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Summary

The immune system is responsible for the preservation of homeostasis whenever a given
organism is exposed to distinct kinds of perturbations. Given the complexity of certain organisms like
mammals, and the diverse types of challenges that they encounter (e.g. infection or disease), the
immune system evolved to harbor a great variety of distinct immune cell populations with specialized
functions. For instance, the family of T cells is sub-divided into conventional (Tconv) and unconventional
T cells (UTCs). Tconv form part of the adaptive arm of the immune system and are comprised of af
CD4" or CD8" cells that differentiate from naive to effector and memory populations upon activation and
are essential during infection and cancer. Furthermore, UTCs, which include yd T cells, NKT and MAIT,
are involved in innate and adaptive immune responses, due to their dual mode of activation, through
cytokines (innate-like) or TCR (adaptive), and function. Despite our understanding of the basic functions
of T cells in several contexts, a great number of open questions related to their basic biology remain.
For instance, the mechanism behind the differentiation of naive CD4*and CD8* T cells into effector and
memory populations is not fully understood. Moreover, the exact function and relevance of distinct UTC
subpopulations in a physiological context have not been fully clarified.

Here, we investigated the factors mediating naive CD8* T cell differentiation into effector and
memory cells. By using flow cytometry, mass spectrometry, enzymatic assays, and transgenic mouse
models, we found that the membrane bound enzyme sphingomyelin-phosphodiesterase acid-like 3b
(SmpdI3b) is crucial for the maintenance of memory CD8* T cells. Our data show that the absence of
SmpdI3b leads to diminished CD8* T cell memory, and a loss of stem-like memory populations due to
an aggravated contraction. Our scRNA-seq data suggest that SmpdI3b could be involved in clathrin-
mediated endocytosis through modulation of Huntingtin interacting protein 1 (Hipl) levels, likely
regulating TCR-independent signaling events. Furthermore, in this study we explored the role of UTCs
in lymph node-specific immune responses. By using transgenic mouse models for photolabeling, lymph
node transplantation models, infection models and flow cytometry, we demonstrate that S1P regulates
the migration of tissue-derived UTC from tissues to draining lymph nodes, resulting in heterogeneous
immune responses mounted by lymph nodes draining different tissues. Moreover, our unbiased scRNA-
seq and single lineage-deficient mouse models analysis revealed that all UTC lineages (yd T cells, NKT
and MAIT) are organized in functional units, based on transcriptional homogeneity, shared
microanatomical location and migratory behavior, and numerical and functional redundancy.

Taken together, our studies describe additional cell intrinsic (SmpdI3b) and extrinsic (S1P-
mediated migration) functions of sphingolipid metabolism modulating T cell biology. We propose the
S1P/S1PR1/5 signaling axis as the potential survival pathway for SmpdI3b™ memory CD8* T cells and
UTCs, mainly in lymph nodes. Possibly, SmpdI3b regulates S1P/S1PR signaling by balancing ligand-
receptor endocytosis, while UTCs migrate to lymph nodes during homeostasis to be exposed to specific
levels of S1P that assure their maintenance. Our results are clinically relevant, since several drugs
modulating the S1P/S1PR signaling axis or the levels of SmpdI3b are currently used to treat human
diseases, such as multiple sclerosis and B cell-mediated diseases. We hope that our discoveries will

inspire future studies focusing on sphingolipid metabolism in immune cell biology.



Zusammenfassung

Das Immunsystem ist fir die Aufrechterhaltung der Homdostase verantwortlich, wenn ein
bestimmter Organismus verschiedenen Arten von Stérungen ausgesetzt ist. In Anbetracht der
Komplexitat bestimmter Organismen wie Saugetiere und der verschiedenen Arten von Stdérungen,
denen sie ausgesetzt sein kdnnen (z. B. Infektionen oder Krankheiten), hat sich das Immunsystem so
entwickelt, dass es eine groRe Vielfalt verschiedener Immunzellpopulationen mit spezialisierten
Funktionen beherbergt. So wird beispielsweise die Familie der T-Zellen in konventionelle (Tconv) und
unkonventionelle T-Zellen (UTC) unterteilt. Tconv sind Teil des adaptiven Arms des Immunsystems und
bestehen aus aB-CD4*- oder CD8*-Zellen, die sich bei der Aktivierung von naiven zu Effektor- und
Gedachtnispopulationen differenzieren und bei Infektionen und Krebs eine wichtige Rolle spielen.
Darliber hinaus sind UTCs, zu denen yd-T-Zellen, NKT und MAIT gehoren, aufgrund ihrer dualen
Aktivierungsweise durch Zytokine (angeboren) oder TCR (adaptiv) und ihrer Funktion an angeborenen
und adaptiven Immunantworten beteiligt. Trotz unseres Verstandnisses der grundlegenden Funktionen
von T-Zellen in verschiedenen Zusammenhéngen gibt es nach wie vor eine grof3e Anzahl offener
Fragen im Zusammenhang mit ihrer grundlegenden Biologie. So ist beispielsweise der Mechanismus
der Differenzierung naiver CD4* und CD8" T-Zellen in Effektor- und Ged&achtnispopulationen noch nicht
ausreichend verstanden. Auch die genaue Funktion und Bedeutung der verschiedenen UTC-
Subpopulationen im physiologischen Kontext sind noch nicht vollstandig geklart.

Wir haben die Faktoren untersucht, die die Differenzierung naiver CD8+ T-Zellen in Effektor-
und Gedachtniszellen vermitteln. Mithilfe von Durchflusszytometrie, Massenspektrometrie,
enzymatischen Assays und transgenen Mausmodellen konnten wir feststellen, dass das
membrangebundene Enzym Sphingomyelin-Phosphodiesterase acid-like 3b (SmpdI3b) fur die
Aufrechterhaltung der CD8* T-Zell-Gedachtnisfunktion entscheidend ist. Unsere Daten zeigen, dass das
Fehlen von SmpdI3b zu einer verminderten Anzahl and CD8" T Gedé&chtniszellen durch eine verstarke
Kontraktion sowie einem Verlust von stammzellartigen Gedachtnispopulationen fiihrt. Unsere scRNA-
seq-Daten deuten jedoch darauf hin, dass SmpdI3b an der Clathrin-vermittelten Endozytose beteiligt
sein koénnte, indem es die Spiegel des Huntingtin interacting protein 1 (Hipl) moduliert und
wahrscheinlich TCR-unabhéngige Signalereignisse reguliert. Dartiber hinaus untersuchten wir in dieser
Studie die Rolle von UTCs bei lymphknotenspezifischen Immunantworten. Mit Hilfe von transgenen
Mausmodellen fir Photolabeling, Lymphknotentransplantationsmodellen, Infektionsmodellen und
Durchflusszytometrie konnten wir zeigen, dass S1P die Migration von UTCs aus dem Gewebe in die
drainierenden Lymphknoten reguliert, was zu heterogenen Immunantworten in den Lymphknoten fuhrt,
die verschiedene Gewebe drainieren. Ausserdem ergab unsere Analyse von scRNA-seq-Daten, sowie
Mausmodelle mit einer genetischen Defizienz einzelner UTC-Linien (yd-T-Zellen, NKT und MAIT), dass
diese zusammen in funktionellen Einheiten organisiert sind, die auf transkriptioneller Homogenitat,
gemeinsamer mikroanatomischer Lage und Migrationsverhalten sowie numerischer und funktioneller
Redundanz basieren.

Zusammengenommen beschreiben unsere Studien zusatzliche zellinterne (SmpdI3b) und -
externe (S1P-vermittelte Migration) Funktionen des Sphingolipid-Stoffwechsels, welche die T-Zell-
Biologie modulieren. Wir schlagen die S1P/S1PR1/5-Signalachse als potenziellen Uberlebensweg fiir

SmpdI3b* Gedachtnis-CD8*-T-Zellen und UTCs ausschliel3lich in Lymphknoten vor. Méglicherweise
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reguliert SmpdI3b die S1P/S1PR-Signallubertragung, indem es die Endozytose des Liganden-Rezeptors
reguliert. Dadurch konnte deren Exposition zu bestimmten S1P-Mengen in der Homdostase im
Lymphknoten reguliert werden, die wiederum das Uberleben der UTC steuern. Unsere Ergebnisse sind
klinisch relevant, da mehrere Medikamente, die die S1P/S1PR-Signalachse oder die SmpdI3b-
Konzentration modulieren, derzeit zur Behandlung menschlicher Krankheiten eingesetzt werden, z. B.
bei Multipler Sklerose und B-Zell-vermittelten Krankheiten. Wir hoffen, dass unsere Entdeckungen
zukinftige Studien anregen werden, die sich auf den Sphingolipid-Stoffwechsel in der Immunzellbiologie

konzentrieren.



Introduction

The immune system

The immune system (1S) is often referred to as the organism’s defense and tolerogenic system
against pathogens and commensal microorganisms, respectively. However, several other functions
have been identified in recent years, such as tissue repair, healing and regeneration'3, organ
development and remodeling*®, and fighting diseases such as cancer’8. Overall, the ultimate goal of
the immune system is to preserve, or restore the organism’s homeostatic state, particularly when certain
perturbations occur.

In order to achieve its varied functions, the mammalian IS is comprised by a heterogeneous
pool of cell types and organs that are widely distributed throughout the body. Owing to their purpose,
the organs forming part of the IS have been divided into primary (bone marrow (BM) and thymus) and
secondary (spleen, lymph nodes (LNs)) lymphoid organs. Primary lymphoid organs (PLO) are
responsible for the generation and development of immune cells, whereas secondary lymphoid organs
(SLO) are important for maintenance and activation of certain naive immune populations. Additionally,
cells are categorized into myeloid and lymphoid cells. Myeloid cells are comprised of dendritic cells
(DCs), macrophages, monocytes, and granulocytes (neutrophils, eosinophils, and basophils). Lymphoid
cells include B cells, T cells, natural killer (NK) cells and innate lymphoid cells (ILCs)®. Evidently, the
cellular compartment of the IS is exceptionally diverse, with each cell type having a unique biology and
function. However, the core aim of these diverse cell types is to constantly discern the status of the
organism (homeostasis, inflammation, infection, or disease) and, when necessary, mount the adequate
immune responses to reestablish homeostasis. To achieve this, immune cells mainly rely on cell-to-cell
communication with other immune and non-immune cells in a contact-dependent or independent
fashion. Contact-independent intercellular communication materializes in the form of cytokines!® and
chemokines®!, which are proteins produced by immune and non-immune cells in a context-dependent
manner. Cytokines maintain, activate, differentiate, or suppress immune cells. For instance, interleukin-
7 (IL-7) and IL-15 are survival cytokines produced by DCs, monocytes and epithelial cells during
homeostasis®®. IL-7 and IL-15 maintain T and NK cells, whereas IL-18 and IL-6, produced by
macrophages and fibroblasts during inflammation, activate macrophages, B and T cells'?. IL-10 acts as
a suppressor cytokine to diminish an immune response?’. Likewise, chemokines are produced by a
variety of immune and non-immune cells in homeostatic or inflammatory conditions. Chemokines,
together with integrins, are predominantly responsible for determining the location of cells within specific
tissues or areas of these tissues'?*3, In brief, distinct immune cell types express their own plethora of
cytokine and chemokine receptors, and integrins. Together, these molecules largely define the migratory
behavior, location and function of immune cells4.

Each immune cell type follows a particular developmental pathway and is characteristically
distributed throughout the organism. For instance, some macrophage and monocyte populations
originate in the yolk sac or the fetal liver®*®. Late during development, monocyte populations®*°, DCs®16,
granulocytes®!?, NK cells®*8 and B cells®!° develop in the BM, whereas T cells arise in the thymus®2°21,
Following their development, immune cells exit the aforementioned organs through the bloodstream.
Certain populations occupy lymphoid and non-lymphoid tissues, where they finalize their maturation and

become tissue-resident cells. As an example, BM-derived precursors of DCs (preDCs) can finalize their
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maturation in LNs or in peripheral tissues (skin and mucosal organs), where they become LN-resident
DCs?? or immature migratory DCs (migDCs)?3, respectively. Furthermore, macrophages, ILCs and
unconventional T cells (UTCs) populate tissues pre- or neonatally?*?’. Conversely, immune cells such
as naive lymphocytes, continuously circulate between SLO?®, while monocytes circulate within the
bloodstream?®. The tissue-resident or migratory phenotype of immune cells is related to the functional
specialization of each population and will be discussed below. Namely, DCs are professional antigen
presenting cells (APCs) that constantly capture antigens during homeostasis and inflammation, present
them to lymphocytes and either induce tolerance or activation?®. Therefore, LN-resident and migDCs
continuously phagocytose and present soluble and cell-associated autoantigens to maintain tolerance.
Based on their strategical position, they can also rapidly gain access to foreign antigens following
infections. Naive circulating lymphocytes specific for one particular foreign antigen (antigenic
determinant) are scarce (less than 1 in 10000)°. Hence, these limited antigen-specific lymphocytes
recirculate to maximize the probability of encountering their cognate foreign antigen by “scanning” APCs
throughout SLO draining distinct tissues.

Concisely, the IS is a highly organized system comprised by a heterogeneous pool of
specialized immune cells. Their differing migratory patterns and location, which will be further discussed
in the following sections, are determined by the expression of chemokine receptors and integrins, which

in turn are regulated by the differentiation state of the cell and reflect their functional specialization.

The lymphatic system and lymphatic organs

The cardiovascular and lymphatic systems are essential for immune cell trafficking between
distinct lymphoid organs. The lymphatic system is formed by lymphatic vessels that originate in
peripheral tissues. These vessels are responsible for collecting interstitial fluid (ISF), which is referred
to as lymph once it enters the lymphatics and transports it in a unidirectional manner towards the blood
circulation. Lymphatic drainage of ISF from tissues and its return to the bloodstream are crucial to
maintain peripheral tissue homeostasis, by removing excess extracellular fluid and waste products from
the organs®®3l, Moreover, lymph also acts as a means of transportation for tissue-derived migratory
immune cells®2-34,

Each tissue is connected to its draining lymph node(s) (dLN) via the lymphatic vessels. Hence,
the lymph drained from tissues will be temporarily collected in dLNs before its return to the bloodstream.
Importantly, dLNs are the meeting venue for various LN-resident and migratory cells. Owing to these
characteristics, dLNs are the optimal site for continuous sampling and purification of lymph before it
enters the bloodstream. For instance, LN-resident macrophages are essential for phagocytosing
molecules or pathogens present in the lymph to avoid their systemic spread®®. Moreover, LN-resident
and migDCs can present tissue- or pathogen-derived antigens and activate lymphocytes in dLNs3®.
Therefore, the main functions of LNs are to act as filters that prevent systemic pathogen spreading®’, to
orchestrate the induction of tolerance, and to mount the appropriate immune response in case of
infection or disease. To fulfill these purposes, immune cells in LNs express specific chemokine receptors
that segregate them into specific areas, to ensure efficient cell-to-cell interactions and antigen
accessibility. In particular, CXCR5* B cells and CXCL13"* follicular dendritic cells (FDCs), a cell type that



can store antigen for long periods of time®, are organized into follicle structures referred to as B cell
follicles. Furthermore, CCL19/21* fibroblastic reticular cells (FRCs) located in the LN paracortex define
the T cell zone, the area where the CCR7* conventional T cells (Tconv) and CCR7* DCs are
positioned?®. Additionally, UTCs and ILCs are located between B cell follicles344%41, while NK cells are
also found in the interfollicular area and, primarily, in the LN medulla*?. Finally, macrophages are more
dispersed within LNs, distributed in the subcapsular and medullary sinus, medullary cord, and the T cell
zone*345,

In contrast to LNs, the spleen is a secondary lymphoid organ that lacks connection to lymphatic
vessels. Hence, the main roles of the spleen are to filter blood-derived pathogens, antigens, and aged
erythrocytes. Furthermore, similarly to LNs, the spleen also facilitates interactions between distinct
immune cell types®. Structurally, the spleen is divided into red pulp, the marginal zone (the zone
between the red and the white pulp) and the white pulp. The red pulp owes its name to being the area
of the spleen where the blood is delivered to, whereas the white pulp is usually referred to as a LN-like
structure*®*7, Various immune cell populations inhabit or circulate throughout the spleen and collectively
mount immune responses against blood-borne pathogens. The red pulp harbors macrophages, which
are responsible for phagocytosing aged-erythrocytes and blood-borne antigens. Additionally,
neutrophils, monocytes, DCs and UTCs are found in the red pulp. Within the white pulp, CCR7* naive T
cells, CCR7* DCs and CCL21" FRCs are located in the T cell zone, whereas CXCL13* FDCs and
CXCR5* B cells form the spleen follicles. Finally, the marginal zone harbors macrophages, LFA-1* a437*
innate-like B cells and LFA-1* a4B7* DCs*647,

Together, LNs and spleen function as specialized filtering organs that facilitate close interactions
between resident and migratory immune cells, promoting the generation of immune responses tailored

against specific microbial challenges, tissue damage or disease.

Immune cell migration patterns

As noted above, immune cells can settle in tissues to become tissue-resident, or they can
transiently access organs by recirculating within the blood and lymphatic vessels. Furthermore, some
cells migrate from peripheral tissues to dLNs via the lymphatics. The location and migratory pattern
pursued by the diverse immune cell populations reflect their functional role. However, the resident or
migratory phenotype of each immune cell population is strategically designed to optimize the adequate
activation or suppression of the immune response(s) to ensure homeostasis of the organism as a whole.

Tissue-resident immune cells

Tissue-resident immune cells are strategically positioned to be the first line of defense of the
organism. Therefore, these cells can be rapidly activated to recruit and activate other immune cells by
producing anti- or pro-inflammatory cytokines. Additionally, tissue-resident APCs can rapidly acquire
and present antigens locally for the induction of tolerance or inflammation. Examples of tissue-resident
myeloid cells are macrophages and DCs, whereas tissue-resident lymphocytes include ILCs, UTCs and
memory T-, B- and NK-resident cells.

Macrophages are myeloid cells that initially derive from the yolk-sac and the fetal liver early

during development, and seed developing organs in the perinatal period. In certain organs,
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macrophages are imprinted by the tissue where they reside, and become long-lived self-renewing
tissue-resident populations. However, other tissues rely on constant replenishment of the macrophage
population by blood-derived monocytes that further differentiate into tissue-resident macrophages. The
functions of tissue-resident macrophages are diverse and organ-specific, ranging from organ
development, regeneration and maintenance to phagocytosis and removal of cell debris, dying cells,
pathogens, and antigens. By their location and diverse functions, macrophages are essential for starting
the adequate immune response cascade that will recruit other immune cells by producing anti-
inflammatory cytokines such as IL-10, or pro-inflammatory cytokines, including IL-1f3, IL-6 and IL-
129244849 An additional myeloid cell lineage that gives rise to tissue-resident populations are the
aforementioned DCs. DCs develop as preDCs in the BM, then exit via the bloodstream and some enter
LNs through medullary high endothelial venules??. These cells establish residency in the LN medulla
and further develop into mature LN-resident DCs. Their location allows them to constantly scan lymph-
derived soluble antigens transported by the conduit system (maximum 70kDa) and rapidly present them
to T cells positioned in the paracortex T cell zone®%52,

“Innate-like” lymphocytes that are considered tissue-resident are ILCs and UTCs. Both lineages
develop from common lymphoid progenitors (CLP) early during development, seeding lymphoid and
non-lymphoid tissues. ILCs and UTCs are considered “innate-like” because they can be rapidly activated
in a cytokine-mediated manner due to their effector-like differentiation state in tissues. Furthermore, their
location in tissues renders them as part of the first line of defense of the organism. ILCs lack antigen-
specific receptors and differentiate into Th1l-, Th2- or Th17-like cells, producing IFNy, IL-5 and IL-13,
and IL-17, respectively?’:>2, On the other hand, UTCs are a heterogeneous group of T cells comprised
by yo T cells, mucosal-associated invariant T cells (MAIT) and natural killer T cells (NKT), which are
also differentiated into Thl-, Th2- or Th-17 like subpopulations and can be activated in a TCR-
independent manner to rapidly produce IFNy and IL-17%7%3,

Closely related to ILCs are the recently identified tissue-resident NK cells. These cells settle in
the skin or salivary glands upon acute or chronic infections, respectively, but are also found in certain
tissues (e.g. salivary glands) during early life in the absence of infection®+°%. During an acute infection,
tissue-resident NK cells accelerate the immune response by producing pro-inflammatory cytokines to
clear the infection®*. In a chronic infection setting, tissue-resident NK cells play a protective role to
maintain tissue homeostasis®. Similarly to skin tissue-resident NK cells®, tissue-resident memory T
cells (TRM) arise and persist in non-lymphoid tissues following an acute infection. Antigen-specific T
cells seed the site of infection and persist as long-lived antigen-specific memory populations. Therefore,
their location and phenotype allow them to be rapidly activated in the context of a secondary infection
with the same pathogen, without the need of being recruited from the circulation as their naive
counterparts®®.

In summary, tissue-resident myeloid and lymphoid immune cell populations provide prompt local
immunity in the tissues that they inhabit by executing rapid effector functions and by recruiting and

activating other immune cells.



Recirculating immune cells

Various immune cell populations recirculate between SLO via the bloodstream with the purpose
of i) surveilling and having rapid access to potentially injured or infected tissues, or ii) to increase the
possibility of encountering their cognate antigen and become activated in SLO. Monocytes, neutrophils,
and NK cells constantly circulate in the blood to facilitate and accelerate their recruitment to sites where
inflammation occurs. However, naive and memory B and T cells recirculate between SLO, to scan APC
in the quest of their cognate antigen.

Monocytes are short-lived myeloid cells that can be categorized into Ly6C* CCR2* “classical”
and Ly6C- CX3CR1* “non-classical” monocytes. Several studies suggest that Ly6C* monocytes
downregulate this molecule and give rise to Ly6C" monocytes, yet it is also possible that these two
subsets develop independently in the BM. Both populations circulate in the bloodstream. Circulating
classical monocytes extravasate into affected tissues and differentiate into tissue-resident macrophages
or DCs, whereas non-classical monocytes rather patrol the vasculature in homeostatic and inflammatory
conditions. Importantly, patrolling non-classical monocytes migrate slower than classical monocytes,
independently of the blood flow direction, removing cell debris and apoptotic cells from the
vasculature?57:58, Besides monocytes, neutrophils are additional short-lived myeloid cells that exit the
BM succeeding their development and integrate the blood circulation. Neutrophils are the most abundant
immune cell type in the blood. Smaller in size than macrophages, neutrophils are described as
circulating granulocytes with a phagocytic capacity. These cells are constantly patrolling the blood and
are rapidly recruited to tissues upon inflammatory scenarios, where they release numerous antimicrobial
molecules, inflammatory cytokines and phagocytose pathogens®. Furthermore, recent studies suggest
that circulating neutrophils are capable of accessing certain tissues during homeostasis, as part of the
circadian cycle, and likely regulate tissue physiology®.

Circulating lymphoid cells include NK, B and T cells. NK cells access the bloodstream following
their development in the BM and have the capacity to circulate accessing organs such as spleen, lungs,
and liver. Upon inflammation, circulating NK cells can be recruited to several tissues to exert their
effector functions®!. Hence, being in the blood circulation facilitates NK recruitment when and where
required. Importantly, as previously mentioned, blood recirculation is not only crucial for accelerating
immune cell recruitment, but also to increase the possibility for lymphocytes expressing antigen-specific
receptors to encounter their cognate antigen. Only a low frequency of B and T cells that recognize
distinct antigens or peptide-MHC molecules, respectively, are generated, selected and egress the bone
marrow (B cells) or thymus (T cells) as mature cells. Therefore, they require constant accessibility to
different LNs and the spleen to augment the chance of encountering their cognate antigen®3":¢2, Naive
lymphocyte recirculation is a process regulated in a circadian-manner®, and similarly mimicked by
certain subsets of memory T cells®.

In brief, immune cell recirculation is essential for facilitating immune cell recruitment into affected
organs and, together with the anatomical structure of SLO, to ease the activation of antigen-specific

lymphocytes by encountering of their cognate antigen.



Migratory non-recirculating immune cells

Besides tissue-resident and recirculating cells, certain subsets of immune populations have
been identified as tissue-derived migratory cells. Particularly, the route of migration followed by these
populations is from tissues to dLNs via the lymphatics. Immune cells that follow this unidirectional
migration route connecting tissues and LNs include migDCs, a subset of yd T cells, Langerhans cells,
Langerhans-like DCs, and ILC/DC-like APCs.

Immature migDCs are a subset of myeloid cells which can be activated in their residing non-
lymphoid tissues once they encounter certain tissue-specific or pathogen-derived antigens. Then, the
activated antigen-bearing DCs migrate via the lymphatics to the dLN, where they interact with
lymphocytes?®. The phenotype of migDCs is imprinted by their tissue of origin. Interestingly, dLNs co-
draining several tissues have a mixture of phenotypically heterogeneous migratory DC populations®.
Consequently, migDCs will activate, polarize, and instruct lymphocytes to i) become inflammatory or
tolerogenic, and ii) home to the tissue of origin of the DCs, where they will encounter their cognate
antigen®-%7, Similarly to migDCs, a subset of skin yd T cells has been shown to migrate from skin to
dLNs during homeostatic conditions338°, Additional cell types that also migrate via the lymph to dLNs
are skin Langerhans cells (LCs)?32"79, skin LC-like DCs™ and a newly identified population of ILC/DC-
like APCs which migrate from skin or mucosal tissues to dLNs"2.

Aside from migDCs, the physiological function that underlies the lymphatic migration of y& T
cells, LCs, LC-like DCs and ILC/DC-like APCs is yet to be discerned. However, it is clear that these
tissue-derived non-recirculating immune cell populations act as a direct connection between non-
lymphoid tissues and dLNs. Hence, they act as a source of information to report the status of peripheral

tissues to resident or transiently visiting immune cells in LNs.

Innate and adaptive immunity

Evidently, the cellular elements of the immune system are highly dynamic and functionally
heterogeneous. As noted, their location within organs and their migratory behavior are part of their
specific roles in immunity. In general, the immune system and its cell types can be segregated into
innate and adaptive arms of the IS. The innate immune system is often described as a conserved
immediate response initiated when non-self-antigens are encountered within an organism. The
discrimination between self and non-self is achieved by the expression of pattern-recognition receptors
(PRRs), whose ligands are pathogen-associated molecular patterns (PAMPS) or damage-associated
molecular patterns (DAMPs). PAMPs and DAMPs may be proteins, nucleotides or lipids that constitute
the pathogen, or that are released upon cellular damage and death’. These “danger signals” are
conserved among species and can be recognized by numerous germline encoded receptors such as
Toll-like receptors (TLR)™, retinoid acid-inducible gene | (RIG-1)-like receptors’, AIM2-like receptors
(ALRs)®, and nucleotide-binding oligomerization domain (NOD)-like receptors’’. The activation of
certain PRRs will lead to the release of antimicrobial peptides, autophagy or phagocytosis, and the
production of pro-inflammatory cytokines and chemokines™7°,

Immune cells orchestrating innate responses comprise tissue-resident and circulatory myeloid

or lymphoid cells. This cellular diversity is required to achieve an efficient coordinated innate immune
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response, that will lead to the initiation of an equally efficient adaptive immune response. Examples of
cells involved in the innate immune response include macrophages, monocytes, ILCs, NK cells and
neutrophils. Macrophages are present in nearly every organ and express various PRRs, therefore can
be rapidly activated by pathogens or tissue damage. Activated macrophages will exert diverse innate
functions, such as phagocytosis and secretion of pro-inflammatory molecules that will further activate
and recruit other immune cells®244849.8081 The |ocal innate response typically driven by macrophages
is amplified by additional resident populations, such as ILCs activated by macrophage-derived pro-
inflammatory cytokines®?. Furthermore, the enhanced inflammatory environment in the tissue will recruit
additional immune cells from the circulation, like neutrophils, monocytes, and NK cells?57-5961,
Together, the innate immune response is orchestrated by various immune cell populations whose main
purposes are to i) clear or locally contain the pathogen, ii) promote tissue healing and repair, and iii) set
the stage for the initiation of the adaptive immune response.

Adaptive immunity is a fine-tuned immune response that complements innate responses to
establish complete immune protection. An important distinction between innate and adaptive immunity
is that the receptors expressed by adaptive immune cells are not germline encoded. Adaptive immune
cells include lymphocytes expressing B or T cell receptors (BRC; TCR). During B and T cell
development, BCRs and TCRs undergo somatic diversification, a process in which site-specific DNA
recombination occurs. The somatic recombination of BCR and TCR is responsible for the particular
antigen-specificity of each receptor, or clone. Hence, individual pathogen-specific BCR or TCR can
recognize a different antigens, epitopes or peptide/MHC molecules®®84 Immune cells critically
participating in adaptive immune responses are DCs, B and T cells. As previously noted, DCs can be
subdivided in to resident or migratory populations. Both DC subsets express PRRs and can, therefore,
be activated by PAMPs and DAMPs. DCs will acquire and process both, commensal- and pathogen-
derived antigens, and induce tolerogenic or inflammatory lymphocytes, respectively?>232°_ In addition to
pathogen recognition, the inflammatory environment caused by the innate response will accelerate DC
maturation??. DCs are essential for antigen presentation to T cells®, whereas BCRs can recognize
native soluble or membrane-bound antigens®. Proceeding activation with the respective cognate
antigen, activated B and T cell clones proliferate and generate a great number of cells with an identical
BCR or TCR. Furthermore, the progeny of these activated cells will differentiate into short-lived effector
and long-lived memory populations®8, Effector and memory B cell populations are important for the
generation of antibody-mediated immunity (humoral response)®’, whereas diverse T cell populations
exert different functions as part of the cellular immune response>3:88:89,

Overall, the innate and adaptive arms of the immune system complement one another to mount
short and long term, highly specific immune responses. During an acute challenge (microbial infection
or injury), the innate and adaptive immune cells mount a coordinated response to restore homeostasis.
In the context of infection, once the primary challenge has been resolved by the innate and adaptive
effector populations, long-lived pathogen-experienced populations, which are epigenetically distinct
from their naive counterparts, remain. If the same pathogen is encountered, these long-lived innate and
adaptive populations exert enhanced effector functions as in comparison to the primary infection. This
is referred to as “trained immunity” for innate cells, such as macrophages and monocytes, and as

“immune memory” for lymphocytes, such as NK cells, B and T cells>*85:86.90-92,
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The family of T cells: conventional and unconventional T cells

The family of T cells is comprised by a heterogeneous pool group of lymphoid cells which
develop from BM-derived progenitor cells that migrate to the thymus. In the thymus, these T cell
progenitors, referred to as thymocytes, undergo distinct developmental stages from which separate T
cell lineages emerge. CD4 CD8 double negative (DN) thymocytes initiate TCR-gene assembly through
a process known as V(D)J recombination, which gives rise to the expression of yd or f TCR chains. DN
thymocytes that successfully recombine a 8 chain, upregulate CD4 and CD8 co-receptors and further
mature to become double positive (DP) thymocytes. At the DP stage, the genes coding for the TCR a
chain begin to recombine, and give rise to a functional a TCR®. DP thymocytes containing a functional
af TCR are submitted to a quality control process known as “positive selection”. During positive
selection, the capacity of the newly generated TCRs to interact with antigen presenting molecules (APM)
is tested. Cortical thymic epithelial cells express the APM major histocompatibility complex (MHC)
glycoproteins. DP thymocytes whose TCR recognizes and interacts with MHC molecules are positively
selected, whereas those who fail to interact with MHC molecules die via apoptosis (death by neglect).
At this stage, lineage commitment to become a CD4 or CD8 single positive (SP) T cell arises, as CD8
T cells interact with MHC-1 and CD4 T cells interact with MHC-I1I. Therefore, downregulation of CD4 or
CD8 occurs and the SP thymocytes migrate into the thymus medulla. Medullary thymic epithelial cells
are responsible for an additional quality control step known as negative selection. During negative
selection, medullary thymic epithelial cells present endogenous antigens in the form of peptides via
MHC-I and Il. SP thymocytes with a high affinity towards self-antigens will i) succumb to clonal deletion
to prevent autoimmunity, or ii) further develop into MHC-II-dependent CD4* regulatory T cells (Treg) that
control or suppress immune responses?’. CD4* af T cells, CD8" af T cells and Treg that survived
positive and negative selection will further mature, leave the thymus and enter the bloodstream as
functional naive recirculating Tconv.

As previously stated, some DN thymocytes will randomly recombine the y and & TCR chains
and will further develop into yo T cells. To date, no APM have been identified for yd T cells, leaving
unclear whether they undergo analogous positive and negative selection processes like af Tconv.
However, subsets of innate-like yd T cells are “agonist selected” by strongly binding to endogenous
ligands (self-agonists), similar to Treg?:%4. Moreover, phosphoantigens have been identified as yd TCR
antigens®, and an “antibody-like” mode of antigen recognition has been postulated for the yd TCR®.
However, it has been shown that af DP thymocytes regulate yd T cell development through various
molecules such as lymphotoxin®”-?°, Additional aB T cell lineages whose developmental pathway differs
from Tconv are NKT and MAIT. Commitment to the NKT or MAIT lineages occurs when the TCR of DP
thymocytes is capable of interacting with the non-polymorphic APM CD1d or MR1, respectively. CD1d
and MR1 are non-polymorphic APM whose function is analog to MHC molecules. Yet, CD1d presents
lipids and MR1 presents small microbial-derived metabolites rather than protein-derived antigens®.
CD1d and MRL1 in the thymus are expressed by DP thymocytes, instead of cortical epithelial cells.
Hence, NKT and MAIT selection involves DP-DP thymocyte interactions through CD1d or MR1, and
strong binding of self-lipids and commensal microbial metabolites (agonist selection), respectively®®10-

103 In summary, the developmental pathway, APM-dependency and class of antigens recognized by yd
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T cells, NKT and MAIT differ from Tconv. These are some of the various reasons why these T cell
lineages are referred to as unconventional T cells (UTCs)®.

