal transduction
or cell activation®?. Deficiency of this binding protein leads to increased inflammation under
inflammatory conditions®®. Also, constantly produced survival cytokines like IL-7 can be a limiting
factor that determines the cell pool size. Increasing the access to IL-7 can lead to increased
numbers of T cells, while reducing its abundance would adjust the T cell population size to a smaller

number®.

Lymphatic organs
Positive and negative selection of T cells during their maturation in the thymus gives the
adaptive immune system the capacity to reliably differentiate between self and non-self.

Nevertheless, the created number of antigen-specific receptors causes another difficulty that needs



to be overcome for the adaptive immune response to be effective in protecting the host.
Neutrophils, a type of innate immune cell, can be used as an example to compare the adaptive and
the innate immune system characteristics and visualize the arising problems. Three subpopulations
of mature neutrophils have been described, which might differ in their function and contribution to
the immune response®. Having three functionally distinct subsets means there are millions of cells
for each subset present in the bloodstream, which in absolute numbers is sufficient to mount a
significant immune response. Since roughly each T cell possesses a unique TCR, it is estimated
that there are only around 100 T cells specific for a certain antigen present at once in mice and
around one in 10° T cells in human?®’. In order to limit or clear an infection the antigen-specific T
cells need to expand to reach sufficient absolute numbers®. Therefore, the adaptive immune
system reacts slower and fulfills its function in a delayed manner compared to the innate immune
response.

Furthermore, the adaptive immune system faces the problem on how to protect each barrier
site of the body with the limited number of specific adaptive immune cells. To coordinate the
immune response and ensure that a T cell finds its matching antigen in a reasonable amount of
time, these cells constantly migrate and recirculate through the blood, entering and exiting
lymphatic organs such as the lymph nodes and spleen®”. One function of these organs is to provide
a meeting spot for T cells and their antigen presenting cells, mainly DCs®. Antigen obtained at
barrier sites, like the skin, is transported via the lymphatic vessels by DCs to the draining lymph
node®®. There, DCs interact with antigen-specific T cells that are present in the draining lymph
node. Following this interaction, DCs activate the T cell and thereby initiate the adaptive immune
response and clonal expansion of the T cells.

To facilitate this process, T cells recirculate through lymph nodes, entering from the blood
via high-endothelial venules and exiting via the lymph to re-enter the blood stream, until they find
their cognate antigen being presented. To coordinate this migrational behavior as efficiently as
possible, the recirculation of lymphocytes through the blood and the exit of DCs from tissues are

70,71

additionally regulated by the circadian rhythm

Unconventional T cells

Antigen presentation via MHCI and MHCII is limited to proteins. Since not only proteins, but
also other macro-molecules can be pathogen derived antigens, additional antigen presenting
complexes and T cells restricted to these, exist. As a group, these T cells are referred to as
unconventional T cells (UTC) and consist of several TCR-based lineages, defined by their
restriction to other antigen-presenting molecules like CD1d and MR1. In mice, the majority of UTC
lack the expression of the co-receptors CD4 and CD87%. CD1d is able to present lipid antigens like

a-Galactosylceramid (GalCer) and interacts with the TCR of natural killer T (NKT) cells”®. Major



histocompatibility complex class I-related (MR 1) is specialized in presenting vitamin B6 metabolites
and thereby activates so called mucosal-associated invariant T (MAIT) cells’. vy T cells are
proposed to have a distinct mode of antigen recognition that is more similar to antibodies, which
are not restricted to antigen presenting complexes. This could explain why typical antigen
presenting molecules do not seem to be required for the development and function of this TCR
lineage. The antigens recognized by y5 T cells that have been identified so far, belong mainly to
the class of phospho-antigens’®.

Aside from the class of antigens being recognized and the molecules interacting with their
TCR, UTC differ in many other ways from conventional T cells. Most strikingly, they exit the thymus
not as naive T cells, that need to be properly activated to mount an immune response, but already
with features of an effector cell. UTC polarize, like conventional CD4 T cells, into Th1-, Th2- and
Th17-like phenotypes, which are classified based on the cytokines they produce upon
activation’”"®. In line with that observation, only a fraction of these cells reside in the lymphatic
organs or the blood, while a significant proportion seeds barrier-tissues like skin, lung and intestine,
among others’” and are considered to be tissue-resident’. It has been described that the tissue
seeding by UTC is not random process, but instead correlates with the TCR that is expressed by
these cells and is further influenced by commensal bacteria that are present at distinct tissue
sites®0®!,

In these barrier tissues UTC fulfill several functions, like regulating tissue homeostasis®,
controlling commensal communities, protecting against invading pathogens® and promoting tissue
healing®*. As an example, Y5 T cells have been shown to actively regulate thermogenesis via IL-17
production in the adipose tissue®. In the skin, they can specifically recognize Staphylococcus
aureus (S. aureus) infections and contribute to bacterial clearance®*®°. Furthermore, v T cells have
been described to actively contribute to tissue healing, for example after muscle injury®.

To fulfill this variety of functions appropriately, UTC have the capacity to be activated in
multiple ways, some differing greatly from the mode of activation of conventional T cells. One
important activation mechanism for T cells, including both conventional T cells and UTC, is TCR
engagement with its cognate antigen. This interaction can induce the production of cytokines and
proliferation of UTC®. However, the TCR-dependent activation differs in several ways between
UTC and conventional T cells. As described above, conventional T cells scan the lymphatic organs
for the presence of their cognate antigen presented by DCs. DCs constantly present antigen to T
cells via MHCI and MHCII. In contrast, some antigen presenting molecules for UTC are not
constantly presenting antigen. For example, MR1 is only shuttled to the cell surface in the presence
of presentable antigens, which are not constantly available during homeostasis®. Therefore, in
contrast to conventional T cells, the TCR of e.g. MAIT cells does not constantly interact with MR1

molecules. On the other end of the spectrum, it was recently described for a subset of UTC, the



dendritic epidermal T cells (DETC), a yo T cell subset specifically residing in the epidermis, that
these cells have constant TCR engagement with their cognate antigen®®. This interaction during
homeostasis was coined normality sensing by the authors because a temporal disruption of the
signaling could partially activate the cells. Furthermore, this constant TCR engagement during
homeostasis was required for the DETC to fulfill their function during inflammation.

Not only the context and regulation of antigen engagement differs between UTC and
conventional T cells. For yd T cells it has also been described that the intracellular signaling
cascade following TCR interaction with its cognate antigen and the TCR responsiveness differ
significantly to conventional T cells®. In line with that, a subset of y5 T cells in the murine dermis is
described to be lymphocyte-specific protein tyrosine kinase (LCK) negative®, which is an essential
signaling molecule in the TCR signaling cascade®.

Next to the TCR-dependent activation, UTC have the potential to be stimulated in a TCR-
independent manner via cytokines®”. During homeostasis UTC express a variety of cytokine
receptors like IL-18R or IL-23R and upon a cytokine response can be induced. This is in stark
contrast to conventional naive T cells which are typically not activated via cytokines alone.
Considering this activating mechanism, UTC seem to share certain aspects with ILCs which are
primarily activated via cytokines®.

Combining the observations that UTC are partially located in barrier tissues, have a pre-
determined effector phenotype, and can react immediately to activating signals, led them to be
classified in between the innate and the adaptive arms of the immune system, despite the fact that
they are bona fide T cells that possess a recombined T cell receptor and undergo selection in the

thymus.

Niches

When acting as survival factors, cytokines serve the essential role to control and limit the
number of immune cells. As previously mentioned, the importance of the immune system becomes
clearly apparent in conditions of its dysfunction, which justifies its evolution and the energetic costs
invested in it. Nevertheless, evolutionary pressure also dictates the immune system to operate as
efficiently as possible in terms of resources. To regulate immune cell presence in tissues and
circulation, specific niches develop where immune cells are integrated into the tissue structure.
This phenomenon is probably best described for macrophages, an innate immune cell type that
resides in every organ of the body®. In each specific organ, the number and phenotype of
macrophages is adapted and controlled by locally produced factors like colony-stimulating factor 1
(CSF1) and IL-34. Local increase or decrease in survival cytokines controls the rate of proliferation
and cell death, while other tissue specific factors can imprint the cell identity and cause the

phenotype to be adapted to local requirements®.
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This site-specific presetting of the immune system is an integral mechanism to increase its
efficiency. A site-specific preset immune system can react faster and limit energy consumption to
where it is needed. Examples for this compartmentalization of the immune system are also
detectable in the structures of lymph nodes. Distinct tissue draining lymph nodes harbor a
specialized set of structural fibroblasts®®”. Furthermore, the migration of DCs from distinct parts of
the intestine and accompanied antigen transfer was shown to induce specific immune reactions in
distinct intestine draining lymph nodes®. Also, the site-specific environment seems to significantly
influence the T cell response®, and can directly impact the vaccination outcome in mice, non-
human primates and humans based on the administration route'%1%2,

These examples highlight the importance of local factors in guiding the immune response.
Further research in identifying site-specific factors and cell types involved in the local shaping of
the immune response is required to better understand the immune system and to develop targeted
therapies.

In this study, we aimed to characterize which molecular factors define and differentiate site-
specific immune responses in lymph nodes. We proposed that further site-specific factors and cell-
types beyond local fibroblasts and DCs are driving a divergent immune response in distinct lymph

nodes.

Results

Lymph nodes display unique cytokine profiles

An increasing number of studies demonstrate the site-specificity of immune responses,
implying potential therapeutic significance for vaccination. The molecular and cellular components
responsible for these differences and how they are regulated are still an open question in the field.

We speculated that part of the underlying mechanism imprinting lymph node heterogeneity
is found in the innate part of the immune response, since inflammatory cytokines produced early
during infection are known to influence the adaptive cells and their phenotype®®'%. To circumvent
potential confounding factors like timing or intensity of the inflammation, we set up an ex vivo
system to activate the lymphocytes present in lymph nodes draining distinct tissues. We analyzed
lung draining mediastinal lymph nodes (medLN), skin draining inguinal lymph nodes (iLN) and small
intestine draining mesenteric lymph nodes (mesLN). Single cell suspensions were plated at a
concentration of 5x10° cells per ml and stimulated with phorbol myristate acetate (PMA) and
lonomycin (lono) for 4 h. To block the cytokine secretion and its loss over time, we treated the
stimulated condition and non-stimulated control with Brefeldin A (BFA). Afterwards, the cytokine

profile of different lymph nodes was analyzed via flow cytometry (Fig. 1A).
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Figure 1: Ex vivo stimulation demonstrates lymph node-specific cytokine profile

A) Schematic representation of experimental set up. inguinal (iLN), mediastinal (medLN) and
mesenteric (mesLN) lymph nodes (LNs) were isolated from B6 wt mice and single cell suspensions
ex vivo stimulated for 4 h with phorbol myristate acetate/ lonomycin (PMA/ lono). Cytokine
expression was analyzed using flow cytometry. B) Representative flow cytometry plot, pre-gated
on live cells displaying cytokine production in control (BFA) and stimulated (PMA/ lono) cells
derived from medLN. C) Quantitative analysis of cytokine production comparing different lymph
nodes. Data display 1 or 2 representative experiments with n = 4 mice. Bar graphs display mean
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value and error bars represent SEM. Comparison between groups was calculated using non-paired
student t-tests. ns p>0.05; *p<0.05; ***p<0.001.

We observed a drastic increase in protein levels for all analyzed cytokines comparing the
stimulated condition to the non-stimulated control, providing evidence that our experimental set-up
is suitable to induce cytokine production (Fig. 1B). Tumor necrosis factor alpha (TNF-a) was most
abundantly produced among the tested cytokines but was not differentially expressed between
distinct lymph nodes (Fig. 1C). IFNy on the other hand was expressed at a significantly higher
frequency in the medLN than in the iLN (Fig. 1C). Even more pronounced differences were
observed when analyzing the expression levels of IL-17F and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (Fig. 1C). IL-17F was highly induced in activated iLN-derived
lymphocytes, while in medLN-derived and in particular the mesLN-derived lymphocytes, the
production was significantly lower. The frequency of GM-CSF-producing cells was similarly
reduced in mesLNs compared to medLNs or iLNs. In conclusion, these results demonstrate that
the innate cytokine potential of the analyzed lymph nodes differs, which in turn could impact on the

immune responses that are generated in these lymph nodes in vivo.

Differentially expressed cytokines are largely produced by UTC

Next, we wished to identify the source of the produced cytokines. Therefore, we used the
same experimental set-up as before and additionally stained for cell type defining markers for
consecutive single cell analysis using flow cytometry. When pre-gating on the cytokine producing
cells, we observed that the main source for all analyzed cytokines is CD3 positive T cells (Fig. 2A).
Quantifying the frequencies of subsets across the analyzed lymph nodes for TNF-a and IFNy the
main producers were conventional CD4/ CD8 positive T cells (Fig. 2B). Analyzing the source of IL-
17F and GM-CSF, the cytokines showing the most heterogeneity across lymph nodes, we
observed that most producing cells were CD4/ CD8 negative UTC (Fig. 2B).

To test for the in vivo relevance of our observation and to extend it also towards an
additional cytokine, we infected /[4°F"™ reporter mice with Vaccinia virus subcutaneously or intra-
nasally. Three days later we compared the frequency and identity of green fluorescent protein
(GFP) positive cells in popliteal lymph nodes (pLN) and medLNs. pLNs are skin draining lymph
nodes similar to the iLN analyzed before. We observed that the frequency of GFP positive cells in
the medLNs was significantly higher compared to the pLNs (Fig. 3A). In line with our results on IL-
17F and GMCSF producing cells analyzed above using in vitro activation, the main cytokine
producer for IL-4 (GFP positive cell population) in the medLN was also UTC (Fig. 3B). This result
is in line with a previous study, showing that the early source of IL-4 after infection in the medLN is
NKT cells'®, a subset of UTC.
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Figure 2: Site-specific cytokine response is imprinted by UTC

A) Representative flow cytometry plot of the identity of cytokine producing cells from medLN, pre-
gated on all cytokine producers (cytokine®), after 4 h stimulation with PMA/ lono. B) Quantitative
analysis of cell type identity of cytokine producing cells comparing different lymph nodes. Data
display 1 representative experiment with n = 5 mice. Bar graphs display mean value and error bars
represent SEM.
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Figure 3: Site-specific IL-4 production in vivo

114°FPM reporter mice were infected either subcutaneously or intranasally with 200 PFU Vaccinia
virus. 3 days post-infection the draining lymph node was analyzed via flow cytometry. A)
Representative flow cytometry plots, pre-gated on live cells, and quantitative analysis of IL-4.GFP
production in popliteal lymph node (pLN) and medLN. B) Representative flow cytometry plot, pre-
gated on IL-4.GFP producers (IL-4.GFP*), and quantitative analysis of cell type identity of IL-4.GFP
producers comparing pLN and medLN. The data display 2 experiments with n = 5 mice. Bar graphs
display mean value and error bars represent SEM; dots display individual lymph nodes.
Comparison between groups was calculated using a non-paired student t-test. ***p<0.001. In B the
frequency of UTC was tested for significance.

UTC TCR-based lineage composition differs across lymph nodes

Having determined that the major source of site-specific cytokines is UTC, we aimed to
further characterize this cell population across lymph nodes. Since UTC are a heterogenous mix
comprised of yd T cells, MAIT cells, NKT cells and other less well described non-MHC-restricted T
cells’?, we aimed to investigate the TCR-based lineage composition of UTC in distinct lymph nodes.
The three major lineages can be readily identified via TCR-specific antibody staining (y6 TCR, V36
and VB8) or using antigen loaded tetramers (Fig. 4A). V6 and VB8 TCR specific antibodies can
be used to detect MR1-restricted MAIT cells™, while CD1d tetramer loaded with PBS-57 specifically
labels NKT cells'®. Quantification of the TCR-based lineage composition across lymph nodes
revealed a striking heterogeneity. yd T cells were enriched in iLN and mesLN compared to medLN,
while MAIT and more significantly NKT cells were prominent in the medLN (Fig. 4B). Together

these results might offer an explanation for the site-specific cytokine production in LNs. The
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heterogeneous cytokine profile was reflected by the heterogeneous UTC composition with regards

to their TCR-based lineage affiliation.
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Figure 4: UTC TCR-based lineage composition differs across lymph nodes

A) Representative flow cytometry plots and gating strategy used to identify UTC, pre-gated on living
CD3" cells. B) Quantitative analysis of TCR-based lineage subsets in different lymph nodes. Data
display 2 experiments with n = 6 mice. Bar graphs display mean value and error bars represent
SEM.

scRNA-sequencing uncovers transcriptional heterogeneity among UTC
Having described the TCR-based lineage composition of each lymph node and correlated

it to a heterogeneous cytokine profile, we aimed to understand the molecular mechanism driving
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these differences and linking certain cytokines to a corresponding TCR-based lineage. To this end,
we analyzed the UTC compartment of different lymph nodes via single-cell ribonucleic acid
(scRNA)-sequencing. To obtain an overview of these cells, we isolated distinct lymph nodes from
mice, stained the single cell suspensions separately with the same antibody sorting mixture and
individual hashtag antibodies (Fig. 5A). The hash tagging allows for later identification of the origin
of each cell after transcriptomic sequencing'%. After sorting CD3 positive, CD4/ CD8 negative cells
and subjecting them to scRNA-sequencing (see Methods), 12 separate clusters could be identified
via unbiased analysis (Fig. 5B). Differentially expressed marker genes marked the individual
clusters (Fig. 5C). Among these differentially expressed genes were counter regulated markers like
Sell (coding for CD62L) and Zbtb16 (coding for PLZF) which are expressed in clusters 0, 1,5, 7, 8
and 2, 3, 4, 9, 11, respectively. Cluster 6 could be reliably identified by the lack of Lck expression,
which is a member of the TCR signaling cascade. The Sell expressing clusters could be further
subdivided by Ccr9 expression for cluster 0, Eomes expression for cluster 7 and Cxcr3 expression
for cluster 1 and 5. The Zbtb16 positive cluster could be separated further by Cxcr3 expression in
cluster 4, Ccr6 expression in cluster 3 and 11, as well as Slamf6 expression in cluster 9. To validate
the sequencing results, cluster defining marker genes were analyzed on a protein level via flow
cytometry (Fig. 5D). The gene expression profile of the clusters could be verified on a protein level,
demonstrating significant heterogeneity among UTC. In line with the sequencing results, the
markers analyzed via flow cytometry reliably identified distinct cell populations that represented the
RNA-based subsets detected via scRNA-sequencing. To investigate whether the identified clusters
reflect known TCR-based lineages, we quantified the contribution of each lineage for the distinct
clusters via flow cytometry. Surprisingly, we observed that multiple TCR-based lineages were
contributing to each cluster (Fig. 5E). Indeed, we were not able to identify a distinct yd T cell, MAIT
cell or NKT cell cluster in our scRNA-sequencing validation analysis. These results argue that the
correlation between TCR-based lineage heterogeneity and distinct cytokine profiles across lymph
nodes is not causative as previously hypothesized. Therefore, the observed cytokine heterogeneity

is driven by a distinct factor independent of TCR-based lineage affiliations of UTC.
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Figure 5: scRNA-sequencing of UTC across distinct lymph nodes uncovers transcriptional
heterogeneity

A) Schematic representation of the experimental set up for comparative scRNA-sequencing of UTC
from different LNs. iLN, medLN and mesLN were isolated, separately stained with antibodies for
sorting and hashtagged. CD3* and CD4/ CD8" cells were sorted, pooled and sequenced. B) UMAP
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projection of 7041 single cells, color code based on cluster identity. C) Dot plot of selected marker
genes associated with identified clusters. Color represents z-score mean expression values across
clusters; dot size indicates the fraction of cells in the cluster expressing respective genes. D)
Representative flow cytometry plots and gating strategy of iLN-, medLN- and mesLN-derived UTC,
pre-gated on CD3" and CD4/CD8" cells, for marker genes validation at protein level. E) Quantitative
analysis of TCR-based lineage subsets from the identified UTC clusters. Data represent 1
experiment with n = 10 mice (A-C) or display 2 experiments with n = 6 mice (D, E). Bar graphs
display mean value and error bars represent SEM.

scRNA-sequencing reveals two major cluster of circulating and non-circulating UTC

To identify the mechanistic basis of the functional UTC heterogeneity among LNs draining
distinct sites, we separated the uniform manifold approximation and projection (UMAP) by lymph
nodes and analyzed the cluster distribution (Fig. 6A). The visual display readily showed an unequal
cluster distribution when comparing distinct LNs. Comparing the two most separated groups of
cells, it appeared, that the Zbtb16 expressing group (cluster 2, 3, 4, 6, 9) had tissue of origin
determined clustering of the cells. The group of clusters expressing Sell (cluster 0, 1, 5, 7, 8)
displayed an equal distribution across analyzed lymph nodes. Quantification validated the visual
impression (Fig. 6B), showing that cluster 3 and 6 are dominated by cells derived from iLN, while
cluster 4 and 9 had an enrichment for cells from mesLN. Cluster 2 was enriched for cells derived
from medLN. This observation, together with the selective expression of Sell in the homogeneous
distributed clusters (Fig. 5C), led us to speculate that some cells recirculate between secondary
lymphoid organs, while the other clusters represent non-circulating cells. Sell encodes for CD62L,
which lymphocytes require to enter lymph nodes via interaction with glycosylation-dependent cell
adhesion molecule-1 (GlyCAM-1) expressed on high endothelial venules'”.

To understand further differences between circulating and non-circulating UTC (Fig. 6C),
we characterized differentially expressed genes (Fig. 6D) and subjected this gene list to pathway
(Fig. 6E) and gene set enrichment analysis (Fig. 6F). In the circulating population Ccl5, KIf2 and
Nkg7 were significantly upregulated. Enriched expression in the non-circulating cells was found for
genes such as II7r, Rora and Blk (Fig. 6D). Pathways enriched in the differentially expressed genes
were associated with IL-2 signaling and Th1/ Th2 differentiation (Fig. 6E). Gene set enrichment
analysis revealed that circulating UTC were enriched in a naive CD4 T cell phenotype compared
to central memory T cells (Fig. 6F). These results support the notion that the cells are circulating
between secondary lymphoid organs like naive CD4 T cells. Another significantly enriched gene
set demonstrated the presence of Th17 markers in the non-circulating cell population, while Th1

associated genes are expressed in the circulatory pool.
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A) UMAP projection of 7041 single cells, color code based on cluster identity and split by tissue of
origin. B) Quantitative analysis of normalized lymph node contribution to the clusters. C) UMAP
projection of 7041 single cells, color code based on circulating or non-circulating identity. D)
Volcano plot displaying the log2-fold change and adjusted p-value of genes comparing circulating
and non-circulating UTC. E) Pathway analysis showing the top 10 pathways identified. The
combined score calculated by taking the log of the p-value and multiplying it by the z-score of the
deviation from the expected rank is displayed. F) Gene set enrichment analysis of differentially
expressed genes comparing circulating and non-circulating cells.

Since the transcriptional identity of UTC show similarities to CD4 T-helper cell subsets (Th1,
Th2, Th17)"’, we speculated that these known subsets might also be unevenly distributed
comparing circulating and non-circulating UTC based on our pathway and gene set enrichment
analysis. We projected the expression pattern of known associated marker genes onto the UMAP,
to visualize the cluster association with the functional subsets (Fig. 7). As predicted by the gene
set enrichment analysis, Th17-like cells, identified by the expression of Rorc, 117f and Ccr6’, were
exclusively present in the non-circulating compartment. Th1-like UTC (Tbx21, Ifng and Cxcr3)’®
were present in circulating and non-circulating clusters. Therefore, it can be assumed that the
significant enrichment of the Th1 compared to Th17 gene set rather resulted from the dominance
of Th17-like cells being enriched in the non-circulating population. For Th2-like cells, it seemed like
the described markers in the literature for T helper cells (Gata3 and Zbtb16)"® were less specific
for UTC. Zbtb16 was highly expressed in nearly all non-circulating clusters, while Gata3 was
expressed in all clusters, albeit to lower levels in the circulating cells. //4, an additional marker for
Th2-like cells, was only expressed in a few cells in the Th1-like cluster of the non-circulating
population. The low detection of //4 transcripts can be either caused by technical difficulties, since
only a minor fraction of transcripts is captured during scRNA-sequencing'®, or because we
analyzed unstimulated cells. Therefore, it might be the case that without stimulation, Th1- and Th2-
like cells of the non-circulating fraction are relatively similar and cluster together, or that we do not

have enough Th2-like cells in numbers to form a separate cluster.
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Figure 7: Th1, Th2 and Th17 associated gene expression across clusters
UMAP projection of 7041 single cells, color code based on normalized gene expression.