An additional factor differing between Tconv and UTCs is their differentiation state when exiting
the thymus. Mature Tconv exit the thymus as naive cells that will be activated upon antigen presentation
in SLO?11%_ In the periphery, naive CD4* T cells recognize extracellular antigens loaded into MHC-II
molecules expressed by phagocytic APCs, such as DCs and macrophagesi®. Then, activated naive
CD4*T cells proliferate and differentiate into T helper (Th) cells with a differing phenotype, based on the
cytokine environment created during the innate immune response to a specific pathogen®. For
instance, Thl cells are IFNy producers that arise from an IL-12-rich environment during viral or
intracellular bacterial infections!%’, whereas Th2 cells are induced by alarmins, IL-25 and IL-33, and
produce IL-4 and IL-13 to control parasitic infections!®1%° Th17 cells are essential for the immune
response mounted against extracellular bacteria and fungi by producing IL-171%6110, The term “helper”
is attributed to differentiated CD4* T cells due to their various functions regulating other immune cells,
like macrophages, DCs and B cells for the germinal center reaction. Also in the periphery, naive CD8*
T cells must be activated by professional APCs, namely DCs, presenting antigen via MHC-[111:112,
Activated CD8* clonally expand and differentiate into cytotoxic lymphocytes (CTL) and memory cells''3,
Following activation, CTL are able to recognize intracellular antigens presented by MHC-I in the surface
of almost all nucleated cells, hence identifying infected or malignant cells and directly killing them?®114,
In brief, Tconv leave the thymus as naive populations that require antigen presentation to exert their
helper and cytotoxic functions. Similarly to CD4* T cells, UTCs differentiate into Thl-, Th2- and Th17-
like cells. However, UTC differentiation occurs already in the thymus prior to their exit and can be
activated in a TCR-independent cytokine-mediated manner®3%°, Interestingly, effector-like UTCs do not
recirculate between SLO as naive Tconv following thymic egress. Instead, they seed diverse non-
lymphoid tissues early during development and establish tissue-residency®3!'5116  |mportantly, the
tissue seeding of UTCs is a highly coordinated process in which cells expressing a specific TCR chains
(e.g. Vy6) will seed specific organs during distinct developmental windows (e.g. skin and lung)03115.117,

Naturally, the distinct T cell lineages have specialized roles during homeostasis or an immune
response. Briefly, CD4* Th subsets contribute to pathogen-specific and anti-tumor immune responses,
mainly by producing the required cytokines and regulating other immune cells, including CD8*CTL. Treg
are essential for controlling autoimmunity and to regulate inflammation by suppressing immune
responses via diverse mechanisms. CD8* T cells are the killer cells that clear infected or malignant
cancer cells'*®, UTCs have varied TCR-dependent and independent roles in wound healing, tissue
repair, nutrient sensing, thermogenesis, and infection®3°, Although our understanding of basic T cell
biology is profound, several open questions regarding individual lineages remain. Namely, the
mechanisms underlying Tconv differentiation from naive into effector and memory populations are still
topics of active research''311°. Moreover, the missing insights regarding the antigen-specificity of the
individual UTC lineages in physiological conditions limit our understanding of their function in diverse

settings.
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Sphingolipids and T cells

Sphingolipids (SLs) are defined as a major class of lipids mainly present in eukaryotic cells. This
group of lipids is comprised by more or less complex species that are structurally related to each other.
SLs are distributed along nearly every cellular compartment across cell types, including the plasma
membrane (PM), endoplasmic reticulum (ER), Golgi apparatus, lysosomes, mitochondria, and even the
extracellular space. Moreover, certain SL species have been described as bioactive lipids due to their
involvement in cellular signaling pathways such as cell death, proliferation, differentiation, survival, and
migration, among others!?°, Their ubiquitous abundance as structural and bioactive molecules have
positioned SLs in the focus of various studies over the last decades.

The metabolic pathway of SL is highly interconnected due to a great variety of synthetizing and
degrading enzymes present along the pathway, and to their similar structure between the SL species
(Chapter 1: Role of SmpdI3b in CD8* T cells. Figure 1A)'2%121, The SL de novo synthesis pathway begins
with the condensation of L-serine and palmitoyl-CoA by the enzyme serine palmitoyltransferase (SPT),
giving rise to 3-ketosphinganine (KS). Then, KS is subsequently converted to dihydrosphingosine, which
further generates dihydroceramide (dhCer). dhCer is next reduced to ceramide (Cer), the core species
in the SL metabolism pathway. Alternative sources of Cer are the salvage pathway, in which complex
SL and sphingosine are degraded or converted back into Cer, respectively'??, Cer acts as the backbone
of more complex SL species, such as sphingomyelin (SM), glycosphingolipids and gangliosides, among
others. Additionally, it can be converted to sphingosine and sphingosine-1-phosphate (S1P)20.123.124,
The bioactive function of SL depends on their location within cells?%122 with differing intra- and
extracellular roles, and on the studied cell types, including T cells?>126, |mportantly, membrane-
associated SL such as glycosphingolipids, SM and Cer form part of highly organized domains, known
as lipid rafts, and lipid-enriched platforms. These SL-enriched structures serve as sites for receptor
clustering, enhancing signal transduction'?”128, For instance, Cer generated from SM degradation by
sphingomyelinases (SMases) in the PM forms Cer-enriched platforms that enhance receptor signaling
events and modulate membrane fluidity?212%-131 whilst mitochondrial Cer modulates cell death via
apoptosist®z i34,

An important discovery in T cell biology was the regulation of lymphocyte egress from lymphoid
organs via the S1P/S1PR signaling pathway. Sphingosine-1-phosphate receptors (S1PRs) are G-
protein coupled receptors whose ligand is S1P. Each receptor has a distinct downstream signaling
pathway!®. T cells mainly rely on S1P-receptor 1 (S1PR1) to sense the abundance of S1P in the local
milieu?®®137, The highest concentration of extracellular S1P is found in the blood and it is also abundant
in the lymph. Blood S1P is mainly synthetized by red blood cells (RBCs), and to a lesser degree
endothelial cells, whereas lymph S1P is produced by lymphatic endothelial cells (LECs)*%813°, Mature
Tconv exit the thymus to the bloodstream in an S1P/S1PR1-dependent manner, by following the high
concentration of S1P2?1136138 |mportantly, S1P levels within lymphoid organs and tissues are lower than
in the blood and lymph due to the activity of the S1P-degrading enzyme S1P-lyase. S1P-lyase
expression is absent in blood and lymph, while active in lymphoid and non-lymphoid tissues, and is
responsible for creating the S1P gradient'#®!4l, To prevent prolonged retention in blood, T cells
downregulate S1PR1, a process known as S1PR1 desensitization'®"142143, Following desensitization,

Tconv access SLO through high endothelial venules. Within SLO, the levels of S1P are low, leading to
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the upregulation of S1PR1 on the circulating lymphocytes!3143, Finally, SIPR1* Tconv egress SLO by
following the increasing S1P gradient towards the lymph (LNs) or blood (spleen)3¢13%, Similarly to
Tconv, UTCs upregulate S1PR1 in the thymus and follow the S1P gradient towards the
bloodstream?44145, to then seed their respective tissues®3115116_ |nterestingly, recent studies found that
S1PR2 is involved in the retention of a subset of yd T cells in the skin, together with the retention
molecule CD69. However, the homeostatic downregulation of CD69 and the upregulation of S1IPR1
regulate the lymphatic migration of skin yd T cells to the dLNs33:68:69,

During inflammatory conditions, a balance between retention and egress is essential to assure
proper Tconv activation and rapid egress to the site of infection. CD69 expression is promptly induced
in lymphocytes exposed to type | interferons, present in the inflamed LNs, and TCR-mediated
activation46147. CD69 blocks S1P-mediated T cell egress from SLO by inducing the degradation of
S1PR18, hence retaining and accumulating polyclonal recirculating T cells in LNs, Likely, the initial
retention of lymphocytes in LNs by type | interferon induced CD69 is important to assure APC-T cell
interactions, increasing the probability of cognate antigen encounter'3¢:338, Furthermore, the levels of
CD69 induction upon TCR activation might be influenced by the TCR-ligand affinity since high affinity
antigens induce higher levels of CD69 and lower levels of SIPR1. Conversely, low affinity antigens
induce lower levels of CD69 and higher levels of S1PR1, favoring egress and migration to other SLO to
continue the quest of the cognate antigen!*®. Moreover, CD69 is transiently upregulated during the first
hours following TCR activation to assure sufficient APC-DC interactions and proper activation47:150,
Importantly, S1P levels in LNs increase upon inflammation, with the main producers being monocytes.
Together with CD69 upregulation for retention, monocyte-derived S1P might support the downregulation
of S1PR1 to increase the retention time of T cells within LNs*5!, In summary, the S1P/S1PR signaling
axis exerts a crucial role governing basic T cell function in homeostatic or inflammatory conditions.
Notably, elucidating this pathway led to the development of drugs that modulate this signaling axis to
treat specific human autoimmune conditions. For instance, Fingolimod (also known as FTY720),
Siponimod and Ozanimod are agonists of S1P used to treat multiple sclerosis (MS). Fingolimod
agonizes S1PRs 1, 3, 4, and 5, whereas Siponimod and Ozanimod are more specific and act on S1PRs
1 and 53152155 MS is an autoimmune disease in which autoimmune T and B cells infiltrate the central
nervous system (CNS) to cause demyelination and local inflammation!®31%6, Therefore, by treating
patients with S1P agonists mimicking the S1P/S1PR signaling axis, lymphocytes are not able to leave
lymphoid organs due to being desensitized to the S1P gradient in the organism and are not able to exert
their effector functions in the CNS52,

Besides the well characterized extracellular role of S1P on T cells, some intracellular functions
of SL have been reported. For instance, LEC-derived S1P signaling through S1PR1 acts as a survival
molecule for naive Tconv by assuring mitochondrial fithess and regulating proteins from the Bcl-2 family,
independently of its chemoattractant role in T cell migration'>”:1%8, Furthermore, the S1P/S1P1 signaling
axis also regulates Treg development and maintenance!®® and CD4* T cell differentiation into Thl or
Th17 cells'®®%61 An additional SL species with important cell-intrinsic functions in T cells is Cer. Upon
TCR stimulation, neutral and acid SMases are activated, hence increasing the levels of SM-derived Cer.
Increased Cer levels influence T cell activation, proliferation, differentiation, cytokine secretion and

cytotoxicity®2172, Moreover, a recent study found how the regulation of short- or long-chained Cer
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species impacts T cell senescence'’®, and more complex SL such as gangliosides also affect TCR-
mediated activation'”. Overall, the cell intrinsic roles of the distinct SL species are a consequence of
signaling modulation by receptor clustering on lipid rafts or Cer-enriched platforms*?7.128, Accordingly,
the size and abundance of lipid rafts influence TCR signal transduction’>'’®, while Cer-enriched
platforms favor induction of apoptosis’’.

Evidently, SL metabolism is a crucial element of T cell biology, ranging from extrinsic modulation
of their distribution within the organism, to intrinsically regulating diverse signaling events impacting their
survival and function. Thus, in-depth characterization of the SL metabolism in T cell development,
differentiation, and function during homeostatic, inflammatory and disease contexts is of high interest.
Here, we aimed to further expand our knowledge on the cell intrinsic and extrinsic roles of SLs in T cells.
First, we investigated the role of the PM SL in CD8* T cell differentiation. To date, the predominant
emphasis in the field has been given to transcription factors, receptors, metabolism, and genetics!*?,
with relatively limited attention towards lipid composition. We hypothesized that the SL composition at
the PM could differ between CD8* T cells with distinct differentiation states, due to their differing
phenotypes. Hence, we made use of mass spectrometry and an acute infection model (LCMV
Armstrong) to compare the SL profile between naive, effector and memory CD8* T cells. Moreover, by
using flow scRNA-seq, flow cytometry, acute infection models (LCMV Armstrong and Vaccinia virus G2),
and knock-out (KO) and TCR transgenic mouse models, we found that the PM-bound enzyme
sphingomyelin phosphodiesterase acid-like 3b (SmpdI3b) is involved in memory CD8" T cell
maintenance. In the first chapter, the intrinsic role of the SmpdI3b in CD8* T cells will be discussed.
Second, we focused on UTCs and their migratory behavior. Growing evidence suggests that the different
UTC lineages (yd T cells, MAIT and NKT) have overlapping functions and a similar biology®31%4178 For
that reason, we hypothesized that UTC lineages operate as functional units with shared transcriptome,
migratory behavior and function. Hence, we speculated that the S1P/S1PR1 axis would also modulate
the migratory behavior of NKT and MAIT cells in tissues, similarly to dermal yd T cells336869 By
employing photoconvertible mouse models, LN transplantation models and flow cytometry, we found
that all UTC lineages migrate via the S1P/S1PR axis from tissues to dLNs during homeostatic
conditions. Moreover, we used single-lineage KO mouse models, bacterial and viral infection models
(Staphyloccocus aureus (S. aureus), Salmonella typhimurium (S. typhimurium) and Vaccinia virus),
scRNA-seq and flow cytometry to show that UTCs are organized in functional units. The second chapter
will focus on the extrinsic role of S1P in the migration of these UTC functional units from tissues to dLNs
and their impact in the heterogeneous immune responses mounted by LNs draining distinct tissues.

In summary, our studies revealed novel intrinsic and extrinsic roles of SL in distinct T cell
lineages. Naturally, these findings are of great importance because they accentuate the relevance of SL
metabolism as a crucial component of T cell biology and function. Importantly, various drugs modulating
the SL pathway are currently in use in humans or being developed®®217%-182 Thus, a comprehensive
study of how SL specifically modulate the individual T cell lineages in a context-dependent manner will

certainly improve the design of therapeutic strategies targeting this pathway.
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Abstract

The mechanism behind the differentiation of a naive CD8* to become an effector or memory cell
during an acute infection is not completely understood. Here, we inquired whether the plasma
membrane plays a role in this process. We found that SmpdI3b, a supposed sphingomyelin-metabolizing
enzyme, plays an essential role in memory CD8* T cell development. By using transgenic (knock-out
and TCR transgenic) mouse models, adoptive cell transfer models, and LCMV infections we discovered
that the memory CD8* T cell pool is dramatically reduced in the absence of SmpdIi3b. While the
remaining SmpdI3b-deficient cells did not show an altered cytokine production or failure to re-expand
following rechallenge, we observed a predominant loss CX3CR1-expressing peripheral memory T cells.
Mechanistically, our data point to a role of SmpdI3b in modulating endocytosis via Hip1. In summary, we
describe an important function of SmpdI3b in regulating CD8" T cell survival. The location of SmpdI3b
in the outer leaflet of the plasma membrane may foster pharmacological targeting to modulate cellular

immunity in the contact of immunotherapy and vaccination.

Main

One of the main roles of CD8* T cells is to eradicate cells that are infected with viruses or
intracellular pathogens, or cancerous cells. Antigen presenting cells (APCs) and infected cells present
antigens to CD8* T cells via the antigen presenting molecule MHC-I (major histocompatibility complex
class ), which interacts with the CD8 protein. For a naive antigen-specific CD8* T cell to be exert its
cytotoxic function towards infected cells, they must previously be activated by professional APCs via
cross-presentation, which is a process in which non-infected dendritic cells present exogenous antigen
to CD8* T cells’. Following their activation with their cognate antigen, naive antigen-specific CD8* T cells
proliferate exponentially, a process that is referred to as “clonal expansion”. Consequently, in an acute
infection setting, these high numbers of activated, antigen-specific CD8* T cells are able to clear the
infection by eliminating the infected cells. Next, the clonally expanded antigen-specific CD8* T cell
population dies via apoptosis (contraction phase), and only a small fraction (5-10%) survives and

remains as memory cells?.

Importantly, within the expansion, contraction and memory phases of the CD8" T cell response
in an acute infection, CD8* T cells with distinct differentiation states are found. For instance, terminally
differentiated short-lived effector cells (SLEC) and effector memory cells (TEM) can be found during the
acute and memory phases of the infection, respectively. Additionally, stem-like memory precursor cells
(MPEC) and central memory cells (TCM) are additional subpopulations present in the acute and memory
pools. These populations can be distinguished by the expression of KLRG1 and CX3CR1, by the
terminally differentiated SLEC and TEM subpopulations, and IL-7Ra, by the stem-like MPEC and TCM
populations®#4. Intuitively, cells with a distinct differentiation state also differ in their function. For instance,
CX3CR1* TEM cells are constantly patrolling the blood stream and spleen, whereas the IL-7Ra” TCM
cells recirculate between lymph nodes, spleen and blood vessels, and are capable of self-renewing.
Moreover, a CX3CR1™ [L-7Ra* population, denominated peripheral memory (TPM), can be found in the

blood, spleen and peripheral non-lymphoid tissues*.
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Distinct models such as the linear model®, asymmetric cell division cell fate model®, or the signal-
strength and decreasing potential models?7, have been proposed to describe how naive CD8* T cells
differentiate into effector and/or memory cells. Furthermore, naive, effector and memory
(sub)populations differ in the expression of certain chemokine and cytokine receptors (e.g. KLRG1,
CX3CR1, IL-7Ra, CD44), transcription factors (T-bet, Eomes, TCF1, BLIMP1, BCL-6) or even their
metabolism?8°, Interestingly, not much attention has been given to the changes in the plasma
membrane (PM) composition, and more specifically the lipid components of it, of CD8* T cells that differ
in their differentiation state. Mainly, studies of the PM lipidome of CD8" T cells have focused on signaling

events succeeding T cell receptor (TCR) activation'®", but not on the lipid composition itself.

Sphingomyelin (SM) is a sphingolipid (SL) mostly found in the outer leaflet of the PM and
enriched in highly ordered microdomains known as “lipid rafts”'?'3, In addition to SM, lipid rafts are also
composed by cholesterol and glycosylphosphatidylinositol (GPI)-anchored proteins, and have been
shown to play a role in receptor clustering and signal transduction enhancement upon TCR
activation'®4. Here, we investigated the SL composition in distinct CD8* T cell subpopulations. We found
that Sphingomyelin phosphodiesterase acid-like 3b (SmpdI3b), a GPI-anchored lipid raft-associated
enzyme with supposed SM-degrading activity'>'”, is highly expressed by effector and memory CD8* T
cells, but absent in their naive counterparts. Therefore, we hypothesized that modulation of the SM
content in the PM and lipid rafts by SmpdI3b could influence CD8* T cell differentiation and function.
Importantly, SmpdI3b has been described as a regulator of innate immunity by modulating membrane
fluidity and affecting toll-like receptor (TLR) 3 and TLR4 signaling'®'8. Here, we show that SmpdI3b is
essential for the maintenance of CD8* T cells with a less differentiated state (MPEC, TPM, TCM) in a
sphingomyelin-independent manner. In addition, we found that SmpdI3b-deficient cells have no
functional defects. We propose that SmpdIi3b is an essential player for memory CD8* T cell

development, likely by modulating endocytosis and possibly signaling in CD8* T cells.

Results
The sphingolipid profile of CD8* T cell differs along with their differentiation trajectory.

How naive CD8" T cell differentiate into effector (Te) or memory (Tmem) cells is not fully resolved.
Distinct models, such as asymmetric division or signal strength models, have been proposed?%”.
Additionally, an exhaustive characterization of differences in the phenotype and genotype between these
populations exists?, mainly focusing on receptors, transcription factors, epigenetics and metabolism, in
order to distinguish these subsets. However, the role of the plasma membrane (PM) and its lipid
composition in CD8* T cells with distinct differentiation states and its biological implications remain
understudied. Previous studies have highlighted the importance of the PM lipids for TCR signaling and
activation in T cells%11:19.20-2% Here, we set out to investigate the sphingolipid (SL) composition of CD8*
T cells, since they compose around 10-20% of the PM3%3' and only a few studies have looked into their

cell intrinsic roles in T cells®242,

We speculated that the SL profile (Figure 1A) of CD8" T cells might differ based on their
differentiation state. To test this, we acutely infected C57BL/6J wild-type mice with LCMV Armstrong and
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isolated naive, effector central and effector memory CD8* T cells at 0, 8 and 22 days post-infection.
Next, we performed an in-depth mass spectrometry lipidomics analysis. We indeed found that the
amount of the total ceramides (Cer), dihydrosphingomyelins (dhSM), sphingomyelins (SM) and more
complex sphingolipids, such as lactosylceramides (lacCer) and hexosylceramides (hexCer), was altered
in the terminally differentiated effector and effector memory (TEM) CD8"* T cells compared to their naive
and central memory (TCM) counterparts (Figure 1B). Moreover, we found that Cer 16:0 and 24:1 were
the most altered species in the effector and TEM populations (Supplementary Figure 1B). Since the SL
metabolism is very complex and highly interconnected (Figure 1A), depicting the origin of the observed
alterations in the pathway is not evident. Moreover, SM is the most abundant SL species, therefore the
detection of small differences when comparing distinct cell populations is challenging. To circumvent
this, we calculated the ratio of the total or individual species of SM and Cer to determine the conversion
rate of SM into Cer, a process mediated by sphingomyelinases (SMases). Indeed, we found that for the
total and individual species, the SM/Cer ratios were reduced in the effector and TEM populations (Figure
1C), highlighting the activity of SMases on the distinct SM species. SMase activity generating Cer from
SM seemed to be a distinctive trait of terminally differentiated effector and TEM CD8* T cells. Together,
our data revealed a differing SL composition between stem-like and terminally differentiated CD8" T cell

subpopulations. Importantly, these differences were mainly SMase-mediated.

Sphingomyelin phosphodiesterase acid-like 3b (Smpdi3b) is not expressed or active in naive,

but in effector and memory CD8* T cells.

In order to reveal the mechanistic basis for the observed differences in the SL composition of
CD8* T cells (Figure 1), we focused on SMases. The family of SMases is composed by 7 enzymes
coded by the genes Smpd1, Smpd2, Smpd3, Smpd4, Smpd5, SmpdI3a and SmpdI3b. “Smpd” stands
for SphingoMyelin PhosphoDiesterase, whereas “Smpdl” corresponds to SphingoMyelin
PhosphoDiesterase Acid-Like. The name of each enzyme coded by these genes is determined by the
pH in which they catalyze the conversion of SM into Cer and phosphatidylcholine more efficiently (Figure
2A). As an exception, the enzyme coded by the Smpdi3b gene better exerts its function at a neutral
pH'®. To determine which enzyme(s) is responsible for the sphingolipid profile seen in Tef and Tmem
subsets, we made use of a published single-cell RNA sequencing (scRNA-seq) data set in which T cell
receptor (TCR)-transgenic gp33-specific (P14) naive, effector, memory and exhausted CD8" T cells from
acutely (LCMV Armstrong) or chronically (LCMV clone 13) infected mice were sequenced*. The
temporal expression pattern of Smpd1, Smpd2, Smpdi3a and Smpdi3b was consistent with a role in T
cell differentiation peaking at around d8 (Smpd1, Smpd2) after infection or in the memory phase
(Smpd5). By contrast, Smpd4 was already highly expressed in naive CD8* T cells, while Smpd3 was
not expressed at any timepoint (Figure 2B; Supplementary Figure 2C). Interestingly, SmpdI3b was the
only SMase not expressed in the naive cluster, yet present in the other clusters (Figure 2B;
Supplementary Figure 2A). We corroborated the expression patterns of SmpdI3b by using the RNA
sequencing (RNA-seq) browser from the Immgen database** (Supplementary Figure 2B). To further
support these results, we analyzed an additional scRNA-seq data set in which splenic P14 were
sequenced at days 3, 4, 5, 6, 7 and 32 after acute infection (Figure 2C)*5. The data showed that Smpad/3b
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Figure 1. The sphingolipid profile of CD8* T cell differs along with their differentiation trajectory.
A) Schematic of the sphingolipid metabolism pathway. Adaptation from Mielke, M. M., et al. (2011)*. B)
Comparison of the sphingolipid profile of CD8* T cells with distinct differentiation status, normalized to
total measured sphingolipids. C) Ratio of total sphingomyelin (SM) and total ceramide (Cer) present in
distinct subpopulations of CD8* T cells, calculated from the values shown in B. D) Ratio of the individual
species of SM and Cer present in distinct subpopulations of CD8* T cells, calculated from the values of
the individual species (shown in Supplementary Figure 1). Cells are derived and sorted from the spleen
of non-infected (naive) or LCMV Armstrong (acutely) infected C57BL/6J mice for 8 (effector) or 22 days
(TCM: central memory; TEM: effector memory) for B-D. Data represent 3 of 3 independent experiments
with n = 2 pooled mice per experiment for naive, n = 2 pooled mice per experiment for effector and n =
3 or 6 pooled mice per experiment for TCM and TEM. Bar graphs represent the mean values and error
bars represent SEM. Comparison between groups was calculated using one-way ANOVA and Dunnett’s
multiple comparisons test (B-D). ns = non-significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001;
**** n < 0.0001.

expression was detected from day 5 post-infection (Figure 2D; Supplementary Figure C) and its
expression seems to be maintained at acute and memory timepoints. Next, we wished to validate the
expression of SmpdI3b on a protein level. Given the lack of suitable antibodies, we decided to measure
its enzymatic activity. Specifically, we employed a phosphodiesterase activity assay that has been used
to measure the activity of SmpdI3b, due to its similar structure to other phosphodiesterases'®'”.
Importantly, this assay would detect the enzymatic activity of any phosphodiesterase expressed by CD8*
T cells. Hence, we compared SmpdI3b*- (heterozygous) with SmpdI3b7 (SmpdI3b knockout (KO)) to be
able to discriminate the specific activity of SmpdI3b. We acutely infected heterozygous or SmpdIi3b KO
mice for 7 and 32 days, then sorted the naive, effector and memory (central memory (TCM) and effector
memory (TEM)) CD8* T cells and assessed the phosphodiesterase activity. In accordance with the
scRNA-seq data, we detected enzymatic activity of SmpdI3b at days 7 and 32, while its was absent in
naive CD8* T cells (Figure 2F). We were also able to quantify and compare the enzymatic 4-Nitrophenol
(PNP) production by SmpdI3b, showing that highest expression is found in Ter and TEM cells
(Supplementary Figure D-E). In summary, these results revealed that the transcriptional expression
kinetics of the distinct SMases in CD8* T cells differ. Importantly, Smpd1, Smpd2, Smpd5 and Smpdl3a
are expressed by naive CD8* T cells, whereas SmpdI3b is not. Importantly, by being the sole SMase
absent in naive CD8" T cells and expressed from day 5 post-infection onwards in Teff and Tmem, suggests
that SmpdI3b is exclusively required by already differentiated CD8" T cells. Furthermore, additional
factors that elicited our interest on SmpdI3b over other SMases were its yet unknown physiological
substrate®747 and its modulation of TLR-dependent innate immunity'®'8 and cell migration“®-%'. Hence,
we decided to investigate the potential role of SmpdI3b in CD8* T cell function and differentiation from

naive to Ter and Tmem.
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Gene Enzyme name (sphingomyelinase) Smpd1 :
Smpd1 Acid sphingomyelinase (ASM) Smpd2

Smpd2 Neutral sphingomyelinase 1 (NSM1)
Smpd4

Smpd3 Neutral sphingomyelinase 2 (NSM2)
Smpd5

Smpd4 Neutral sphingomyelinase 3 (NSM3)
z 5 Smpdl3a

Smpd5 Neutral sphingomyelinase 4 (NSM4)
Smpdi3a Sphingomyelinase phosphodiesterase acid-like 3a Smpdi3b

Smpdi3b Sphingomyelinase phosphodiesterase acid-like 3b

Smpdi3b

UMAP2

UMAP1

Phosphodiesterase activity SmpdI3b g J

%%k

ns
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45 . e Heterozygous
e Smpdi3b KO

Normalized to naive
heterozygous
3
w

Naive  Effector TCM TEM

Figure 2. Sphingomyelin phosphodiesterase acid-like 3b (SmpdI3b) is not expressed or active in
naive, but in effector and memory CD8* T cells. A) Table showing the genes expressing the
sphingomyelin-degrading enzymes (sphingomyelinases). B) Heatmap displaying the expression of the
distinct sphingomyelinases in distinct timepoints and infection settings. The data was obtained from the
scRNA-seq data set published by Giles, J.R., et al. (2022)** and uploaded to our Institute’s Shiny app,
in which 30289 single cells were sequenced at distinct timepoints during acute or chronic infection. C)
UMAP projection of 9896 single cells from scRNA-seq, color code based on the clusters per timepoint.
The UMAP was generated from the data set published by Kurd, N.S., et al. (2020)*® and uploaded into
our Institute’s Shiny app. D) Violin plot comparing the expression of SmpdI3b in CD8* T cell populations
with distinct differentiation status per timepoint. The Violin plot was generated the same way as for C.
E) Quantitative analysis of the phosphodiesterase activity of SmpdI3b in SmpdI3b*- (Heterozygous) and
Smpdi3b” (Smpdi3b KO) CD8* T cell subpopulations. Cells were isolated and sorted from the spleen of
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non-infected (naive) or LCMV Armstrong (acutely) infected mice for 7 (effector) or 32 days (TCM: central
memory; TEM: effector memory) for E. Data represent 4 of 4 independent experiments with n = 4 mice
for naive Heterozygous, naive SmpdI3b KO, effector Heterozygous and effector Smpdi3b KO, and n =
12 mice for Heterozygous memory (TCM and TEM) and SmpdI3b KO memory (TCM and TEM). Bar
graphs represent the mean values and error bars represent SEM. Comparison between groups was
calculated using two-way ANOVA and uncorrected Fisher's LSD multiple comparisons test. ns = non-
significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

SmpdI3b is necessary for the survival of stem-like CD8* T cell memory populations at acute and

memory timepoints.

Based on the expression pattern of SmpdI3b, we hypothesized an involvement in the
differentiation of naive CD8* T cells into Tetr and Tmem during an acute immune response. In order to test
this hypothesis in vivo, we isolated cells from wild-type (WT) tdTomato P14 and SmpdI3b” Venus
(SmpdI3b KO) P14 mice and co-transferred them into the same C57BL/6J WT recipient mice at a 1:1
ratio. We then acutely infected the recipient mice with LCMV Armstrong and tracked the transferred cells
in the blood at the acute (day 7), contraction (day 12-15), and memory (day 22-29) phases via flow
cytometry. Surprisingly, we found that the Smpdi3b KO P14 cells were reduced in frequencies starting
from day 7 post-infection and further aggravated over time (Figure 3A). Moreover, this phenotype was
present in lymphoid (spleen, inguinal lymph node and mesenteric lymph node) and non-lymphoid (small
intestine and salivary glands) organs (Figure 3B-D; Supplementary Figure A). Intrigued by this
quantitative loss of the SmpdI3b KO cells, we further characterized their effector (KLRG1* IL-7Ra"
(CD127) CX3CR1%) or memory (KLRG1-IL-7Ra™) phenotype at the acute (day 8) and memory (day 30)
timepoints. Interestingly, at day 8 post-infection the SmpdI3b KO cells had a slight increase in the
frequency of short-lived effector cells (SLEC; KLRG1* IL-7Ra"), whereas the memory precursor cells
(MPEC; KLRG1" IL-7Ra*) were reduced in both, frequencies and numbers (Figure 3E; Supplementary
Figure 3B). Furthermore, at a memory timepoint (day 30 post-infection) the frequency of IL-7Ra*
CX3CR1- central memory (TCM) and IL-7Ra* CX3CR1* peripheral memory (TPM) cells were also
reduced within the SmpdI3b KO population, while the IL-7Ra- CX3CR1* effector memory (TEM) cells
were increased (Figure 3F). Next, to test whether the observed phenotype was due to a competitive
disadvantage of the co-transferred SmpdI3b KO P14 cells against the WT P14 cells, we transferred WT
KO P14 cells into independent C57BL/6J WT recipient mice that were then acutely infected and
analyzed similarly to the co-transferred setting mice. We found a matching quantitative and qualitative
phenotype in the SmpdI3b KO cells, regardless of the competitive setting (Supplementary Figure 3C-F).
Together, our data suggests that SmpdI3b is required for the survival of memory CD8* T cells. To test
this notion, we investigated the protein levels of a well-characterized pro-apoptotic factor, Bim (Bc/2/11),
which is known to play an important role in the contraction phase of the CD8* T cell response®?-%. Bim
levels did not seem to differ between WT and SmpdI3b KO cells at any analyzed timepoint after infection
(Figure 3G). In summary, our data indicates that SmpdI3b plays a Bim-independent role in maintaining
CD8" memory T cells. Moreover, its absence seems to favor the presence of terminally differentiated

over stem-like subpopulations.
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Figure 3. SmpdI3b is necessary for the formation of stem-like CD8+ T cell memory populations
at acute and memory timepoints. A-D) Quantitative analysis of the frequency (and numbers for
spleen) of wild-type (WT) P14 and SmpdI3b” P14 (SmpdI3b KO) in the blood (A), spleen (B), small
intestine lamina propria (LP) and intraepithelial lymphocytes (IELs) (C), and salivary gland (SG) (D) of
C57BL/6J WT recipient mice into which WT P14 and SmpdI3b KO P14 were co-transferred in a 1:1 ratio
and that were acutely infected with LCMV Armstrong for 8 (blood and spleen) or 30 days (blood, spleen,
LP, IELs, SG). E-F) Representative flow cytometry plots and quantitative analysis of the phenotype of
WT and SmpdI3b KO P14 at acute (E) or memory (F) timepoints. G) Quantitative analysis of Bim
expression in WT and SmpdI3b KO P14 CD8* T cells from the blood of mice acutely infected with LCMV
Armstrong for 8 and 30 days. Data represent 1 of 2 (A-B), or 1 of 3 (E-F), or 2 of 2 (C and G) or 3 of 3
(D) independent experiments with n = 27 mice (G day 7/8), n = 19 mice (days 12-29), n = 12 mice (A
day 7; D), n = 8 mice (A day 12-29; C), n = 4 mice (B, E-F). Bar graphs represent the mean values and
error bars represent SEM. Comparison between groups was calculated using paired multiple
comparisons two-way ANOVA with uncorrected Fisher’s LSD for mixed effects analysis (A), multiple T
test (B and G) or student T test (C-F). ns = non-significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p <
0.001; **** p < 0.0001. TCM: central memory; TPM: peripheral memory; TEM: effector memory.

Smpdi3b is dispensable for CD8* T cell TCR- or cytokine-mediated functions.