To circumvent the technical limitation of having only non-activated UTC in our data set, we
interrogated a publicly available scRNA-sequencing data set of IL-4 producing NKT cells derived
from lung draining lymph node after influenza virus infection'®. Re-analysis of the data revealed
two subsets of IL-4 positive NKT cells (Fig. 8A). The gene expression profile of the clusters,
overlapped with marker genes of resident UTC (Cd44 positive, Sell negative) (Fig. 8B).
Furthermore, cluster 0 expressed high levels of Tbx21 and cluster 1 expressed Rorc which are
transcription factors defining Th1- and Th17-like cells, respectively (Fig. 8B). Taken together, we
concluded that the IL-4 producing NKT cells in this data set represented a heterogeneous
population of Th1- and Th17-like UTC, and not Th2-like cells. Since IL-4 expression did not reliably
identify Th2-like cells in lymph nodes as it was previously reported in the thymus!®, we aimed to
detect Th2-like UTC utilizing an IL-5 fate-mapping mouse model. This mouse model is the current
gold standard to reliably detect type 2 ILC'®. Under steady state condition, only a minor fraction of
T cells was fate-map positive in the iLN (Fig. 8C). From the UTC compartment nearly all these cells

were y0 T cells expressing CCRG6 (Fig. 8C), a Th17 marker. We therefore concluded that IL-5 fate-
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mapping was not a suitable tool to identify Th2-like UTC. Taken together, these results question
the existence of a bona-fide Th2-like UTC in peripheral lymph nodes in naive animals. Indeed,
three different state of the art techniques, scRNA-sequencing, IL-4 production and an IL-5 fate-
mapping mouse model, were not able to distinguish them from Th1- or Th17-like UTC.

Nevertheless, Th1- and Th17-like UTC were separated into distinct clusters.
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Figure 8: Th2-like UTC are not detected in lymph nodes

A-B) scRNA-sequencing transcriptomes of IL-4 producing, CD1d tetramer® cells (medLN) were
obtained from GSE103753 and analyzed. A) UMAP of 222 scRNA-sequencing transcriptomes
were colored according to cluster classification. B) Violin plot of selected marker genes color coded
by cluster identity. C) Representative flow cytometry plots, pre-gated on living cells derived from
iLN of IL-5 fate map mouse. Data display 1 experiment.

To obtain a better understanding of the so far undescribed heterogeneity separating cells
belonging to the same Th-like phenotype, we analyzed the Th17-like clusters 2 and 3 (Fig. 9A). We
observed that these were derived from different lymph nodes (Fig. 6B). Cluster 2 harbored mainly
iLN derived cells, while cluster 3 cells originated mainly from the medLN. That the cells clustered
separately, despite having a similar Th17-like phenotype pointed towards a potential tissue
imprinting, which was not that apparent for Th1-like cells. To understand the basis of this difference,
we analyzed the differentially expressed genes comparing cluster 2 and 3 (Fig. 9B) and subjected
the gene list to pathway analysis (Fig. 9C). The results revealed an enrichment of S700a6, Vim
and Cd7 expression in cluster 3 (medLN), while Cd28 was upregulated in cluster 2 (iLN). Enriched
pathways represented purine catabolism, as well as prostaglandin biosynthesis and regulation.

These pathways might indicate altered metabolic requirements at distinct sites of the body.
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Figure 9: Transcriptional comparison between cluster 2 vs 3 and cluster 1 vs 4

A) UMAP projection of 7041 single cells, highlighted clusters 2 and 3 identity. B) Volcano plot
displaying the log2-fold change and adjusted p-value of genes comparing cluster 2 and 3. C)
Pathway analysis showing the top 10 pathways identified. D) UMAP projection of 7041 single cells,
highlighted clusters 1 and 4 identity. E) Volcano plot displaying the log2-fold change and adjusted
p-value of genes comparing cluster 1 and 4. F) Pathway analysis showing the top 10 pathways
identified. The combined score calculated by taking the log of the p-value and multiplying that by
the z-score of the deviation from the expected rank is displayed.
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Although Th1-like cells were not distributed in distinct clusters across lymph nodes, there
was a clear separation of circulating and non-circulating Th1-like cells. To further elucidate factors
causing this difference, we compared cluster 1 (circulating) and cluster 4 (non-circulating) (Fig. 9D).
Differentially expressed genes revealed that Cxcr6, Id2 and Ly6a were enriched among cells in
cluster 4 (non-circulating), while Ccl5, KiIf2 and Fcer1g were upregulated in cluster 1 (circulating)
(Fig. 9E). Pathways associated with the differentially regulated genes encompassed translational
regulation, T cell activation as well as surface marker expression (Fig. 9F). These results indicate
that the translational regulation, as well as the activation status of these clusters differ, while both

display genes associated with a Th1-like phenotype.

Phenotype of non-circulating UTC is reflected in the draining tissue

Transcriptional analysis of the different UTC clusters revealed heterogeneity at three
different levels. First, the Th1- and Th17-like phenotype, as described in the literature before’,
could be distinguished, with exception of a Th2-like phenotype. Second, intermixed and lymph
node-specific clusters revealed a heterogeneity between circulating and non-circulating cells
across lymph nodes. Third, UTC with the same Th-like phenotype and probably similar circulation
behavior cluster separately based on the lymph node they derive from (Fig. 8A-C). Metabolic
pathway differences between these clusters indicate a potential tissue imprinting. Considering that
all sequenced UTC were derived from lymph nodes, we wondered how these cells could differ to
such an extent.

Recent publications demonstrated that a subset of UTC, vd T cells, is constantly migrating
from the skin to skin-draining lymph nodes''%""?, Therefore, we speculated that the tissue imprinting
that distinguishes Th17-like UTC from the iLN and medLN is happening in the skin and lung, rather
than the lymph node itself. To test this hypothesis, we isolated UTC from the skin, lung and small
intestine and compared their Th-like phenotype to their respective draining lymph node UTC
counterparts. As markers we used CCR®, representing Th17-like cells and a Cxcr3° reporter,
identifying Th1-like cells. We observed major differences comparing the Th-like phenotypes across
tissues. While we found nearly exclusive Th17-like cells in the skin, in the small intestine over 80%
of UTC displayed a Th1-like phenotype (Fig. 10A and B). The lung represented a mixture of distinct
Th phenotypes. Focusing on the non-circulating (CD62L negative) cells, the lymph nodes matched
the draining tissue regarding the Th-like phenotype distribution of UTC. As already seen in the
scRNA-sequencing distribution, the iLN harbored mainly Th17-like cells, while mesLN was
enriched in Th1-like cells. The medLN had, like the lung, a mixture of the analyzed phenotypes.

Taken together, we concluded from the data that the non-circulating UTC retained their
specific imprinting in the tissue and migrated to their draining lymph nodes. Thereby, the previous
reports regarding the migratory behavior of yd T cells in the skin might be generalizable to other

organs and UTC lineages.
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Figure 10: Phenotype comparison of UTC in tissues and their draining lymph node

A) Representative flow cytometry plots, pre-gated on living CD62L" UTC, displaying CCR6 and
CXCR3-GFP expression from Cxcr3°F" hemizygous reporter mice. B) Quantitative analysis of
phenotypic markers comparing tissue and draining lymph nodes. Data display 1 representative
experiment with n = 4 mice. Bar graphs display mean value and error bars represent SEM.

TCR-dependent lineage enrichment across mouse facilities

Previous studies have shown that the tissue seeding of UTC, like MR1-restricted MAIT
cells® and CD1d-restricted NKT cells®! is regulated early in life and depends on the presence of
microbial antigens. These antigens are derived from the microbiome, which can differ greatly

3 Since we demonstrated a direct correlation between

between mouse facilities and even vendors
lymph node and tissue phenotype of UTC, we speculated that microbiota caused changes in TCR-

dependent tissue seeding are also reflected in the tissue draining lymph nodes.
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Figure 11: UTC comparison of different mouse facilities

Mice were housed in a facility in Wirzburg (ZEMM) or ordered from a commercial vendor (Janvier).
A) Representative flow cytometry plots, pre-gated on CD3* CD4/CD8 cells, displaying non-
circulating (CD62L") UTC from iLN, and their yd T cell and MAIT cell frequency. B) Quantitative
analysis of CD62L" UTC and their y6 T cell and MAIT cell frequency comparing different lymph
nodes. Data display 2 experiments with n = 6 mice. Bar graphs display mean value and error bars
represent SEM. Comparison between groups was calculated using a non-paired student t-test. ns
p>0.05; *p<0.05; ***p<0.001.

Therefore, we analyzed the lymph nodes of mice bred in a facility at the campus Wurzburg
(ZEMM) and compared the UTC composition in mice from a commercial mouse vendor (Janvier)
with the same specific pathogen free (SPF) hygiene status. The frequency of non-circulating UTC
(CD62L negative, CD44 positive) did not differ comparing mice derived from the different facilities
(Fig. 11A and B). Analyzing the TCR-based lineage composition of these cells, we observed that

1o T cells were increased in Wurzburg’'s mouse facility ZEMM, while MAIT cells were significantly
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enriched in mice derived from Janvier (Fig. 11A and B). This difference was most obvious in the
iLN. Next, we wanted to investigate whether in connection with the TCR-based lineage the Th-like
phenotype was altered as well when comparing these two different mouse facilities. As before, we
analyzed the Th1 and Th17 identifying markers CCR6 and CXCR3 in the iLN of non-circulating
UTC. We observed no difference in comparing the mouse facilities (Fig. 11C and D). The majority,
around 80% of CD62L negative UTC, expressed CCR6 while only a minor fraction of 3-5% was
CXCRa3 positive, independent of the facility the mice were maintained in. Therefore, we concluded
that the alterations in microbiome only caused a shift in the UTC TCR-based lineage, while the Th

phenotype showed the same tissue prevalence, independent of the microbiome.

Functional unit concept of UTC

The observed disconnection between the Th-like phenotype of the UTC and their TCR-
based lineage, which was already indicated in our scRNA-sequencing analysis (Fig. 5), led us to
speculate that innate immune imprinting of lymph nodes by UTC is evolutionarily preset and
undisturbed by minor microbial and environmental changes. The observed innate cytokine
differences between lymph nodes (Fig. 1) further seemed to be independent of the TCR-based
lineage affiliation of UTC. We next wished to address which requirements a cell population would
need to fulfil as a unit to ensure such a stability in imprinting of a lymph node, preserving the

flexibility to adapt TCR-based lineage ratios. We assume that the cells need to be part of a

functional unit and propose the following pillars of the functional unit concept.

I) Specific localization. Even though all analyzed cells are located within a lymph node, it is a
highly structured and organized tissue''*. A functional unit is expected to reside within at a
specific microanatomical location and not at different sites (Fig. 12A).

II) Transcriptional homogeneity. Subsets of a functional niche, like TCR-based lineages, should
not be distinguishable based on their transcriptome. This hypothesis can be tested utilizing
scRNA-sequencing (Fig. 12B).

[I1) Similar biological output. Parts of a functional unit should possess similar stimulation
requirements for the same functional output. For example, the members of the functional unit
should react to the same stimulation with the production of the same cytokine (Fig. 12C).

IV) Redundancy. The absence of one subset of a functional unit, like the lack of NKT cells in
Cd1d” mice, should be compensated in numbers and functional output by the other members
of the unit (Fig. 12D).
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Figure 12: Schematic representation of the functional unit concept

Schematic of the requirements for cells to form a functional unit. A) Lymph node scheme to indicate
specific localization. B) Display of scRNA-sequencing workflow to indicate analysis of
transcriptional homogeneity. C) Display of 3 distinct cell types (MAIT cells, NKT cells, y& T cells),
producing the same cytokines to indicate the similar biological function of a niche. D) Display of 2
cell types (MAIT cells, yd T cells), compensating in numbers and function of the unit.

Th17-like UTC localize in the interfollicular area in sdLN

Having proposed these requirements for forming a functional unit, we set out to test whether
these strict definitions apply to UTC as a population. To investigate this hypothesis, we chose the
Th17-like UTC population in the skin draining lymph nodes due to the following reasons: tools to
visualize and investigate this unit are available with specific reporter mice; these cells showed the
most striking tissue imprinting across lymph nodes even within the Th17-like phenotype; Th17-like
UTC were absent in the circulatory pool of cells in contrast to Th1-like cells; and the skin draining
lymph node displayed in our analysis the most significant TCR-based lineage alterations
comparing different mouse facilities. As predicted by scRNA-sequencing (Fig. 5C), we could
selectively identify the Th17-like UTC based on CXCR6, CD44, ITGB7, IL-23R, IL-7R and IL-18R1
expression (Fig. 13A). This observation gave us the opportunity to visualize the localization of these

cells using a Cxcr6°"™ reporter mouse strain. Sections of the iLN harvested from this mouse strain
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revealed the presence of GFP positive T cells in the interfollicular area (Fig. 13B), as it has been

published before!'®118,
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Figure 13: Th17-like UTC in skin draining lymph node have a specific localization

A) Representative flow cytometry plots and gating strategy of non-circulating UTC from the iLN of
an 1123r°FP™ reporter mouse. Histograms display marker expression comparing conventional CD4/
CD8" T cells (grey) and non-circulating UTC (orange). B) Immunofluorescence image of the iLN
from a Cxcr6°""™! reporter mouse showing the localization of CXCR6* UTC (CXCR6-GFP in green,
B220 in blue, CD3 in orange). Scale bars represent 200 um for overview and 50 uym for detailed
images. Data display 1 representative experiment.
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A) Flow cytometry plot representing the gating strategy for sorting the cells from the skin draining
lymph nodes (sdLN). B) UMAP projection of 3032 single cells, color code based on cluster identity.
C) Dot plot of selected marker genes associated with identified clusters. Color represents z-score
mean expression values across clusters; dot size indicates fraction of cells in the cluster expressing
respective genes. D) Heatmap displaying top 10 marker genes for each identified cluster. Color
represents z-score mean expression values per cell. E) Representative flow cytometry plot of the
UTC marker genes validation at protein level, pre-gated on CD3" and CD4/ CD8 cells. F)
Quantitative analysis of TCR-based lineage frequencies among validated subsets. Data display 1
representative experiment with n = 3 (E, F) or n = 1 (A-D) mice. Bar graphs display mean value
and error bars represent SEM.

Th17-like UTC encompass distinct TCR-based lineages in sdLN

Having established that the members of the Th17-like unit in the skin draining lymph node
occupy a specific localization, we set out to investigate their transcriptional homogeneity. To this
end we subjected CXCR6 high CD44 positive cells to scRNA-sequencing (Fig. 14A) and analyzed
their transcriptome. The UMAP projection of unbiased clustering revealed, next to minor
conventional T cell and ILC clusters, three distinct UTC clusters (Fig. 14B). These clusters were
differentiated by the selective expression of Cxcr3 in one cluster, the lack of Lck expression in the
second, while the third cluster lacked Cxcr3 expression but showed Lck expression (Fig. 14C).
Next to these selected markers, the cluster showed a variety of other cluster specific genes,
confounding the separation in further distinct clusters (Fig. 14D). The expression of the selected
marker genes could be validated on protein level via flow cytometry (Fig. 14E). To test the
hypothesis of transcriptional homogeneity across subsets within the functional unit, we analyzed
the TCR-based lineage distribution within the identified clusters. Although there was a specific
enrichment for certain lineages in subsets, e.g. around 50% of LCK positive UTC possessed a
MAIT TCR and roughly 80% of LCK negative cells expressed a yd TCR, no subset was exclusively
derived from one TCR-based lineage, as seen previously (Fig. 5E). This mixed lineage distribution

further supports the concept of a functional unit for UTC.

Th17-like UTC produce IL-17 across TCR-based lineages in sdLN

Since the analyzed cell population could be identified by Th17-like markers (Fig. 7), we
investigated the capacity of these cells to produce IL-17F in vivo. To this end we infected B6 WT
mice subcutaneously in the footpad with S. aureus, harvested the pLN 4 h post infection and
analyzed the cytokine production via flow cytometry (Fig. 15A). As seen in the ex vivo stimulation
experiment (Fig. 2A), the majority of IL-17F producing cells were UTC, which expressed CXCRG6
and ITGB7 (Fig. 15B), two markers we used to identify the Th17-like niche (Fig. 13A). Next, we
were interested in the TCR-based lineage contribution regarding the observed IL-17F response.
We observed that all major TCR-based lineages, yo T cells, MAIT cells and NKT cells, as well as
other UTC contributed to IL-17F production (Fig. 15C). Quantification of the distribution revealed
that between 20% to 25% of the producing cells belonged to each lineage (Fig. 15D). Therefore,
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we concluded that what we considered as the third requirement for a functional unit was valid for
the Th17-like UTC in skin draining lymph nodes.
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Figure 15: Th17-like UTC produce IL-17F after stimulation across TCR-based lineage identity
A) Schematic of the experimental set up. B6 wt mice were subcutaneously infected with S. aureus.
4 h post-infection mice were sacrificed and draining LN cells were analyzed. B) Representative
flow cytometry plot and gating strategy used to identify IL-17F producers as being mainly CD3",
CD4/ CD8 UTC co-expressing CD44, ITGB7 and CXCR6. C) Representative flow cytometry plots
of UTC TCR-based lineages represented in IL-17F producing cells. D) Quantitative analysis of
TCR-based lineage frequencies among IL-17F producers. Data display 2 experiments with n = 6
mice. Bar graphs display mean value and error bars represent SEM.

Th17-like UTC are compensated in numbers and function in sdLN

As a fourth requirement to classify UTC as being organized as functional units, we aimed
to test whether cell numbers and function are compensated in the absence of a subset. To this
end, we made use of mouse strains that specifically lack one of the major UTC TCR-based
lineages. Mice having a deficiency in the TCR-delta gene are deficient for y& T cells''”. CD1d-
deficient mice lack the capacity to develop NKT cells'®, while MR1-deficient animals are
characterized by an absence of MAIT cells™. To test for compensation of the Th17-like UTC in
these strains, we analyzed the frequencies and absolute numbers of the whole unit (Fig. 16A and
C) and its subsets (Fig. 16B and D). Cast/B6 strain was used as a wt control for MR1-deficient
mice, due to a mixed background of the strain. Pre-gated on CD4 and CD8 negative T cells, we
observed, as before, that the Th17-like niche encompassed around 50-60% of the UTC in skin

draining lymph nodes in B6 WT mice (Fig. 16A).
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Figure 16: Numbers and subsets of Th17-like UTC are compensated in single TCR-based
lineage deficient mice

A) Representative flow cytometry plots pre-gated on CD3* and CD4/ CD8" cells, displaying the IL-
17 producing unit (CXCR6*, ITGB7") in control and single TCR-based lineage deficient mice. B)
Representative flow cytometry plot displaying the identified subsets (based on LCK and CXCR3
expression, Fig. 14C, E) in control (B6 and Cast/B6) and single TCR-based lineage deficient mouse
lines. C) Quantitative analysis of UTC from IL-17 producing unit in absolute numbers. D)
Quantitative analysis of subset frequencies. Data display 1 representative experiment with n = 3
mice. Bar graphs display mean value and error bars represent SEM. Comparisons between groups
were calculated using a non-paired student t-test. ns p>0.05

In Cast/B6 control mice we observed a frequency of around 30%. Compared to control
animals, the frequency of CXCRG6, ITGB7 positive UTC was not significantly altered in single TCR-
based lineage deficient mice. More importantly, we observed that the three identified subsets,
based on LCK and CXCR3 expression, were present in all analyzed strains (Fig. 16B). Therefore,
we concluded that the absence of one major TCR-based lineage does not lead to the absence of
a complete cluster. Furthermore, in addition to looking at the relative contribution of Th17-like cells

to UTC, we analyzed their absolute numbers. As expected from the observation of similar
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frequencies, we could not see significant differences in absolute cell numbers comparing the
analyzed mouse strains to their respective control group (Fig. 16C). Quantifying the relative
distribution of the subsets from the Th17-like unit, we were able to observe differences in the
distribution (Fig. 16D). For example, y& T cell deficient animals showed a relative reduction of LCK
negative cells compared to B6 wt control mice. In contrast, MR1-deficient mice, lacking MAIT cells,
had an increase in the LCK negative cells compared to the Cast/B6 WT control group. Together,
we concluded that in single TCR-based lineage deficient strains, the absolute number of Th17-like

UTC was compensated and that no identified subset was lacking.
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Figure 17: IL-17F response is compensated in single TCR-based lineage deficient mice
A) Schematic of the experimental set up. Mice were subcutaneously infected with S. aureus. 4 h
post-infection the mice were sacrificed and draining LN cells were analyzed. B) Representative
flow cytometry plots, pre-gated on live cells, displaying the IL-17F producing cells in control (B6
and Cast/B6) and single lineage deficient mouse lines. C) Representative flow cytometry plot, pre-
gated on living cells, displaying IL-17F producing cells in IL-23R deficient (//23r°F'¢FF) mice. D)
Quantitative analysis of IL-17F producing cell frequencies. Data display 2 representative
experiments with n = 6 mice. Bar graphs display mean value and error bars represent SEM.
Comparisons between groups were calculated using a non-paired student t-test. ns p>0.05;
**p<0.01; ***p<0.001.
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Next, we tested the functionality of the unit in terms of cytokine production in the single
TCR-based lineage deficient strains. As before, we infected mice subcutaneously with S. aureus
and analyzed the IL-17F production 4 h later via flow cytometry (Fig. 17A). We detected IL-17F
production in all single TCR-based lineage deficient strains and their corresponding control groups
after infection (Fig. 17B). IL-23R deficient (//23r°F"'°FP) mice served as a negative control (Fig. 17C),
since IL-23 signaling is essential for cytokine induced IL-17 production'®. As expected, the
frequency of IL-17F producing cells was significantly reduced comparing IL-23R deficient mice to
either B6 wt or Cast/B6 control (Fig. 17D). We detected no significant differences when comparing
the single TCR-based lineage deficient mice and their respective controls regarding the frequency
of IL-17F producing cells (Fig. 17D). In summary, we conclude that the lack of a certain TCR-based

lineage does not impact the size or functionality of the analyzed unit.

All UTC units are compensated in single TCR-based lineage deficient strains

So far, we have tested the proposed requirements in forming a functional unit specifically
for the Th17-like unit in skin draining lymph nodes. We observed that Th17 polarized UTC, identified
by CXCR6, CD44 and ITGB7 were located in a specific area of the lymph node, display
transcriptional homogeneity with regards to their TCR-based lineage populations and were
compensated in numbers and function. To generalize the observation for the Th17-like niche, we
aimed to analyze the four proposed requirements additionally for the remaining UTC units in other
lymph nodes and extend the analysis to the circulating part of these cells. Since at the current state
we lack the tools to specifically investigate the localization of the other subsets, due to a lack of
specific reporter mice, we aimed to at least address the compensation of the described units in
single TCR-based lineage deficient mice.

To this end, we analyzed the previously described subsets (Fig. 5B) with the defined
markers on a protein level via flow cytometry. Pre-gated on CD4 and CD8 negative T cells, a clear
separation between circulating (CD62L positive) and non-circulating (CD62L negative, CD44
positive) UTC was seen in all analyzed strains (Fig. 18A). A shift towards relatively more circulating
UTC was observed in Cast/B6 WT control and MR1-deficient animals. This observation is likely

caused by the mixed genetic background of the mice.
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Figure 18: All UTC subsets are compensated in single TCR-based lineage deficient mice
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A) Representative flow cytometry plots and gating strategy, pre-gated on CD3* and CD4/CD8" cells,
displaying circulating (CD62L") and non-circulating (CD62L") UTC. Cells are derived from iLN,
medLN and mesLN, comparing single T cell lineage deficient mice. B) tSNE projection of circulating
(CD62L", top) and non-circulating (CD62L", bottom) UTC, color code based on protein validation
(Fig. 5D). Displayed cells are derived from iLN, medLN and mesLN. C) Quantitative analysis of
lymph node distribution across clusters of circulating UTC. D) Quantitative analysis of lymph node
distribution across clusters of non-circulating UTC. Data display 2 representative experiments with
n = 6 mice. Bar graphs display mean value and error bars represent SEM.

Investigating the subsets based on cluster defining markers (Fig. 5D), we observed that all
subsets were present in control groups and single TCR-based lineage deficient animals (Fig. 18B).
t-distributed stochastic neighbor embedding (tSNE) projection of the high-dimensional flow
cytometry data demonstrated that for all analyzed mouse strains, the previously identified subsets
form separate clusters and represent individual cell populations. To capture the complete spectrum
of UTC, iLNs, medLNs and mesLNs were analyzed and displayed together. Taking a closer look
at the cluster distribution across the lymph nodes, we observed that the CD62L positive subsets
were equally distributed across lymph nodes (Fig. 18C). The non-circulating UTC displayed the
predicted tissue specific distribution (Fig. 18D), which was observed in all single TCR-based
lineage deficient mouse strains. Therefore, we concluded that all analyzed UTC subsets are
compensated in single TCR-based lineage deficient animals and most likely form functional units

as we could demonstrate for Th17-like UTC in skin draining lymph nodes.