Next, we wondered whether the function of CD8* T cells would also be impaired by the absence
of SmpdI3b. SmpdI3b is supposedly a lipid-modifying enzyme forming part of lipid rafts'®, which are
highly ordered nanodomains rich in SM, and it has been shown that lipid rafts play an essential role in
membrane signaling events'%%, Additionally, Cer-enriched platforms, formed after catabolizing SM into
Cer, also play a role in receptor clustering and signaling®. Thus, we hypothesized that SmpdI3b could
play a role in signal transduction via modulation of the SM composition in the PM (e.g. modulating the
abundance of lipid rafts and ceramide-enriched platforms). Importantly, it has been shown that antigen
specific memory cells contain more lipid rafts than their naive counterparts and are thus more sensitive
to TCR stimulation®. In order to test this hypothesis, we compared distinct signaling pathways between
WT and SmpdI3b KO cells by using several concentrations of stimulating compounds. We co-transferred
WT and SmpdIi3b KO P14 cells into WT recipients, acutely infected them with LCMV Armstrong and
analyzed splenocytes on 8 or 30 days later. Single-cell suspensions were platted and stimulated for 4 h
with diverse concentrations of gp33 peptide, for TCR stimulation, or IL-18/IL-12, for cytokine (TCR
independent) stimulation. After stimulation, we compared the interferon-y (IFNy), interleukin-2 (IL-2) and
tumor necrosis factor a (TNFa) production via flow cytometry. When stimulated with gp33 peptide, we
did not detect significant differences in IFNy nor TNFa production at any concentration or timepoint
(Figure 4A; Supplementary Figure 4A). We observed a tendency for a lesser IL-2 production by SmpdI3b
KO P14 cells at day 30 (Figure 4A), in line with the reduced frequencies of the IL-7Ra* CX3CR1-TCM
(Figure 3F), which are the main IL-2 producers within the CD8* T cell memory pool*. Similarly, we
observed no difference in the IFNy produced after IL-18/IL-12 stimulation (Figure 4B-C; Supplementary
Figure 4B-C). In conclusion, these data showed that the absence of SmpdI3b did not affect TCR-
dependent and independent cytokine production in effector or memory CD8" T cells. Furthermore, we
did not detect differences in lipid raft abundance between WT and KO cells when measuring the levels

of asialo-GM1 (data not shown).
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Figure 4. SmpdI3b is dispensable for CD8* T cell TCR- or cytokine-mediated functions. A-C)
Quantitative analysis of the frequency cytokines produced by wild-type (WT) P14 or SmpdI3b” P14
(SmpdI3b KO) isolated from the spleen of C57BL/6J mice infected for 30 days with LCMV Armstrong,
after stimulating them in vitro for 4 hours with distinct concentrations of (A) gp33 peptide (TCR
stimulation) with Brefeldin A (BFA), (B-C) IL-18 and IL-12. D) Quantitative analysis of the frequency of
WT P14 or SmpdI3b KO P14 in the blood and spleen of mice that were infected with LCMV Armstrong
for 30-31 days (primary infection) and then rechallenged with Vaccinia virus G2 (modified strain
expressing gp33) for 6 days, respectively. E) Quantitative analysis of the frequency of WT P14 or
SmpdI3b KO P14 present in the spleen of secondary recipient mice that were infected for 6 days with
LCMV Armstrong. Previously, the cells were isolated and sorted from the spleen of primary recipient
mice infected with LCMV Armstrong for 30-34 days, then co-transferred in a 1:1 ratio into the secondary
recipients. Data represent 1 of 2 (A), or 2 of 2 (B-C, E) or 2 of 3 (D) independent experiments with n =
8 mice (B-C), n = 7 mice (D-E), n = 4 mice (A). Bar graphs represent the mean values and error bars
represent SEM. Comparison between groups was calculated using paired multiple T test. ns = non-
significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

An additional crucial function of memory CD8* T cells is rapid clonal expansion upon antigen re-
encounter®”. To test this, we performed recall experiments in various experimental settings. As a
baseline for all settings, we co-transferred WT and SmpdI3b KO P14 cells into C57BL/6J WT recipient
mice that were subsequently infected with LCMV Armstrong for 30-34 days. Our first test was to re-infect
these “memory mice” for 6 days in a heterologous prime-boost setting with a gp33-expressing strain of
Vaccinia virus (VVG2). Surprisingly, we saw no skewing in the frequencies of WT and SmpdI3b KO in
the spleen nor in the blood of the re-challenged mice (Figure 4D; Supplementary Figure 4D). These data
suggested that the SmpdI3b KO P14 cells that survived until the memory phase, were similarly able to
re-expand as their WT counterparts. Importantly, in this first setup we compared very low numbers of
memory P14 cells, hence any potential differences could have been missed. Moreover, at d30-31 we
merely analyzed the frequency of P14 cells in the blood of mice before boost. To account for differences
in cell numbers, we sorted the memory WT and SmpdI3b KO P14 cells from “memory mice”, re-adjusted
the ratio 1:1 and transferred them into non-infected C57BL/6J WT secondary recipient mice. We then
infected these recipient mice for six days with either LCMV Armstrong or VVG2. Interestingly, in this
experimental set-up where cell numbers where normalized before transfer, we did see that the
frequencies of WT and SmpdI3b KO P14 cells shifted in the spleen and blood from 50-50% to 65-35%
(Figure 4E; Supplementary Figure E-F). Overall, these results demonstrate that the absence of SmpdI3b
does not impair memory TCR-dependent and independent cytokine production in a cell-to-cell basis.
Yet, the capacity of re-expansion is hindered in SmpdI3b KO cells, in line with the pronounced gradual

loss of memory cells (Figure 3; Supplementary Figure 3).

The sphingolipid profile of CD8* T cells is not altered in the absence of SmpdI3b.

Next, we wished to uncover the mechanism how SmpdI3b regulates CD8* T cell survival during
the transition to memory. To this end, we first compared the SL profile of WT and SmpdI3b KO P14 cells,
since, as previously stated, the SL metabolism pathway is tightly interconnected (Figure 1A), and
potential compensatory mechanisms might maintain the homeostatic levels of certain species, when
one part of the pathway is altered. Therefore, by looking at the pathway as a whole, we would be able
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to detect subtle differences due to the absence of SmpdI3b. To this end, we isolated WT or SmpdI3b KO

P14 cells, transferred them individually into C57BL/6J WT recipient mice, and acutely infected them for
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Figure 5. The sphingolipid profile of CD8* T cells is not altered in the absence of SmpdI3b. A-B)
Comparison of the individual sphingomyelin (A) and ceramide (B) species between wild-type (WT) or
SmpdI3b”- (Smpdi3b KO) P14 CD8* T cells with distinct differentiation status, normalized to total
measured sphingolipids. C) Ratio of total sphingomyelin (SM) and total ceramide (Cer) present in distinct
subpopulations of WT or SmpdI3b KO P14 CD8* T cells, calculated from the values shown in A-B. Cells
are derived and sorted from the spleen of non-infected (naive) or LCMV Armstrong (acutely) infected
C57BL/6J mice for 8 (Ter) or 22 (TCM: central memory; TEM: effector memory) days for A-C. Data
represent 3 of 3 independent experiments (Teff, Tcm and TEM) or 5 of 5 independent experiments (naive)
with n = 1 mouse per experiment for naive WT, n = 1 mouse per experiment for naive SmpdI3b KO, n =
1 or 2 mice per experiment for WT Te, n = 1 or 2 mice per experiment for SmpdI3b Terr, n = 5 pooled
mice per experiment for WT TCM and TEM, and n = 15 pooled mice per experiment for SmpdI3b KO
TCM and TEM. Bar graphs represent the mean values and error bars represent SEM. Comparison
between groups was calculated using one-way ANOVA and Dunnett's multiple comparisons test (B-D).
ns = non-significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

8 and 22 days. Afterwards, we sorted the WT and KO cells, and assessed their SL composition.
Surprisingly, we were not able to detect any differences in individual SL nor Cer species (Figure 5A-B),
nor in any other SL species (data not shown). Importantly, we also did not detect differences in the
conversion rate of SM to Cer (Supplementary Figure 5). In summary, our data shows that the overall SL

pathway is not affected by absence of SmpdI3b and therefore questions a significant SMase activity.

Single-cell sequencing suggests that SmpdiI3b”- CD8* T cells could undergo apoptosis at a higher

rate and present enhanced endocytosis.

Since our data strongly argued against a possible function of SmpdI3b as a lipid modifying
enzyme, we next performed single-cell RNA sequencing (scRNA-seq) on WT and SmpdI3b” P14 cells
to elucidate its function. We isolated WT and SmpdI3b KO P14 cells and co-transferred them in a 1:1
ratio into C57BL/6J WT recipient mice that were acutely infected with LCMV Armstrong. We then
performed comparative scRNA-seq of WT and Smpdi3b KO cells at days 7 (acute phase), 13
(contraction phase) and 22 (memory phase) post-infection, by using hashtag antibodies for each
timepoint. Our unbiased analysis identified 9 separate clusters, mainly segregating by timepoints, but
not by genotype (Figure 6A; Supplementary Figure 6A-B). We found a fairly similar distribution of WT
and SmpdI3b KO cells within the identified clusters (Figure 6B-C). Differentially expressed genes
(DEGSs) analysis comparing the genotype, independent of the clustering and timepoint, revealed minor
differences (Figure 6D-E). Importantly, several of the DEGs were actually related to the genotype or the
background of the donor mice. For instance, tdTomato and Venus are just reflecting the fluorescent
proteins expressed by the WT or SmpdI3b KO cells, respectively. Moreover, Ctse has been identified as
one of the DEG between CD45.1 and CD45.2 mouse strains®®, whereas expression of /de, Btaf1 and
Gzma differs between C57BL/6J (WT) and C57BL/6N (SmpdI3b KO) mice®. Further, the expression of
II7r was reduced in Smpdi3b KO cells, whereas Cx3cr1 was increased, confirming the phenotype
observed at a protein level via flow cytometry analysis (Figure 3E-F). One of the DEGs that caught our
attention was Bcl2, due to its role as an anti-apoptotic protein®®. Therefore, we speculated that the

phenotype of the SmpdI3b KO cells could be caused by a reduced expression of Bcl2, thus increased
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% within each cluster

apoptosis in a Bim-independent manner (Figure 3G). Therefore, we compared the Annexin V* cells and

the caspase 8 activity among co-transferred WT and Smpdi3b KO cells that were isolated from the

spleen at 13 days post-LCMV Armstrong infection (data not shown), but did not detect any differences.

Another DEG that intrigued us due to its upregulation in the SmpdI3b KO cells was Hip1 (Figure 6E).

This gene codes for the Huntington’s interacting protein 1 (Hip1), which is involved in clathrin-mediated

endocytosis processes®'® and neuronal apoptosis®*®’. Based on our sequencing analysis, we

hypothesized that the absence of SmpdI3b could enhance clathrin-mediated endocytosis, thus the

accumulation of Hip1.
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Figure 6. Single-cell sequencing suggests that SmpdI3b”- CD8* T cells could undergo apoptosis
at a higher rate and present enhanced endocytosis. A-B) UMAP projections of 4258 single cells,
color code based on cluster identity (A) or genotype + timepoint identity (B). C) Quantitative analysis of
the genotype + timepoint identity distribution within all clusters, as represented in B. D) Heatmap
displaying the differentially expressed genes (DEGs) between wild-type (WT) and SmpdI3b7 (SmpdI3b
KO) P14 CD8* T cells. Color represents z-score mean expression values per cell. E) Dot plot of the
DEGs between WT and SmpdI3b KO P14 CD8* T cells. Color represents the z-score mean expression
values per cell.

In summary, the DEGs between WT and SmpdI3b KO CD8* T cells revealed minor differences.
For this reason, we compared the DEGs between WT and SmpdI3b KO within each cluster (Figure 6A),
since some seemed to be slightly enriched (1, 4, 5, 8) or reduced (0, 3, 6, 7) in SmpdI3b KO cells (Figure
6C). Yet again, we found the same DEGs as in the cluster-independent comparison (data not shown;
Figure D-E). In conclusion, our transcriptional comparison suggests that SmpdI3b-deficient cells might
be more apoptotic and have a higher endocytosolic activity than their WT-counterparts. This supposed
increase in the endocytosolic capacity of SmpdI3b KO cells could lead to i) the ingestion of unwanted
molecules, ii) attenuated survival signaling events, iii) enhanced death signaling cascades, which could
eventually lead to heightened mortality of CD8* T cells. Evidently, the substrate of SmpdI3b, the pathway
leading to the accumulation of Hip1 and the involved mechanism leading to Tmem cell death should

urgently be depicted.

Discussion

In our study, we found that SM degradation to produce Cer is conserved in terminally
differentiated CD8* T cells (Ter and TEM) when compared to their stem-like counterparts (naive and
TCM). In line with our results, it has been shown that a higher Cer content in CD8* T cells is required for
their cytotoxic function3”%8. Moreover, Cer-enriched platforms generated by the degradation of SM have
been associated with apoptosis induction®®, which is required for the contraction phase of the terminally
differentiated populations after the resolution of the infection. These results led us to study SmpdI3b as
a potential candidate for Cer generation in differentiated CD8"* T cells. However, we and others (data
not shown; Figure 5;'817) have failed to show any direct SMase activity of SmpdI3b in in vitro and in vivo
settings. Instead, we identified SmpdI3b as an essential enzyme for the maintenance of CD8* T cell
memory. Unfortunately, we were unable to elucidate its mechanism of action. Other studies have linked
the activity of SmpdI3b to innate immunity, by modulating TLR signaling in podocytes, liver cells and
macrophages'®'®70. Moreover, SmpdI3b has been described as a potential prognosis marker in
cancer*®%" and nephrotic syndrome’'. Furthermore, several studies in podocytes have established that
SmpdI3b could indirectly modulate the levels of ceramide-1-phosphate (C1P) in these cells*®727576,
Also, SmpdI3b has been reported to enhance DNA double-strand breaks and reduce apoptosis in
podocytes, protecting them from ionizing radiation”77:78, or even increase the apoptosis in glomerular
endothelial cells during irradiation”. Further indirect roles attributed to SmpdI3b have been the
modulation of lipid droplet abundance in podocytes®, viral entry and replication of porcine reproductive
and respiratory syndrome virus (PRRSV)?®!, and murine embryonic stem cell neural differentiation®?.
Interestingly, all of these studies seem to observe context-dependent functions, and potential substrates,
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of SmpdI3b. In our hands, using our knock-out mouse model and overexpressing systems (data not
shown), we were, however, not able to reproduce the reported alterations in SM or Cer species detected

in knock-down models'®.

In our study, we found that SmpdI3b exerts a cell intrinsic function in sustaining memory CD8*
T cells, and more specifically less terminally differentiated cells, during an acute infection setting. The
relatively late (day 5) expression of SmpdI3b in comparison to antigen presentation and activation,
together with our data, indicate that it is crucial following the resolution of the primary infection?. In line
with our results (Figure 3; Supplementary Figure 3), our survival phenotype suggested that memory
SmpdI3b KO cells might fail to mount an efficient recall response and therefore only mediate an
insufficient protective cellular immunity. Importantly, the remaining SmpdI3b-deficient CD8" T cells do
not seem to have any functional defects in cytokine production. Nonetheless, we did observe a
dampened capacity for re-expansion upon recall. This could be explained by the bias towards increased
terminally differentiated IL-7Ra- CX3CR1* TEM cells when SmpdI3b is absent, whose proliferative
capacity is reduced compared to IL-7Ra* CX3CR1- TCM cells*83. Moreover, an alternative explanation
to the observed differences between the re-infection and the re-transfer settings could be that, perhaps,
TEM cells are less good at engrafting when competing with their TCM counterparts in a post-sorting
transfer setting. Likely, co-transferring WT and SmpdI3b KO memory cells into non-infected recipient
mice and comparing their ratio after 6 days would clarify the potentially reduced engraftment capacity of
the TEM population. Whether there are differences in viral control between WT and SmpdI3b KO mice

in a recall setting should be elucidated.

Unfortunately, the lack of commercially available antibodies for flow cytometry and the reduced
number of cells, specially at a memory timepoint, limit our possibilities for performing screening assays
in order to find SmpdI3b’s physiological substrate. Concisely, our lipidomics and transcriptomics data
together advocate for a molecule in the extracellular milieu being the substrate of SmpdI3b. A recent
study suggested that the homolog protein Smpdi3a modulates innate immunity via the cGAS-STING
innate pathway® by cleaving extracellular cGAMP. Moreover, we and others have shown a
phosphodiesterase activity of SmpdI3b (Figure 2E; '%17) and its capacity to cleave ADP and ATP, similarly
to its paralog Smpdi3a®-8. This in addition to the structural resemblance between SmpdI3a with
SmpdI3b', lead us to hypothesize the physiological substrate of SmpdI3b are not (sphingo)lipid species,
but rather nucleotides. Furthermore, the connection of Smpdi3a to lipid metabolism is the induction of
its expression through liver X receptor (LXR), whose ligands are cholesterol metabolites®. Therefore,
studying the nuclease function of SmpdI3b in CD8"* T cells would be an opportunity to understand its

physiological role and mechanism of action.

Importantly, the topology of SmpdI3a and SmpdI3b differs, since SmpdI3a is mainly secreted
and SmpdI3b is GPl-anchored'>®8. Nonetheless, they are both exposed to the extracellular milieu.
Distinct publications have shown how cGAMP produced in dying cancer or infected cells can be secreted
into the extracellular space, which is where Smpdi3a and other enzymes, such as ectonucleotide
pyrophosphatase/phosphodiesterase | (ENPP1) exert their nuclease function®8%91 |nterestingly,
ENPP1 can be membrane bound or secreted®?, as an analogy to SmpdI3b and SmpdI3a, respectively.

Extracellular cGAMP has been described as an immune cell activator in response to tumours®-%,

34



Therefore, its degradation by ENPP1 results in suppressed anti-tumour responses®-%97 Likely, cGAMP
and other cyclic dinucleotides (CDNSs) are released to the extracellular space by dying apoptotic cells®%,
as it has been proven for other nucleotides®-"%". Consequently, during the contraction phase of a CD8*
T cell response to an acute infection, 90-95% of the expanded clones will die via apoptosis? and release
their intracellular content, including nucleotides and CDNs. Additionally, the dying infected cells in our
infection setting might also release the aforementioned species. Therefore, the local extracellular milieu
could be rich with these molecules. Notably, extracellular cGAMP can cross the PM through the
transporters SLC19A1 and SLC46A2, clathrin-mediated endocytosis, GAP junctions or volume-
activated LRRCB8A anion channels®9:192-107  Despite elucidating the effects of extracellular CDNs in
CD8* T cells, it is known that these cells are capable of endocytosing distinct molecules (e.g. TCR or
other receptors) via clathrin-dependent and independent mechanisms'%-"'%. Furthermore, it has been
shown that STING activation in CD8* T cells elicits cell death via apoptosis during the contraction phase
of the acute response for clones with high-affinity for the antigen"""2. Similarly, the kinetics observed
in the SmpdI3b KO cells aggravates from the contraction phase onwards (Figure 3). Remarkably, the
increased expression of Hip1 in SmpdI3b KO cells suggests an increased clathrin-mediated endocytosis
capacity in these cells®'%3, Possibly, the lack of the phosphodiesterase activity of SmpdI3b in the KO
cells allows them to endocytose the abundant extracellular CDNs (e.g. cGAMP) released by the great
number of apoptotic cells mainly during the contraction phase, leading to STING- and Hip1-mediated
apoptosis®-7.112 Importantly, we did not find any differences in the levels of Bim (Figure 3G), Annexin
V or caspase 8 (data not shown) between WT and SmpdI3b KO cells. Yet, the KO cells express less
Bcl-2 (Figure 6E), in line with increased apoptosis. Notably, delineating the physiological substrate of

SmpdI3b is critical for determining its modulating function over Hip1.

Alternatively, the aggravated loss of SmpdI3b KO cells could be based on altered IL-7 and IL-
15 signaling, since antigen specific memory cells mainly rely on these signaling pathways for survival
and homeostatic proliferation'3'4. On one hand, CD127/IL-7Ra is internalized as part of a negative
feedback loop once it encounters IL-7, in order to signal and consecutive degradation by the
proteasome. This process has been shown to be clathrin-mediated endocytosis-dependent!®115, On the
other hand, the predominant signaling pathway of IL-15 occurs via trans-presentation from the APC to
the T cells"'®""8 This model establishes that a complex of IL-15Ra — IL-15 is present in the APCs and
presented to, for example, CD8" T cells expressing the IL-2R and IL-2Ry chains. Potentially, the
mechanism leading to an enhanced endocytosis in the SmpdI3b KO CD8" T cells could increase
endocytosis of IL-7Ra or affect the surface levels of the IL-15R and y chains, impairing these signaling
pathways, proliferation and survival. Whether the IL-2R3 and y chains are being internalized via clathrin-

mediated endocytosis should be the focus of future studies.

In summary, in this study we identified a role of SmpdI3b as a protector of memory CD8* T cell
longevity. Likely, the role of SmpdI3b in safeguarding memory CD8* T cell relies on the hydrolysis of
cytotoxic extracellular CDNs, such as cGAMP, released by the numerous dying cells during the
resolution phase of an acute infection. This is consistent with its expression kinetics at later timepoints
after activation and with the bias towards more terminally differentiated cells in its absence. Therefore,

we propose that SmpdI3b is upregulated as a shielding mechanism in order to protect the memory cells
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from a harmful environment that likely occurs during the massive cell death during the contraction phase.
Alternatively, SmpdI3b could be essential for maintaining Tmem survival signaling pathways by
modulating Hip1-mediated endocytosis, since certain receptors are endocytosed in order to attenuate
signaling, whereas others require this internalization as part of their signaling pathway'%®'"°, Given its
location in the extracellular leaflet of the PM and its supposed function, understanding the mechanism
of action of SmpdI3b will make it a suitable candidate for improving T cell memory in vaccination
strategies. For instance, Smpdi3b is stabilized in the PM by being an off-target of anti-CD20
(Rituximab)'?°. In the context of focal segmental glomerulosclerosis (FSGS) it has been shown that the

Rituximab-dependent stabilization of SmpdI3b in podocytes protects them from apoptosis?®.
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Supplementary Figure 1 (related to Figure 1). The sphingolipid profile of CD8* T cell differs along
with their differentiation trajectory. A) Individual ceramide species’ profile present in CD8* T cells
with distinct differentiation status, normalized to total measured sphingolipids. B) Individual
dihydrosphingomyelin species’ profile present in CD8" T cells with distinct differentiation status,
normalized to total measured sphingolipids. C) Individual sphingomyelin species’ profile present CD8*
T cells with distinct differentiation status. D) Individual hexosylceramide species’ profile present CD8* T
cells with distinct differentiation status. Cells are derived and sorted from the spleen of non-infected
(naive) or LCMV Armstrong (acutely) infected mice for 8 (effector) or 22 days (TCM: central memory;
TEM: effector memory) for A-D. Data represent 3 of 3 independent experiments with n = 2 pooled mice
per experiment for naive, n = 2 pooled mice per experiment for effector and n = 3 or 6 pooled mice per
experiment for TCM and TEM. Bar graphs represent the mean values and error bars represent SEM.
Comparison between groups was calculated using one-way ANOVA and Dunnett’s multiple comparisons
test (A-D). ns = non-significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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Supplementary Figure 2 (related to Figure 2). Sphingomyelin phosphodiesterase acid-like 3b
(SmpdI3b) is not expressed or active in naive, but in effector and memory CD8* T cells. A) UMAP
projection of 30289 single cells from single-cell RNA sequencing, color code based on the cluster
timepoint (Naive, day 8 (d8), day 15 (d15) and day 30 (d30)) and type of infection (acute: Arm; chronic:
CI13). The UMAP was generated using from the data set published by Giles, J.R., et al. (2022)*3 and
uploaded into our Institute’s Shiny app. B) Bar graph showing the expression value of Smpdi/3b in CD8*
T cells with distinct differentiation states, including tissue-resident populations. The graph was generated
in the Immgen Consortium website (immgen.org) using the Gene Skyline ULI-RNA seq Data Browser*.
C) Heatmap displaying the expression of the distinct sphingomyelinases in the distinct identity clusters
shown in Figure 2C“5. D) Linear regression curve generated as a calibration curve to further quantify the
amount of 4-Nitrophenol (pNP) produced by the distinct Smpdl3b*-(WT) and SmpdI3b”- (KO) CD8* T
cell subpopulations. E) Table showing the amount of pNP produced by the distinct control (HEK293T
WT, HEK293T overexpressing (OE) SmpdI3b) and CD8* T cell subpopulations. Data for E and F
represent 1 of 4 independent experiments with n = 1 mouse for naive het, naive KO, effector het and
effector KO, and n = 3 mice for het memory (TCM and TEM) and KO memory (TCM and TEM).
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Supplementary Figure 3 (related to Figure 3). SmpdI3b is necessary for the formation of stem-
like CD8+ T cell memory populations at acute and memory timepoints. A) Quantitative analysis of
the frequency and numbers of wild-type (WT) P14 and Smpdi3b” P14 (Smpdi3b KO) in the inguinal
(iLN) and mesenteric (mesLN) lymph nodes of C57BL/6J WT recipient mice into which WT P14 and
SmpdI3b KO P14 were co-transferred in a 1:1 ratio and that were acutely infected with LCMV Armstrong
for 8 or 30 days. B) Quantitative analysis (numbers) of the phenotype of wild-type (WT) P14 and
SmpdI3b” P14 (SmpdI3b KO) in the spleen of C57BL/6J WT recipient mice into which WT P14 and
SmpdI3b KO P14 were co-transferred in a 1:1 ratio and that were acutely infected with LCMV Armstrong
for 8 or 30 days. C-F) Quantitative analysis of the frequency and phenotype of WT P14 and SmpdI3b
KO P14 in the blood (C) and spleen (D-F) of C57BL/6J WT recipient mice into which WT P14 or SmpdI3b
KO P14 were transferred (single transfers) and that were acutely infected with LCMV Armstrong for 8 or
30 days. Data represent 1 of 1 (A), or 1 of 3 (B), 2 of 3 (C-F) independent experiments with n = 12 mice
(C SmpdI3b KO d7), n = 8 mice (C WT d7), n = 6 (C SmpdI3b KO d12-29, D-F SmpdI3b KO d8 and
d30), n =4 mice (Ad8, B, D-F WT d8), n =3 (A d30, C WT d12-29, D-F WT d30). Bar graphs represent
the mean values and error bars represent SEM. Comparison between groups was calculated using two-
way ANOVA with uncorrected Fisher’s LSD test for mixed effects analysis (C), multiple paired T test (A)
or unpaired student T test (B, E-F). ns = non-significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001.
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Supplementary Figure 4 (related to Figure 4). SmpdI3b is dispensable for CD8* T cell TCR- or
cytokine-mediated functions. A-C) Quantitative analysis of the frequency cytokines produced by wild-
type (WT) P14 or SmpdI3b” P14 (SmpdI3b KO) isolated from the spleen of C57BL/6J mice infected for
8 days with LCMV Armstrong, after stimulating them in vitro for 4 hours with distinct concentrations of
(A) gp33 peptide (TCR stimulation) with Brefeldin A (BFA), (B-C) IL-18 and IL-12. D) Quantitative
analysis of the frequency of WT P14 or SmpdI3b KO P14 in the blood of mice that were infected with
LCMV Armstrong for 30-31 days (primary infection) and then rechallenged with Vaccinia virus G2
(modified strain expressing gp33) for 6 days. E) Quantitative analysis of the frequency of WT P14 or
SmpdI3b KO P14 present in the blood of secondary recipient mice that were infected for 6 days with
LCMV Armstrong. Previously, the cells were isolated and sorted from the spleen of primary recipient
mice infected with LCMV Armstrong for 30-34 days, then co-transferred in a 1:1 ratio into the secondary
recipients. F) Quantitative analysis of the frequency of WT P14 or SmpdI3b KO P14 present in the blood
and spleen of secondary recipient mice that were infected for 6 days with Vaccinia virus G2. Previously,
the cells were isolated and sorted from the spleen of primary recipient mice infected with LCMV
Armstrong for 30-34 days, then co-transferred in a 1:1 ratio into the secondary recipients. Data represent
10f 1 (F), 10of 2 (A-B), or 2 of 2 (C, E) or 2 of 3 (D) independent experiments with n = 8 mice (C),n=7
mice (D-E), n = 4 mice (A-B, F). Bar graphs represent the mean values and error bars represent SEM.
Comparison between groups was calculated using paired multiple T test. ns = non-significant (p > 0.05);
*p <0.05; ** p<0.01; *** p <0.001; **** p < 0.0001.
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Supplementary Figure 5 (related to Figure 5). SmpdI3b shows no activity towards sphingomyelin.
A) Ratio of total individual sphingomyelin (SM) and ceramide (Cer) species present in distinct
subpopulations of WT or SmpdI3b KO P14 CD8* T cells, calculated from the values of the individual
species shown in Figure 5A-B. Cells are derived and sorted from the spleen of non-infected (naive) or
LCMV Armstrong (acutely) infected C57BL/6J mice for 8 (effector) or 22 (TCM: central memory; TEM:
effector memory) days for A-C. Data represent 3 of 3 independent experiments (effector, TCM and TEM)
or 5 of 5 independent experiments (naive) with n = 1 mouse per experiment for naive WT, n = 1 mouse
per experiment for naive SmpdI3b KO, n = 1 or 2 mice per experiment for WT effector, n = 1 or 2 mice
per experiment for SmpdI3b effector, n = 5 pooled mice per experiment for WT TCM and TEM, and n =
15 pooled mice per experiment for SmpdI3b KO TCM and TEM. Bar graphs represent the mean values
and error bars represent SEM. Comparison between groups was calculated using one-way ANOVA and
Dunnett’s multiple comparisons test (B-D). ns = non-significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p

< 0.001; **** p < 0.0001.

e WT
e Smpdi3b KO

Supplementary Figure 6 (related to Figure 6). Single-cell sequencing suggests that SmpdI3b™
CD8* T cells could undergo apoptosis at a higher rate and present enhanced endocytosis. A-B)
UMAP projections of 4258 single cells, color code based on timepoint identity (A) or genotype identity
(B).
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Material and methods
Material

Table 1. Equipment

Device

Name and Company

1290 Infinity Il HPLC

Agilent Technologies, Waldbronn, Germany

6495C triple-quadrupole mass spectrometer

Agilent Technologies, Waldbronn, Germany

Autoclave

HX-430, Systec, Linden, Germany

Balance

CP2201, Sartorius, Géttingen, Germany

Cell separator magnet

EasyEights™ EasySep™ Magnet, Vancouver, British
Columbia, Canada

Cell sorter Aria Il

Becton-Dickinson, Franklin Lakes, NJ, USA

Centrifuge

Thermo Fisher Scientific, Waltham, MA, USA

FlexStation 3 Multi-Mode Microplate Reader

Molecular Devices

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

Freezer -150°C (Ultra-Low Temperature Freezer)

Panasonic, Etten Leur, Netherlands

Ice machine

Ziegra, Isernhagen, Germany

Incubator cells

Binder, Tuttlingen, Germany

Incubator bacteria

MaxQ, Thermo Fisher Scientific, Waltham, MA, USA

IVC mice cage

Tecniplast Smartflow, HohenpeiRenberg, Germany

NanoPhotometer Implen, Munich, 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

Poroshell 120 EC-C8 column (3.0 x 150 mm, 2.7 um)

Agilent Technologies, Waldbronn, Germany

Preparation instruments

F.S.T., Heidelberg, Germany

Refrigerator

Liebherr, Biberach, Germany

Sieves, steel

Mechanical Workshop, University Hospital Bonn, Germany

Table centrifuge Micro Star 17R

VWR, Leuven, Belgium

Thermo-Shaker

Thermo Fisher Scientific , Schwerte, Germany

Vacuum Pump

Integra Biosciences, Biebertal, Germany

Vortex

Neolab, Heidelberg, Germany

Water bath

Memmert, Schwabach, Germany

Workbench, sterile

Envair ECO, ENVAIR GmbH, Emmendingen, Germany

Table 2. Consumables

Consumable Company Catalog number
Cell culture flask 75 cm? (T75) and 175 cm? Greiner Bio-one 658175; 660175
Cell strainer (70 and 100um) Falcon, VWR 734-0003; 734-0004
Cryo-container Mr. Frosty Carl Roth AC96.1

Cryo.S, 2 mi Greiner Bio-one 122263

F-bottom 96-well plate Cellstar Greiner Bio-one 655180

FACS tubes Sarstedt 55.1579

Falcon tubes (15 and 50 ml) Greiner Bio-one 188271; 227261
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Injection needles (20G, 25G, 27G)

BD Microlance or Sterican

Nylon gauze Labomedic -

Parafilm Hartenstein PF10

Pipette tips (10 pl, 20 pl, 200 pl, 1000 pl) Sarstedt 701130600; 70.3021; 70.3030;
70.3050

Pasteur-Plast Pipette 3 ml 150 mm VWR 612-1755

Pasteurpipetten, 230 mm Carl Roth 45221

Plates suspension culture (6, 12, 24 and 48 . . 657185; 665102; 662102;

Greiner Bio-one

wells) 677102

Petri dish 92x16mm Sarstedt 82.1473

Pipette bulk pack (5, 10, 25 ml) Greiner Bio-one 606107; 607107; 760107

Pipette single pack (5, 10, 25, 50 mi) Greiner Bio-one 000180, 607180;  760180;
768180

Syringe Inject, Luer, 5 ml, sterile Carl Roth 0057.1

1Sr);r||)nges Omnican (U-50, 0.5ml and U-100, Carl Roth AKN9.1: AKPO.1

Tubes, 0.5 ml, 1.5 ml, 2 ml SafeSeal, PP Sarstedt 72704; 70.706; 72695500

Tubes PCR strip of 8, flat cap Sarstedt 72.991.002

U-bottom 96-well plate Cellstar Greiner Bio-one 650180

V-bottom 96-well plate and lids VWR 732-0191; 734-2184

Table 3. Chemicals, reagents, cytokines, peptides

Product Company Catalog number
2-Propanol Sigma-Aldrich 59300-1L
4-Nitrophenol Sigma-Aldrich 1048-5G
3-mercaptoethanol (cell culture) Gibco 31350010
3-mercaptoethanol (molecular biology) Applichem UN2966