Discussion

Summary

Taken together, we proposed and experimentally validated two novel concepts in this work.
First, we demonstrated a so far unknown layer of heterogeneity among different lymph nodes
imprinted by UTC. A site-specific Th-like phenotype composition of UTC resulted in unique innate
cytokine profiles upon activation with the potential to directly impact on the innate and adaptive
immune responses that are generated in distinct LNs. Second, our results indicated that the innate
function of UTC argues for an organization within functional units rather than separate TCR-based
lineages. We demonstrated that the three major UTC TCR-based lineages, y6 T, MAIT and NKT
cells shared transcriptional homogeneity, resided in the same microanatomical compartment, and
compensated for each other in both numbers and function. This re-classification of UTC has major
implications on interpreting previous results and designing future experiments when analyzing the
functionality of these cells. Data from previous studies that were obtained using single TCR-based

lineage deficient mouse models should be reevaluated and discussed in light of our results.
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Lymph node heterogeneity

Previous studies have demonstrated that the immune response differs depending on the
site of infection or antigen stimulus®-'%2. Our results added to the previously obtained knowledge
and offered new mechanistic insights on how this variance among lymph nodes is achieved. We
showed that the UTC population of each lymph node is comprised of a common pool of circulating
UTC (Fig. 6) and unique subsets of tissue-derived cells that reflect the UTC composition of the
respective draining tissue (Fig. 10). The tissue-mirroring population thereby mimicked the behavior
of DCs, that migrate constantly from the tissue to the draining lymph node, carrying antigens and
transmitting information about the immunological state of the tissue®®. Which information and how
exactly it can be transmitted via UTC needs be further investigated.

Direct evidence for migration from the tissue to the draining lymph node of UTC was not
shown in this work. The overlap of Th-like phenotypes between tissue and draining lymph node
can theoretically also be explained in other ways. For example, factors that imprint the tissue
phenotype of UTC drain via the lymphatics to the lymph node and imprint the resident UTC in a
similar way. To clarify whether UTC actively migrate from the tissue to the draining lymph node,
colleagues and collaborators performed sophisticated photo-switching and transplantation
experiments'®°. The results of this set of experiments provided direct evidence that UTC migrate
from several tissues to their draining lymph node.

Previous studies have demonstrated that this migration from tissues to the draining lymph

nodes applies to skin-derived y8 T cells'"°

. Our study extends the previous observations to several
tissues and all UTC lineages, identifying this behavior as a general principle of UTC biology. Since
UTC, in particular MAIT and NKT cells, have been described as tissue resident”, our results offer
a novel conceptual view on the migrational behavior of these cells. The conclusion that these cells
remain locally in their tissue was primarily derived from parabiosis experiments. In this approach,
the blood-circulation of two mice is surgically connected, allowing for the exchange of circulating
cells between them''. After several weeks, the immune cell composition of tissues can be
assessed and based on congenital markers, it is possible to determine which fraction is derived
from the host or the donor. The observation that UTC in tissues are largely comprised of host origin
cells, demonstrates that they are not entering the tissue via the blood stream. Our data showing a
migrational behavior from the tissue to the draining lymph node, most likely via lymphatic vessels,
is in agreement with this previous data. However, considering our data and the previous results
obtained from parabiosis experiments, the interpretation of the life cycle of UTC needs to be
revised. These cells are not, as previously thought, purely tissue resident. Leaving the thymus after
maturation, UTC seed niches in peripheral tissues and reside there. Over time, they migrate from
these tissues to the draining lymph node and most likely die there. That the UTC die in the lymph

node over time without leaving it again is speculation but considering the previous parabiosis
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results’, a valid conclusion. If the cells leave the lymph node to re-enter the tissue of origin, they
need to do this via the blood stream. In the parabiosis set-up the circulation of UTC from the lymph
node via the blood to the tissue would most likely have been detected.

An alternative explanation is that non-circulating UTC differentiate into the circulating ones
in the lymph node and thereby feed into the pool of circulating cells that do not enter the tissue.
This scenario is rather unlikely, because of the different Th phenotypes present in the circulating
and non-circulating pool. Th17-like UTC are absent in the circulating compartment, based on our
analysis (Fig. 7) and previous reports''®. So far, there is no report to my knowledge, that shows
convincingly a conversion of Th17-like into Th1-like UTC in vivo. Furthermore, for y5 T cells it was
shown that in the blood and partially lymphatic organs the transcriptional landscape of these cells
resembles the more mature differentiation states in the adult thymus'®2. This argues for a direct
thymic origin of these cells. Future experiments need to determine the functional role of continuous
UTC migration from the tissue to the draining lymph node.

It needs to be considered that the experiments regarding the circulation and migrational
behavior of UTC from the tissue to the lymph node were analyzed at steady state in this study (Fig.
5A). Whether the recruitment from the tissue to the lymph node is accelerated, blocked or unaltered
during inflammatory conditions needs to be further investigated. Potentially, a conversion of Th17-
into Th1-like UTC could also be induced during inflammatory conditions®. However, under
infectious conditions, others have shown that y3 T cells can be recruited from the blood to the skin

in a CCR2-dependent manner'®

. Whether the recruited cells belong to the circulatory compartment
or are derived from the lymph node under these inflammatory conditions needs to be determined
by dedicated experiments. Also, it would be interesting to investigate whether the recruited UTC
integrate permanently into the target organ and potentially bias the TCR and Th-like phenotype
composition of the organ, or whether they transiently reside like short-lived effector cells and die
after resolution of the infection.

Overall, the data presented here, demonstrates a novel, generalizable migration behavior
of UTC and adds important knowledge to their life cycle. In light of our data, further questions and

novel angles to study these cells and the overall setup of the immune system arise.

Functional unit concept of UTC

While studying the composition and migrational behavior of UTC, we realized that the
observed heterogeneity and the TCR-based lineages are disconnected. Our comprehensive
scRNA-sequencing analysis of UTC across lymph nodes and following flow cytometric validation
demonstrates that the TCR-based lineage does not imprint the transcriptional identity of UTC (Fig.
5E). In our unbiased analysis, cells belonging to different lineages clustered together, belonging to

the same cell type. This data is an extension of previous studies demonstrating transcriptional
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similarities comparing different UTC lineages'?*'?, but it also goes beyond previous descriptions,
offering for the first time a comprehensive overview of UTC composition and subsets across lymph
nodes.

Next to the transcriptional overlap, we could also observe a disconnected layer of selection,
comparing the Th-like phenotypes of UTC and their TCR-based lineage. While we observed, as

others before®®!

, significant variation of TCR-based lineages comparing mice with different
microbiota compositions, the Th-like phenotype of the cells remained unaffected (Fig. 11). These
data indicate that the different immunological functions of UTC, one being part of the innate immune
system and getting activated via cytokines, and the other part serving as adaptive immune cells
reacting to specific antigens with their TCR, are likely controlled and selected via different
mechanisms. The TCR composition of UTC residing in barrier tissues seems to be regulated via
tissue-restricted antigens or stimulatory molecules as was proposed by other studies before'?"28,
Specifically, development and maintenance of dendritic epidermal T cells is dependent on selection
and upkeep of intraepithelial T cells protein 1 (Skint-1) expression in the epidermis®'%. The
mechanisms selecting the Th-like phenotype composition within a tissue remains largely unknown.
Our data indicates for the first time that these features of UTC are independently controlled on a
population level and will foster further studies trying to elucidate the molecular basis for this
observation.

Focusing on the TCR-independent regulation of UTC, we propose, based on our data, a
functional unit concept that encompasses all UTC TCR-based lineages. This study is the first to
systematically investigate the functional, transcriptional and localization relationship between these
lineages and we came to the conclusion that they belong to the same units. Demonstrating it for
sdLN Th17-like UTC as an example, we showed that these cells share a localization (Fig. 13B),
are transcriptionally homogenous (Fig. 14) and compensate for each other in numbers (Fig. 16)
and function (Fig. 17). Investigating UTC as a unit and not as separate lineages, as several studies

have been doing so far’®130.131

, offers explanations to open questions in the field, like why single
TCR-based lineage deficient mice fail to show strong phenotypes in most disease or infection
models. Furthermore, previously made observations would be offered a new interpretation as
outlined below.

So far, it has been challenging to assign unique functions to UTC lineages'?. In most
cases, researchers identified a function of the cells and correlated their importance, rather than
demonstrating the unique feature of the cell type. For example, IL-17 producing y& T cells have
been described in the brain'®, where they contribute to neuronal development and anxiety
behavior. The importance of IL-17 as a functional molecule was convincingly demonstrated using
IL-17 deficient mouse models and since yd T cells are the main producers, the function was

ascribed to these cells. Mice deficient for yd T cells showed only a milder version of the phenotype
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and only acute depletion via antibodies of these cells revealed convincing results. Considering our
data, it is questionable whether the IL-17 production is a unique feature of yo T cells in this tissue,
or whether UTC in the brain are also organized as a functional unit.

The dependence of UTC on the microbiome during early life development in tissue seeding
is well established®®. Germ-free mice, raised lacking a microbiome, have defects in developing
MAIT cells. This observation could be ascribed to vitamin B6 metabolite producing bacteria which
colonize the gut in microbiome sufficient mice®°. A different study observed that NKT cells increase
in numbers in the absence of a microbiome®'. It was concluded that the microbiome had an
inhibitory effect on NKT cells seeding to the tissue. Considering our data, an alternative
interpretation is that in germ-free mice NKT cells compensate for the absence of MAIT cells and
therefore increase in numbers. To prove this hypothesis, dedicated experiments will need to be
conducted. Nevertheless, our work offers an alternative interpretation of the data. This example
demonstrates that considering UTC as functional units offers new perspectives on already existing

data and eventually more studies might need to be reassessed in their interpretation.

Dedicated Th2-like UTC are absent outside the thymus of naive mice
Next to the conceptual advance of this study, we provide a resource of the transcriptional UTC
landscape across lymph nodes (Fig. 5D). Our single cell analysis can be used to identify new
subsets of UTC and uncover their specific functions, work that would go beyond the scope of this
thesis. The value and validity of this scRNA-sequencing atlas is shown in the fact that many already
recognized subsets could be validated and confirmed’. The rough classification of UTC into
Th1-, Th2- and Th17-like cells was also seen in our data set, at least for the Th1- and Th17-like
subsets (Fig. 7).
We failed to identify a Th2-like subset in our sequencing analysis based on published
transcription factors or cytokines’®. To confirm the lack of Th2-like UTC we investigated further

published data sets'®

and analyzed an IL-5 fate mapping mouse model (Fig. 8). The results
indicate that in our analysis, opposed to previous studies investigating the thymus and
periphery'®®1341%5 Th2.like UTC are absent. A recent study analyzing the developmental trajectory
of NKT cells in the thymus demonstrated that the Th2-like cells are rather an intermediate cellular

state then a fixed identity of these cells'®

, Which might explain why we failed to identify these cells
in the periphery. A further reason to the discrepancy with previous studies might lie in the utilized
mouse models. As such, our study, as well as the study describing Th2-like NKT cells as an
intermediate developmental state, were conducted in B6 mice, while Th2-like UTC have been
primarily studied in Balb/C mice. This genetic background is described to have a prevalence for

Th2 cells in general'™'¥". This difference needs to be considered when comparing the data.
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A complete analysis of the UTC composition in mouse models with different genetic
backgrounds will be required to fully resolve the question on Th2-like UTC in the future. Our data
offers the framework to design a comprehensive analysis for such future studies, aiming to

elucidate the differences between mouse strains in detail.

Translation to humans

Mouse studies regarding UTC have been often drawn into question with regards to their
translatability to humans, and therefore their value. Inter-species differences regarding UTC
numbers, phenotype, tissue-distribution, and TCR-ligand recognition are important factors to take
into consideration, which is why every mouse study needs to be evaluated carefully with regards
to its interpretation for humans'®. To draw definite conclusions for the concepts described in this
study, dedicated experiments and detailed analysis of human samples are necessary.
Nevertheless, previous data obtained from humans indicate that the results presented in this study
might also be valid in humans and therefore clinically relevant.

First, it was described that tissue residing UTC differ in their phenotype, TCR-repertoire,
and transcriptional landscape from circulating UTC''4°_ This means, that in humans circulating
and non-circulating UTC are segregated, like in mice (Fig. 6). Whether the tissue-residing UTC can
also be found in the lymph nodes due to lymphatic migration needs to be determined. However, if
it can be shown that UTC in human lymph nodes can be separated into a circulating and non-
circulating population, the lymph node heterogeneity and all its consequences are translatable from
our mouse study to humans. Furthermore, it would allow for the detailed study of tissue residing
UTC in human lymph node samples. This would provide the advantage of having more samples
available. Lymph node biopsies are a common medical procedure'', while obtaining solid organ
samples from healthy donors is a rare case scenario. Additionally, from a technical point of view,
isolating lymphocytes from lymphatic organs is a less complicated procedure than isolation from
solid tissues, which also limits the introduction of technical bias in the analysis'*>'*.

The second main aspect of our study is that UTC can be classified in functional units,
independent of their TCR-based lineage. This aspect is harder to address in humans due to the
lack of common markers to identify UTC beyond their TCRs. Human y& T, NKT and MAIT cells are
studied using specific TCR antibodies and tetramers, like in many mouse studies. Our study
benefited from the lack of CD4 and CD8 co-receptor expression in murine UTC, to identify them

4144145 \which makes

independently of their TCR. In humans most UTC express either CD8 or CD
the analysis more challenging. Furthermore, no dedicated markers differentiating TCR lineages
have been identified beyond their TCR, to my knowledge. However, the lack of specific markers
might be an indication that the transcriptional homogeneity of UTC across lineages is also

translatable to humans. To address this question in detail, a dedicated experiment analyzing these
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cells on a single cell level needs to be conducted. Another indication that the functional unit concept
for UTC applies to humans is derived from a patient study conducted by Howson et al.”*. One
patient, that lacked MAIT cells due to genetic mutations in the MR1 gene, showed a significant
increase in yd T cells, which compensated for the function of MAIT cells in ex vivo experiments'.
This result resembles our data when analyzing single TCR-based lineage deficient mouse models.
Of course, analyzing one patient provides only indications and not proof. Conducting a large-scale
study with larger patient numbers is required for a convincing argument, but such a study may be
difficult to conduct due to a lack of patients. To my knowledge, there is no disease described in
humans caused by the lack of a specific UTC TCR-based lineage, which is why no patient registry
exists. However, this absence of UTC associated diseases can be interpreted in two different ways.
First, it might be that mutations causing a lack of MAIT, NKT or v T cells are fatal, which might
explain the lack of patients. Alternatively, the lack of a specific TCR-based lineage is compensated
in numbers and function by the remaining ones and no clinical symptoms occur. Considering our

data, classifying UTC into functional units, and the above-mentioned patient study'#®

, it is tempting
to speculate that the compensation across UTC lineages is also applicable to humans.

Overall, it is impossible to conclude with certainty that the findings of this study are
translatable to humans, without dedicated experiments demonstrating it. Nevertheless, the
indications already present in the current literature, support the notion that most of the concepts

described here for mouse UTC, will also apply to humans.

Clinical relevance

Assuming that the concepts proposed in this study are applicable to humans, it raises the
question how clinically relevant these findings might be and how patients could potentially benefit
from the gained knowledge. The implications for basic research were outlined above in detail, but
the presented findings can have direct implications for patients and should direct the design of
specific treatment strategies that harness the immune system.

The most recent clinical use of UTC lineages is the generation and administration of

47 CAR T cells are an individualized

chimeric antigen receptor (CAR) T cells to treat cancer patients
treatment strategy. Classically, endogenous conventional T cells are isolated from the patient,
expanded ex vivo and transduced to express an antigen receptor specific for a tumor-antigen
present in the patient™®. Since the patient’s cells are used and the receptor can be individually
designed to target antigens specific against the patient’s tumor, high expectations were given to
this treatment strategy. The success so far has been variable, depending on the type of tumor and
other factors'®. To improve the CAR T cell treatment strategy, other cells like NK or UTC are

currently investigated for their potential to treat patients™’'>°.
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Considering the results of our study, the usage of UTC as CAR T cell therapy might be
more complex and would need further specifications. We show that UTC can be separated into
circulating and non-circulating populations. Which one of these enters the tumor and resides in it,
has not been investigated so far. To design optimal UTC CAR T cells, it might be beneficial to
induce tissue specific phenotypes that promote the recruitment and potentially maintenance in the
tissue-specific tumor microenvironment. As a conclusion, it could be beneficial that patients with
colon carcinoma receive a colon specific type of UTC CAR T cells, while melanoma patients require
a skin-specific UTC population. Therefore, an individualization of the therapy beyond receptor
specificity might be required when utilizing UTC as CAR T cell therapy.

Other studies have described site-specific differences analyzing the immune response®1%.
Our study offers a molecular explanation for the observed differences and marks a starting point to
study these and their impact in detail. Our data demonstrate that at least part of the lymph node
heterogeneity is caused by different UTC subsets residing in the lymph nodes. Investigating these
differences in more detail and obtaining a holistic overview of the caused heterogeneity, will pave
the way for improved rational treatment designs. As an example, it can be beneficial to administer
a vaccination via different routes, depending on whether more antibody producing B cells or
memory T cells should be induced. Also, some vaccines might be more efficient in generating an
immune response with long lasting memory at certain sites while failing to do so at others.
Furthermore, adding adjuvants that site-specifically activate UTC, guiding the immune response in
a favorable direction, can be investigated. This study can be used as a framework and provides a
rational to investigate site-specific influences on vaccination outcomes in detail.

In conclusion, our study offers a rational to investigate the role of UTC in certain
malignancies and clinical settings. Furthermore, it offers a framework for testing potential factors

to consider when utilizing these cells as therapeutic agents.

Limitations of the study

This study, that investigated UTC biology in different lymph nodes, revealed a novel
behavior of these cells and proposed a unifying concept with potential far reaching basic and clinical
implications. Nevertheless, there are also certain limitations that need to be considered when
interpreting the data. Most analyses of UTC were performed based on the identification of these
cells via expression of CD3 and absence of CD4 and CD8, which would mark conventional T cells.
For most UTC in mice, this classification is valid, but also in mice subsets of CD4 or CD8 positive
UTC have been described'"'%2. Focusing on our data, it cannot be excluded that these CD4 or
CD8 positive UTC behave differently in terms of their migrational behavior. Furthermore, it is also
possible that these subsets of UTC are not part of the functional units, but rather possess only

TCR-based lineage specific functions. Dedicated experiments focusing on these cells are required
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to clarify this remaining open question. Irrespective of the result, including or excluding CD4 and
CD8 positive murine UTC does not jeopardize the significance of our findings for the majority of
UTC.

Another limitation of our study is that we focused on the TCR-independent functions of T
cells. The TCR of these cells is certainly critical for specific aspects of their biology and contributes
to the immune response. Our proposed functional unit concept of UTC ignores this aspect, focusing
solely on the innate function of UTC. During an immune response both functional aspects of these
cells, adaptive response utilizing the TCR, and innate response reacting to cytokines, are
integrated and probably influence the outcome of behavior of these cells in concert.

Nevertheless, isolating and separating the analysis of these two sides of UTC might offer
certain benefits as well. Understanding in detail how and why UTC react the way they do is only
possible by dissecting each stimulus they respond to. Here, we offer a framework that can clearly
distinguish innate from adaptive features of UTC and thereby improve the interpretation of future

studies.

Future directions

The findings presented here can be used for multiple future research projects, by directly
addressing clinical issues and treatment options, or directing more basic molecular studies as
mentioned in the discussion above. One important aspect, that was not mentioned so far, is a
potential new approach to address the functions of UTC and their contribution to the immune
response and homeostasis in general. So far, single TCR-based lineage deficient mouse models
failed to reveal major specific contributions of these cells to either maintenance or immunity of the
host'2. Our study offers an explanation for this phenomenon, introducing the functional unit
concept for UTC. Consequently, to fully understand the impact of UTC on immunity and tissue
homeostasis, we need to generate and study a mouse model, that specifically lacks all UTC
lineages. Crossing the three utilized single TCR-based lineage deficient mouse models used in this
study, might be a potential approach to obtain such a mouse model. Analyzing the phenotype of
mice lacking all UTC will likely offer a deeper understanding of their biology, revealing unknown
functions.

With the data presented in this study we aim to introduce a novel concept for UTC biology
and deepen our understanding on their behavior and pre-positioning in lymphatic organs. We are
convinced that the presented findings offer a novel angle to study these cells and stimulate future

research addressing their function and their clinical relevance for human diseases.
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Material and Methods

Material

Table 1: Equipment

Device

Name and company

Autoclave HX-430, Systec, Linden, Germany

Balance CP2201, Sartorius, Goéttingen, Germany

Cell sorter Aria Il, Becton-Dickinson, Franklin Lakes, NJ, USA
Centrifuge Thermo Fisher Scientific, Waltham, MA, USA
Confocal Microscope SP8, Leica, Hamburg, Germany

Cryostat CM 30508, Leica, Hamburg, Germany

Flow cytometers

Attune NxT Flow Cytometer, Thermo Fisher Scientific,
Waltham, MA, USA

Cytek Aurora 5-Laser, Cytek Biosciences, Amsterdam, The
Netherlands

Freezer -20 °C

Liebherr, Biberach, Germany

Freezer -80 °C

VIP ECO ULT freezer, Panasonic, Avon Cedex, France

Ice machine

Ziegra, Isernhagen, Germany

Incubator cells

Binder, Tuttlingen, Germany

Incubator bacteria

MaxQ, Thermo Fisher Scientific, Waltham, MA, USA

IVC mice cage

Tecniplast Smartflow, HohenpeilRenberg, Germany

Neubauer chamber

Assistent, Karl Hecht GmbH, Sondheim, Germany

Pipette boy

Integra Biosciences, Biebertal, Germany

Pipette

Research plus (10, 20, 200, 1000), Eppendorf, Hamburg,
Germany

Preparation instruments

F.S.T., Heidelberg, Germany

Refrigerator Liebherr, Biberach, Germany

Sieves, steel Mechanical Workshop, University Hospital Bonn,
Germany

Spectrophotometer Genesys 30, Thermo Fisher Scientific, Waltham, MA, USA

Vortex neolab, Heidelberg, Germany

Water bath Memmert, Schwabach, Germany

Workbench, sterile

Envair ECO, ENVAIR GmbH, Emmendingen, Germany

Table 2: Consumables

Consumables

Name and Company

Canula 100 Sterican, B. Braun, Melsungen, Germany

Cell strainer Falcon cell strainer, Corning, NY, USA

Cover slips controlled thickness 0.17 +0.01 mm, CE, Assistent, Karl
Hecht GmbH, Sondheim, Germany

Cryomolds Tissue-Tek®, Sakura, Alphen aan den Rijn, Netherlands

Cryotubes Cryopure 1.6ml, Sarstedt, Nimbrecht, Germany

FACS tubes Sarstedt, NUmbrecht, Germany

FALCON tubes

15 ml, Greiner bio-one, Solingen, Germany
50 ml, Sarstedt, Nimbrecht, Germany
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Injection Needles

27G, 25G, 20G, BD Microlance, Becton, Dickinson and
Company, Franklin Lakes, NJ, USA

Microscopy slides

Superfrost Plus, VWR, Darmstadt, Germany

Nylon gauze

Labomedic, Bonn, Germany

Hydrophobic Barrier (PAP) Pen

ImmEdgeTM  Pen  (H-4000),
Burlingame, CA, USA

Vector Laboratories,

Pestle

Fisher Scientific, Pittsburgh, PA, USA

Pipette tips

Ultratip 1000 pl, Greiner bio-one, Frickenhausen, Germany
TipOne 200 ul, STARIab, Hamburg, Germany
Pipette Tip 10 pl neutral, Sarstedt, Nimbrecht, Germany

Plastic pipettes

150 mm and 230 mm; Roth, Karlsruhe, Germany

Reaction tubes

microtubes (0.5 ml, 1.5 ml, 2 ml), Sarstedt, Nimbrecht,
Germany

Syringes

2 ml/ 5 ml BD Discardit Il, Becton-Dickinson, Heidelberg,
Germany

Tissue culture plates

TPP Tissue culture testplates (96, 24, 6 wells), Trasadingen,
Switzerland

Tissue grinder

Fisher Scientific, Pittsburgh, PA, USA

Table 3: Chemicals and reagents

Chemicals and reagents

Name and company

[3-mercaptoethanol

Sigma Aldrich, St. Louis, MO, USA

Ammonium chloride (NH4Cl)

Merck, Darmstadt, Germany

Bovine serum albumin fraction
\Y2

Roth, Karlsruhe, Germany

Brefeldin A (BFA)

Sigma Aldrich, Munich, Germany

Collagenase D

Roche, Basel, Switzerland

Dimethylsulfoxid (DMSO)

Roth, Karlsruhe, Germany

Dispase

Roche, Basel, Switzerland

DNAse 1

Sigma-Aldrich, St. Louis, MO, USA

Diethiothreitol (DTT)

Sigma-Aldrich, St. Louis, MO, USA

Embedding medium

Tissue-Tek® O.C.T.TM Compound, Sakura, Alphen aan den
Rijn, Netherlands

Ethanol 70% v/v

Otto Fischar, Saarbricken, Germany

FCy Block

Privigen, CSL Behring, Marburg, Germany

Fetal bovine serum (FBS)

Good Filtrated Bovine Serum, PAN Biotech, Aidenbach,
Germany

Fluoromount-G

ebioscience, San Diego, CA, USA

Formaldehyde Roth, Karlsruhe, Germany

Gelatin from cold water fish skin Sigma Aldrich, St. Louis, MO, USA

(GCWEFS)

HEPES Gibco, Thermo Fisher Scientific, Waltham, MA, USA
lonomycin Sigma-Aldrich, St. Louis, MO, USA