Agar agar, Kobe | Carl Roth 5210.1
Agarose, Low Melting Point, Analytical Grade | Promega V2111
Ampicillin Sigma Aldrich A0166-5G
Bis(p-nitrophenyl) phosphate sodium salt Sigma-Aldrich N3002-100G
Blasticidin Sigma Aldrich 203350-25mg
Bovine Serum Albumin (BSA) Carl Roth 8076.3
Braun distilled water VWR LOCA0082479E
Brefeldin A (BFA) Sigma Aldrich B7651-5MG
C16:0 Ceramide (external calibration) Avanti Polar Lipids 860516P
C17:0 Ceramide (internal standard) Avanti Polar Lipids 860517P
C18:0 Ceramide (external calibration) Avanti Polar Lipids 860518P
C20:0 Ceramide (external calibration) Avanti Polar Lipids 860520P
C22:0 Ceramide (external calibration) Avanti Polar Lipids 860501P
C24:0 Ceramide (external calibration) Avanti Polar Lipids 860524P
C24:1 Ceramide (external calibration) Avanti Polar Lipids 860525P
C16:0 Sphingomyelin (external calibration) Avanti Polar Lipids 860584P
C18:0 Sphingomyelin (external calibration) Avanti Polar Lipids 860586P
C20:0 Sphingomyelin (external calibration) Cayman Chemicals 24450

C22:0 Sphingomyelin (external calibration) Cayman Chemicals 24451

C24:0 Sphingomyelin (external calibration) Avanti Polar Lipids 860592P
C24:1 Sphingomyelin (external calibration) Avanti Polar Lipids 860593P
C17:0 Glucosylceramide (internal standard) Avanti Polar Lipids 860569P
C17:0 Lactosylceramide (internal standard) Avanti Polar Lipids 860595P
Chloroform (lipidomics) Carl Roth 7331.2
Collagenase D Roche 11088882001
d7-Sphingosine (internal standard) Avanti Polar Lipids 860657P
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d7-Sphingosine-1-phosphate (internal

Avanti Polar Lipids 860659P
standard)
d31-C16:0 Sphingomyelin (internal standard) | Avanti Polar Lipids 868584P
Dimethylsulfoxid (DMSO) Sigma Aldrich D2650-100ML
DNase | Sigma Aldrich DN25
Dispase Il Roche 04942078001
DMEM medium Thermo Fisher Scientific 41965-039
Diethiothreitol (DTT) Sigma Aldrich 1.11474
DPBS, Calcium, Magnesium Thermo Fischer Scientific 14040133
EDTA Carl Roth 8043.2
Ethanol 96% Carl Roth 5054.2
Fetal Bovine Serum Sigma Aldrich F7524-500ML
FtI3L BioLegend 550706
GeneRuler DNA Ladder Mix and 6X Purple Thermo Fisher Scientific SM0331

Loading dye

Glycerol Sigma Aldrich G5516-500ML
Hydrochloric Acid (HCI) Sigma Aldrich H1758-100ML
HD Green Plus DNA stain Intas ISII-HDGreen Plus
Heparin sodium (25000 1U) Ratiopharm -

HEPES Sigma-Aldrich H0887-100ML
Human Normal Immunoglobulin (IVIG) Privigen -

IC Fixation Buffer eBioscience 00-8222-49
IL-6 BioLegend 575706

IL-7 BioLegend 577804

LB Broth Base Invitrogen 12780029
LCMV GP33 33-41 (H2-D(b)) Peptides and Elephants EP11847
Methanol Carl Roth 4627.5
Methanol 99.9% Sigma Aldrich 34860-1L-R
NaCl Sigma Aldrich S9888-1KG
NaOH Carl Roth 6771.3
Normal Rat Serum StemCell Technologies 13551
Penicillin/Streptomycin Sigma-Aldrich P4333

Percoll Sigma-Aldrich P1644-1L
Permeabilization Buffer Invitrogen 00-8333-56
Polybrene Santa Cruz Biotechnology sc-134220
Poly-L-Lysin Thermo Fischer Scientific A3890401
Puromycin Thermo Fischer Scientific A1113803
RPMI 1640 medium Gibco 72400021
SCF BioLegend 579706
S.0.C. Medium Thermo Fischer Scientific 15544034
Sphingosine-1-phosphate Avanti Polar Lipids 860492P

Tris Carl Roth AE15.3
Trypan Blue Solution, 0.4% Thermo Fisher Scientific 15250061
Trypsin-EDTA (0.05%), phenol red Thermo Fisher Scientific 25300054
UltraComp eBeads™ Compensation Beads | Thermo Fischer Scientific 01-2222-42

Table 4. Commercial assays

Product Company Catalog number
GendJet DNA Transfection reagent (Ver.ll) Tebu-Bio SL100489-1ml
Mojo Sort Mouse CD8 T cell isolation Kit BioLegend 480008
MojoSort™ Streptavidin Nanobeads BioLegend 480016
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lg\l;ﬂ:opl?::riidxgzl_\mm kit for transfection- Macherey-Nagel 740410 50

NucleoSpin Plasmid, Mini kit for plasmid DNA | Macherey-Nagel 740588.250

Scal-HF® New England Biolabs R3122S

Zombie NIR™ Fixable Viability Kit BioLegend 423106

Table 5. Buffers, media and solutions

Buffer, media, solution Composition

1% Heparin 1:100 dilution of Heparin soidium 25000 IU in PBS
10 mM Tris.HCI

1XTBS 150 mM NaCl
pH 7.5

1X Ammonium-Chloride-Potassium (ACK) lysis buffer | 10X ACK lysis buffer diluted in distilled water

(erythrocyte lysis buffer)
1.5 M NH4CI

10X Ammonium-Chloride-Potassium (ACK) lysis buffer | 100 mM KHCOs

(erythrocyte lysis buffer)

10 mM EDTA-Na2
in distilled water (pH value 7.2)

40% Percoll

40% of 100% Percoll
60% DMEM or RPMI media

80% Percoll

20% 1X PBS
80% of 100% Percoll

100% Percoll

1/9 10X PBS
8/9 Percoll (Sigma-Aldrich)

Cell culture media (HEK293T cells)

10 % heat-inactivated FBS
100 U/ml Penicillin

100 pg/ml Streptomycin

in DMEM media

Easy Sep buffer

2% (VIV) FBS
1mM EDTA
In 1X PBS

FACS buffer

2 % (vIv) FBS
in 1X PBS

Freezing media

20% DMSO
40% heat-inactivated FBS
40% cell culture media (see above)

Glycerol stock media

50% Glycerol
50% LB media (see below)

Intestine media 1

2% FBS
in RPMI 1640 medium

Intestine digestion media 2

1 mM EDTA

10 mM HEPES

0.15 % (w/v) DTT

in RPMI 1640 medium
preparation directly before use

Intestine digestion media 3

1 mM EDTA
10 mM HEPES
in RPMI 1640 medium

Intestine digestion media 4

2 % (viv) FBS

1.5 mg/ml Collagenase D
0.5 mg/ml Dispase

20 ug/ml DNase 1

1 mM EDTA

10 mM HEPES
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in RPMI 1640 medium
preparation directly before use

0.1 mg/ml Ampicillin

LB media 20 g LB broth base
1 L Braun distilled water
0.1 mg/ml Ampicillin

LB plates 15 g Agar

20 g LB broth base
1 L Braun distilled water

Salivary gland digestion media

10 mM HEPES

1 mg/ml Collagenase D
20 pg/ml DNase 1

in DMEM media

Selection media (for transfected HEK293T)

10 % heat-inactivated FBS
100 U/ml Penicillin

100 pg/ml Streptomycin

1 pg/mL Puromycin

in DMEM media

Stop solution

3-mercaptoethanol (molecular biology)

in 1X PBS

T cell media

10 % heat-inactivated FBS

50 uM R-mercaptoethanol (cell culture)

100 U/ml Penicillin
100 pg/ml Streptomycin
in RPMI 1640 media

Table 6. Antibodies for flow cytometry

Antigen Conjugate Clone Catalog # Company
asialo-GM1 AF647 Poly21460 146004 BioLegend
B220 (CD45R) AF700 RA3-6B2 103232 BioLegend
B220 (CD45R) APC Cy7 RA3-6B2 103224 BioLegend

Bim Unconjugated C34C5 2933s Cell Signaling
CD3 BV785 17A2 100232 BioLegend

CD3 AF700 17A2 100216 BioLegend
CDh4 Biotin GK1.5 100404 BioLegend
CD8a BV421 53-6.7 100738 BioLegend
CD8a BV510 53-6.7 100752 BioLegend
CD8a BV605 53-6.7 100744 BioLegend
CD8a BV650 53-6.7 100742 BioLegend
CD8a BV711 53-6.7 100759 BioLegend
CD8a APC 53-6.7 553035 BD Biosciences
CD8a AF700 53-6.7 100730 BioLegend
CD8a PE 53-6.7 100708 BioLegend
CD19 Biotin 6D5 115504 BioLegend
CD44 PerCP Cy5.5 IM7 103032 BioLegend
CD44 BV510 IM7 103044 BioLegend
CD44 BV785 IM7 103059 BioLegend
CD44 BV786 M7 563736 BD Biosciences
CD44 PE Cy7 IM7 25-0441-82 Thermo Fischer Scientific
CD45.2 BV510 104 109837 BioLegend
CD62L BV510 MEL-14 104441 BioLegend
CD62L APC MEL-14 104412 BioLegend
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CD69 PE Cy7 H1.2F3 104512 BioLegend
CD69 BV711 H1.2F3 104537 BioLegend
CD103 PE Cy7 2E7 121426 BioLegend
CD127 (IL-7Ra) BVv421 A7TR34 135027 BioLegend
CD127 (IL-7Ra) PE Cy7 A7R34 25-1271-82 Thermo Fisher Scientific
CX3CR1 BVv421 SAO011F11 149023 BioLegend
CX3CR1 BV650 SAO011F11 149033 BioLegend
CX3CR1 BV785 SA011F11 149029 BioLegend
CX3CR1 APC SA011F11 149008 BioLegend
Donkey anti-rabbit IgG | AF647 Polyclonal A31573 Invitrogen

IFNy BV605 XMG1.2 505839 BioLegend
IFNy BVv421 XMG1.2 505830 BioLegend

IL-2 APC JES6-5H4 17-7021-182 Thermo Fischer Scientific
KLRG1 BV421 2F1 562897 BD Biosciences
KLRG1 BV605 2F1 138419 BioLegend
KLRG1 BV711 2F1 138427 BioLegend
KLRG1 PE Cy7 2F1 25-5893-82 Thermo Fischer Scientific
NK1.1 BV711 PK136 108745 BioLegend
NK1.1 Biotin PK136 108704 BioLegend
Thy1.1 (CD90.1) PE OX-7 202523 BioLegend
Thy1.1 (CD90.1) AF700 OX-7 202528 BioLegend
TNFa PE Cy7 MP6-XT22 506324 BioLegend
TotalSeq™-A0178 anti- .

e ?;D iy - A20 110753 BioLegend
TotalSeq™-A0157 anti- ,

e ?:D ioo - 104 109853 BioLegend

Va2 Pacific Blue B20.1 127816 BioLegend

Va2 AF700 B20.1 127824 BioLegend
TotalSeq™-A0301 anti- | M1/42 155801 BioLegend
mouse Hashtag 1 30-F11

TotalSeq™-A0302 anti- | M1/42 155803 BioLegend
mouse Hashtag 2 30-F11

TotalSeq™-A0303 anti- M1/42 )

mouse gashtag 3 i 30-F11 155805 Biolegend
TruStain FcX - 93 101320 BioLegend

Table 7. Viruses

Viruses

Description and Reference

Lymphocytic choriomeningitis virus (LCMV) Armstrong

Wu, H., et al. 2023"*",
Kind gift from Dr. Martin Vath

Vaccinia virus (VV) G2 (expressing LCMV-GP protein)

Kind gift from Prof. Dr. Annette Oxenius

Mouse strains

All mice used were maintained under specific pathogen-free conditions in accordance with
institutional animal guidelines at certified Association for Assessment and Accreditation of Laboratory
Animal Care-accredited animal facilities (animal facility at the Institute of Systems Immunology
Wirzburg or at the Center of Experimental and Molecular Medicine (ZEMM) of the University of
Wirzburg). Female and male mice were used for all experiments, aged 8-30 weeks. Gender and age
matched mice were used in each individual experiment. Used mouse strains are listed below (Table 8).
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Table 8.

Mouse strain

Description

Source and/or reference

C57BL/6J

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

Janvier Laboratories

B6.Cg-TcraimMom
Tg(TcrLCMV)327Sdz/TacMmjax  x
B6.tg (tdTomato)

Mouse model in which all CD8" T
cells express a transgenic TCR
recognizing the LCMV GP33 33-41
(H2-D(b)) peptide. This TCR clone
is referred to as P14 cells.
Additionally, every cell of this
mouse model expresses the
fluorescent protein tdTomato in
order to identify the cells in
adoptive transfer settings

The Jackson Laboratories #037394-
JAX / Kastenmiiller, W., et al. 2013'%2

B6.Cg-TcraimMom
Tg(TcrLCMV)327Sdz/TacMmjax  x
B6.tg (Venus)

Mouse model in which all CD8* T
cells express a transgenic TCR
recognizing the LCMV GP33 33-41
(H2-D(b)) peptide. This TCR clone
is referred to as P14 cells.
Additionally, every cell of this
mouse model expresses the
fluorescent protein Venus in order
to identify the cells in adoptive
transfer settings

The Jackson Laboratories #037394-
JAX / Swanson, P.A., et al. 20163

B6.Cg-Tcra!mMom
Tg(TcrLCMV)327Sdz/TacMmjax  x
B6.SJL-Ptprca Pepcb/BoyJ

Mouse model in which all CD8" T
cells express a transgenic TCR
recognizing the LCMV GP33 33-41
(H2-D(b)) peptide. This TCR clone
is referred to as P14 cells.
Additionally, every immune of this
mouse model expresses the
congenic marker CD45.1 in order
to identify the cells in adoptive
transfer settings

The Jackson Laboratories #037394-
JAX / JAX 002014

B6N;B6N-
Smpdi3btm1a(EUCOMM)Wisi/H
SmpdI3b™" x B6.tg (Venus)

Mouse model in which all cells are
deficient in SmpdI3b due to the
insertion of a knock-out first
construct (PMID: 21677750). In the
presence of the enzyme flipase,
the KO would be inverted to give
rise to WT-floxed alleles. If crossed
to a specific Cre, we can have cell
specific knock-out mouse models.
Additionally, every cell of this
mouse model expresses the
fluorescent protein Venus in order
to identify the cells in adoptive
transfer settings

EUCOMM

Kastenmuller lab (crossing of
SmpdI3b KO mouse line to Venus
mouse line)

B6N;B6N-
SmpdI3btm1a(EUCOMM)Wtsi/H
Smpdi3b™” x  B6.Cg-Tcra™Mem
Tg(TcrLCMV)327Sdz x B6.tg
(Venus) x B6.tg (Venus)

Mouse model in which all cells are
deficient in SmpdI3b due to the
insertion of a knock-out first
construct (PMID: 21677750). In the
presence of the enzyme flipase,

EUCOMM

Kastenmuller lab (crossing of
Smpdi3b KO mouse line to P14
Venus mouse line)
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the KO would be inverted to give
rise to WT-floxed alleles. If crossed
to a specific Cre, we can have cell
specific knock-out mouse models.
Additionally, all CD8* T cells
express a transgenic TCR
recognizing the LCMV GP33 33-41
(H2-D(b)) peptide. This TCR clone
is referred to as P14 cells.
Moreover, every cell of this mouse
model expresses the fluorescent
protein Venus in order to identify

the cells in adoptive transfer
settings
Table 9. Cell lines
Cell line Mutations Name and explanation
HEK293T - HEK293T WT

HEK293T pMSCV gw mSmpdi3b

Murine SmpdI3b overexpression

HEK293T murine SmpdI3b; cell line
overexpressing the WT murine version
of SmpdI3b

HEK293T pMSCV gw mSmpdI3b
H135A

Murine functional mutant

SmpdI3b overexpression

HEK293T murine SmpdI3b H135A; cell
line overexpressing a functional mutant
version of murine SmpdI3b that renders
the enzyme inactive. H135A interacts
with the phosphate group of the
substrate in the active site of SmpdI3b

Table 10. Plasmids

Plasmid name

Company or source

Identifier and explanation

Retroviral plasmid that allows the
overexpression of the murine version of

pMSCV gw mSmpdI3b Kind gift from Dr. Leonhard Heinz Smpdi3b. Additionally, this plasmid
contains an HA-tag
Retroviral plasmid that allows the

pMSCV gw mSmpdI3b H135A

Kind gift from Dr. Leonhard Heinz

overexpression of the murine version of
SmpdI3b containing a mutation in its
active site (H135A), therefore reducing
the enzyme’s activity Additionally, this
plasmid contains an HA-tag

Table 11. Software and algorithms

Software and algorithm

Company or source

Attune NxT Software

Thermo Fisher Scientific

BD FACS Diva Software

BD Biosciences

Biorender

Biorender
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EndNote 20.6

Clarivate

Flowjo v10

BD Biosciences

GraphPad Prism 8

GraphPad Software

MassHunter Quantitative Analysis Software
(version 10.1)

Agilent Technologies

Microsoft Excel Microsoft

Microsoft PowerPoint Microsoft

Microsoft Word Microsoft

RStudio RStudio

Seurat Stuart et al., 2019,

Softmax Pro 7.1

Molecular Devices

SpectroFlo Software

Cytek Biosciences

Methods

Organ harvest and lymphocyte isolation

Mice were mainly sacrificed by cervical dislocation, except for re-call experiments in which blood
was collected 6 days post-secondary infection. Here, CO2 asphyxiation was utilized to avoid internal
bleeding and blood clotting.

Lymph nodes

Inguinal, brachial, axillary, and mesenteric lymph nodes were harvested from donor mice and
placed into 1.5 ml Eppendorf tubes containing 200 pl of cold FACS buffer on ice until further processing.
Lymph nodes were a) mashed together with the spleen over a metal sieve into a 50 ml tube (see “Spleen”
section below for further details), or b) mashed in the tubes using a pestle to create a single cell
suspension and transferred into a 96-well VV-bottom plate for staining and flow cytometry analysis (see
see section “Antibody staining for flow cytometry and cell sorting”).

Spleen

The spleen was harvested and placed into 1.5 Eppendorf tubes containing 500 ul of cold FACS
buffer on ice until further processing. A single cell suspension was created by mashing the spleen, and
lymph nodes when applicable, over a metal sieve into a 50 ml Falcon tube. The sieve was washed with
20 ml FACS buffer and afterwards the cells were pelleted by centrifuging for 8 min at 1600 rpm 4°C.
After discarding the supernatant, the pellet was resuspended in 2 ml of 1X ACK buffer to lyse
erythrocytes. The 1X ACK was pre-warmed at room temperature (RT) while harvesting the organs. After
a 5 min incubation at room temperature, 20 ml of PBS were added to stop the lysis. Then, the cells were
filtered into a new 50 ml Falcon tube and centrifuged for 8 min at 1600 rpm 4°C. The pellet was
resuspended in the required volume of PBS, FACS buffer or Easy Sep buffer for a) transferring a fraction
into a 96-well V-bottom plate for staining and flow cytometry analysis, b) isolation or enrichment of CD8*
T cells for transfers or sorting, c) in vitro peptide or cytokine stimulation, respectively.
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Blood

Blood for kinetics analysis was collected by puncturing the submandibular (facial) vein (slightly
behind the mandible) using a lancet. One or two drops were collected into a 1.5 Eppendorf tube
containing 80 pl of 1% Heparin. 200 pl of cold PBS were added to the tubes and the volume was
transferred to a 96-well V bottom plate. The plate was centrifuged at 1600 rpm 3 min at 4°C, the
supernatant was discarded and pellets were resuspended in 200 ul of room temperature 1X ACK buffer
to lyse erythrocytes. The samples were incubated for 10 min at room temperature. The cells were
centrifuged at 1600 rpm 3 min 4°C. The supernatants were discarded and the ACK lysis was repeated
for 10 min. The samples were again centrifuged at 1600 rpm 3 min 4°C, the supernatants were discarded
and the pellets were resuspended in the needed volume of surface antibody mix (see section “Antibody
staining for flow cytometry and cell sorting”).

Blood for day 6 after secondary infection or recall of memory cells was collected by inserting a
U-50 Omnican syringe into the chest of the mice (sacrificed by CO2 asphyxiation), where the heart is
located. 400-700 pl of blood were collected into 15 ml Falcon tubes containing 300 pl of 1% Heparin. 3
ml of room temperature 1X ACK buffer was added to lyse erythrocytes by incubating for 10 min at room
temperature. The cells were centrifuged for 6 min 1600 rpm room temperature and the supernatants
were discarded. The pellets were resuspended once more in 3 ml 1X ACK buffer and incubated for 10
minutes at room temperature. The cells were centrifuged for 6 min 1600 rpm room temperature, the
supernatants were discarded and the pellets were resuspended in the needed volume of FACS buffer.
200 pl of the blood sample were transferred to 96-well V-bottom plates to proceed with surface antibody
staining (see section “Antibody staining for flow cytometry and cell sorting”).

Salivary gland

The salivary glands were harvested and placed in ice cold PBS until further processing. Afterwards,
they were transferred into a 5 ml tube and cut into small pieces with scissors, until no visible clumps
remained. 2 ml of salivary gland digestion media were added to the tube and incubated for 40 min 37°C
80 rpm. The digestion was stopped by mashing the samples with a syringe plunger through a 70 um cell
strainer into a 50 ml Falcon and adding 20 ml of stop solution. Cells were centrifuged for 8 min 1600
rpm 4°C and resuspended in 4 ml 40% Percoll (see “Percoll gradient” section).

Small intestine

The small intestine was harvested and placed in ice cold PBS until further processing. Fat tissue
was carefully removed (avoid tearing the tissue) and the intestine was transferred to ice cold intestine
media 1. Afterwards, Payer’s patches and the feces were removed, and the intestine was washed in
intestine media 1. The intestine was cut longitudinally in order to expose the internal side and washed
in intestine media 1. Then, the intestine was cut into 0.5 — 1 cm fragments and transferred into a 50 ml
Falcon tube containing 20 ml of pre-warmed intestine digestion buffer 2. Samples were incubated for 30
min at 37°C 120 rpm. Next, the intestine fragments were vigorously shaken for 10-15 seconds, and the
pieces poured out into a Petri dish on ice. The pieces were transferred to a new 50 ml tube with 15 ml
of cold intestine digestion media 3, whereas the supernatant was collected in a fresh tube labeled
intraepithelial lymphocytes (IELs). The shaking of the fragments and collection of supernatants were
repeated. |IELs were kept on ice until the lamina propria (LP) lymphocytes were isolated. The small
intestine pieces were transferred into a 1.5 ml Eppendorf tube and rapidly chopped into very small
pieces. The pieces were transferred back into a 50 ml Falcon tube containing 25 ml of pre-warmed
intestine digestion media 4 and incubated for 30 min 37°C 120 rpm. The digestion was stopped by
adding 25 ml of cold intestine media 1. Afterwards, the mixture of LP lymphocytes was filtered into a 50
ml Falcon tube using a 70 um cell strainer and meshed with a syringe plunger. IELs and LP lymphocytes
were centrifuged for 6 min 350G 4°C and resuspended in 4 ml 40% Percoll (see “Percoll gradient”
section).
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Percoll gradient

The single cell suspensions of the different tissues were resuspended in 4 ml 40% Percoll and
carefully transferred into a 15 ml Falcon tube containing 4 ml of 80% Percoll. For the density gradient
centrifugation, the cells were centrifuged at 20-22°C 20 min 2500 rpm. The acceleration was set to 1
and deacceleration to 0. Afterwards, the top floating layer of cells was removed, and the interface was
collected and diluted in 6 ml cold FACS buffer in a 15 ml Falcon tube. The cell suspensions were
centrifuged for 6 min 350G 4°C. Afterwards, the pellets were resuspended in FACS buffer (volume
determined by the size of the pellet), transferred into a 96-well V-bottom plate, and further processed for
flow cytometry analysis (see section “Antibody staining for flow cytometry and cell sorting”).

CD8"* T cell isolation or enrichment from lymphoid organs

Isolation (for adoptive transfers)

Single cell suspensions from pooled spleen and lymph nodes were counted (see section “Cell
counting Neubauer chamber” for further details), resuspended in 1 ml of sterile Easy Sep buffer and
transferred into FACS tubes. By using the Mojo Sort Mouse CD8 T cell isolation Kit (BioLegend, 480008)
and following the manufacturer’s instructions, 10 pl of Normal Rat Serum and the biotinylated antibody
cocktail were added per 1x107 cells in the suspension and incubated for 15 min on ice. Afterwards, the
streptavidin beads were vortexed for 30 seconds and 10 pl per 1x107 cells were added to the
suspension. After a 15 min incubation on ice, the volume of the suspension was completed to 2.5 ml
using sterile Easy Sep buffer. The FACS tubes were placed on the magnetic holder and incubated for 5
min at room temperature. The supernatant was collected in a 15 ml tube containing 7.5 ml of cold sterile
FACS buffer. The isolated CD8* T cells were counted (see section “Cell counting Neubauer chamber”
for further details) and centrifuged 8 min 1600 rpm 4°C. The cell pellet was resuspended into the needed
volume and concentration for adoptive cell single or co-transfer.

Enrichment (for cell sorting)

Single cell suspensions from pooled spleen and lymph nodes were counted (see section “Cell
counting Neubauer chamber” for further details), resuspended in 1 ml of sterile Easy Sep buffer and
transferred into FACS tubes. By adapting the Mojo Sort Mouse CD8 T cell isolation Kit's (BioLegend,
480008) protocol, 10 ul of Normal Rat Serum were added to the suspension per 1x107 cells and 5 pl of
CD4, CD19 and NK1.1 biotinylated antibodies (1:200 dilution each) were added to the suspension. After
a 15 min incubation on ice, the streptavidin beads were vortexed for 30 seconds, and 10 ul were added
per 1x107 cells were added to the cell suspension. After a 15 min incubation on ice, the volume of the
suspension was completed to 2.5 ml using sterile Easy Sep buffer. The FACS tubes were placed on the
magnetic holder and incubated for 5 min at room temperature. The supernatant was collected in a 15
ml Falcon tube containing 7.5 ml of cold sterile FACS buffer, the cells were counted counted (see section
“Cell counting Neubauer chamber” for further details) and centrifuged 8 min 1600 rpm. The cell pellet
was resuspended in the antibody mix for cell sorting (see sections “Extracellular staining for cell sorting”
and “Cell sorting” for further details).

Cell counting Neubauer chamber

10 pl of the cell suspension were diluted in 90 ul of 1:10 pre-diluted Trypan Blue to create a 1:10
dilution. Afterwards, 10 pl of the 1:10 cell dilution were diluted in 90 pl of 1:10 pre-diluted Trypan Blue to
create a 1:100 dilution. 10 ul of the 1:10 and 1:100 cell dilutions were loaded into the Neubauer chamber.
The four quadrants were counted and the average value was calculated. The cell numbers were
determined following the manufacturer’s instructions.
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Adoptive T cell transfers

Primary adoptive cell transfer

P14 cells were isolated from inguinal, brachial, axillary, cervical and mesenteric lymph nodes
and spleen of WT P14 tdTomato (B6.Cg-Tcra™'™om Tg(TerLCMV)327Sdz/TacMmjax x B6.tg (tdTomato)
or B6.Cg-Tcra™Mom Tg(TerLCMV)327Sdz/TacMmijax x B6.SJL-Ptprca Pepcb/BoydJ) or Smpdi3b KO P14
Venus (B6N;B6N-SmpdI3btm1a(EUCOMM)Wtsi/H SmpdI3b™~ X B6.Cg-Tcratm1Mom
Tg(TerLCMV)327Sdz x B6.tg (Venus)) mice using the Mojo Sort Mouse CD8 T cell isolation Kit
(BioLegend, 480008) and following the manufacturer’s instructions. The concentration of the WT and
SmpdI3b KO cell suspensions were adjusted to 10x10* cells/ml in PBS. A total of 100ul containing
10x103 WT or SmpdI3b KO cells were injected intravenously (tail vein) to each mouse using a U-50
Omnican syringe.

Primary adoptive cell co-transfer

P14 cells were isolated from inguinal, brachial, axillary, cervical and mesenteric lymph nodes
and spleen of WT P14 tdTomato (B6.Cg-Tcra™m'™om Tg(TcrLCMV)327Sdz/TacMmjax x B6.tg (tdTomato)
or B6.Cg-Tcra™Mom Tg(TerLCMV)327Sdz/TacMmijax x B6.SJL-Ptprca Pepcb/BoydJ) or Smpdi3b KO P14
Venus (B6N;B6N-SmpdI3btm1a(EUCOMM)Wisi/H SmpdI3b~~ x B6.Cg-Tcrat™™em Tg(TerLCMV)327Sdz
x B6.tg (Venus)) mice using the Mojo Sort Mouse CD8 T cell isolation Kit (BioLegend, 480008) and
following the manufacturer’s instructions. The concentration of the WT and SmpdIi3b KO cell
suspensions were adjusted in order to have 1x108 cells/ml in PBS. Subsequently, the WT and SmpdI3b
KO cells were mixed in a 1:1 ratio to have 5x10* cells/ml per genotype. The 1:1 ratio was verified by
aliquoting 10-20 pl of the mix and measuring in a flow cytometer. A total of 100 ul containing 10x103 cells
(5x10° WT and 5x102 SmpdI3b KO) were injected intravenously (tail vein) to each mouse using a U-50
Omnican syringe.

Secondary adoptive cell co-transfer

CD8* T cells were enriched from inguinal, brachial, axillary, cervical and mesenteric lymph
nodes, and spleen of C57BL/6J mice that previously received primary adoptive cell co-transfer and
LCMV Armstrong infection for 30-36 days. All WT and SmpdI3b KO P14 cells were sorted (see sections
“Extracellular staining for cell sorting” and “Cell sorting” for further details) and counted. The same
number of WT cells was added to the SmpdI3b KO cell suspension in order to have a 1:1 ratio in the
needed volume to inject 100 pl per mouse. The 1:1 ratio was verified by aliquoting 10-20 pl of the mix
and measuring in a flow cytometer. In this setting, all sorted SmpdI3b KO cells and the equivalent
number of WT cells were transferred. Finally, 100 pl the whole mix was transferred intravenously into
secondary non-infected C57BL/6J recipient mice.

Virus preparation

Lymphocytic choriomeningitis virus (LCMV) Armstrong strain or Vaccinia virus (VV) G2 were
stored at -80 °C in PCR Tubes strip of 8 or cryo-conservation tubes, respectively. For usage, the virus
stocks were diluted in sterile PBS to have an infectious dose of 2x10° plaque forming units (PFU) per
ml of LCMV Armstrong or 1x10” PFU per ml of VVG2.
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Infections
Primary infection

Each mouse was infected intraperitoneally with 100 ul of 2x10% PFU/mI LCMV Armstrong (2x10°
PFU per mouse) 16-20 hours following adoptive cell transfer for 6, 7, 8, 13, 22, 30, 32 or 36 days, or
100 pl of 1x10” PFU/ml VVG2 (1x10° PFU per mouse) 16-20 hours following adoptive cell transfer for 6
days.

Secondary infection

Mice previously infected with LCMV Armstrong for 30-36 days were infected intraperitoneally
with 100ul of 1x10” PFU/mI VVG2 (1x10° PFU per mouse) for 6 days.

In vitro stimulation for cytokine production

Peptide stimulation: GP33 titration curve

Lymphocytes were isolated from the spleen as described above and adjusted to a concentration
of 2x107 cells/ml in T cell media. 100 pl of the cell suspensions were plated in a F-bottom 96-well plate
and stimulated with increasing concentrations of 100 yl LCMV GP33 33-41 (H2-D(b)) peptide (0.001,
0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 5 yg/ml) and 1 mg/ml Brefeldin A (BFA) for 4 hours at
37°C 5% COa.. Control conditions were no stimulated cells (T cell media only) and cells without peptide
and only 1 mg/ml BFA. After the 4 hours incubation, cells were further processed for surface and
intracellular staining for flow cytometry.

Cytokine stimulation: IL-18 and IL-12 titration curve

Lymphocytes were isolated from the spleen as described above and adjusted to a concentration
of 2x107 cells/ml in T cell media. 100 pl of the cell suspensions were plated in a flat bottom 96-well plate
and stimulated with a) 100 yl murine IL-18 peptide (0, 0.0032, 0.016, 0.08, 0.4, 2, 10 ng/ml) with 10ng/mL
murine IL-12 with or without 1 mg/ml Brefeldin A (BFA) for 4 hours at 37°C 5% COz, or b) 100 pl murine
IL-12 peptide (0, 0.0032, 0.016, 0.08, 0.4, 2, 10 ng/ml) with 10ng/mL murine IL-18 with or without 1
mg/ml Brefeldin A (BFA) for 4 hours at 37°C 5% CO2. Control conditions were no stimulated cells (T cell
media only) and cells without peptide and only 1 mg/ml BFA. After the 4 hours incubation, cells were
further processed for surface and intracellular staining for flow cytometry.

Antibody staining for flow cytometry and cell sorting

Surface staining for flow cytometry

For staining surface markers for flow cytometry analysis, cells were transferred into a 96-well V-
bottom plate and centrifuged for 3 min 1600 rpm 4°C. The pellets were resuspended in 40-50 pl staining
solution (surface antibody mix and Human Normal Immunoglobulin (Fc block; 1:66 dilution) diluted in
FACS buffer) and incubated on ice or in the fridge (4°C) for 30 min in the dark. Afterwards, 150 ul of
FACS buffer were added to the wells and the plates were centrifuged for 3 min 1600 rpm 4°C. Finally,
the pellets were a) resuspended in 200 yl FACS buffer, transferred into adequate tubes by filtering
through nylon gauze, washed with additional 200 yl FACS buffer and analyzed using Attune or Cytek
flow cytometers, or b) furthered processed for intracellular staining (see below).
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Intracellular staining for flow cytometry

For intracellular marker staining, once the last centrifugation step of the surface marker staining
protocol was done, the cells were resuspended in 40-50 pl of IC Fixation Buffer to be fixed and incubated
on ice or in the fridge (4°C) for 30 min in the dark. 150 yl Permeabilization Buffer were added to the
wells and the cells were centrifuged for 3 min 1600 rpm 4°C. The pellets were resuspended in 40-50 pl
staining solution (intracellular antibody mix diluted in Permeabilization Buffer) and incubated on ice orin
the fridge (4°C) for 30 min in the dark. To wash, 150 pl of Permeabilization Buffer were added to the
wells and the plates were centrifuged for 3 min 1600 rpm 4°C. Finally, the pellets were resuspended in
200 ul FACS buffer and transferred into adequate tubes by filtering through nylon gauze. The wells were
washed with additional 200 pl FACS buffer, also filtered, and the samples were analyzed using Attune
or Cytek flow cytometers.

Extracellular staining for cell sorting

For staining for cell sorting, enriched cells were transferred into 1.5 ml Eppendorf tubes and
centrifuged for 4 min 2000 rpm 4°C. The pellets were resuspended in 200 pl staining solution (surface
antibody mix diluted and Human Normal Immunoglobulin (Fc block; 1:66 dilution) diluted in FACS buffer)
and incubated on ice or in the fridge (4°C) for 30 min in the dark. Afterwards, 500 ul of FACS buffer were
added to the wells and the tubes were centrifuged for 4 min 1600 rpm 4°C. Finally, the pellets were
resuspended in the needed volume of FACS buffer and filtered into 15 ml Falcon tubes using the nylon
gauze. The tubes were washed with additional FACS buffer, also filtered.

For the scRNA-seq experiment TruStain FcX (1:1000 dilution) was used instead of Fc block.
See the “Single cell RNA sequencing (scRNA-seq)” for further details about the experimental set up.

Cell sorting

Lymph node and spleen CD8* T cells were enriched and stained as described above.
Afterwards, the populations of interest were sorted using a FACS Aria Il cell sorter and a 100 um filter.
The cells were sorted into 1.5 ml or 2 ml Eppendorf tubes containing 200-300 pl of FACS buffer. The
cells were then counted and further processed for a) HPLC-MS/MS, b) phosphodiesterase activity, or c)
scRNA-sequencing assays. Importantly, for the scRNA-seq experiment the tubes into which the cells
were sorted were 1.5 ml Eppendorf tubes coated overnight 4°C with 0.1% BSA diluted in PBS (to avoid
that the cells attach to the tube). See the “Single cell RNA sequencing (scRNA-seq)” for further details
about the experimental set up.

Intracellular sphingolipid guantification by HPLC-MS/MS

WT and SmpdI3b KO naive, Tet, TEM and TCM CD8* T cells were enriched and sorted as
described above. After sorting, the cells were counted, centrifuged 4 min 2000 rpm 4°C and
resuspended in 500 pl of methanol. The sphingolipid extraction was performed as previously
described'?. Briefly, 1.5 ml methanol/chloroform (2:1, v:v) was added to the samples containing 500 pl
of methanol and were incubated overnight at 48°C 120 rpm. Internal standards (pmol in 10 pl injection
volume) were part of the extraction solvent: 0.25 pmol dz-sphingosine (d7-Sph), 0.125 pmol d7-
dihydrosphingosine (d7-dhSph), 0.125 pmol d7-sphingosine 1-phosphate (d7-S1P), 2.5 pmol C17:0
ceramide (C17:0 Cer), 2.5 pmol d31-C16:0 sphingomyelin (ds+-C16:0 SM), 0.25 pmol C17:0
glucosylceramide and 0.25 pmol C17:0 lactosylceramide (all Avanti Polar Lipids, Alabaster, USA). After
addition of 150 yl KOH (1 M in MeOH) and incubation for 2 h at 37°C 120 rpm, the lipid extract was
neutralized with 12 pl glacial acetic acid. After centrifugation (2.200 G, 5 min, 4°C), the organic phase
was transferred to new extraction vessels and evaporated to dryness under vacuum. The following
HPLC-MS/MS analysis was carried out under already published conditions'®. The lipid extract was
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chromatographically separated using a 1290 Infinity || HPLC (Agilent Technologies, Waldbronn,
Germany) equipped with a Poroshell 120 EC-C8 column (3.0 x 150 mm, 2.7 um; Agilent Technologies).
Analysis in MS/MS mode was performed using a 6495C triple-quadrupole mass spectrometer (Agilent
Technologies) in positive electrospray ionization mode (ESI+). The analyzed SL species, their mass
transitions as well as their retention times are listed in Table 12. While Sph and S1P were quantified
directly in relation to their deuterated internal standards, an external calibration had to be performed for
dhCer, Cer, dhSM, SM, lactosyl-Cer and hexosyl-Cer. Integration and quantification were determined

using MassHunter Quantitative Analysis Software (version 10.1, Agilent Technologies).

Table 12. HPLC-MS/MS parameters

Compound Prec(u’:;:)r fon Product ion (m/2)? Rete?r::?nr; time (I:Raelflzrr:::: slgtre(;::(;s
Compound
d7-Sph 307.3 289.3 (8) / 259.3 (20) 55
d7-S1P 3873 271.3 (20) / 82.1 (36) 6.8
Sph 3003 282.3 (8) / 252.3 (16) 55 d7-Sph
S1P 380.3 264.3 (20) / 82.1 (32) 6.8 d7-S1P
C16:0 dnCer 540.5 522.6 (20) / 284.3 (28) 142 C17:0 Cer
C18:0 dhCer 5685 550.5 (20) / 2643 (28) 16.3 C17:0 Cer
C20:0 dnCer 596.6 578.6 (22) / 284.3 (32) 189 C17:0 Cer
C22:0 dnCer 6246 606.6 (22) / 284.3 (32) 221 C17:0 Cer
C24:0 dnCer 652.7 634.6 (24) / 284.3 (36) 257 C17:0 Cer
C24:1 dnCer 650.7 632.7 (24) / 284.3 (36) 226 C17:0 Cer
C17:0 Cer 5345 264.3 (24) / 282.3 (28) 146
C16:0 Cer 520.5 264.3 (24) /1 282.3 (24) 137 C17:0 Cer
C18:0 Cer 548.5 264.2 (24)/ 282.3 (28) 156 C17:0 Cer
C20:0 Cer 576.6 264.3 (32)/ 282.3 (28) 18.0 C17:0 Cer
C22:0 Cer 604.6 264.3 (34) / 282.3 (30) 21.0 C17:0 Cer
C24:0 Cer 632.6 264.3 (36) / 282.3 (28) 245 C17:0 Cer
C24:1 Cer 630.6 264.3 (36) / 282.3 (32) 212 C17:0 Cer
C16:0 dhSM 705.6 184.0 (8) / 86.1 (76) 135 C16:0 SM da1-C16:0 SM
C18:0 dhSM 733.6 184.0 (28) / 86.1 (76) 156 C18:0 SM d31-C16:0 SM
C20:0 dhSM 761.6 184.0 (28) / 86.1 (78) 18.0 C20:0 SM d31-C16:0 SM
C22:0 dhSM 789.7 184.0 (28) / 86.1 (78) 209 C22:0 SM d31-C16:0 SM
C24:0 dhSM 817.7 184.0 (28) / 86.1 (80) 245 C24:0 SM d31-C16:0 SM
C24:1 dhSM 8157 184.0 (8)/86.1 (80) 209 C24:1 SM d31-C16:0 SM
d21-C16:0 SM 7346 184.0 (28) / 86.1 (76) 127
C16.0 SM 7036 184.0 (8)/ 86.1 (76) 12.8 d3-C16:0 SM
C18:0 SM 7316 184.0 (28) / 86.1 (76) 147 d31-C16:0 SM
C20:0 SM 759.6 184.0 (28) / 86.1 (78) 17.0 d31-C16:0 SM
C22:.0 SM 7877 184.0 (28) / 86.1 (78) 194 d31-C16:0 SM
C24:0 SM 815.7 184.0 (28) / 86.1 (80) 227 d31-C16:0 SM
C24:1 SM 813.7 184.0 (8)/86.1 (80) 195 d31-C16:0 SM
C17:0 Glucosyl-Cer 7146 264.2 (44) / 696.6 (12) 132
C16:0 Hexosyl-Cer 700.6 264.2 (40) / 6826 (12) 125 C17:0 Glucosyl-Cer
C24:1 Hexosyl-Cer 810.7 264.2 (40) / 792.7 (16) 18.8 C17:0 Glucosyl-Cer
C17:0 Lactosyl-Cer 876.6 264.3 (52)/ 534.5 (24) 126
C16:0 Lactosyl-Cer 862.6 264.3 (48) / 520.5 (20) 121 C17:0 Lactosyl-Cer
C24:1 Lactosyl-Cer 9727 264.3 (56) / 630.7 (28) 178 C17:0 Lactosyl-Cer

Quantifiers are given
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Phosphodiesterase activity assay

A F-bottom 96-well plate was precoated with 50 ul / well of a 0.1 mg/ml Poly-L-Lysin solution
16-24h before use and kept at 4°C. The Poly-L-Lysin was then recovered to be reused. CD8"* T cells
were enriched from inguinal, axillary, brachial, and mesenteric lymph nodes, and spleen of B6N;B6N-
SmpdI3btm1a(EUCOMM)Wtsi/H SmpdI3b*’* X B6.tg (Venus) or B6N;B6N-
SmpdI3btm1a(EUCOMM)Wtsi/H SmpdI3b~~ x B6.tg (Venus), stained, and sorted as described above.
The cells were counted after sort, and the concentration was adjusted to 2x10° cells / ml using T cell
media. 200 pl containing 4x105 cells per WT or SmpdI3b KO population (naive (Zombie NIR-CD8* CD44-
), effector (Zombie NIR-CD8* CD44* KLRG1*), TCM (Zombie NIR" CD8* CD44* CD127* CX3CR1%)) and
TEM (Zombie NIR CD8* CD44* CD127- CX3CR1")) were plated. Cells were incubated for 4 h at 37°C
5% COz, in order for them to adhere to the bottom of the well. The media was removed and 100 pl of 1
mM bis-pNPP in 1X TBS was added to each well. The cells were incubated for 2 h at 37°C 5% CO..
Afterwards, 80 pl of the supernatant were transferred to a F-bottom 96-well plate and 20 ul of 2M NaOH
were added to each well to increase the intensity of the yellow color. Additionally, a serial dilution of pNP
diluted in 1X TBS (4.88x10* mM, 9.77x10* mM, 1.95x10* mM, 3.90x10-3* mM, 7.80x10-3 mM, 1.56x102
mM, 3.125x102 mM, 6.25x102 mM, 0.125 mM, 0.25 mM, 0.5 mM, 1mM) was prepared to make a
standard curve. 80 pl of each concentration were added to the flat bottom plate plus additional 20 pl of
2M NaOH. The absorbance was measured at 405 nm in a microplate reader (FlexStation 3 Multi-Mode
Microplate Reader; temperature 20-25°C, no shaking, no compound transfer). As controls, 1x10* of WT,
murine SmpdI3b overexpressing or murine SmpdI3b H135A overexpressing HEK293T cells were plated
in non-coated wells and incubated for 3.5 h for them to adhere to the bottom of the wells. H135A refers
to a point mutation in the enzyme’s active site that renders SmpdI3b inactive'®.

Single cell RNA sequencing (scRNA-seq)

The 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.

To cover the distinct phases of the CD8* T cell immune response (acute, contraction and
memory), we co-transferred the WT and KO cells in a 1:1 ratio into C57BL/6J WT recipient mice, and
acutely infected them for 7 (acute phase), 13 (contraction phase) or 22 (memory phase) days, as
described above. The spleen and lymph nodes (inguinal, brachial, axillary, cervical and mesenteric) of
these mice were harvested, and the CD8" T cells were enriched and sorted as described above ((WT:
tdTomato™ CD45.1* Venus’; KO: tdTomato CD45.1- Venus™).

Hashtagging and CITE-seq antibodies for scsRNA-seq

Cells derived from mice infected for 7, 13 or 22 days were treated as three distinct samples.
Each sample was stained separately (see section “Extracellular staining for cell sorting”) separately with
200 pl of the same antibody mix, including the Cellular Indexing of Transcriptomes and Epitopes (CITE-
seq) antibodies CD45.1 (1:500 dilution) and CD45.2 (1:125 dilution) to discriminate between WT and
SmpdI3b KO cells, respectively. CITE-seq antibodies are conjugated to a unique oligonucleotide that
will be sequenced and correlate the transcriptional and protein expression of a certain protein. Next, we
hashtagged each sample using independent TotalSeq™-A antibodies (1:200 dilution; BioLegend). Each
of these hashtag antibodies are monoclonal antibodies targeting CD45 and MHC-I, conjugated with a
unique oligonucleotide. Therefore, each sample hashtagged with a distinct hashtag antibody can be
identified during the analysis. Following the staining, the three samples were filtered into a 15 ml Falcon
tube through a nylon gauze. 10x102 cells were sorted per genotype (WT or SmpdI3b KO) per timepoint
(days 7, 13, 22) into the 0.1% BSA coated 1.5 ml Eppendorf tube.
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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 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

scRNA-seq analysis

ScRNA-seq analysis workflow

Quality control was performed, and viable cells were selected by excluding cells with UMI counts
lower than 1000 and above 5000, as well as cells having more than 5% of mitochondrial transcripts. A
total of 451 transcripts were excluded. 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.

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 or “empty” (ho bound hashtag) detection was
performed based on hashtag signal. Cells that were classified as “singlet” and identified by hashtags
were retained and used for downstream analysis (Stuart, T., et al. 2019'%4)

Sample identity based on CITE-seq antibodies and fluorescent protein expression

Samples were classified as WT or SmpdI3b KO based on the CITE-seq antibodies CD45.1 and
CD45.2, and on the expression tdTomato and Venus proteins. WT cells were defined as CD45.1 and
tdTomato single or double positive, CD45.2 and Venus double negative. Smpdi3b KO cells were
identified as CD45.2 and Venus single or double positive, CD45.1 and tdTomato double negative. Cells
that were negative for all the aforementioned markers were excluded for downstream analysis.

Creating stable polyclonal SmpdI3b-overexpressing HEK293T cell lines

Preparing the cells

5-7 days before the transfection, HEK293T cells were maintained in cell culture media. 3 days
before the transfection, the cells were split and 1x108 cells were plated in a T75 cell culture flask and
cultured at 37°C 5% CO2 until 70% confluence was reached (around 3 days after splitting the cells).
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Digesting the plasmids

The plasmids pMSCV gw mSmpdI3b and pMSCV gw mSmpdI3b H135A were linearized by
digesting them with 5 units of the enzyme Scal-HF (New England Biolabs) and following the
manufacturer’s instructions. The plasmids and digestion mix were incubated at 37°C for 1 h, and then
65°C for 20 min to inactivate the restriction enzyme. To test whether the digestion worked, a small
volume of the digested and non-digested plasmids was loaded to a 0.8% agarose gel with 1:20 dilution
of HD Green Plus (Intas) and ran for 1 h 120V. The samples were stained with 6X Purple Loading dye
(Thermo Fischer Scientific) in order to be visible in the gel and GeneRuler DNA Ladder Mix (Thermo
Fischer Scientific) was used to determine the size of each band.

Transfection

At least 30 min before transfection, cells were supplemented with fresh cell culture media. The
transfection media was prepared by mixing in one tube (tube 1) 5 ug of the pMSCV gw mSmpdI3b
plasmid or pMSCV gw mSmpdI3b H135A plasmid, and up to 250 ul of DMEM media per flask, and on
a second tube (tube 2) 15 pl of Gendet DNA Transfection reagent and 235 ul of DMEM media per flask.
Afterwards, tube 2 was mixed into tube 1 (total volume 500 ul per flask) and briefly vortexed. The
transfection mix was incubated at room temperature for 10 min and added in a drop-wise fashion over
the HEK293T cells. Cells were incubated 37°C 5% COz2 for 48 h. Then, the media was removed and
exchanged with 10 ml of fresh cell culture media. 24 h later, the media was removed and 10 ml of
selection media were added to the flasks. The exchange of media to fresh selection media was repeated
daily for 7 days. Afterwards, when the flasks reached 80% confluence, the cells were frozen as
polyclonal cell lines using 500 pl freezing media and 500 ul cell culture media. The tubes were kept in
the Mr. Frosty cryo-container for 24 h in a -80°C freezer, and later moved to a -150°C freezer. Cell
aliquots were saved for flow cytometry and phosphoactivity assay analysis.

Statistical analysis

Data, with the exception of scRNA-seq data, were analyzed using GraphPad Prism 10. Paired
and non-paired Student t-test (two-tailed) were used to determine statistical significance between two
groups (WT and SmpdI3b KO), one-way Anova was used for more than three groups (naive, effector,
central and effector memory), and multiple T tests or two-way Anova were used to determine statistical
significance between two groups (WT and SmpdI3b KO) when comparing different timepoints or
concentrations. Stars indicate significances (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001) and
ns indicates “no significance”. Error bars indicate the standard error of the mean (SEM).
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Highlights
e Lymph nodes contain non-circulating, tissue-derived UTCs
that immigrate via lymphatics

e Heterogeneity of tissue-derived UTCs imprints immune
responses in lymph nodes

e UTCs form functional units across TCR-based lineages

e UTCs within functional units share location, function, and
homeostatic niche
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In brief

Lymphatic vessels are immunological
highways that connect lymph nodes to
peripheral tissues. Ataide et al. found that
tissue-derived UTCs also continuously
migrate via this route. This migration
pattern leads to characteristic innate and
adaptive immune responses that differ
between lymph nodes, mirrors the
drained tissue, and is based on the
immediate effector function of UTCs.
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SUMMARY

Lymphatic transport of molecules and migration of myeloid cells to lymph nodes (LNs) continuously inform
lymphocytes on changes in drained tissues. Here, using LN transplantation, single-cell RNA-seq, spectral
flow cytometry, and a transgenic mouse model for photolabeling, we showed that tissue-derived unconven-
tional T cells (UTCs) migrate via the lymphatic route to locally draining LNs. As each tissue harbored a distinct
spectrum of UTCs with locally adapted differentiation states and distinct T cell receptor repertoires, every
draining LN was thus populated by a distinctive tissue-determined mix of these lymphocytes. By making
use of single UTC lineage-deficient mouse models, we found that UTCs functionally cooperated in intercon-
nected units and generated and shaped characteristic innate and adaptive immune responses that differed
between LNs that drained distinct tissues. Lymphatic migration of UTCs is, therefore, a key determinant of
site-specific immunity initiated in distinct LNs with potential implications for vaccination strategies and
immunotherapeutic approaches.

INTRODUCTION adapted to the tissue that is drained by the respective LN. As

such, it has been shown that conventional dendritic cells

Lymph nodes (LNs) are specialized organs that bring together
various cell types, such as dendritic cells, macrophages, natural
killer (NK) cells, and B and T lymphocytes, to effectively initiate
adaptive immune responses against pathogens (Qi et al,
2014). A key element for the function of LNs is their connection
to the lymphatic system allowing them to integrate information
from the peripheral tissues that they drain (Roozendaal et al.,
2008). In principle, this information in the form of metabolites, cy-
tokines, chemokines, microbial products, or pathogens can
passively drain or can be actively transported by migratory den-
dritic cells via the lymph (Girard etal., 2012; Thomas et al., 2016).
Importantly, this information is not only used to initiate and scale
an immune response but also to shape its quality, which is

L))

(cDCs) that migrate from distinct tissues optimize the polariza-
tion and expression of adhesion molecules in the lymphocytes
they interact with. Thereby, they adjust the function of T and B
cells and promote their recruitment to the target tissue from
which these cDCs emigrated (Campbell and Butcher, 2002;
Everson et al.,, 1996; Johansson-Lindbom et al., 2003; Mora
et al., 2005). A specific challenge is the orchestration of immune
responses in the LNs, which drain barrier tissues, because the in-
flammatory responses against pathogens need to be balanced
against tolerance toward commensal bacteria and, in the intes-
tine, against food antigens. In the intestine, specific require-
ments on local tissue immunity are solved by compartmental-
izing the lymphatic drainage. Here, the lymph transports the
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regional information to LNs that harbor adapted stromal and
immigrated dendritic cell populations that in turn depend on
the local tissue environment and microbial communities (Cord-
ing et al., 2014; Esterhazy et al., 2019; Hammerschmidt et al.,
2008; Houston et al., 2016; Pezoldt et al., 2018; Worbs et al.,
2006). Together these data established the paradigm that den-
dritic cells not only report the tissue status to lymphocytes in
the draining LNs (dLNs) but additionally generate and fine-tune
immune responses that are optimized to the tissue that they
drain. Whether and how other immune cells have functions in
determining the tissue status and transport this information to
dLNs to generate site-specific immune responses is currently
not known.

Here, we asked whether unconventional T cells (UTCs) could
have such a role in linking tissue immunity to lymph node func-
tion given their tissue-specific distribution patterns, their capac-
ity to exhibit early innate cytokine production, and their ability to
sense cellular stress (Godfrey et al., 2015). These features would,
in principle, qualify them as cells that can relay tissue-specific in-
formation and translate them into characteristic and tissue-
adapted immune responses.

UTCs consist of three major lineages—gamma delta (yd),
MR1-restricted (e.g., mucosal-associated invariant T cells
[MAIT]), and CD1d-restricted T cells (e.g., natural killer T cells
[NKT]), which all display a T cell receptor (TCR) repertoire of
limited diversity. These cells are selected by non-polymorphic
antigen-presenting molecules, such as CD1 and MR1, and typi-
cally recognize endogenous lipids or microbial metabolites
bound to these surface proteins (Legoux et al., 2019; Pellicci
et al., 2020). They differentiate into polarized effector cells
already in the thymus (Lee et al., 2020) with properties similar
to those of specialized CD4 T cell subsets and seed organs in
developmental waves (Bendelac et al., 2007; Ribot et al,
2021; Salou et al., 2019). In the tissues, they may be localized
within the parenchyma, close to or within the epithelium, or
reside within the microvasculature, as in the lungs or the liver
(Geissmann et al., 2005; Scanlon et al., 2011; Thomas et al.,
2011). UTCs that populate barrier tissues are, based on parabi-
osis experiments, considered to be tissue-resident lymphocytes
(Scanlon et al., 2011). UTC populations that are found in the
blood and secondary lymphoid organs recirculate similar to
those found in the conventional T cells (Ugur et al., 2018). How-
ever, some UTCs in LNs also appear to be tissue resident (Au-
demard-Verger et al., 2017). Whether the populations present in
secondary lymphoid organs and those in tissues are related is
incompletely understood (Gray et al., 2012). On a functional
level, UTCs interact with the commensal microbiome, maintain
tissue homeostasis, and participate in tissue healing and path-
ogen defense (Ansaldo et al., 2021; Constantinides et al., 2019).
To execute these functions, UTCs can be activated in two ways.
One mechanism is dual cytokine stimulation, with one mediator
being an IL-1 family member (IL-1B, IL-18, and IL-33) and the
other signal being a STAT-activating cytokine (e.g., IL-2, IL-4,
IL-12, IL-23, and IFNI) (McGinty and von Moltke, 2020). The sec-
ond activation mode is executed via their specific TCR, and
some effector functions may depend on this mode of activation
and are not induced by cytokines alone, as demonstrated for
the secretion of IL-4 (Brigl et al., 2011). However, only a limited
number of exogenous pathogen-associated TCR ligands have
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been identified (Chien and Konigshofer, 2007; McWilliam and
Villadangos, 2017).

When addressing whether UTCs could play a role in linking tis-
sue immunity with LN function, we found that the local composi-
tion as well as the cytokine production capacity of UTCs
diverged among LNs, which had a substantial impact on the im-
mune responses that were generated. These local differences
were a consequence of continuous migration of UTCs via the
lymphatic route to locally draining LNs, establishing tissue-spe-
cific UTC composition in draining LNs. This migratory behavior
was conserved across TCR-based lineages (NKT, MAIT, and
vd T cells) and effector states, suggesting shared, intercon-
nected functions of these cells. Testing their function in further
depth, we demonstrated their common cytokine-dependent
innate response within shared homeostatic and microanatom-
ical niches, supporting the concept that UTCs form locally
diverse yet interconnected populations—functional units.
Together, we show that UTCs continuously migrate via the
lymphatic route to locally draining LNs where they form func-
tional units that generate characteristic, site-specific immune re-
sponses and, thereby, link tissue immunity to lymph node
function.

RESULTS

Different LNs generate characteristic UTC-dependent
immune responses

To investigate whether lymph nodes (LNs) that drain distinct
tissue sites generate characteristic immune responses we glob-
ally activated (PMA/ionomycin) single-cell suspensions from
different LNs (skin-draining [sd], mediastinal [med], and mesen-
teric [mes]) and measured the resulting cytokines that were
released in the culture supernatant. We focused on signature cy-
tokines IFNy, IL-4, IL-17 and GM-CSF that represent a polarized
immune response against intracellular pathogens (Th1), para-
sites (Th2), or extracellular bacteria and fungi (Th17). We found
that the pattern and number of cytokines that we detected signif-
icantly differed between LNs draining different tissues. The high-
est IL-17 response was detected from cells derived from sdLNs
and medLNs (Figure 1A), although these LNs differed in their ca-
pacity to produce GM-CSF, another Th17 signature cytokine.
IL-4 was particularly prominent in supernatants from medLNs,
whereas IFNy was particularly high in supernatants from sdLNs
(Figure 1A). To identify the cellular source of these cytokines, we
performed intracellular cytokine staining and flow cytometric
analysis. This approach revealed UTCs that included vd
T cells, NKT, and MAIT cells but were globally defined as CD3*
CD4/CD8™PN, as major producers of IL-17, GM-CSF, and
IL-4 (Figures 1B and S1A-S1D).

To confirm our results in vivo, we performed vaccinia virus (VV)
infection because both the lungs and the skin are natural routes of
infection for this pathogen. Consistent with our in vitro activation
data, we observed significantly more IL4-producing cells in the
medLN as compared with the sdLN, 3 days after local infection
of IL-4 reporter mice (Figure 1C). The main IL-4 producers were
NKT cells that were also overall more abundant in medLNs as
compared with sdLN (Figures 1D and 1E). Functionally, it has
been shown that this rapid CD1d-dependent and, hence, TCR-
dependent IL-4 production by NKT cells accelerates and
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enhances germinal center reactions in the medLN during influ-
enzainfections of the lungs (Gaya et al., 2018). Thereby, NKT cells
are critical for the formation of IgG1 by providing an early source
of IL-4 at the T/B cell border. Consistently, we also observed a
significant reduction of IgG1-producing germinal center B cells
in medLNs after pulmonary VV infection in CD1d-deficient
(Cd1d~"") mice as compared with wild-type (WT) mice. By
contrast, NKT cells were not critical for the generation of IgG1-
producing germinal center B cells in the sdLN after VV infection
of the skin (Figure 1F). Importantly, activation of CD4 Tgy cells
was similar in sdLNs of WT and Cd7d~’~ mice (Figure S1E).
Next, we focused on y3 T cells that represent a distinct lineage
within UTCs. A subset of y3 T cells specifically responds by clonal
TCR-dependent expansion after S. aureus infection of the skin
(Dillen et al., 2018). After expansion in the sdLN, these v3&
T cells migrate to the site of infection where they mediate protec-
tion (Marchitto et al., 2019). Similarly, we observed an expansion
of vd T cells in the skin-draining LN 3 days after subcutaneous
(s.c.) or topical infection with S. aureus (Figures 1G and S1F).
These yvd T cells expressed the TCR-chain Vy6 and showed
Ki67 expression indicative of recent proliferation. Importantly,
IL23R-, Myd88-, and Trif-mediated signaling was dispensable
for this proliferation (Figure S1G), and other UTCs in the same
dLN did not show such a vigorous expansion or Ki67 expression,
arguing that this response by 3 T cells was TCR dependent (Fig-
ure 1G). Next, we tested whether a similar y3 T cell response was
generated inthe medLN after S. aureus of the lungs. The lungs are
a clinically relevant site of S. aureus infections, and, similar to
sdLNs, the medLN harbors a sizable population of IL-17-polar-
ized UTCs (Figure 1A). However, we did not detect an expansion
of vd T cells or other UTCs in the medLN on d3, even using a
10-fold higher infection dose than in the skin and despite a similar
abundance of Vy6" y3 T cells in the skin and the lungs
(Figures 1H, S1H, and S1l). By contrast, we found a similar in-
crease in Ki67* conventional T cells and similar absolute numbers
of RORyt" expressing non-UTCs in both, skin-draining LN and
medLN, on d3 post S. aureus infection (Figures S1J and S1K).

Immunity

Also, we detected an IL-17 response by UTCs in the lung 6 h
post-intranasal (i.n.) infection with S. aureus (Figure S1L) confirm-
ing that UTCs do get activated during this early, innate phase of
the infection. Next, we asked whether the LN-characteristic
response by y3d T cells can be induced in the medLN using repeat
or simultaneous infections at different sites. To test this question,
we infected mice s.c. or i.n. or simultaneously at both sites with
S. aureus and rechallenged these mice i.n. 20 days after the pri-
mary infection. However, we still failed to detect the expansion
vd T cells in the medLN under this experimental condition (Fig-
ure STM). Similarly, we did not detect an expansion of yd
T cells in the spleen following intravenous (i.v.) infection (Fig-
ure 11). Therefore, we speculated that the divergent UTC-driven
immune responses between these secondary lymphoid organs
(SLOs) are based on a distinct cellular composition of UTCs
among LNs and the spleen. This on the other hand implied that
some UTCs are not recirculating between SLOs. Because
CDe62L is a key adhesion molecule that mediates recirculation
via the blood (Girard et al., 2012), we first asked whether both
CD62L* and (non-recirculating) CD62L" v3 T cells are present
in LNs. Indeed, about 30% of yd T cells in sdLNs and medLNs
did not express CD62L (Figure 1J). To determine whether the
response was driven by recirculating yd T cells, we blocked the
entry of these cells using anti-CD62L antibody for 5 days. We
found that the expansion of Vy6* v3 T cells in sdLN on d3 post-
infection and continued CD62L blockade remained unaltered
(Figures 1K and S1N). This argued that the responding Y3
T cells in sdLN are not recirculating via the blood. Consistently,
Vy6* v3 T cells in sdLN were CD62L" before infection. Together,
our data suggested that LNs draining different tissues harbored a
unigue composition of local UTCs, which generated character-
istic cellular and supported distinct humoral immune responses.

scRNA-seq reveals major differences in UTC
composition among lymph nodes

To further investigate this finding, and to gain an unbiased view
of the exact composition of these UTCs, we compared LNs

Figure 1. Different LNs generate characteristic UTC-dependent immune responses

(A and B) Leukocytes from skin-draining LN (sdLN), mediastinal LN (medLN), and mesenteric LN (mesLN) were isolated and stimulated with PMA (0.250 mg/mL)
plus ionomycin (1 mg/mL) for 4 h. Flow cytometric quantification of cytokine abundance of (A) the supernatant and (B) intracellular staining displayed as a
percentage of cytokine-producing UTCs (Figures S1A, S1B, and S1D) among all cytokine-producing lymphocytes.

(C and D) Flow cytometric quantification and statistical analysis of (C) IL-4 produced and (D) (left) IL-4-producing cells in the popliteal LNs (sdLN) and medLN on
day 3 (D3) post-subcutaneous (s.c.) or -intranasal (i.n.) infection with 200 PFU vaccinia virus (VV) of IL-4%FF reporter mice. (Right) The relative frequency of UTC
lineages among the IL-4" cells.

(E) Quantification of CD1d™"* cells in sdLN and medLN in steady state.

(F) Flow cytometric quantification and statistical analysis of germinal center B cells producing IgG1 (GC IgG1*) in the sdLN and medLN at d9 post-s.c. or -i.n.
infection, respectively, with 2 x 10% PFU WV of C57BL/6J and Cd1d ™/~ mice.

(G) Flow cytometric quantification and statistical analysis of proliferating (Ki67*) UTCs in the sdLN of Terd ™~ and littermate control mice at d3 post-s.c. infection
with 107 S. aureus.

(H) Flow cytometric quantification and statistical analysis of the Vy6* v3 T cells in the sdLN and medLN 3 days after s.c. or i.n. infection with 10° or 10’ CFU
S. aureus of C57BL/6J mice.

(I) Flow cytometric and statistical analysis of the proliferating UTCs in the spleen of C57BL/6J mice 3 days after intravenous (i.v.) infection with 10” CFU S. aureus.
(J) Flow cytometric quantification and statistical analysis of CD62L expression among y3 T cells from the sdLN and medLN of C57BL/6J mice.

(K) Flow cytometric quantification and statistical analysis of the proliferating UTCs upon intraperitoneal (i.p.) treatment with anti-CD62L (MEL-14) and s.c. infection
of C57BL/6J mice with 107 S. aureus for 3 days. NI, noninfected. Data are showing one representative of two independent experiments (A, n = 3; B, n = 4-5; C,
medLN, n = 3; pLN (sdLN), n = 6; D, pLN (sdLN), n =6; medLN, n=3; E, pLN, n = 6; medLN, n = 3; F, B/6 pLN (sdLN), n = 8 and medLN, n = 6; Ccd1d~’~ PLN (sdLN),
n=8and medLN,n=7;G,B/6,n=6;Tcrd’~,n=3; H, pLN, n=3; medLN, n=4; 1, spleen NI, n=4; d3, n=5; J, inguinal LN (sdLN), n =6; medLN n=3; K, NI, n = 6;
d3 n = 8). Error bars indicate the mean + SEM. Comparison between groups (A, B, D [left], G, H, J, and K) was calculated using the one-way ANOVA test. * p <
0.01; *™ p < 0.001; ** p < 0.0001; *** p < 0.0001 and (C, D [right], E, F, and I) using the unpaired Mann-Whitney test *p < 0.01, ** p < 0.001.