Ketamin Ketanes® S, Pfizer, NY, USA

LB LB Broth (Lennox), Invitrogen, Darmstadt, Germany
Liberase TL Sigma Aldrich, St. Louis, MO, USA
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L-Lysin

Sigma Aldrich, St. Louis, MO, USA

Normal Mouse Serum (NMS)

Life Technologies, Carlsbad, CA, USA

Penicillin/ Streptomycin/
Glutamine

Gibco, Thermo Fisher Scientific, Waltham, MA, USA

Percoll®

Sigma-Aldrich, St. Louis, MO, USA

Perm/Wash Buffer 10x

BD, Heidelberg, Germany

Phorbol Myristate Acetate

Sigma Aldrich, St. Louis, MO, USA

(PMA)

Phosphate-buffered saline Biochrom AG, Berlin, Germany

(PBS)

Potassium bicarbonate Merck, Darmstadt, Germany

(KHCO3)

RPMI 1640 medium Invitrogen, Darmstadt, Germany

Sucrose Sigma Aldrich, St. Louis, MO, USA

Triton X-100 Promega, Madison, WI, USA

Trypan blue Lonza, Cologne, Germany

Xylazine Xylavet®, CP-Pharma, Burgdorf, Germany

Table 4: Buffer, media, solutions

Buffer, media, solutions

Composition

10x ACK lysis buffer

1.5 M NH4CI

100 mM KHCOs3

10 mM EDTA-Naz

in distilled water (pH value 7.2)

Blocking buffer

1% (v/v) FBS

1% (m/v) GCWFS

0.3 % (v/v) Triton-X 100

in PBS

1% NMS added directly before use

FACS buffer 2 % (viv) FBS
in 1x PBS

Intestine digestion buffer 1 1 mM EDTA
10 mM HEPES

0.15 % (w/v) DTT
in RPMI 1640 medium
preparation directly before use

Intestine digestion buffer 2

1 mM EDTA
10 mM HEPES
in RPMI 1640 medium

Intestine digestion buffer 3

2 % (viv) FBS

1.5 mg/ml Collagenase D

0.5 mg/ml Dispase

20 pug/ml DNase 1

1 mM EDTA

10 mM HEPES

in RPMI 1640 medium
preparation directly before use
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LB medium 20 g/L LB
in distilled water

10 mM HEPES

125 pg/ml Liberase TL

20 ug/ml DNase 1

in RPMI 1640 medium
preparation directly before use

Liberase digestion buffer

PBS 137 mM NaCl
2.7 mM KCI

10 mM Na;HPO4
1.8 mM KH2PO4
in distilled water

P-buffer 40.5 % (v/v) 0.1 M NaxHPO4
9.5 % (v/v) NaH2PO4
in distilled water (pH value 7.4)

PLP 2.12 mg NalO4

3.75 ml P-buffer

3.75 ml L-Lysine

2.5 ml 10% formalin

(pH value 7.4, adjusted with 10 M NaOH)
preparation directly before use

T cell medium 8 % heat-inactivated FBS
50 UM 3-Mercaptoethanol
4 mM L-Glutamin

100 U/ml Penicillin

100 pg/ml Streptomycin
in RPMI 1640 medium

Table 5: Antibodies for flow cytometry

Antigen Clone Conjugate Company
CCR6 29-2L17 PE BioLegend
CCR9 CW-1.2 FITC BioLegend
CD3¢ 17A2 AF700 BioLegend
CD4 GK1-5 BV711 BioLegend
RM4-5 BV605
CD8a. 53-6.7 BV711 BioLegend
BV605
CD44 IM7 BV785 BioLegend
CD45 30-F11 PB BioLegend
CD45.2 104 FITC BioLegend
CD62L MEL-14 APC-Cy7 BioLegend
BV510
BV605
PE-Cy7
CXCR3 CXCR3-173 BV510 BioLegend
CXCR6 SA051D1 AF647 BioLegend

50




BV421
PE
PE-Dazzle594
EOMES Dan11mag PE-Cy7 eBioscience
GM-CSF MP1-22E9 PE Thermo
IFNy XMG1.2 BVv421 BioLegend
IL-17F 9D3.1C8 AF647 BioLegend
ITGR7 FIB27 PerCp-Cy5.5 BioLegend
LCK 3A5 AF647 Santa Cruz
SLAMF6 13G3 BV711 BD Pharmigen
TNFa MD6-XT22 PE -Cy7 BioLegend
TCRys GL3 BV605 BiolLegend
AF488
BUV805 BD Biosciences
TCR VB6 RR4-7 BUV395 BD Biosciences
FITC
TCR Vp8.1; 8.2 KJ16-133-18 FITC BioLegend
MR5-2 BUV395 BD Biosciences
Table 6: Antibodies for Histology
Antigen Clone Conjugate Company
B220 RA3-6B2 AF700 BioLegend
CD3¢ 17A2 BV421 BioLegend
Table 7: Tetramers
Molecule Antigen Conjugate Company
CD1d PBS-57 BV421 NIH Tetramer Core Facility
Table 8: Kits
Name Company
Cytofix/ Cytoperm BD Biosciences; Heidelberg, Germany

Zombie NIR™ Fixable Viability Kit BioLegend; San Diego, CA, USA

Table 9: Software

Software Company

Adobe Creative Cloud Adobe, San Jos., CA, USA

Attune NxT Flowcytometry Thermo Fisher Scientific; Waltham, MA, USA
Software

Endnote 20 Clarivate Analytics, Philadelphia, PA, USA

Flowjo V10.7.1

BD Biosciences, Heidelberg, Germany

GraphPad Prism 8

GraphPad Software, La Jolla, CA, USA

Imaris Bitplane

Leica LSX Leica

Microsoft Office Microsoft, Redmond, WA, USA
RStudio RStudio Inc., Boston, MA, USA

SpectroFlo Software

Cytek Biosciences; Amsterdam, The Netherlands
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Table 10: Viruses and bacteria

Pathogen

Description and Reference

Vaccinia virus

Vaccinia virus; kindly provided by Jonathan Yewdell, National
Institute of Allergy and Infectious Diseases, Bethesda, MY,
USA

S. aureus HG0O01

S. aureus; kindly provided by Knut Ohlsen, Institute for

Molecular Infection Biology, Wirzburg, Germany

Mouse strains

All mice used were maintained under specific pathogen-free conditions at a certified

Association for Assessment and Accreditation of Laboratory Animal Care-accredited animal

facility (Animal facility Systems Immunology Wuirzburg or ZEMM animal facility Wuarzburg) in

accordance with the institutional animal guidelines. Used mouse strains are listed below. All mice

are on the genetic background of C57BL/6J, if not stated differently.

Table 11: Mouse strains

Mouse strain

Description and Reference

B6

C57BL/6J non-transgenic mice were purchased from Janvier
Laboratories and used as wildtype controls (wt).

Cast/B6

Cast/B6 mice were kindly provided Lantz, O.. These mice have
the same genetic background as the Mr1™" strain.

Cd1d”

Cd1d” were purchased from Janvier Laboratories. The mice
lack the expression of the genes CD1d1 and CD1d2. These
mutations lead to the lack of NKT cells.

Cxcr3°FP

Cxcr3°P mice were kindly provided by Satoskar, A.. A GFP
gene cassette is expressed under the CXCR3 promoter and
mice can be used as reporter line.

CXCI,GGFP/Wt

Cxcr6°™"™ were purchased from Janvier Laboratories. A GFP
gene cassette is inserted and into the Cxcr6 gene locus.
Heterozygous this mouse strain can be used as a reporter line,
homozygous it is a functional knock-out for CXCR6.

”23,GFP/GFP

1123r°FP'CFP mice were kindly provided by Zernecke, A.. A GFP
gene cassette is inserted and into the //23r gene locus.
Heterozygous this mouse strain can be used as a reporter line,
homozygous it is a functional knock-out for IL-23R.

”4GFP/Wt

114°FP™ mice were kindly provided Voehringer, D.. A GFP gene
cassette is inserted and into the IL4 gene locus. Heterozygous
this mouse strain can be used as a reporter line, homozygous
it is a functional knock-out for IL4.

Mr17"-

Mr1" mice were kindly provided by Lantz, O.. The mice lack
MR1 gene expression and thereby don't possess MR1-
dependent T cells, including MAIT cells.

Terd™

B6.129P2 Tcrdtm1 Mom/J mice were kindly provided by Prinz,
I.. These mice harbor a mutation in the TCR delta gene and

thereby lack gd T cells.
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Methods

Virus preparation
Vaccinia virus was stored at -80 °C in cryo-conservation tubes. For usage, the virus stock
was diluted in sterile PBS. Mice were injected with an infectious dose of 200 plaque forming units

(PFU) subcutaneously or intranasally for 4 h.

Bacteria preparation

Staphylococcus aureus HG001 was stored at -80 °C in cryo-conservation tubes. For
usage, a ring of cryo-conserved bacteria was placed into 50 ml LB medium and grown over night
at 37° while shaking at a speed of 200 rounds per minute (rpm). To obtain a log culture, 100 pl of
the over-night culture were diluted in 10 ml fresh LB medium. After 2 h, the growth of bacteria was
measured by determining the optical density (OD) 600 using a spectrophotometer. The log-culture
was diluted in PBS to obtain a concentration of 1x10® colony forming units (CFU) per 30 ul. Mice

were injected with an infectious dose of 1x10® CFU subcutaneously for 4 h,

Treatment of mice

Footpad infection
To inject virus or bacteria subcutaneously into the footpad, mice were restrained. 10®
CFU S. aureus or 200 PFU Vaccinia virus were diluted in 30 pl sterile PBS and injected into each

footpad of the mice.

Intranasal infection

To infect with virus intranasally, the mice were anesthetized via intra peritoneal injection
of 150 pl Ketamine/ Xylazine solution. The mice were monitored until no reflexes could be
measured. 200 PFU Vaccinia virus were diluted in 25 pl sterile PBS and dropped into the nose of

the mice. Afterwards, the mice were laid on their side in their cage and monitored until they woke
up.

Isolation of lymphocytes from organs

Lymph nodes
To isolate cells from lymph nodes, organs were harvested from donor mice and placed

into 150 yl FACS buffer containing 1.5 ml tubes on ice. Lymph nodes were mashed using a pestle

53



to create a single cell suspension. Afterwards, the cell suspension was transferred into a 96-well

v-bottom plate and further processed for analysis.

Spleen

To isolate cells from spleen, organs were harvested and placed into PBS on ice until
further processing. A single cell suspension was created by mashing the spleen over a metal sieve
into a 50 ml tube. The mesh was washed with 20 ml FACS buffer and afterwards the cells were
pelleted by centrifuging for 8 min at 1600 rpm. After discarding the supernatant, the pellet was
resuspended in 2 ml 1x ACK buffer to lyse erythrocytes at room temperature. 5 min later 20 ml
PBS was added, the cells were filtered into a new 50 ml tube and the cell suspension was
centrifuged for 7 min at 1600 rpm. The pellet was resuspended in 1.5 ml FACS buffer. 150 pl cell

suspension was transferred into a 96-well v-bottom plate and further processed for analysis.

Skin

For isolation of resident cells from the skin, the ears of the mice were harvested and
separated in order to expose the dermis. The ear skin was digested using 500 pl liberase digestion
solution per ear half for 90 min at 37 °C without shaking. The digestion was stopped by diluting with
cold PBS supplemented with 50 uM B-Mercaptoethanol. The digested tissue was mashed to obtain
a single cell suspension over a metal sieve into a 50 ml tube. The sieve was washed with 20 ml
PBS and the suspension centrifuged for 8 min at 1600 rpm to pellet the cells. The pellet was
resuspended in 20 ml PBS, the cells were filtered into a new 50 ml tube and the cell suspension
was centrifuged for 7 min at 1600 rpm. Afterwards, the pellet was resuspended in 150 ul FACS

buffer, transferred into a 96-well v-bottom plate, and further processed for analysis.

Lung

Before isolating lungs, mice were injected with 2 ug anti-CD45 antibody (30-F11, Pacific
Blue) in 100 pl PBS intra-venously. 5 min post injection mice were sacrificed, and organs were
harvested. For isolating the lung-resident cells, the lungs were pre-washed in cold PBS and
chopped into small pieces in a 1.5 ml tube. The lungs were digested using 2 ml liberase digestion
buffer per lung for 45 min at 37 °C shaking at 150 rpm. The digestion was stopped by diluting with
cold PBS supplemented with 50 uM B-Mercaptoethanol. For the lung, red blood cells were lysed
as described for the spleen, using 1 ml 1x ACK buffer. The digested tissue was meshed to obtain
a single cell suspension over a metal sieve. The sieve was washed with 20 ml PBS and the
suspension centrifuged for 8 min at 1600 rpm to pellet the cells. The pellet was resuspended in 4
ml 40% Percoll and transferred into a 15 ml tube. 4 ml of 80% Percoll was carefully layered on top.