See also Figure S1.
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(B) UMAP displaying 7,041 scRNA-seq transcriptomes clustered in 12 different clusters (color code applies to B, E, and G).
(legend continued on next page)
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that drain different tissues using scRNA-seq. Therefore, we
tagged and sorted UTCs from sdLNs, medLNs, and mesLNs,
draining three major barrier tissues (skin, lungs, and gut), and
analyzed these cells via scRNA-seq (Figure 2A). In our sorting
strategy, we gated on CD3*, CD4/CD8™™ T cells, which
covered >90% of all major UTC lineages across LNs while avoid-
ing TCR activation upon tetramer binding (Figure 2A). The frac-
tion of CD4*/CD8* UTCs, specifically NKT cells, that were
excluded by this sorting strategy was overall minimal
(Figures S2A and S2B). Supporting the notion that the UTC
composition differed between LNs, we noted substantial differ-
ences when analyzing the frequency of specific TCR-based lin-
eages (Figure 2A). Unbiased analysis of the transcriptional data
set revealed two major clusters of cells that were segregated
by the expression of Zbtb16 (PLZF), an important transcription
factor that controls UTC differentiation in the thymus and Sell
(CD62L) (Figures 2B and 2C) (Pellicci et al., 2020). Thus, irrespec-
tive of their differentiation (Th1-like and Th17-like) and lineage
affiliation (yd T cells, MR1-restricted, or CD1d-restricted
T cells), UTCs can be segregated into recirculating versus non-
recirculating subsets (Figures 1J, 2C, and S2C; Table S1A). In
line with this interpretation, CD62L" UTCs were equally repre-
sented in all LNs, whereas CD62L" cells showed a characteristic
composition and transcriptional landscape that differed between
LNs draining different tissues (Figures 2D-2F).

Focusing on UTC effector differentiation, we detected Th1-
polarized UTCs among both recirculating and non-recirculating
subsets, whereas Th17-polarized cells (Arlehamn et al., 2014)
were restricted to CD62L" cells (Figure 2G). Notably, Th17-polar-
ized UTCs diverged at the detailed transcriptional level between
those in the medLN (cluster 2) and sdLN (clusters 3 and 6)
(Figures 2D and 2E). In the sdLN, Th17-polarized UTCs further
split up into two populations that differed in the expression of
Lck. In the mesLN, Th17-polarized UTCs were largely absent,
consistent with our prior results (Figures 1A, 1B, 2D, and 2E).
By contrast, Th1-polarized UTCs (clusters 4 and 9) were promi-
nent in the medLN and mesLN (Figures 2D, 2E, and S2C). Unlike
in the thymus, we did not detect a distinct subset of Th2-polar-
ized UTCs based on Gata3, Zbtb16, and /4 expression (Lee
et al., 2013). Instead, the capacity to produce IL-4 seemed to
be present within Th17- and dominantly in Th1-polarized NKT
(Figure S2D). The transcriptional profile of Th1-polarized UTCs
largely overlapped between LNs but segregated from the recir-
culating population (Figures 2D and 2E). In particular, the differ-
ential expression of /d3, Id2, Eomes, and Ccl5 separated Th1-
polarized UTCs with distinct expression of Sell (Figure S2C).
Among the recirculating population, we identified four major
populations based on the expression of Cxcr3, Ccr9, and Eomes

Immunity

(Figures 2D and 2E). Most of these cells had an expression
pattern consistent with a Th1-polarization, whereas one cluster
(cluster 0) seemed largely non-polarized, expressed Ccr9, and
was negative for Cd44. Notably, neither //4- nor Rorc-expressing
UTCs seemed to be present in the recirculating compartment
(Figures 2D, 2E, and S2C).

We next used multiparameter spectral flow cytometry to vali-
date these populations based on the protein expression mean
fluorescent intensity (MFIl) and combined it with staining for
TCR-based lineages. Classical flow cytometry gating readily reca-
pitulated both circulating (CD62L*) and non-recirculating UTCs
(CD62L" and CD44*) and all previously identified subpopulations
using scRNA-seq (Figure 2H). Every cluster consisted of multiple
TCR-based UTC lineages (Figure 2H). Notably, a significant frac-
tion of non-yd T cells could not be assigned to either MAIT or NKT
cells due to the lack of tetramer binding but likely represent CD1d
and MR1 restricted UTCs (Figure 2H). CD4* NKT cells that were
omitted from our scRNA-seq analysis fully overlapped with all
other UTC clusters based on our multiparameter flow cytometry
panel (Figure S2E). Together, these results revealed that every
lymph node harbors two major groups of UTCs based on their
CD62L expression and independent of their classical TCR-based
lineage affiliation. Although CD62L* UTCs are recirculating and
equally represented among different LNs, CD62L~ UTCs substan-
tially differed between LNs draining different tissues.

UTCs continuously migrate from tissues to draining
lymph nodes

Next, we wished to investigate how the characteristic composi-
tion of CD62L™ UTCs is developing among distinct LNs. UTCs
differentiate in the thymus and seed tissues as effector cells in
developmental waves. This process is currently incompletely un-
derstood; yet, it is known that specific TCRs are associated with
the homing/retention of UTCs in specific tissues (Parker and Cio-
fani, 2020; Pellicci et al., 2020). We speculated that UTCs may
not be strictly resident but instead continuously seed LNs by
migrating from the tissue via the lymph. We have been geared to-
ward this possibility because it has been previously shown that
dermal Th-17 polarized y3 T cells emigrate from the skin to the
sdLN via the lymph (Gray et al., 2012; Nakamizo et al., 2015).
To test this idea, we first examined if the subset distribution of
UTCs in tissues generally mirrors the composition of CD62L"
UTCs in the associated dLNs. We combined the use of CXCR3
reporter mice as a surrogate to detect Th1-like cells with staining
for CCR6, a chemokine receptor indicative for Th17-like cells. As
anticipated, the composition of UTCs in the tissue (lungs, gut,
and skin) was largely mirrored by the respective dLNs (medLN,
mesLN, and sdLN) (Figure 3A).

(C) UMAP displaying the mRNA expression of Sell (CD62L) and Zbtb16 (PLZF).

(D) Dot plot of representative marker genes associated with the identified clusters. The color indicates the Z score mean of the expression values across clusters
and dot size represents the fraction of cells in the cluster expressing the respective genes.

(E) UMAP plots showing the cluster prevalence in different LNs.

(F) Quantitative analysis showing the cluster prevalence in different LNs of scRNA sequencing data.

(G) UMAP of 7,041 scRNA-seq transcriptomes colored according to Th1-like and Th17-like score.

(H) Flow-cytometry-derived plots showing UTC clusters among CD62L* (green) and CD62L"~ (yellow) UTCs in LNs of C57BL/6J mice. Quantitative analysis
showing the TCR lineage prevalence in the different clusters via flow cytometry. Data are showing one experiment from pooled mice (B-G) (n = 10) or one repre-
sentative of three independent experiments (H) (n = 3). Error bars indicate the mean + SEM.

See also Figure S2 and Table S1A.
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Figure 3. UTCs continuously migrate from tissues to draining lymph nodes
(A) Flow cytometric quantification and statistical analysis of the CD44™9" CD62L~ UTCs from different tissues (skin, lungs, and small intestine [lamina propria, LP])
and their respective draining LNs (inguinal LN, sdLN; mediastinal LN, medLN; and mesenteric LN, mesLN) based on the expression of CXCR3 and CCR6 in
CXCR3%"P reporter mice.
(B) Flow cytometric quantification and statistical analysis of the frequency of the ITGB7* CXCR6" cells in the popliteal LN (sdLN), mesLN, and the spleen of
C57BL/6J mice.
(C) Flow cytometric quantification and statistical analysis of the ITGB7* CXCR6™" cells from the endogenous pLN (sdLN) and mesLN, and the donor-derived
mesLN transplanted into the popliteal fossa. The LNs were harvested and analyzed 8 weeks post-transplantation.
(legend continued on next page)
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Based on our scRNA-seq analysis, we employed the adhesion
molecule ITGB7 and the chemokine receptor CXCR6 as markers
to identify IL-17-like cells (Figure S3A) (clusters 2, 3, and 6)
(Figures 2D, 2G, and S2C)—a marker combination that refined
our previous gating strategy based on CCR6 (Figure S3B).
Consistently, this group of UTCs was largely absent in the
mesLN and spleen (Figure 3B). Also, we did not detect this group
of cells (UTCs ITGB7*, CXCR6™) in the blood of mice; in the sdLN,
these cells lacked the expression of CD62L (Figure S3C). To
investigate whether these UTCs migrate to the dLN via the
lymph, we transplanted mesLNs into the fossa of the popliteal
lymph node that receives drainage from the leg. Conversely,
we also transplanted sdLNs from GFP transgenic mice into the
mesenteries of recipient mice. We anticipated that the trans-
planted LNs would harbor UTCs that matched the endogenous
LNs that drained the same tissue. 8 weeks after transplantation,
we analyzed the transplanted mesLN and detected the previ-
ously missing UTCs population (ITGB7* and CXCR6") (Figure 3C).
Vice versa, the donor sdLNs that previously harbored this UTC
population (ITGR7* and CXCR6™") before transplantation lacked
these cells after transplantation to the mesenteries and instead
were populated by recipient (GFP negative) UTCs. These recip-
ient UTCs matched those of endogenous mesLNs, based on
CXCRS3 and CCR6 expression (Figures 3D and S3D). Together,
these results suggested that LNs were continuously populated
by UTCs that migrated via lymphatic vessels.

Next, we photoconverted the skin of Dendra2 transgenic mice,
which leads to a switch from green to red fluorescence in light-
exposed cells. 24 h later, we analyzed CD62L" UTCs in the
dLNs and found 10% of such cells were photoswitched/Dendra
red (Figure 3E). The migration of all UTCs from the skin to the dLN
was dependent on S1P because treatment with FTY720, which
downregulates S1PR, prevented the arrival of photoswitched
cells in the dLN (Figure 3E), consistent with prior studies on yd
T cells (Laidlaw et al., 2019; Zhang et al., 2016). Notably, also
af T cells migrated from the skin, showing that this migration
was not an exclusive property of yd T cells (Figure S3E). How-
ever, although the photoswitched UTCs in the sdLN mirrored
the UTCs population in the skin, they were not representative
for all CD62L" UTCs in the sdLN identified in our scRNA-seq
analysis. In particular, LCK* o T cells representing cluster 3
were largely underrepresented (Figures 2D-2F and S3F) (Fiala
et al., 2019). The absence of the LCK" subset in the skin on the
other hand implied that the LCK* UTCs found in sdLNs were
migrating from another tissue that is also drained by this LN.
To identify the tissue of origin, we digested adipose tissue lod-
ging between muscle layers and surrounding the lymph nodes.
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Indeed, we detected UTCs in this fat tissue that phenotypically
matched those found in sdLN. These cells expressed ITGB7,
CXCR®, and LCK and predominantly consisted of a3 T cells (Fig-
ure 3F). Therefore, we conclude that the two clusters (clusters 3
and 6) of IL-17-producing UTCs that we discovered in the sdLN
using scRNA-seq (Figures 2D and 2E) represented populations
that migrated from different tissues. Finally, we photoactivated
the oral cavity of Dendra2 transgenic mice and analyzed the
dLNs 24 h later. As anticipated, we detected photoswitched
UTCs in cervical LNs that consisted predominantly of o8 UTCs
(Figure 3G). Together, these data supported the concept that tis-
sue-derived UTCs, irrespective of their TCR-based lineage affil-
iation or effector polarization (Th1- and Th17-like) continuously
migrated via the lymph to the tissue-draining LNs where they
generated characteristic and divergent immune responses.

UTCs share the same homeostatic niche across
lineages

The shared lymphatic migration of UTCs across TCR-based line-
age affiliations (Figure 3) as well as their shared transcriptional
identity (Figure 2) suggested further interconnections between
UTCs. To test this notion, we first focused on the sdLN and per-
formed scRNA-seq using a sorting strategy that included all
Th17-polarized UTCs of sdLNs. We identified a minimal marker
combination (CD44 and CXCR®6) that included all IL-17 polarized
cells (Figure S4A). This approach revealed two cell clusters of
UTCs distinguished by Lck expression as identified before and
one additional small cluster that expressed Cxcr3 (Figures 2B,
4A, and S4B; Table S1B). To confirm these data based on the
protein expression MFI, we stained for LCK and CXCR3, in addi-
tionto yd TCR, CD1d, and MR1 tetramers to identify scRNA-seq-
based UTC clusters as well as UTC lineages (Figures 4B and
S4C). We found that these clusters did not represent the three
lineages of UTCs but instead were composed of at least two
different UTC lineages (Figure S4C). This shows that on a sin-
gle-cell transcriptional level, different lineages of UTCs with the
same differentiation state appear to be largely indistinguishable
(Figures 2, 4A, 4B, S4B, and S4C).

Next, we investigated whether different lineages of UTCs
share a common homeostatic niche. To address this, we
analyzed Th17-polarized UTCs in sdLN (ITGB7* and CXCR6")
in lineage-deficient mice (Terd™~, Mr1™~, and Cd1d™"). As
anticipated, the relative composition of UTCs changed between
lineage-deficient mice with regard to lineage proportion
(Figures S4C and S4D). Also, we found all the three clusters in
these lineage-deficient mice arguing that none of the observed
transcriptional states are unique within a specific lineage

(D) Flow cytometric quantification and statistical analysis of the UTCs from the endogenous pLN (sdLN) and control mesLN, and the donor-derived sdLN
transplanted into the mesenteries. The LNs were harvested and analyzed 8 weeks post-transplantation.
(E) Flow cytometric quantification and statistical analysis of sdLN 24 h after photoswitching (Dendra green to Dendra red) of the footpad skin of PBS- or FTY720-

treated Dendra2 mice.

(F) Flow cytometric quantification and statistical analysis of CD44"9" CD62L~ UTCs in the skin and adipose tissue of C57BL/6J mice. Histograms show the LCK

expression among the ITGR7* CXCR6* population.

(G) Flow cytometric quantification and statistical analysis of the cervical LN and mandibular LN 24 h after photoswitching (Dendra green to Dendra red) the oral
cavity and the tongue of Dendra2 mice. Data are showing one representative of three independent experiments (A, n = 3; B, pLN [sdLN], n =6, mesLN, n =3, and
spleen,n=3)ortwo (Cand F,n=4; D, n=5; E, n=3; G, n =3 mice and 4 LN/mouse). Error bars indicate the mean + SEM. Comparison between groups was
calculated (A, D (lower), and F) using the two-way ANOVA, ** p = 0.001; **** p < 0.0001; or (B-D [upper], and E) the one-way ANOVA, ** p = 0.001; *** p = 0.0001;
****p < 0.0001; and (G) using the unpaired Mann-Whitney test * p < 0.01 *** p < 0.0001.

See also Figure S3.
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(Figures 4B and S4C). Moreover, the total numbers of Th17-
polarized UTCs in sdLN remained unaltered when compared
with WT or littermate controls (Figures 4C and S4D). This result
suggested that Th17-polarized UTCs together formed an inter-
connected population that was maintained as a whole, rather
than in separate TCR-based populations. To test whether this
applies to all UTCs across polarization states and migratory pat-
terns (recirculating and non-recirculating), we applied our previ-
ously established multicolor flow panel to identify all UTC sub-
sets (Figure 2H) on lineage-deficient mice (Tcrd™'~, Mr1="-,
and Cd71d~’"). To provide a visual overview on the cluster distri-
bution and representation, we generated a t-distributed stochas-
tic neighbor embedding (tSNE) plot, based on our multiparam-
eter flow cytometry data. All cluster-based UTC populations
were present, and the ratio between recirculating and non-recir-
culating UTC populations as well as their absolute numbers re-
mained largely unaltered when comparing various LNs from
WT, Terd™~, Mr1~'=, Cd1d~'~, or triple KO (Terd™~/Mr1~'=/
Cd1d~’") animals (Figures 2H, 4D-4G, and S4E). Altogether,
these data suggest that UTCs comprised interconnected popu-
lations that were maintained within shared homeostatic niches
and were formed beyond the boundaries of their TCR-based
lineage affiliations.

UTCs operate in functional units

Next, we assessed whether these interconnected populations not
only shared the same homeostatic niche but also the same micro-
anatomical location and a common functional output. To this end,
we analyzed cytokine-driven immune responses of UTCs in the
context of bacterial infections. We first focused on the Th17-
polarized UTC populations and addressed their localization and
migrational behavior in the sdLN. To define the localization of
this group of cells, we generated IL18R™"™/IL23R®™ double re-
porter mice (Figure S5A) in which more than 90% of double pos-
itive cells in sdLNs were Th17-polarized UTCs, whereas the re-
maining population represented conventional T cells and ILCs
(innate lymphoid cells) (Figure S5B). IL-18R*/IL-23R* UTCs ho-
mogeneously expressed ITGB7*, CXCR6*, and high amounts of
CD44 (Figure S5C), and, therefore, overlapped with previously
defined Th17-polarized UTCs (Figures 3 and 4). When we
analyzed tissue sections of sdLNs via confocal microscopy, IL-
18R/IL-23R double positive cells were found in the subcapsular
and interfollicular area (Figure 5A), in line with previous reports us-
ing CXCRG6 reporter mice (Kastenmuller et al., 2012; Zhang et al.,
2016) (Figure S5D). Among IL-18R/IL-23R double positive cells,
o and yd UTCs were similarly distributed within the interfollicular
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area (Figure S5E). In the LN, these UTCs were migrating at
an =7 um/min speed (Figures 5B and S5F; Videos S1 and S2).
Following S. aureus infection in vivo, we did not observe cellular
arrest or changes in migration speed as seen with classical anti-
gen-specific aff T cells upon TCR-dependent activation but
instead transient dynamic clustering reminiscent of a cytokine-
mediated form of activation (Figures 5C and S5G; Videos S3
and S4) (Kastenmdiller et al., 2013).

Having established a homogeneous intranodal migration
pattern and shared localization of UTCs following infection, we
next elucidated the functional output of UTCs during this cyto-
kine-driven response using scRNA-seq of UTCs 4 h after
S. aureus infection. Our scRNA-seq analysis revealed nine clus-
ters of UTCs. The clustering differed from the steady-state con-
dition (Figure 4A). All cells represented in various clusters
appeared highly similar, had an activated phenotype, and
showed a graded response ranging from Gzmb, II17alf,
Cxcl22, and Csf2 (GM-CSF) on one end to S700a70 and
Hmgb2 at the other end of the spectrum (Figures 5D, S5H, and
S51; Table S1C). Plotting an activation score that consisted of
several genes onto the UMAP supported this notion (Figure 5E;
Table S1D). These data further supported the concept that the
population of Th17-polarized UTCs in the sdLN formed a “func-
tional unit” that comprised different lineages that shared the
same homeostatic and microanatomical niche and a concerted
cytokine-driven output. To further test the functional implications
of this concept in vivo, we measured IL-17A and IL-17F produc-
tion, which, based on our scRNA-seq data, appeared to be a
representative read-out for UTC function upon S. aureus infec-
tion. Indeed, 4 h post infection in the skin, we detected robust
IL-17A and IL-17F production within the dLN that was largely
(>90%) restricted to UTCs (Figure 5F). All three lineages, pro-
duced and contributed to the overall amount of IL-17, albeit to
varying degrees reflecting their relative abundance (Figure 5G).
However, the total number of IL-17-producing cells remained
unaltered in mice lacking either of these UTCs lineages, indi-
cating functional compensation (Figure 5H). The functional acti-
vation and cytokine production by all UTCs under this experi-
mental condition were dependent on IL-23 signals (Figure 5H).
Next, we wished to extend our cytokine-driven functional
concept to Th1-polarized UTCs and tested whether IFNy pro-
duction is also compensated among UTCs. To this end, we in-
fected WT or lineage-deficient mice with S. enterica s.c. and
probed the IFNy response among UTCs in the sdLN 4 h later.
The total IFNy response among UTCs was also cytokine driven,
depended on IL-18R1, and remained unaltered when comparing

(B) Flow cytometric phenotypic quantification and validation of the scRNA-seq of steady-state sdLN from C57BL/6J, Tcrd™~, Cd1d™'~, Mr1~'~, and B6-
MAITCAST (CAST) mice.

(C) Flow cytometric quantification and statistical analysis of UTCs ITGB7* CXCR6" in sdLN from different mice deficient for a single UTCs lineage, as indicated.
(D) Flow cytometric quantification and statistical analysis showing the two major UTCs clusters (CD62L" and CD62L~ CD44*; Figure S2C) in the LNs from different
mice deficient for a single UTCs lineage, as indicated.

(E) t-SNE plot and statistical analysis of the detailed cluster distribution of CD62L* UTCs in LNs of Tcrd™/~, Cd1d~/~, Mr1~/~, and B6-MAIT®AST (CAST) mice.
(F) t-SNE plot and statistical analysis of the detailed cluster distribution of CD62L~ CD44* UTCs in LNs of Terd™~, Cd1d™~, Mr1~/~, and B6-MAITAST
(CAST) mice.

(G) Statistical analysis of flow-cytometry-validated UTCs clusters in different mice deficient for a single UTCs lineage, as indicated. Data are showing one
representative of three independent experiments (B and D, n = 3; C, n = 6) or pooled data from two independent experiments (D, E, and G, n = 6) or one experiment
with pooled mice (A, n = 10). Error bars indicate the mean + SEM. Comparison between groups was calculated (C [left], D, E, and F) using the one-way ANOVA; or
(B) the two-way ANOVA, *** p = 0.0001, or (C [right]) the unpaired Mann-Whitney test.

See also Figure S4 and Table S1B.
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WT with Terd ™=, Mr1~'=, or Cd1d ™'~ mice (Figure 5I). Similar re-
sults were obtained when analyzing the spleen following i.v.
infection with S. enterica (Figure S5J). Notably, we did not detect
IL17-production among UTCs in the spleen following i.v. infec-
tion with S. enterica (data not shown). Together, these data sup-
ported the concept that categorizes UTCs as interconnected
populations —functional units—across TCR-based lineage affili-
ations. These functional units shared four elements: (1) transcrip-
tional identity, (2) homeostatic niche and numerical compensa-
tion, (3) microanatomical location and migratory behavior, and
(4) cytokine-driven functional output.

Because we have shown that these local functional units
differed between LNs, we wished to study the impact on bacte-
rial resistance. Specifically, we compared mesLNs that lacked a
Th17-polarized UTCs functional unit with sdLNs in which these
cells were present (Figures 1A, 2D-2G, 3B, S2C, and S5B).
S.c. orintraperitoneal (i.p.). injection with S. aureus led to similar
and robust infection of sdLNs or mesLNs, respectively (Fig-
ure S5K). 4 h after infection, we detected a significant IL17-
dependent neutrophil recruitment to sdLNs, whereas mesLNs
remained largely devoid of neutrophils at this time point (Fig-
ure 5K). As expected, both IL23- and IL17-signals were critical
to limit bacterial control in sdLNs. By contrast, IL-23 played no
role in bacterial control in mesLNs, consistent with the absence
of Th17-polarized UTCs in this LN (Figure 5L). In line with our
functional unit concept, bacterial loads remained unaltered in
sdLNs from single lineage-deficient mice (Figure 5L).

Together, these data demonstrated that UTCs are organized
in functional units, which differed in their composition across
lymph nodes. This inherent organization of LNs and their UTC
populations directly impacted on the immune responses that
are locally generated and the resistance toward pathogens
that spread via the lymph.

DISCUSSION
In this study, we showed that UTCs constitutively migrated from

tissues to locally draining LNs, establishing tissue-specific UTC
populations across distinct LNs. As these cells are equipped
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with immediate innate-like effector functions, their tissue-spe-
cific composition and imprinting determined the local cytokine
environment in LNs early during infection in a site-specific
manner. As we showed, local differences in UTC composition
differentially affected adaptive humoral immune responses initi-
ated in distinct LNs, a finding that may have major implications
for vaccines, especially those delivered through mucosal routes
(Roco et al., 2019). Additionally, UTCs generated divergent
cellular immune responses between LNs draining different tis-
sues based on their capacity to clonally expand and the
observed functionally relevant TCR repertoire differences.
Together, our results established the concept that besides den-
dritic cells UTCs also critically link tissue immunity to lymph node
function.

Our data further showed that UTC-dependent immunological
differences between LNs were determined on two levels. First,
developmentally due to the tissue-specific TCR-dependent
seeding and effector polarization of UTCs (Salou et al., 2019).
This process leads to significant heterogeneity of TCR reper-
toires and cytokine production capacity that differs between tis-
sues and, due to their lymphatic migration, between dLNs that
drain these tissues. Second, the functional output of UTCs re-
mains stable due to their organization within functional units,
even if their relative TCR-based composition within these units
adapts to the local microbiota or tissue damage (Constantinides
and Belkaid, 2021).

Key to the diverging immune responses in different LNs was
the constitutive lymphatic migration of all UTCs revealed by
our work. Lymphatic migration by a group of skin-derived yd
T cells has been observed before (Laidlaw et al., 2019; Zhang
et al., 2016); however, here, we found that this was not a unique
capacity of this subset. Instead, it was a general principle and re-
flected the common biology of all UTCs across tissues, TCR-
based lineages, and differentiation states. Exceptions to this
rule were intraepithelial UTCs, such as DETCs (dendritic epithe-
lial v3 T cells), in the skin or CD8a.x IEL in the gut, which we did
not detect in dLNs (Chien et al., 2014; Olivares-Villagémez and
Van Kaer, 2018). Conceptually, the lymphatic migration of
UTCs served two important functions. First, it extended the

(B) Intravital microscopy sdLN image and statistical analysis of the migrational behavior of IL18R™™ cells at steady state.
(C) Intravital sdLN image and statistical analysis of the migrational behavior of IL1 8R™™* cells 6 h after footpad infection with S. aureus.

(D) (Left) UMAP displaying 3,555 scRNA-seq transcriptomes colored according to cluster classification of ITGB7* CXCR6" sorted cells from popliteal LNs (sdLN)
4 h after subcutaneous (s.c.) infection with S. aureus. (Right) Dot plot of representative marker genes associated with the identified clusters, including steady-state
clusters of UTCs (Figure 4A). Color indicates Z score mean expression across clusters and dot size represents fraction of cells in the cluster expressing respec-
tive genes.

(E) UMAP of 3555 scRNA-seq transcriptomes colored according to activation score.

(F-H) Ex vivo flow cytometric quantification and statistical analysis of the (F) IL-17A/F producing cells from C57BL/6 mice, (G) IL-17A/F producing UTCs lineages
from Terd™'~, Cd1d™~, Mr1~/~, and B6-MAIT®AST (CAST) mice, and (H) IL17A/F production in the sdLN after 4 h s.c. infection of Terd™~, Cd1d™~, Mr1~/~,
1123r~’~ and B6-MAITCAST (CAST) mice with 108 CFU S. aureus.

(I) Ex vivo flow cytometric quantification and statistical analysis of the IFNy production in the sdLN 4 h after 10" CFU S. typhimurium (Xen33) subcutaneous
infection of C57BL/6, Terd™—, Cd1d~"~, Mr1~/=, I118r~'~, and B6-MAIT®AST (CAST) mice.

(J) Ex vivo flow cytometric quantification and statistical analysis of the IL-17A/F production in the sdLN and the mesLN of //17a/f '~ and C57BL/6 mice 4 h after
s.c. infection with 108 CFU S. aureus.

(K) Ex vivo flow cytometric quantification and statistical analysis of neutrophils in the sdLN and the mesLN of //17a/f '~ and C57BL/6 mice 4 h after s.c. infection
with 108 CFU S. aureus.

(L) Fold change of the colony-forming unit (CFU) in the sdLN and mesLN comparing Tcrd~'~, Cd1d~/~, Mr1~/~,1123r~'~, and Il17a/f '~ with control mice 24 h after
footpad infection with 10% CFU S. aureus (MRSA). Data are showing one representative of three independent experiments (A-C, n = 3; F-H, n= 6; |, n = 3-6; J and
K, pLN (sdLN) n = 6, medLN, n = 3) or pooled data from three independent experiments (L, n = 3) or one experiment with pooled mice (D and E, n = 10). Error bars
indicate the mean + SEM. Comparison between groups (F, H-L) was calculated using the one-way ANOVA test. *p < 0.01; ** p < 0.001; *** p < 0.0001.
See also Figure S5; Table S1C and S1D; Videos S1, S2, and S3.
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cytokine-driven innate function of UTCs from tissues to dLNs
where they prevent systemic pathogen dissemination via the
lymphatic route. Second, LNs in turn provide the optimal micro-
environment for UTC proliferation following their adaptive TCR-
based activation. Thereby, UTCs inherently linked tissue immu-
nity to LN function. An important question is when after birth
UTCs commence their lymphatic migration to draining LNs and
whether insufficient UTCs migration may be related to the
heightened susceptibility of infants to bacterial infections.

Notably, we were not able to detect a dedicated Th2-polar-
ized UTC population outside the thymus. Instead, some Th1-
and Th17-polarized UTCs had the capacity to additionally pro-
duce IL-4. This result is in line with a recent fate mapping study
showing that NKT2 resemble a maturing progenitor population
in the thymus that gradually diminishes at the expense of Th1
and Th17 polarized cells (Bortoluzzi et al., 2021). Although IL-
17-polarized UTCs in different lymph nodes were distinct based
on their tissue origin, this transcriptional sub-setting was not
observed for Th1-polarized UTCs. This difference is likely based
on the distinct anatomical localization of these various polarized
UTC populations. Although Th17-polarized UTCs are found in
the parenchyma, Th1-polarized NKT cells, at least in the lungs
and the liver, are primarily localized within the vasculature
(Geissmann et al., 2005; Scanlon et al., 2011). Elucidating the
exact coordination between the local proliferation and
lymphatic emigration under physiological and pathological con-
ditions will be an exciting challenge for the future, in particular
for UTCs residing intravascularly (Debes et al., 2005; Hunter
et al., 2016).

Based on our data, we developed the concept that UTCs are
organized in interconnected populations—functional units.
Certainly, the members of these units express diverse TCRs al-
lowing them to execute specific functions, such as the TCR-
dependent production of IL-4 by NKT cells.

However, we believe that highlighting the shared and overlap-
ping properties of UTCs and analyzing them as a population will
help to uncover new biological functions of these groups of
T cells during homeostasis and following infections. This
concept also helps to explain previous findings on numerical
compensation between UTC-lineage members, for example in
a human with MR1 deficiency that exhibit numerical compensa-
tion of MAIT T cells by vd T cells (Howson et al., 2020). Transcrip-
tional similarities among effector cells with similar functional
polarization and among UTCs has been reported (Gutierrez-
Arcelus et al., 2019; Lee et al., 2016). Our concept of functional
units, however, goes beyond transcriptional homogeneity be-
tween UTCs. As such, we showed that the size and the functional
output of these UTC units remained unaltered among lineage-
deficient mice lacking single UTC lineages, arguing for shared
homeostatic signals and potential quorum sensing mechanisms.
However, this does not mean that the composition and size of
functional units are absolutely fixed. On the contrary, functional
units are likely dynamically regulated in the context of funda-
mental physiological processes. As such, homeostatic regula-
tion of neutrophil production and vice versa the amount of IL-
17-producing UTCs in the tissue is regulated via a feedback
circuit (Stark et al., 2005). We believe that our approach to
analyze UTCs as functional units will further reveal unknown
physiological circuits in the future.
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Animportant question that remained unresolved in our study is
the function of the recirculating population of UTCs that consists
of a large fraction of unpolarized cells. It seems likely that these
cells have a more diverse TCR repertoire and higher functional
plasticity than their tissue counterparts. Defining the exact role
of the recirculating UTCs will be particularly relevant for human
studies that primarily rely on blood samples for UTC analyses.

In summary, we showed that LNs that drain distinct tissues
generated divergent immune responses based on the lymphatic
migration pattern and rapid effector function of UTCs. This result
established an additional cellular relay network that operates be-
tween tissues and dLNs, besides dendritic cells. Our data further
revealed that UTCs are organized and function within common
units that share specific anatomical niches and common homeo-
static signals. We believe that our findings revealed a funda-
mental link between tissue immunity and LN function, which
has important implications for vaccine application routes in
particular those that aim at targeting UTCs.

Limitations of the study

We have shown different yvd T cell responses in medLN versus
sdLN versus spleen when comparing skin versus lung versus
systemic infections with S. aureus. Unfortunately, for technical
reasons, we are currently unable to manipulate the presence of
distinct vd T cell populations in specific LNs. Therefore, we
cannot exclude that other, T cell extrinsic factors contribute to
the observed differences in vd T cell expansion between SLOs
using different routes of infection. Also, we have shown that
UTC lineages within the same functional unit share the same
location within lymph nodes; yet, we cannot exclude more subtle
microanatomical localization differences between various TCR-
based lineages of UTCs. Finally, also other IL23R expressing
cells, such as Th17 and ILC3, may contribute to heterogeneous
immune responses between distinct LNs.
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Antibodies
Rat IgM 17D1 (unconjugated) Kind gift from Robert Tigelaar, Yale N/A
Ammenian Hamster IgG anti-mouse CCR6 (CD196) (PE/Dazzle™ 594 29-2L17 Cat# 129822;
conjugated) BioLegend RRID: AB_2687019
Amenian Hamster IgG anti-mouse CCR6 (CD196) (APC conjugated) 29-2L17 Cati# 129814;
BioLegend RRID: AB_1877147
Amenian Hamster IgG anti-mouse CCR6 (CD196) (PE conjugated) 29-2L17 Cat# 129804;
BioLegend RRID: AB_1279137
Mouse anti-mouse CCR9 (CD199) (FITC conjugated) CW-1.2 Cat# 128706;
BioLegend RRID: AB_1186167
Rat IgG2b, k CD3 (AF700 conjugated) 17A2 Cat# 100216;
BioLegend RRID: AB_493697
Amenian Hamster IgG CD3 (BV421 conjugated) 145-2C11 Cat# 100341;
BioLegend RRID: AB_2562556
Amenian Hamster IgG1, k anti-mouse CD3e (BUV395 conjugated) 145-2C11 Cat# 563565;
BD Biosciences RRID: AB_2738278
Rat anti-mouse CD3e (BUV737 conjugated) 17A2 Cati# 612803;
BD Biosciences RRID: AB_2870130
Rat anti-mouse CD4 (BV605 conjugated) RM4-5 Cat# 100547;
BioLegend RRID: AB_11125962
Rat anti-mouse CD4 (PE/Cyanine7 conjugated) RM4-5 Cat# 100528;
BioLegend RRID: AB_312729
Rat anti-mouse CD4 (BV711 conjugated) GK1-5 Cat# 100447,
BioLegend RRID: AB_2564586
Rat anti-mouse CD8e. (BV605 conjugated) 53-6.7 Cati# 100744;
BioLegend RRID: AB_2562609
Rat anti-mouse CD8e. (BV711 conjugated) 53-6.7 Cat# 100759;
BioLegend RRID: AB_2563510
Rat anti-human/mouse CD11b (eF450 conjugated) M1/70 Cat# 48-0112-82;
Thermo Fisher Scientific RRID: AB_1582236
Rat anti-mouse CD19 (APC/Cyanine7 conjugated) 6D5 Cat# 115530;
BioLegend RRID: AB_830707
Rat anti-mouse CD38 (PE/Cyanine7 conjugated) 90 Cati# 102718;
BioLegend RRID: AB_2275531
Rat anti-mouse/human CD44 (BV785 conjugated) IM7 Cat# 103059;
BioLegend RRID: AB_2571953
Rat anti-mouse/human CD44 (PE/Cyanine7 conjugated) IM7 Cat# 25-0441-82;
Thermo Fisher Scientific RRID: AB_469623
Rat anti-mouse CD44 (BV786 conjugated) IM7 Cat# 563736;
BD Biosciences RRID: AB_2738395
Rat anti-mouse CD45 (APC conjugated) 30-F11 Cat# 103112;
BioLegend RRID: AB_312977
Mouse anti-mouse CD45.2 (Pacific Blue conjugated) 104 Cat# 109820;
BioLegend RRID: AB_492872
Mouse anti-mouse CD45.2 (BV510 conjugated) 104 Cat# 109837;
BioLegend RRID: AB_2561393
Mouse anti-mouse CD45.2 (BUV563 conjugated) 104 Cat# 741273;
BD Biosciences RRID: AB_2870814
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Rat anti-mouse/human CD45R (B220) (APC/Cyanine7 conjugated) RA3-6B2 Cat# 103224,
BioLegend RRID: AB_313007
Rat anti-mouse CD62L (BV510 conjugated) MEL-14 Cat# 104441,
BioLegend RRID: AB_2561537
Rat anti-mouse CD62L (BV605 conjugated) MEL-14 Cat# 104437;
BioLegend RRID: AB_11125577
Rat anti-mouse CD62L (APC/Cyanine7 conjugated) MEL-14 Cat# 104428;
BioLegend RRID: AB_830799
Rat anti-mouse CD62L (APC conjugated) MEL-14 Cat# 104412;
BioLegend RRID: AB_313099
Rat anti-mouse CD62L (PE/Cyanine7 conjugated) MEL-14 Cat# 104418;
BioLegend RRID: AB_313103
Anti-mouse L-Selectin (CD62L) MEL-14 RRID: AB_1107665;
InVivoMAb Bio X Cell Cat# BE0021
Rat IgG2a isotype control 2A3 Cat# BXC-BE0089-
InVivoMAb Bio X Cell 1MG-INDUSTRIAL
Rat anti-mouse CD93 (BV650 conjugated) AA4.1 Cat# 563807,
BD Biosciences RRID: AB_2738432
Armenian Hamster anti-mouse CD95 (Fas) (BV605 conjugated) Jo2 Cat# 740367,
BD Biosciences RRID: AB_2740099
Rat anti-mouse CD138 (Syndecan-1) (BV785 conjugated) 281-2 Cat# 142534,
BioLegend RRID: AB_2814047
Armenian Hamster anti-mouse CXCR3 (CD183) (BV510 conjugated) CXCR3-173 Cat# 126528;
BioLegend RRID: AB_2650922
Rat anti-mouse CXCRS5 (CD185) (AF647 conjugated) L138D7 Cat# 145532;
BioLegend RRID: AB_2734209
Rat anti-mouse CXCR6 (CD186) (BV421 conjugated) SA051D1 Cat# 151109;
BioLegend RRID: AB_2616760
Rat anti-mouse CXCR6 (CD186) (AF647 conjugated) SA051D1 Cat# 151115;
BioLegend RRID: AB_2721358
Rat anti-mouse CXCR6 (CD186) (PE conjugated) SA051D1 Cat# 151104;
BioLegend RRID: AB_2566546
Rat anti-mouse CXCR6 (CD186) (PE/Dazzle™ 594 conjugated) SA051D1 Cat# 151117;
BioLegend RRID: AB_2721700
Rat anti-mouse Eomes (PE/Cyanine7 conjugated) Danimag Cat# 25-4875-82;
eBioscience RRID: AB_2573454

Anti-GFP Polyclonal Antibody (AF488 conjugated)
Rat anti-mouse/human GL-7 (AF647 conjugated)
Rat anti-mouse GM-CSF (PE conjugated)

Rat anti-mouse IgD (AF488 conjugated)

Rat anti-mouse IgG1 (V450 conjugated)

Mouse anti-rat IgM (PE conjugated)

Rat anti-mouse IL-4 (PE conjugated)

Rat anti-mouse IL-17A (FITC conjugated)

Rat anti-mouse IL-17A (APC conjugated)
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GL7
BioLegend
MP1-22E9
eBioscience
11-26¢c.2a
BioLegend
A85-1

BD Biosciences
RM-7B4
eBioscience
11B11
Biolegend
TC11-18H10.1
BioLegend
TC11-18H10.1
BioLegend
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Cat# A-21311;
RRID: AB_221477

Cat# 144606;
RRID: AB_2562185

Cat# 12-7331-82;
RRID: AB_466205

Cat# 405718;

RRID: AB_10730619
Cat# 562107;

RRID: AB_10894002
Cati# 12-4342-82;
RRID: AB_10668833

Cat# 504104;
RRID: AB_315318

Cat# 506907;
RRID: AB_536009

Cat# 506916;
RRID: AB_536018
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Rat anti-mouse IL-17A (AF700 conjugated) TC11-18H10.1 Cat# 506914;
BioLegend RRID: AB_536016
Mouse anti-mouse IL-17F (PE conjugated) 9D3.1C8 Cat# 517008;
BioLegend RRID: AB_10690818
Mouse anti-mouse IL-17F (AF488 conjugated) 9D3.1C8 Cat# 517006;
BioLegend RRID: AB_10661903
Mouse anti-mouse IL-17F (AF647 conjugated) 9D3.1C8 Cat# 517004;
BioLegend RRID: AB_2249030
Rat anti-mouse IL-18Ra (eF450 conjugated) P3TUNYA Cat# 48-5183-82;
eBioscience RRID: AB_2574069
Rat anti-mouse IL-7R (BV421 conjugated) A7R34 Cat# 135024;
BioLegend RRID: AB_11218800
Rat anti-human/mouse ITGB7 (PerCP/Cyanine5.5 conjugated) FIB27 Cat# 121008;
BioLegend RRID: AB_2129312
Rat anti-mouse IFNy (BV605 conjugated) XMG1.2 Cati#t 505839;
BioLegend RRID: AB_2561438
Rat anti-mouse IFNy (BV421 conjugated) XMG1.2 Cat# 505830;
BioLegend RRID: AB_2563105
Rat anti-human/mouse Ki-67 (PE conjugated) SolA15 Cat# 12-5698-82;
eBioscience RRID: AB_11150954
Mouse anti-human Ki-67 (PE/Cyanine 7 conjugated) B56 Cat# 561283;
BD Biosciences RRID: AB_10716060
Mouse anti-mouse/human/rat Lck (AF647 conjugated) 3A5 Cat# sc-433;
Santa Cruz RRID: AB_627880
Rat anti-mouse Ly-6G (APC conjugated) 1A8 Cat# 127614;
BioLegend RRID: AB_2227348
Rat anti-mouse PD-1 (CD279) (PE conjugated) RMP1-14 Cati# 114118;
BioLegend RRID: AB_2566726
Mouse Anti-Mouse RORyt (BV421 conjugated) Q31-378 Cat# 562894,
BD Biosciences RRID: AB_2687545
Mouse anti-mouse SLAMF6 (Ly-108) (BV711 conjugated) 13G3 Cat# 740823;
BD Pharmingen RRID: AB_2740481
Ammenian Hamster anti-mouse TCR B (FITC conjugated) H57-597 Cat# 109206;
BioLegend RRID: AB_313429
Amenian Hamster anti-mouse TCR /8 (AF488 conjugated) GL3 Cat# 118128;
Biolegend RRID: AB_2562771
Armenian Hamster anti-mouse TCR /8 (BV421 conjugated) GL3 Cat# 118119;
BioLegend RRID: AB_10896753
Armenian Hamster anti-mouse TCR /8 (BV605 conjugated) GL3 Cat# 118129;
Biolegend RRID: AB_2563356
Amenian Hamster anti-mouse TCR /8 (BUV805 conjugated) GL3 Cat# 748989;
BD Biosciences RRID: AB_2873388
TotalSeq™-A0301 anti-mouse Hashtag 1 BioLegend Cat# 155801; RRID:
AB_2750032
TotalSeq™-A0302 anti-mouse Hashtag 2 BioLegend Cat# 155803; RRID:
AB_2750033
TotalSeq™-A0303 anti-mouse Hashtag 3 BioLegend Cat# 155805; RRID:
AB_2750034
Bacterial and virus strains
Salmonella enterica serovar Typhimurium Xen-33 Strain 1189 PerkinElmer Cat# 119235

Staphylococcus aureus strain HG001 Kind gift from Knut Ohlsen, Wiirzburg N/A
S. aureus USA300 LAC Kind gift from Knut Ohlsen, Wiirzburg N/A
Vaccinia virus Kind gift from Jonathan Yewdell, NIH N/A
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Chemicals, peptides, and recombinant proteins
Absorbable Catgut suture Ethicon Cat# V301G
Acepromycin CP Pharma N/A
B-Mercaptoethanol Gibco Cat# 31350010
Baytril (Enrofloxacin, 0.05%) Bayer N/A
Brain-Heart-Infusion Broth Carl Roth Cat# X916.1
Brefeldin A Sigma Aldrich Cat# B7651-5MG
Carprofen Midas Pharma GmbH Cat# 53716-49-7
Collagenase D Roche Cat# 11088882001
Dispase Il Roche Cati# 04942078001
DNase | Sigma Aldrich Cat# DN25
DTT Sigma Aldrich Cat#1.11474
EDTA Carl Roth Cati# 8043.2
Fetal Bovine Serum Sigma-Aldrich Cat# F7524-500ML
Fibrin sealant (TISSEEL, Fibrin Sealant kit with Baxter Cati# 1504516
DUPLOJECT system)
Fluoromount-G Invitrogen 00-4958-02
FTY720 Sigma-Aldrich SMLO700-25MG
GCWFS Sigma-Aldrich Cat# G7041
HEPES Sigma-Aldrich Cat# H0O887-100ML
lonomycin Sigma-Aldrich Cat# 10634-1MG
Isoflurane CP 1mL/mL Piramal 400806.00.00
G136k21B
Ketamine Pfizer N/A
LB Broth Base Invitrogen Cat# 12780029
Liberase TL Roche Cat# 05401020001
L-Lysine Sigma-Aldrich Cat# L5501-100G
Mouse CD1d (mCD1d) PBS-57 loaded (BV421-conjugated) NIH Tetramer Core Facility N/A
Mouse CD1d (mCD1d) unloaded (BV421-conjugated) NIH Tetramer Core Facility N/A
Mouse MR1 5-OP-RU loaded (PE-conjugated) NIH Tetramer Core Facility N/A
Mouse MR1 6-FP loaded (PE-conjugated) NIH Tetramer Core Facility N/A
NalO, Sigma-Aldrich Cat# S1878
Normal Mouse Serum Invitrogen Cat# 10410
OCT freezing media Sakura Finetek Cat# 12351753
Paraformaldehyde Carl Roth Cat# 0335.3
Patent blue V Sigma-Aldrich Cat# 21605
Penicillin/Streptomycin Sigma-Aldrich Cat# P4333
Percoll Sigma-Aldrich Cat# P1644-1L
Phorbol 12-Myristate 13-Acetate Sigma-Aldrich Cat# P8139-1MG
RPMI medium Gibco Cati# 72400021
Sucrose Sigma-Aldrich Cat# 1.07687
Superfrost Plus object slides VWR Cat# 631-0108
Suture, 6-0 with beveled needle Ethicon Cat# V301G
Thermo Scientific™ Columbia Blood Agar with Sheep Blood Medium Thermo Scientific Cat# PB5008A
Triton-X 100 Carl Roth Cati# 3051.2
Xylazine CP Pharma N/A
Critical commercial assays
Cytofix/ Cytoperm BD Biosciences Cat# 554714
Foxp3/Transcription Factor Staining Buffer Set eBioscience Cat# 00-5523-00
IC Fixation Buffer eBioscience Cat# 00-8222-49
(Continued on next page)
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LEGENDplex™ Multiple Assays BioLegend Customized panel

Permeabilization Buffer Invitrogen Cat# 00-8333-56

Zombie NIR™ Fixable Viability Kit BioLegend Cat# 423106

Deposited data

Raw and processed mouse scRNA-sequencing data This paper GEO: GSE174629

Experimental models: Organisms/strains

Mouse: C57BL/6J Janvier Laboratories RRID: IMSR_JAX:000664

Mouse: B6.129P2 Terd'™! Momyy Kind gift of Prinz, I. RRID: IMSR_JAX:002120
Itohara et al. (1993)

Mouse: B6.129P2-Mr1tm1Gfh Kind gift of Lantz, O. RRID: MGI:3688620
Treiner et al. (2003)

Mouse: B6.129S4-Cxcr3"™A™/SoghJ Kind gift of Satoskar A. RRID: IMSR_JAX:023337
https://www.jax.org/strain/023337
Oghumuet al. (2013)

Mouse: C.129-114™ 1Yy Kind gift of D. Voehringer RRID: IMSR_JAX:004190
https://www.jax.org/strain/004190

Mouse: /1237™1Kuehyy Kind gift of A. Zernecke RRID: IMSR_JAX:035863
Awasthi et al. (2009)

Mouse: B6-Cd1™6"/y Jackson laboratories RRID: MGI:2653847

http://www.informatics.jax.org/
allele/MGI: 1857482
Smiley et al. (1997)
Mouse: B6.129P2-Cxcr6™-*/J Jackson laboratories RRID: IMSR_JAX:005693
https://www.jax.org/strain/005693
Unutmaz et al. (2000).

Mouse: B6.129P2-1117a"™ V" |1 7¢m2Yiw Jackson laboratories http://www. RRID: MGI:3830065
informatics.jax.org/strain/
MGI:3830065
Nakae et al. (2002);
Ishigame et al. (2009)

Mouse: C57BL/6-Tg(UBC-GFP)30Scha/J Jackson laboratories RRID: IMSR_JAX:004353
https://www.jax.org/strain/004353
Schaefer et al. (2001)

Mouse: B6.tg (Venus) Swanson et al., 2016 N/A

Mouse: Myd88/Trif-/- Kind gift of M. Gémez de Agliero RRID: IMSR_JAX:005037
https://www.jax.org/strain/005037
Hoebe et al. (2003)

Mouse: B6.129S6-Ccr6tm1(EGFP)Irw/J Jackson laboratories RRID: IMSR_JAX:013061
https://www.jax.org/strain/013061
Kucharzik et al. (2002)

Mouse: B6;129S-Gt(ROSA)26Sor™ (CAG-COX8A/Dendraz)Dec Kindly gift of Beilhack, A. RRID: IMSR_JAX:018385
Jackson laboratories
https://www.jax.org/strain/018385
Pham et al. (2012)

Mouse: B6.IL18R™" This paper; N/A
Generated in cooperation with Ozgene

Software and algorithms

Attune NxT Software Thermo Fisher Scientific RRID: SCR_019590

BD FACSDiva Software BD Biosciences RRID: SCR_001456

Biorender Biorender RRID: SCR_018361

Flowjo v10 BD Biosciences RRID: SCR_008520

GraphPad Prism GraphPad RRID: SCR_002798

Imaris v8.3 Bitplane RRID: SCR_007370
(Continued on next page)

94 Immunity 55, 1813-1828.e1-€9, October 11, 2022 5



¢ CellPress Immunity

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Leica Las X Leica RRID: SCR_013673
Microsoft Excel Microsoft RRID: SCR_016137
Seurat Stuart et al., 2019 RRID: SCR_007322
SpectroFlo Cytek hitps://cytekbio.com/

pages/spectro-flo

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fuffilled by lead contact, Wolfgang
Kastenmiiller, (wolfgang.kastenmueller@uni-wuerzburg.de).

Materials availability
B6.IL18R™™ mouse line was generated in this study and is available from the lead contact upon request.

Data and code availability
o Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table.
@ The paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J and Balb/c were originally purchased from Janvier Laboratories. B6.129P2 Tcrdtm1 Mom/J, MR1 KO (Cui et al., 2015),
CXCR3-GFP (Oghumu et al., 2013), IL4-GFP (Mohrs et al., 2001), IL23R-GFP (Awasthi et al., 2009) and Myd88/Trif DKO mice
were provided by Prinz I., Lantz O., Satoskar A., D. Voehringer, A. Zernecke, and M. Gomez de Agliero, respectively. B6.CD1dKO
(Smiley et al., 1997), CXCR6-GFP (Unutmaz et al., 2000), IL-17A/F DKO (Haas et al., 2012), B6.Ubc-GFP, B6.Venus, B6.129S6-
Ccrétm1(EGFP)Irw/J and B6;129S-Gt(ROSA)26Sortm1.1(CAG-COX8A/Dendra2)Dcc/J (Pham et al., 2012) were originally purchased
from Jackson Laboratories, and provided by Beilhack, A. All mice were maintained in specific-pathogen-free conditions at an Asso-
ciation for Assessment and Accreditation of Laboratory Animal Care-accredited animal facility. All procedures were approved by the
North Rhine-Westphalia State Environment Agency and/or the Lower Franconia Govemment.

B6.IL18R™™ mouse line was generated in co-operation with Ozgene and maintained under specific-pathogen-free conditions.
Therefore, heterozygous mice were used as reporter mice and homozygous as functional knock-out. B6.IL18R™™ mice were gen-
otyped via flow cytometry. Blood samples were stained with oIL18R (P3TUNYA, eBioscience) and analyzed for tdTomato expression.
Homozygous B6.IL18R™™ mice showed a reduced surface expression of IL-18R and a lower sensitivity towards IL-18. Both male
and female mice were used for this study. All the experimental groups were age and sex-matched (8-16 weeks old).

Bacterial and viral strains
Salmonella enterica serovar Typhimurium Xen-33 Strain 1189 was originally purchased from Perkin Elmer (Cat# 119235). Staphylo-
coccus aureus HG001 or USA300 LAC and Vaccinia virus were provided by Ohlsen, K. and Yewdell, J.W., respectively.

METHOD DETAILS

Infections
Staphylococcus aureus HG001 or USA300 LAC were diluted in sterile PBS. Mice were injected with an infectious dose of 1x108 CFU
subcutaneously or intraperitoneally for 4 h, 8 h or 24 h, or intranasally for 6 h, or subcutaneously, intranasally or intravenously infected
with 1x10% CFU or 1x10” CFU for 3 days or 20 days. For ectopic infection mice were anaesthetized, the flank was shaved and tape-
stripped six times. 1x108 CFU were applied to this skin area. The infected area was protected for 6 h with aluminium foil.

Vaccinia virus was diluted in sterile PBS. Mice were subcutaneously or intranasally infected with 200 PFU for 3 days or with 2 x 10°
PFU for 9 days. Salmonella enterica serovar Typhimurium Xen 33 was diluted in sterile PBS. Mice were injected with an infectious
dose of 1x108 CFU intravenously or 1x10” CFU subcutaneously for 4 h.
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Bacterial counts

Lymph nodes (popliteal LN (sdLN) and mesLN) were harvested 8 h and 24 h after infection and were collected into cold PBS. LN ho-
mogenates were plated on Columbia Blood Agar with Sheep Blood Medium (Thermo Scientific) and incubated at 37°C for 12-16
hours. Single colonies were counted.

Photoactivation of skin cells

To photoactivate the skin and oral cavity of Dendra2 mice, the mice were anesthetized using Isoflurane (Piramal). First, the footpad
skin was exposed to 405nm light (405nm Silver LED, Prizmatix; 0.5 NA polymer fiber with 1500 um core diameter, Prizmatix;
F671SMA-405 collimator, Thorlabs) 3 times for 10 seconds. The illumination was performed by moving the light in a distance of
0.2 — 0.5 cm while the other body parts were shielded. For oral cavity illumination, the tongue and inner side of the mouth were
exposed to 405 nm light for 40 sec or 30 sec, respectively. 24 h after illumination, mice were sacrificed and the tissue draining
LNs were collected and processed for flow cytometry analysis. Non-illuminated mice served as control.

FTY720 treatment
FTY720 (Sigma Aldrich) was injected i. v. (25 ng/100 pl PBS per mouse) 4, 2 and 0 days before illuminating the footpad skin of Den-
dra2 mice.

oaCD62L in vivo blocking treatment

Mice were treated intraperitoneally with 100ug/mouse of InVivoMAb anti-mouse L-Selectin (CD62L) (Clone Mel-14, Bio X Cell) or
InVivoMAD rat IgG2a isotype control (2A3, Bio X Cell) every day for 5 days before the infection, the day of the infection and the 3
following days after the infection.

In vitro PMA-lonomycin activation

Lymphocytes were isolated from popliteal, inguinal, mediastinal, mesenteric lymph nodes or spleen and plated in a 96-well plate
(TPP) at a final concentration of 5x10° cells/ml in 200uL. Cell suspensions in RPMI medium (Gibco) enriched with 1% P/S (Sigma-
Aldrich), 10% FCS (Sigma-Aldrich), 50 uM B-Mercaptoethanol (Gibco) were plated and activated using 0.025 png/mL Phorbol Myris-
tate Acetate (PMA, Sigma-Aldrich), 1 ng/mL lonomycin (Sigma-Aldrich) and cultured for 4h hours at 37°C. 1 ng/mL Brefeldin A (BFA,
Sigma-Aldrich) was added to the medium.

Intravenous CD45 labeling
2CD45.2 PB (104, BioLegend) was injected i.v. (2 ng/100 pl PBS) 5 min before sacrificing the mice.

Flow cytometry

Surface staining of single cell suspension was performed for 30 min at 4°C. Surface stainings including 17D1 clone unconjugated anti-
body were performed for 20 min at 4°C after pre-incubation with surface marker antibodies and «TCR v/3 (GL3, BioLegend) antibody
for 30 min at 4°C. The cells were then incubated with a secondary aRat IgM (RM-7B4, eBioscience). Surface stainings including MR1
tetramer were performed for 30 min at room temperature before incubation with other surface marker antibodies. For intracellular
staining, surface-stained cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) or Foxp3 staining kit (In-
vitrogen) for 30 min at 4°C. Zombie NIR™ (BioLegend) dye was used to discriminate between living and non-living cells. The following
antibodies were used for staining: «CCR6 (29-2L17, BioLegend), 2CCR9 (CW-1.2, BioLegend), «CD3 (17A2 or 145-2C11, BioLegend
and BD Biosciences), aCD4 (GK1-5 or RM4-5, BioLegend), «CD8a. (53-6.7, BioLegend), «CD11b (M1/70, Thermo Fisher Scientific),
2CD19 (6D5, BioLegend), «CD38 (90, BioLegend), a«CD44 (IM7, BioLegend, BD Biosciences or Thermo Fisher Scientific), «CD45 (30-
F11, BioLegend), a«CD45.2 (104, BioLegend or BD Biosciences), «CD45R (RA3-6B2, BioLegend), aCD62L (MEL-14, BioLegend),
«CD93 (AA4.1, BD Biosciences), «CD95 (Jo2, BD Biosciences), «CD138 (281-2, BioLegend), «CXCR3 (CXCR3-173, BioLegend),
aCXCR5 (L138D7, BioLegend), «CXCR6 (SA051D1, BioLegend), aEomes (Dan11mag, eBioscience), aGFP (Thermo Fisher Scientific),
aGL-7 (GL7, Biolegend), «GM-CSF (MP1-22E9, eBioscience), algD (11-26c.2a, BioLegend), «IlgG1 (A85-1, BD Biosciences), alL-4
(11B11, BioLegend), alL-17A (TC11-18H10.1, BioLegend), alIL-17F (9D3.1C8, BioLegend), aIL-7R (A7R34, BioLegend), aITGB7
(FIB27, BioLegend), «IFNy (XMG1.2, BioLegend), aKi-67 (SolA15 or B56, eBioscience or BD Biosciences), alck (3A5, Santa Cruz),
aLy6G (1A8, BioLegend), aPD-1 (RMP1-14, BioLegend), «RORyt (Q31-378, BD Biosciences), «SLAMF6 (13G3, BD Pharmingen),
oTCR B (H57-597, BioLegend), «TCR v/3 (GL3, BioLegend or BD Biosciences). Cells were washed twice with Perm/Wash buffer (In-
vitrogen) and subsequently stained with antibodies in Perm/Wash solution for 30 min at 4°C. After washing twice, cells were kept in
Perm/Wash buffer until acquisition at a LSRFortessa™, FACSCanto™ Il or FACSCelesta™ with FACSDiva™ software, Attune NxT
(Thermo Fisher Scientific) with Attune NxT Flowcytometry Software and Cytek Aurora 5-Laser or 4-Laser (Cytek Biosciences) with
SpectroFlo Software. FlowJo™ (BD Biosciences) software was used for the analysis. The clone 17D1 (rat IgM) was a kind gift from
Robert Tigelaar, Yale, and CD1d (BV421) and MR1 (PE) tetramers purchased from NIH Tetramer Core Facility.

Isolation of mouse skin, lung and small intestine and adipose tissue-resident lymphocytes
For isolation of resident cells from the skin, the ears of the mice were isolated and separated in order to expose the dermis. For
isolating the lung-resident cells, the lungs were pre-washed in cold PBS and chopped into small pieces. The ear skin and the lungs
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were digested using 12.5 mg/mL Liberase™ TL (Roche) for 90 min at 37°C and for 45 min at 37°C, respectively. The digestion was
stopped by diluting with cold PBS supplemented with 50uM B-Mercaptoethanol (Gibco). For the lung, red blood cells were lysed. 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 incubated in RPMI
supplemented with TmM EDTA (Carl Roth), 10mM HEPES (Sigma-Aldrich), 5% DTT (Sigma-Aldrich) for 30 min at 37°C. To isolate the
lamina propria lymphocytes, the intestinal pieces were digested with 1.5 mg/mL Collagenase D (Roche), 0.5 mg/mL Dispase I
(Roche) and 20 pg/mL DNase | (Sigma-Aldrich) for 30 min at 37°C. Density gradient centrifugation (Percoll, Sigma-Aldrich) was
used to purify the lymphocytes obtained from every organ as indicated by the manufacturer.

For isolation of resident cells from the adipose tissue, the inguinal lymph node was removed and the embedding adipose tissue
was isolated. Next, the adipose tissue was chopped into small pieces and digested using 1 mg/ml Collagenase D (Roche),
20 ng/mL DNase | (Sigma-Aldrich) and 10 mM HEPES (Sigma-Aldrich) for 40 min at 37°C. The digestion was stopped by diluting
with cold PBS supplemented with 50 uM B-Mercaptoethanol (Gibco).

Cytokine measurement in the culture supernatants
Cytokine production was assessed in the supernatant of single cell suspension isolated from different LNs (see the In vitro PMA-ion-
omycin activation section) using a bead-based immunoassay (LEGENDplex™) following the manufacturer instructions.

LN transplantation

For transplantations of mesLN into the popliteal fossa, BALB/c recipient mice were first anesthetized with ketamine (Pfizer) and xy-
lazine (CP Pharma), then the skin of the popliteal fossa of the right hind leg was opened and the endogenous pLN and surrounding fat
tissue were removed. mesLN collected from BALB/c donor mice was placed into the popliteal fossa, and the cut was sewn with
absorbable suture (Ethicon). After 8 weeks when all lymphatic and blood vessel connections to the transplanted LN restored, trans-
planted mesLN was harvested for flow cytometry analysis. Successful engraftment of transplanted mesLN was assessed by footpad
injection of 20 ul Patent V (25 mg/ml, Sigma-Aldrich) into CO,-euthanized mice.

The transplantation of sdLNs into the mesenteric tissue was previously described (Shaikh et al., 2021). Briefly, recipient C57BL/6
mice were first anesthetized with ketamine (Pfizer), xylazine (CP Pharma) and acepromycin (CP Pharma) and their abdomen shaved.
Mice were s.c. injected with the perioperative analgesic Carprofen 5 mg/kg (Midas Pharma GmbH) to relieve pain 30 min before
opening the abdominal cavity and every 12 h up to the third day after the surgery if required. A 1-1.5 cm midline incision was
made in the skin and in the peritoneum on the linea alba and the mesLN of the mice were excised with minimal fat and connective
tissue avoiding excessive bleeding. Donor sdLNs (inguinal, axillary, and brachial) collected from B6.Ubc-GFP or B6.Venus mice were
placed into the recipient’s mesenteric tissue and joined using two-component fibrin glue TISSEEL (Baxter). The peritoneum and skin
were closed with three and four non-consecutive stitches with coated VICRYL® (polyglactin 910) suture, respectively. The drinking
water was supplemented with Baytril (Enrofloxacin, 0.05%) for 7 days after surgery to avoid infections. After 8 weeks, when all
lymphatic and blood vessel connections to the transplanted LN restored, transplanted sdLNs was harvested for flow cytometry
analysis.

Confocal microscopy

To perform confocal microscopy, LNs were isolated and fixed in PLP buffer (0.05 M phosphate buffer containing 0.1 M L-lysine (pH
7.4, Sigma-Aldrich), 2 mg/ml NalO, (Sigma-Aldrich) and 10 mg/ml paraformaldehyde (Carl Roth) for 12 h at 4°C. Samples were de-
hydrated with 30% sucrose (Sigma-Aldrich) at 4°C overnight. Organs were embedded in OCT freezing media (Sakura Finetek) and
stored at -80°C. Serial 30 um sections were cut on a CM3050S cryostat (Leica) and adhered to Superfrost Plus object slides (VWR).
After rehydration with PBS for 10 min at RT, sections were permeabilized and blocked with PBS containing 1% FCS (Sigma-Aldrich),
1% GCWES (Sigma Aldrich), 0.3% Triton-X 100 (Carl Roth) and 1% normal mouse serum (Invitrogen) for 30 min at RT. Staining was
performed in blocking buffer at 4°C overnight. Sections were washed with 0.1 M Tris buffer and mounted with Fluoromount-G (In-
vitrogen). Acquisition was performed on a Zeiss LSM 710 confocal microscope with ZEN acquisition control software or a Leica
SP8 confocal microscope with LasX software. Confocal images were imported into Imaris (v8.3, Bitplane) for further analysis. The
following antibodies were used for staining: «B220 (RM2628; ThermoFisher), «CD3 (17A2), «ERT-R7 (sc-73355, Santa Cruz),
aGFP (A21311; ThermoFisher), oTCR /3 (GL3, BioLegend).

Intravital microscopy
Mice were anesthetized, popliteal LNs were exposed, and intravital microscopy was performed using a protocol modified from a pre-
vious report (Kastenmuller et al., 2013). Raw imaging data were processed and analyzed with Imaris (Bitplane).

Hashtagging for scRNA-seq

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 (Biolegend) was added and incubated for 30 minutes 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.
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scRNA-seq library preparation and sequencing

The population of interest were enriched using FACSAria Il (BD Biosciences), before being encapsulated into droplets with the
ChromiumTM Controller (10x Genomics) 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 iden-
tifier (UMI). cDNA libraries were generated using the Chromium™ Single Cell 3’ Library & Gel Bead Kit v2 for the CXCR6M"/CD44+
cells (Figure 4A) or v3 for the other samples (Figures 5D and 2B) (10x Genomics) following the detailed protocol provided by the manu-
facturer. Libraries were quantified by QubitTM 3.0 Fluometer (ThermoFisher) and quality was checked using 2100 Bioanalyzer with
High Sensitivity DNA kit (Agilent). Libraries were sequenced with the NovaSeq 6000 platform (S1 Cartridge, lllumina) in 50 bp paired-
end mode. 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 of mouse genes and generation
of gene-barcode matrix. Subsequent data analysis was performed using Seurat R package (version 3.2) (Stuart et al., 2019).

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 hashtag signal. Cells that were classified as ’singlet’ and identified by hashtags were
retained and used for downstream analysis (Stoeckius et al., 2018).

scRNA-seq analysis

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. For the 4 h post infec-
tion data set (Figure 5D) cells with UMI counts lower than 1000 and above 3800, as well as cells having more than 6% of mitochondrial
transcripts and more then 22000 total transcripts were excluded. For the data set comparing lymph nodes (Figure 2B) 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 (resi-
dent) or 10000 (circulating) total transcripts were excluded. Circulating and resident samples (Figure 2B) 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 mani-
fold approximation and projection (UMAP) of the identified clusters. For the sample generated 4 h post infection (Figure 5D) and the
samples comparing distinct lymph nodes (Figure 2B), contaminating clusters containing B cells, monocytes and classical T cells were
removed from the analysis based on marker genes.

Activation and Th scores was calculated using gene lists (Table S1D) with AddModuleScore function from Seurat.