For the density gradient centrifugation, the layered cells were centrifuged for 20 min at room
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temperature and 2500 rpm. The acceleration was set to 1 and deceleration to 0. Afterwards, the
interface was collected and diluted in 6 ml FACS buffer in a 15 ml tube. The cell suspension was
centrifuged for 7 min at 1600 rpm. Afterwards, the pellet was resuspended in 150 ul FACS buffer,

transferred into a 96-well v-bottom plate, and further processed for analysis.

Intestine

The isolation of small intestine-resident cells was performed after removing the fat, the
Payer’s patches and the feces, and by exposing the internal side of the intestine. To isolate the
intraepithelial lymphocytes (IELs), the small intestine pieces were transferred into a 50 ml tube and
incubated in 30 ml intestine digestion buffer 1 for 30 min at 37° C and 120 rpm. To isolate the
lamina propria lymphocytes, the intestinal pieces were transferred into a 50 ml tube containing 15
ml of intestine digestion buffer 2. After buffering the DTT containing intestine digestion buffer 1, the
intestine pieces were chopped into smaller pieces and afterwards transferred into a 50 ml tube
containing 25 ml intestine digestion buffer 3. The tissue pieces were incubated for 30 min at 37 °C
at 120 rpm. The digested tissue was mashed to obtain a single cell suspension over a metal sieve.
The sieve was washed with 20 ml PBS and the suspension centrifuged for 8 min at 1600 rpm to
pellet the cells. The pellet was resuspended in 4 ml 40% Percoll and transferred into a 15 ml tube.
4 ml of 80% Percoll was carefully layered on top. For the density gradient centrifugation, the layered
cells were centrifuged for 20 min at room temperature and 2500 rpm. The acceleration was set to
1 and deceleration to 0. Afterwards, the interface was collected and diluted in 6 ml FACS buffer in
a 15 ml tube. The cell suspension was centrifuged for 7 min at 1600 rpm. Afterwards, the pellet
was resuspended in 150 yl FACS buffer, transferred into a 96-well v-bottom plate, and further

processed for analysis.

Ex vivo stimulation of lymphocytes

Lymphocytes were isolated from inguinal, mediastinal or mesenteric lymph nodes and
plated in a 96-well plate at a final concentration of 5x10° cells/ml in 200 uL. Cell suspensions in T
cell medium were plated and activated using 0.025 mg/ml phorbol myristate acetate (PMA), 1
mg/ml lonomycin and cultured for 4 h hours at 37 °C. 1 mg/ml Brefeldin A (BFA) was added to the

medium. Only 1 mg/ml BFA containing condition without PMA/ lonomycin served as a control.

Histology

Fixation and embedding
For fixation, LNs were isolated and immediately fixed in 500 pl of freshly prepared PLP
buffer for 12 h at 4 °C. Samples were washed in PBS and afterwards dehydrated in 500 ul 30 %
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(v/v) sucrose at 4 °C overnight. Afterwards, samples were embedded in Tissue-Tek and stored at

-80 °C for cryo-cutting and subsequent immunofluorescence staining.

Microscopy

30 pm sections were cut on the cryostat and adhered to Superfrost Plus object slides.
Frozen sections were rehydrated with PBS for 10 min at room temperature, followed by
permeabilization and blocking with blocking buffer containing 1 % normalized mouse serum (NMS)
for up to 1 h at room temperature. Staining with fluorescently labelled antibodies was performed in
blocking buffer (with 1 % NMS) at 4 °C overnight. Afterwards, sections were washed with PBS and

mounted with Fluoromount-G. LN sections were imaged using Leica SP8 confocal microscope.

Flow cytometry

For staining surface molecules cells were transferred into a 96-well v-bottom plate. After
centrifuging for 3 min at 1600 rpm cells were resuspended in 50 pl staining solution based on FACS
buffer, containing the antibodies for the surface stain and Fc-block. Cells were incubated in the
dark at 4 °C for 30 min. Afterwards, plates were centrifuged for 3 min at 1600 rpm. The pellets were
resuspended in 150 yl FACS buffer and transferred into 5 ml tubes filtering though nylon gauze.
The well plate was washed with additional 150 pyl FACS buffer, which was transferred via the nylon
gaze into the 5ml tube. The samples were analyzed using Cytek or Attune flow cytometers.

For intracellular proteins staining, the cells were differentially processed after the surface
staining incubation. After washing once with FACS buffer, the cells were centrifuged for 3 min at
1600 rpm. Then, the cells were resuspended in 50 pl Cytofix/ Cytoperm to be fixed and
permeabilized, and incubated for 20 min at 4 °C in the dark. After pelleting the cells, they were
washed once with 1x Perm/ Wash and then resuspended in 50 yl Perm/ Wash-based intracellular
staining solution which included the antibodies in appropriate concentration. The cells were
incubated for 30 min at 4 °C in the dark. Afterwards, the cells were pelleted by centrifuging for 3
min at 1600 rpm. They were washed with 150 pl Perm/ Wash, then resuspended in 150 pl Perm/
Wash and transferred into 5 ml tubes prepared with 150 pl FACS buffer. They were processed by
FACS analysis.

Tetramer staining

To identify NKT cells, CD1d tetramers loaded with PBS-57 were used. They were added
in a 1:200 dilution to the surface staining solution and incubated for 30 min at 4 °C in the dark. After
incubation the cells were washed as described for the surface staining and processed for further

analysis.
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scRNA-sequencing
Single-cell RNA-sequencing was performed with the help of the Helmholtz Institute for
RNA-based Infection Research in Wirzburg, the Core Unit Systems Medicine of the University of

Wirzburg and the Helmholtz Centre for Infection Research in Braunschweig.

Cell sorting
Lymph node cells were isolated as described above and stained as described in section

Flow cytometry. Afterwards, the population of interest was sorted using a FACS Aria Il cell sorter.

Hash tagging for scRNA-sequencing

To combine different lymph nodes for scRNA-sequencing, single cell suspensions were
generated and together with the antibody mix for sorting, a specific TotalSeq™ Antibody mix was
added and incubated for 30 min at 4 °C. After enriching for the populations of interest, the different
samples were mixed in a 1:1:1 ratio and further processed for sequencing. The addition of the

TotalSeq™ antibodies allowed for later identification of the tissue of origin for every single cell.

Dropseq

The single cells were encapsulated into droplets with the ChromiumTM Controller and
processed following manufacturer's specifications. Transcripts captured in all the cells
encapsulated with a bead were uniquely barcoded using a combination of a 16 bp 10x Barcode
and a 10 bp unique molecular identifier (UMI). To generate complementary desoxyribonucleic acid
(cDNA) libraries the Chromium™ Single Cell 3’ Library & Gel Bead Kit v2 for the CXCR6"%"/ CD44*
cells (Fig. 14) or v3 for the other samples (Fig. 5) was used following the detailed protocol provided
by the manufacturer. Libraries were quantified by QubitTM 3.0 Fluometer and quality was checked
using 2100 Bioanalyzer with High Sensitivity DNA kit. Libraries were sequenced in 50 base pair
paired-end mode with the NovaSeq 6000 platform. The sequencing data was demultiplexed using
CellRanger software (version 2.0.2). The reads were aligned to mouse mm10 reference genome
using STAR aligner. Aligned reads were used to quantify the expression level of mouse genes and
generation of gene-barcode matrix. Subsequent data analysis was performed using Seurat R

package (version 3.2)'%3,

scRNA-sequencing analysis

Sample demultiplexing and doublet identification
To demultiplex hashing tags for each cell HTODemux function in Seurat package was

used with standard parameters. Cross-sample doublet cell detection was performed based on
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hashtag signal. Cells that were classified as ‘singlet’ and identified by hashtags were retained and

used for downstream analysis'®.

scRNA-sequencing analysis workflow

Quality control was performed, and viable cells were selected by excluding cells with
UMI counts lower than 1000 and above 27000, as well as cells having more than 5% of
mitochondrial transcripts for the steady state CXCR6"9"/ CD44" cells (Fig. 14). For the data set
comparing lymph nodes (Fig. 5) cells with UMI counts lower than 800 and above 3000, as well as
cells having more than 6% of mitochondrial transcripts and more then 12000 (tissue-derived) or
10000 (circulating) total transcripts were excluded. Circulating and tissue-derived samples (Fig. 5)
were combined using the merge function in Seurat. 2000 most variable genes were used for
downstream analysis to calculate principal components, after log-normalization and scaling.
Principle component analysis (PCA) was used for dimensionality reduction and to visualize a
uniform manifold approximation and projection (UMAP) of the identified clusters. For the sample
comparing distinct lymph nodes (Fig. 5), contaminating clusters containing B cells, monocytes and

classical T cells were removed from the analysis based on marker genes.

Pathway and Gene set enrichment analysis

Significant differentially expressed genes were defined by the FindMarker function in
Seurat using only.pos = T, min.pct = 0.25, logfc.threshold = 0.25 as parameters. The genes were
visualized using either the in Seurat implemented heatmap function or using EnhancedVolcano'*.
For pathway analysis, the significant differentially expressed genes were analyzed using the
Enrichr tool'®>'%¢. The BioPlanet 2019 database'®’ was used as a reference to test for enrichment
with standard Enrichr settings. The p-value was calculated from a Fisher’s exact test. For gene set
enrichment analysis, differentially expressed genes were analyzed using the GSEA MSigDB

software %1%,

Visualization

The graphs were partially created with BioRender.com.

Statistical analysis

Data, with the exception of scRNA-sequencing data, were analyzed using GraphPad
Prism 8. Non-paired Student t-test (two-tailed) was used to determine statistical significance
between two groups. Stars indicate significances (* p < 0.05, ** p < 0.01, ** p < 0.001). Error bars

indicate the standard error of the mean (SEM).
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%
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APC
ATP
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GFP
GM-CSF
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1d2
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IFN

IL
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Ly6a
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mesLN
mg
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degree Celsius

antigen presenting cells
adenosine-triphosphate
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chimeric antigen receptor

C-C motif chemokine ligand

C-C motif chemokine receptor
cluster of differentiation
complementary desoxyribonucleic acid
colony forming units
colony-stimulating factor 1
C-X-C motif chemokine receptor
danger associated molecular patterns
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fetal bovine serum

Fc epsilon receptor 1g
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GATA binding protein 3

gelatin from cold water fish skin
green fluorescent protein
granulocyte-macrophage colony-stimulating factor
hour

inhibitor of DNA binding 2
intraepithelial lymphocytes
interferon

interleukin

interleukin 18 receptor 1
interleukin18 receptor associated protein
interleukin 18 binding protein
innate lymphoid cells

inguinal lymph nodes

lonomycin

integrin

krippel like factor 2
lymphocyte-specific protein tyrosine kinase
lymph nodes
lipo-polysaccharide

lymphocyte antigen 6A

mucosal associated invariant T
mitogen-activated protein
mediastinal lymph nodes
mesenteric lymph nodes
milligram

major histocompatibility complex
minute

milliliter
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MyD88
NF«xB
NK
Nkg7
NKT
NMS
NOD
oD
PAMP
PBS
PFU
pLN
PMA
RIG-I
Rora
Rorc
rom

S. aureus
scRNA
sdLN
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Skint-1
SEM
Slamf6
SPF
Tbx21
TCR
Th

TIR
TLR
TRIF
tSNE
TNF-o
i

uM

um
UMAP
UMI
uTC
Vim

wt
Zbtb16

major histocompatibility complex class I-related
myeloid differentiation primary response 88
nuclear factor 'kappa-light-chain-enhancer' of activated B-cells
natural killer

natural killer cell granule protein 7

natural killer T

normal mouse serum

nucleotide-binding and oligomerization domain
optical density

pathogen associated molecular patterns
phosphate-buffered saline

plaque forming units

popliteal lymph nodes

phorbol myristate acetate

retinoic acid-inducible gene |

RAR related orphan receptor A

RAR related orphan receptor C

rounds per minute

staphylococcus aureus

single cell ribonucleic acid

skin draining lymph nodes

selectin L

selection and upkeep of intraepithelial T-cells protein 1
standard error of the mean

SLAM Family Member 6

specific pathogen free

T-Box transcription factor 21

T cell receptor

T helper cell type

toll/interleukin-1 receptor

toll-like receptor

TIR-domain-containing adapter-inducing interferon-3
t-distributed stochastic neighbor embedding
tumor necrosis factor alpha

microliter

micromolar

micrometer

uniform manifold approximation and projection
unique molecular identifier

unconventional T cells

vimentin

wild type

zinc finger and BTB domain-containing protein 16
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