QUANTIFICATION AND STATISTICAL ANALYSIS

Apart of the genomic data, all the biological data were analyzed using Prism 8 software (GraphPad) by two-tailed unpaired Student’s
t-test, Mann-Whitney test, one-way ANOVA tests or two-way ANOVA tests.
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Supplementary Figure 1. Different LNs generate characteristic UTC-dependent immune
responses, Related to Fig. 1

a/b) Flow cytometry-derived plots showing the cytokine production in all living cells from LNs
(inguinal LN (sdLN), mediastinal LN (medLN) and mesenteric LN (mesLN)) stimulated with PMA
(0,250 mg/ml) plus lonomycin (1 mg/ml) for 4 h. c¢/d) Flow cytometry-derived plots showing the gating
strategy used for UTCs, ¢) which are identified as CD3* CD4/CD8"™PN cells, and d) the UTCs % among
the cytokine-producing cells. ) Flow cytometric quantification and statistical analysis of the T follicular
helper cells (TfH; CD4* CXCR5* PD-1%) in the sdLN and medLN from C57BL/6J and Cd1d™ mice
that were subcutaneously (s.c.) or intranasally (i.n.) infected with 2x10® PFU of Vaccinia virus (VV)
for 9 days. f) Statistical analysis of the flow cytometric quantification of proliferating UTCs from
infected (d3) axillary LN (aLN) and control LN (NI) of C57BL/6J mice at 3 days post-topical infection
with 1x10® CFU of S. aureus. g) Flow cytometric quantification and statistical analysis of the
proliferating UTCs in the sdLN from C57BL/6J, 1123r 7~and Myd88/Trif - mice that were s.c. infected
with 10" CFU S. aureus. h) Representative plots from the flow cytometric analysis of proliferating
UTCs in the pLN (sdLN) and medLN 3 days after s.c. or i.n. infection with 108 or 10’ CFU S. aureus.
i) Statistical analysis of the flow cytometric quantification of Vy6™ yd T cells in the footpad skin and
the lung of C57BL/6J mice at steady state. The counts of Vy6™ vd T cells were normalized to number
of cells per gram of tissue. j) Flow cytometric quantification and statistical analysis of the CD4/CD8"
cells in the sdLN or medLN 3 days (d3) post-s.c. or -i.n. 10" CFU S. aureus infection of C57BL/6J
mice. K) Statistical analysis of the flow cytometric quantification of sdLN and medLN lymph nodes of
C57BL/6J mice that were not infected (NI) or intranasally or subcutaneously infected with 1x10’ CFU
S. aureus for 3 days. I) Flow cytometric quantification and statistical analysis of the IL-17A-producing
cells in the lung of C57BL/6J mice i.n. infected with 108 CFU S. aureus for 6 h. m) Flow cytometric
and statistical analysis of the yd T cells in the medLN of C57BL/6J mice that were infected s.c. (1x10’
CFU) and/or i.n. (1x10° CFU) with S. aureus for 20 days (primary infection). Mice were re-challenged
with S. aureus (106 CFU) i.n. (secondary infection), and 3 days after the medLN were harvested for
analysis. n) Flow cytometric quantification and statistical analysis of the accumulation of CD44""
CD62L cells upon intraperitoneal (i.p.) anti-CD62L treatment and footpad infection of C57BL/6J mice
with 107 CFU S. aureus. NI = non-infected. Data are showing one representative of two independent
experiments (a,n=3;b,n=3;c,n=4;d,n=3-4; e, medLN B/6 n=6; medLN CD1d ""n=7; pLN
(sdLN) B/6 and CD1d"~, n=8; g, B/6 and 1123r 7~ n =4, Myd88 "~ n=5; h, pLN (sdLN) n = 3; medLN
n=4;i,n=4;j,pLN (sdLN) n=6; medLN n=3;I,n=3; m,n=3; n, NI n=6; d3 n =8) or three (f,
n =9), or two independent experiments (k, n > 3). Error bars indicate the mean + s.e.m. Comparison
between groups (e, f, I, n) was calculated using the unpaired Mann Whitney test **p <0.001; ****p <
0.0001o0r (g, j, k, m) the one-way ANOVA test. **p <0.001 ***p <0.0001. See also Fig. 1.
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Supplementary Figure 2. sScRNA-seq reveals major differences in UTCs composition among
lymph nodes, Related to Fig. 2

a/b) Flow cytometric analysis of CD4 expression among a) all UTCs in the skin draining LN (sdLN)
and b) the CD1d"*"* cells in the sdLN, mediastinal LN (medLN) and mesenteric LN (mesLN) of
C57BL/6J mice. c) Normalized gene-expression visualized for selected marker genes projected on the
UMAP of all hashtagged and single cell-sequenced sdLN-, medLN- and mesLN- derived UTCs. d)
Flow cytometric quantification and statistical analysis showing the IL-4 and IFNy production in all
CD1d™* cells stimulated with PMA (0,250 mg/ml) plus lonomycin (1 mg/ml) for 4 h. Cells were
isolated from the from the spleen of C57BL/6J mice. e) Flow cytometric quantification and statistical
analysis of the CD4-expressing CD1d™"* cells in the sdLN, medLN and mesLN of C57BL/6J mice.
Data are showing one experiment from pooled mice (c, n = 10) or three independent experiments (a, b,
n=23;d n=29 e n=6). Error bars indicate the mean +s.c.m. Comparison between groups was
calculated (a, b) using the two-way ANOVA test. *p < 0.01; **p < 0.001; ****p < 0.0001; and (d)
unpaired Mann Whitney test ***p <0.0001. See also Fig. 2 and Table Sla.
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Supplementary Figure 3. UTCs continuously migrate from tissues to draining lymph nodes,
Related to Fig. 3

a) Flow cytometric quantification and statistical analysis of pLN (sdLN) 4 h post- S. enterica infection.
Contour plot (right) is the overlay of UTCs IL-17A/F* (blue) and UTCs IFNy* (black) showing the
CXCR6 and ITGP7 expression. b) Flow cytometric quantification and statistical analysis of skin
draining (sdLN) lymph nodes of C57BL/6J mice that were subcutaneously infected with 1x10” CFU S.
aureus for 4 h. ¢) Flow cytometry-derived plots comparing the relative frequency of the UTCs ITGB7*
CXCR6* in the popliteal LN (sdLN) and blood from C57BL/6J mice. Histograms show the CD62L
expression among the UTC ITGB7" CXCR6* population and within undefined UTCs. d) Statistical
analysis comparing the frequency of GFP* cells among the CD44"%" CD62L- UTCs of endogenous
sdLN and control mesenteric LN (mesLN), and donor-derived sdLN transplanted into the mesenteries.
The LNs were harvested and analyzed 8 weeks post-transplantation. e) Flow cytometric quantification
and statistical analysis of the UTCs subsets among photoswitched (Dendra red*) from the sdLN of
Dendra2 mice. f) Flow cytometric quantification and statistical analysis of the LCK expression among
UTCs from the skin of C57BL/6J mice. Data are showing one representative of two independent
experiments (a=4; b,n=6;c,d, f,n=3;c,n=3-5). Error bars indicate the mean + s.e.m. Comparison
between groups was calculated (c) using the one-way ANOVA. ****p < 0.0001; and (b, e, f) using the
unpaired Mann Whitney test **p <0.001; ***p <0.0001****p < 0.0001. See also Fig. 3
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Supplementary Figure 4. UTCs share the same homeostatic niche across lineages, Related to Fig.
4

a) Gating strategy used for sorting UTCs from popliteal LN (sdLN) for the steady-state SCRNA-seq
analysis. b) Normalized gene-expression visualized for selected marker genes projected on the UMAP
of steady-state. ¢) Flow cytometric analysis showing the UTCs subsets and their lineage composition
in steady-state sdLN (Fig. 4A) of C57BL/6J, Tcrd”, Cd1d”, Mr1”, and B6-MAITCAST (CAST) mice.
d) Flow cytometry-derived plots and quantification showing the refined gating strategy (CD3*
CD4/CD8™PN ITGB7* CXCR6*) and the lineage composition of UTCs in the skin draining LN (sdLN)
at steady-state. Statistical analysis of the flow cytometric quantification of UTCs in the mesLN, medLN
and sdLN from triple KO (Tcrd”/Mr17/Cd1d’) mice, and littermate control at steady-state. Data are
showing pooled data from one experiment with pooled mice (b, n = 10), and one representative of three
(a, ¢, d, n =3) or two (e, n = > 4) independent experiments. Error bars indicate the mean+s.e.m.
Comparison between groups was calculated (e) using the two-way ANOVA. See also Fig. 4 and Table
Sib.
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Supplementary Figure 5. UTCs operate in functional units, Related to Fig. 5

a) Depiction of the modification of the 1118r1 locus. The upper panel ("1118r1 locus") shows the original
locus, the middle panel ("Insert™) shows the locus after construct integration, containing a FRT-flanked
neomycin-cassette. The lower panel ("After flippase™) shows the construct after exertion of the
neomycin. b/c) Flow cytometric quantification and statistical analysis of IL18R™™* [L23R®* b)
UTCs, conventional T and CD3 negative cells comparing the sdLN and the mesLN and c) the expression
of ITGB7, CXCR6 and CD44 in the IL18R™™* [L23R®™P* UTCs compartment. d) Confocal
immunofluorescence image of a sdLN showing the microanatomical localization of CXCR6™"* CD3*
cells at steady state. e) Confocal immunofluorescence image of a skin-draining LN (sdLN) showing the
microanatomical localization of the IL18R™™" IL23R®"* TCR y&* or TCR v3 ~ cells at steady state. f)
Intravital sdLN image and statistical analysis of the migrational behavior of CXCR6%* cells at steady
state. g) Intravital sdLN image and statistical analysis of the migrational behavior of CXCR6%* cells
4 h after S. aureus infection. h/i) Normalized gene-expression visualized for selected marker genes
projected on the UMAP of h) 4 h post S. aureus infection and i) steady state SCRNA-seq. j) Ex vivo
flow cytometric analysis and statistical quantification of IFNy production in the spleen 4 h after 108
CFU S. enterica (Xen33) intravenous infection of C57BL/6, Tcrd™”, Cd1d™”, Mr1”, and B6-MAITCAST
(CAST) mice. k) Colony-forming units (CFU) comparing the pLN (sdLN) and mesLN at 8 h post S.
aureus (subcutaneous) and (intravenous) infection, respectively. Data are showing one representative
of three independent experiments (b, SALN n =5, mesLN n=4;c,n=5;d, f, g, n = 3), or two
independent experiments (e, n = 3; j, n =3 - 5; k, n =5), or one experiment with pooled mice (h, i,n=
10). Error bars indicate the mean + s.e.m. Comparison between groups (b, (left)) was calculated using
the one-way ANOVA test. **p <0.001; and (b (right), j, K) using the unpaired Mann Whitney test *p
<0.01, ****p < 0.0001. See also Fig. 5, Table Sla/b and Videos S2/4.

109



Statement of individual author contributions and of legal second publication rights to
manuscripts included in the dissertation

Manuscript 2 (complete reference): Ataide, M. A.*, Knépper, K.*, Cruz de Casas, P.*,Ugur, M.,
Eickhoff, S., Zou, M., Shaikh, H., Trivedi, A., Grafen, A, Yang, T., Prinz, |., Ohlsen, K., Gomez de
Aglero, M., Beilhack, A., Huehn, J., Gaya, M., Saliba, A. E., Gasteiger, G., Kastenmiiller, W._;
Lymphatic migration of unconventional T cells promotes site-specific immunity in distinct lymph nodes,
Immunity, 2022, 55 (10): 1813-1828

*authors contributed equally

Participated in Author Initials, Responsibility decreasing from left to right
HS, AT, KO,
Study Design WK, MA, MU, SE, AG, [MZ, MGA, v
Methods Development PCC, KK IP, AES AB, JH, MG,
GG
. PCC, KK, HS, AT, AG,
Data Collection MA SE
Data Analysis and MA, PCC, MU, AT, MG,
Interpretation KK SE, AES, MZ
Manuscript Writing WK, PCC, MU, GG
Writing of Introduction KK, MA
Writing of Materials &
Methods
Writing of Discussion
Writing of First Draft

Explanations (if applicable): PCC, KK and MA are the shared co-first authors, and contributed equally
to each part of the manuscript preparation, revision and submission. WK is the primary supervisor.

If applicable, the doctoral researcher confirms that she/he has obtained permission from both the
publishers (copyright) and the co-authors for legal second publication.

| hereby confirm that | have obtained permission from Elsevier publisher and shared first co-authors
Marco Ataide and Konrad Knopper for legal second publication. | also confirm Wolfgang Kastenmiiller's
(primary supervisor) acceptance.

The doctoral researcher and the primary supervisor confirm the correctness of the above mentioned
assessment.

Paulina Cruz de Casas

Doctoral Researcher's Name Date Place Signature

Konrad Knépper

First co-author's name Date Place Signature
Marco Ataide
First co-author's name Date Place Signature

Prof. Dr. med. Wolfgang Kastenmiiller

Primary Supervisor's Name Date Place Signature

110



Statement of individual author contributions to figures/tables of manuscripts included
in the dissertation

Manuscript 2 (complete reference): Ataide, M. A.*, Knépper, K.*, Cruz de Casas, P.*,Ugur, M.,
Eickhoff, S., Zou, M., Shaikh, H., Trivedi, A., Grafen, A., Yang, T., Prinz, |., Ohlsen, K., Gomez de
Aglero, M., Beilhack, A., Huehn, J., Gaya, M., Saliba, A. E., Gasteiger, G., Kastenmiiller, W._;
Lymphatic migration of unconventional T cells promotes site-specific immunity in distinct lymph
nodes, Immunity, 2022, 55 (10): 1813-1828

*authors contributed equally

Figure Author Initials, Responsibility decreasing from left to right
1 MA, PC, KK WK
2 MA, PC, KK WK
3 MA, PC, KK WK
4
5

MA, PC, KK WK
MA, PC, KK WK
Table Author Initials, Responsibility decreasing from left to right

1a-d KK |WK, AES | | |
Videos Author Initials, Responsibility decreasing from left to right
s1-s4 |MA SE [wi | | |

Explanations (if applicable): Main Figures 1-5 and associated Supplementary Figures 1-5, as well as
Supplementary Tables 1 a-d, are considered in the contributions

If applicable, the doctoral researcher confirms that she/he has obtained permission from both the
publishers (copyright) and the co-authors for legal second publication.

| hereby confirm that | have obtained permission from Elsevier publisher and co-authors Marco Ataide
and Konrad Knépper for legal second publication. | also confirm Wolfgang Kastenmiiller's (primary
supervisor) acceptance.

The doctoral researcher and the primary supervisor confirm the correctness of the above mentioned
assessment.

Paulina Cruz de Casas

Doctoral Researcher's Name Date Place Signature

Konrad Knépper

Doctoral Researcher's Name Date Place Signature
Marco Ataide
Doctoral Researcher's Name Date Place Signature

Prof. Dr. med. Wolfgang Kastenmiiller

Primary Supervisor's Name Date Place Signature

111



Publishers copyright permissions

CCC | rightsLink ® B

Lymphatic migration of unconventional T cells promotes site-specific immunity in distinct lymph nodes

Immunity EEmees

Marco A. Ataide Konrad Kndpper,Paulina Cruz de Casas,Milas Ugur,Sarah Eickhoff, Mangge Zou,Haroon Shaikh,Apurwa Trivedi,Anika Grafen,Tao Yang,Immao
Prinz,Knut Ohlsen,Mercedes Gomez de Agliero,Andreas Beilhack Jochen Huehn,Mauro Gaya et al.

Publication: Immunity
Publisher: Elsevier
Date: 11 October 2022

© 2022 Elsevier Inc.

Journal Author Rights

Please note that, as the author of this Elsevier article, you retain the right to include it in a thesis or dissertation, provided it is not published commercially. Permission is not required,
but please ensure that you reference the journal as the original source. For more information on this and on your other retained rights, please
visit: https://www.elsevier.com/about/our-business/policies/copyright#Author-rights

m CLOSE WINDOW

112



Summarising Discussion

Together, in our work we uncovered novel cell intrinsic and extrinsic roles of SL in modulating
T cell function, thereby highlighting the importance of this pathway for lymphocyte biology. Previous
studies have shown how the bioactive function of SL is dependent on their location within the cell or
their secretion to the extracellular milieu. For these reasons, we hypothesized that PM SL would
intrinsically modulate CD8* differentiation, whereas secreted SL would extrinsically regulate UTC
migration. Our studies highlight the heterogeneous roles that one category of lipids can exert on T cell
function. Here, we solely investigated the function of two members of the SL metabolism pathway in
CD8* T cell differentiation and UTC migration, which are basic T cell functions. However, SL are
comprised by numerous species and subspecies that should be investigated to understand the complete
SL metabolism in T cells. Consistently, an in-depth characterization of the total lipidome in T cells would
lay the foundation for the development of novel vaccination regimens and therapeutic approaches to

treat various human conditions that involve the immune system.

Chapter I. The role of SmpdI3b in CD8*T cells.

Previous studies have depicted the role of various receptors, epigenetics, and metabolism in
CD8* T cell differentiation from naive to effector or memory populations!'3. However, the exact
mechanism behind the fate decision of a naive CD8* T cell is not completely clarified. Furthermore,
limited studies have investigated the role of the PM in this process and have mainly focused on TCR
activation events!’>84. We hypothesized that SL metabolism could be involved in CD8* T cell
differentiation since SM is the most abundant SL in the PM®:86 and forms part of lipid rafts'?7.128,
Therefore, we compared the SL profile of naive, effector and memory (TCM and TEM) CD8* T cells and
found a differing SL content between these populations. Moreover, we found that the enzyme
sphingomyelin-phosphodiesterase acid-like 3b (SmpdI3b), a lipid-raft anchored phosphatase with
supposed SMase activity, is crucial for the formation of memory CD8* T cells during an acute infection
setting, and for the maintenance of CX3CR1" IL-7R* TCM and CX3CR1™ IL-7R* TPM subpopulations.
By making use of diverse functional assays, HPLC-MS/MS analysis and scRNA-seq datasets, we
established that SmpdI3b regulates memory CD8" T cell survival via a SM-independent mechanism.
Importantly, we and others have not been able to show SMase activity for SmpdI3b*7188 Nonetheless,
our scRNA-seq data indicated that SmpdI3b regulates clathrin-mediated endocytosis and apoptosis
processes by balancing the levels of Hipl, which encodes Huntingtin interacting protein 1 (Hipl). Hipl
modulates endocytosis and cell death by functioning as an adaptive protein between i) clathrin and other
proteins involved in this endocytosis pathway*®, and ii) forming complexes where caspase 8 can be
activated*®.

Recent studies have suggested functional similarities between SmpdI3b and its structural
analog Smpdi3a®’. Specifically, both enzymes act as phosphatases and nucleases!®’:188191
independent of SM. Interestingly, a new study from Hou et al. identified the physiological function of
SmpdlI3a as a cGAMP-degrading enzyme, hence regulating the cGAS-STING pathway and modulating
innate immunity°21%3, Moreover, SmpdI3b has also been described as a modulator of innate immunity
through TLR3 and TLR4 signaling®81%4. The similarities between Smpdi3a and SmpdI3b, in addition to

the accumulation of Hipl in Smpdi3b-deficient CD8* T cells, lead us to speculate its mechanism of
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action. Likely, SmpdI3b acts as a protector of CD8* T cell memory formation during an acute infection
by degrading extracellular cyclic dinucleotides (CDNSs), such as cGAMP, released by apoptotic CD8*
cells dying during the contraction phase, and by infected cells'31951%7 |t has been shown that activation
of the cGAS-STING pathway in CD8* T cells leads to apoptosis, following a similar kinetics than the
SmpdI3b-deficient CD8* T cells (Chapter |. The role of SmpdI3b in CD8* T cells. Figure 3A)%81%, Hence,
SmpdI3b might be expressed to protect the memory precursor and early memory CD8* T cells during
the contraction phase of the CD8* T cell response, by degrading the large quantities of toxic CDNs
released by dying cells, avoiding their internalization. Finally, SmpdI3b-deficiency leading to enhanced
Hipl-mediated endocytosis, via a yet unknown mechanism, would lead to a defect in degrading these
molecules and to the T cells endocytosing them, thus activating the STING pathway, leading to cell
death. An additional mechanism could be the modulation of survival signaling pathways for memory
CD8* T cells, such as IL-7 or IL-15. The loss of SmpdI3b leading to enhanced endocytosis could affect
essential survival signaling pathways which rely on ligand-receptor endocytosis, thus leading to cell
death200-202'

Interestingly, the CX3CR1™ IL-7R* TPM subpopulation was most severely affected by the
SmpdI3b-deficiency (Chapter I. The role of SmpdI3b in CD8" T cells. Figure 3A and Supplementary
Figure 3F). Peripheral memory T cells (TPM) are defined as a self-renewing memory CD8" T cell subset
that patrols non-peripheral tissues and SLO through CCR72%. Similarly, CX3CR1* non-classical
monocytes express high levels of SmpdI3b%72%* and patrol the microvasculature of non-lymphoid
tissues?%>297, Whether CX3CR1* monocytes are affected by SmpdI3b-deficiency is currently unknown
and should be the focus of future studies. Nonetheless, the similar migratory behavior and role of these
patrolling populations suggests that SmpdI3b could be important for their maintenance. Yet, our data
indicates that SmpdI3b is not directly involved in cell migration, since the detected phenotype of the
SmpdI3b-deficient CD8* T cells was equally observed in blood, SLO, salivary glands and small intestine
(Chapter I. The role of SmpdI3b in CD8" T cells. Figure 3A and Supplementary Figure 3F). Interestingly,
patrolling monocytes can be described as a more terminally differentiated population derived from their
Ly6C* counterparts?®®, In accordance with our data, it is possible that Smpdi3b regulates the
maintenance of less differentiated, stem-like populations such as SmpdI3b™ CX3CR1" IL-7R* TCM,
SmpdI3b"™ CX3CR1* IL-7R* TPM and SmpdI3b™ CX3CR1  Ly6C* monocytes by regulating their
differentiation into more terminal populations, such as SmpdI3b"" CX3CR1* IL-7R- TEM and
SmpdI3bM" CX3CR1* Ly6C-monocytes. The commonalities between T cell and monocyte populations

deficient on SmpdI3b should be further investigated.

Chapter Il. Lymphatic migration of unconventional T cells promotes site-specific immunity in

distinct lymph nodes.

The configuration of the lymphatic system, with each tissue being connected to one or more
dLNs, allows a constant flow of information reaching the LN and assessing the status of the tissue.
MigDCs are the prime example of the importance of this connection, since they migrate via the afferent
lymphatics to dLNs carrying tissue-specific antigens?®5%, Furthermore, migDCs are imprinted by their
tissue of origin, hence can program lymphocytes to specifically migrate to the affected tissue and exert
their effector functions®-7. Our work shows how UTCs function as an additional link between tissues
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and dLNs, and how they orchestrate LN-specific immune responses. In agreement with recent
publications, we found that LNs draining distinct organs mount different immune responses, even
towards the same stimulus or pathogen (Chapter Il. Lymphatic migration of unconventional T cells
promotes site-specific immunity in distinct lymph nodes. Figures 1 and 5; Appendix A. Review. Same
yet different — how lymph node heterogeneity affects immune responses)®2%°, Importantly, UTCs were
largely responsible for the observed heterogeneous responses in distinct LNs. Intrigued by such a
diverse group of cells influencing LN heterogeneity, we decided to further characterize UTCs in distinct
tissues. As stated, UTCs differentiate already in the thymus into Thl-, Th2- and Th17-like cells53%°.
Consistently with previous reports, we made use of sScRNA-seq and flow cytometry to identify Thl-like
UTCs in lung and small intestine, and Th17-like UTCs in skin and lung, and the respective dLNs of these
organs!6:210211 (Chapter 1. Lymphatic migration of unconventional T cells promotes site-specific
immunity in distinct lymph nodes. Figures 1, 2 and 3A). Hence, diverse UTC Th-like phenotypes reflect
the observed cytokine profile of each dLN. Interestingly, we also found a naive-like population of UTCs
equally distributed in the analyzed LNs, suggesting no contribution to the observed LN heterogeneity.
The origin of the Th-like differentiated UTCs in each dLN turned out to be the drained tissue. All UTC
lineages (y® T cells, MAIT and NKT) migrated through the lymphatics in a S1P/S1PR-dependent
fashion, as previously reported for yd T cells (Chapter II. Lymphatic migration of unconventional T cells
promotes site-specific immunity in distinct lymph nodes. Figure 3)336889 This striking finding is important
because these cells are considered to be tissue-resident?”-53:99,

An additional interesting finding was that UTC individual lineages were not grouped as single
clusters in our scRNA-seq analysis. Instead, each cluster contained a mixture of all lineages, and the
segregation was due to other markers, such as chemokine or cytokine receptors. The observed
homogeneity at a transcriptional level and shared migratory behavior (Chapter II. Lymphatic migration
of unconventional T cells promotes site-specific immunity in distinct lymph nodes. Figures 2 and 3)
indicated great similarities between UTC lineages. The different UTC lineages are historically studied
as independent fields of research. However, recent studies suggest that these cells develop similarly
and have overlapping functions in specific contexts®399103178  Qur work demonstrates that the distinct
UTC lineages, including the less characterized a3 UTCs, are organized in functional units based on: i)
transcriptional homogeneity (Chapter Il. Lymphatic migration of unconventional T cells promotes site-
specific immunity in distinct lymph nodes. Figure 2 and Supplementary Figure 2), ii) similar migratory
behavior and location (Chapter II. Lymphatic migration of unconventional T cells promotes site-specific
immunity in distinct lymph nodes. Figure 3E and G, Figure 5A and Supplementary Figure 5D-E), iii)
cytokine-mediated activation and function (Chapter Il. Lymphatic migration of unconventional T cells
promotes site-specific immunity in distinct lymph nodes. Figure 5), and iiii) redundancy (Chapter II.
Lymphatic migration of unconventional T cells promotes site-specific immunity in distinct lymph nodes.
Figures 4 and 5).

In brief, our study shows how SL extrinsically mediate the migration of UTC functional units from
tissues to dLNs via the S1P/S1PR1 axis in homeostatic conditions, and how this influences the
heterogeneous immune responses mounted by individual LNs. Importantly, limited studies have studied
the heterogeneity between distinct LNs®-67, which lead us to write a Review to highlight the importance

of this concept (Appendix A. Review. Same yet different — how lymph node heterogeneity affects
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immune responses)?'2, Significantly, this ground-breaking study established how independently
investigated cell lineages, that are considered tissue-resident populations, function as a group of cells
that exhibit a common SL-dependent migratory pattern, both in homeostatic and inflammatory
conditions. A comprehensive understanding of the physiological function of UTC migration from tissues

to dLNs should be the focus of future studies.

Integration of chapters | and II: sphingolipid metabolism as a modulator of T cell biology via

survival signaling pathways.

Taken together, our results highlight the importance of the SL metabolic pathway in modulating
the basic biology of various T cell populations. Independently of regulating UTC migration from tissues
to SLO, the S1P/S1PR1 signaling axis has been shown to modulate naive and memory T cell
survival'®"1%8  Additionally, the survival roles of S1P have been reported in various settings?'3-219,
Therefore, S1P is a crucial survival molecule for the homeostatic maintenance of naive and memory
Tconv. The high concentrations of S1P in blood and lymph modulate the transient migration of naive
Tconv that have reduced surface levels of SIPR1 (desensitization). Once naive, and likely memory,
Tconv access the LN, they stay for 12-24 hours searching for their cognate antigen®?°. When antigen is
not encountered, Tconv upregulate S1IPR1%8143in order to exit the LN by following the gradient towards
the lymph. Importantly, within LNs a S1P gradient also exists, with low concentrations in the parenchyma
and higher concentrations at exit sites — the cortical sinuses'®¢. S1P also has important functions in
positioning lymphocytes in the right location“>2?, similar to chemokines. Likely, the low-intermediate
concentrations of LEC-derived S1P in LNs are enough for it to act as a survival factor, without inducing
complete desensitization as in the blood and lymph'57.158, Whether S1P/S1PR1 signaling is necessary
for UTC survival is yet to be investigated. However, it could explain the migratory behavior of UTCs from
tissues to dLNs during homeostatic conditions. Possibly, UTCs upregulate S1PR1 in tissues to migrate
from a S1P-poor environment (tissues) via the S1P-rich lymphatics, where they downregulate surface
S1PR1, similarly to naive and memory Tconv. When accessing the S1P-low/intermediate dLNs, UTCs
upregulate S1PR1. Hence, tissue-derived UTC migratory behavior (tissue-dLN.blood) might be
essential to assure access to S1P, which acts as a survival molecule as it does for naive and memory
TconV157,158_

Considering that naive CD8* T cells do not express SmpdI3b, whereas memory cells do, it is
not obvious why SmpdI3b could be crucial for the S1P/S1PR1-mediated T cell survival (Chapter |. The
role of SmpdI3b in CD8" T cells. Figure 2B). However, we and others have shown the phosphatase
activity of SmpdI3b (Chapter |. The role of SmpdI3b in CD8* T cells. Figure 2E)'®7.188  Therefore, one
possible mechanism could be that SmpdI3b degrades extracellular S1P to sphingosine to balance the
S1P/S1PR signaling in the close proximity of the SmpdI3b* memory T cells, assuring the right amount
of survival signaling and SLO egress. Nonetheless, the active site of SmpdI3b has not been reported to
bind S1P®, and sphingosine has been described as a pro-apoptotic molecule!?®?22, A more likely
mechanism could be explained through the enhanced Hipl-mediated endocytosis suggested by our
ScRNA-seq analysis in the SmpdI3b KO cells. S1PR1 is internalized upon binding of S1P, but later
recycled back into the cell surface??2?4, Likely, the S1P/S1PR1 signaling axis could be affected in the
SmpdI3b KO cells by enhanced internalization or impaired recycling back into the surface, thus hindering
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this signaling pathway and provoking cell death. Accordingly, the need of S1P/S1PR1 signaling within
the lymphatics for memory CD8" T cell survival matches the loss of TCM and TPM in SmpdI3b KO cells.
TCM and TPM migrate between SLO and peripheral tissues, respectively. However, TEM exclusively
recirculate between the blood and spleen?®, hence they might have distinct requirements for their
maintenance. Finally, SmpdI3b could be exclusively required for memory CD8" T cells due to the
differing membrane fluidity between naive and memory populations. Memory CD8* T cells have been
reported to have more and larger lipid rafts, thus different fluidity, when compared to their naive
counterparts'’. By being a lipid-raft bound enzyme!87.188225  SmpdI3b could be essential to guarantee
adequate signaling events that would otherwise be altered by the presence of more lipid rafts in memory
cells.

In line with the potential role of SmpdI3b affecting S1P-mediated signaling and survival, it has
been shown that SmpdI3b* patrolling monocytes express S1PRS5, while their classical counterparts do
not?*. Interestingly, one of the DEG between SmpdI3b WT and KO CD8* T cells from our scRNA-seq
data was S1PR5, which is upregulated in the SmpdI3b KO cells (Chapter I. The role of SmpdI3b in CD8*
T cells. Figure 6E). S1PR5 has the highest affinity for S1P3% among all S1P receptors, and is essential
for NK cell migration?26227, the survival and circulation of patrolling monocytes??8, and an antagonist of
TRM retention in tissues??®. S1IPR5 downregulation is induced by Thet and Zeb2 to assure tissue
residency of T cells??®. In monocytes, SmpdI3b could be involved in regulating the intensity of the
S1P/S1PRS5 signaling pathway for migration and survival. Alternatively, SmpdI3b could be involved in
modulating the surface levels of distinct S1IPRs and balance these distinct signaling pathways in T cells
and monocytes®®®, Thus, the loss of SmpdI3b could favor SIPR5 over S1PR1, hence affecting
S1P/S1PR1 survival signaling in CD8* T cells. Describing whether S1PR5 is also downregulated in the
presence of S1P, and whether it is involved in survival pathways, should be clarified.

Besides S1P acting as a pro-survival molecule, certain cytokines are crucial for the maintenance
of distinct immune cell populations. For instance, IL-7 and IL-15 maintain memory CD8* T cells and
UTCs homeostasis!?230-234 while GM-CSF maintains monocytes?®. Our data suggests that memory
CD8* T cells, more specifically TCM and TPM, and UTCs require specific survival signaling, possibly
via S1P or survival cytokines primarily in LNs. Thus, SmpdI3b could be involved in modulating this
signaling axis in CD8* T cells by a yet unknown mechanism. Since patrolling monocytes do not access
LNs in homeostatic conditions, it is likely that they are exposed to their survival molecules within the
circulation. Importantly, the diverse function of each population is reflected in their location and migratory
behavior, the latter assuring access to the required survival factors that would not be encountered by
static populations.

Our findings reveal that utilizing the SL metabolism to modify T cell-mediated immune responses
could be of great importance for improving the outcome of disease. Currently, several drugs have been
approved to treat human diseases by manipulating the SL pathway. Examples are Fingolimod and
Siponimod, used to treat MS by interfering with S1P-dependent migration of lymphocytes®®?, or the off-
target effects of antidepressants, such as amitriptyline, inhibiting acid sphingomyelinase (ASM)82:236,
which leads to a potential reduction of T cell-mediated inflammation?. An important recent publication
by Zheng, X., et al. (2023) showed how the pharmacological modulation of ASM and neutral

sphingomyelinase (NSM) activity in tumour infiltrating NK cells, in combination with immunotherapy,
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improves the efficacy of antitumour immunity?®”. Another example is Rituximab, an approved
monoclonal antibody (anti-CD20) used to treat B cell-mediated malignancies and to prevent antibody-
mediated allograft rejection?38-24°, Off-targets of Rituximab are SmpdI3b in vivo and Asm in vitro?41242,
Interestingly, some patients that experienced kidney transplantation and suffered of focal segmental
glomerulosclerosis (FSGS) went into remission following Rituximab treatment. SmpdI3b is
downregulated during FSGS, and the reversion of this phenotype by Rituximab seems to be
beneficial?*®. Rituximab stabilizes SmpdI3b in the PM, having a protective effect for kidney diseases
whose phenotype involves SmpdI3b downregulation?8241:243 |mportantly, most of these treatments are
used systemically. Hence, it is imperative to investigate their impact on specific T cell lineages (e.qg.
FTY720 and UTCs) and monocytes (Rituximab).

In conclusion, we propose that SmpdI3b activity and S1P-mediated migration from tissues to
LNs are important for accessibility to survival signals required by memory CD8* T cells and tissue-
derived UTCs, mainly within LNs. In depth characterisation of the SL pathway within distinct T cell
populations during development, homeostasis, autoimmunity, and inflammation will allow the
identification of potential specific targets to enhance or dampen T cell responses in a context-dependent
and timely manner. Notably, the existence of already approved drugs directly or indirectly targeting this
pathway, in combination with T cell specific-deficient models, will deepen our understanding in SL
function in T cells. Remarkably, the development of molecules to specifically modulate the SL
metabolism in T cells, rather than systemically, will only be achieved by understanding the SL

metabolism in a spatiotemporal and context-specific fashion.

Limitations of the study

In this study, we unveiled novel intrinsic and extrinsic roles of SL for the basic biology of T cells.
However, several limitations were encountered in both studies and will be highlighted in the following
section.

Up to date, the SL research field still faces several technical challenges that limit our
understanding of these molecules in distinct contexts. Methods for extracting and detecting whole cell-,
organ-specific and organelle-specific SL are limited and require large cell numbers'?®. Additionally,
specific antibodies targeting lipids for techniques such as imaging, flow cytometry or Western Blot are
limited, owing to lipids being poorly immunogenic small molecules?*245, Besides these technical
difficulties of the SL research field, an important biological challenge is the high interconnectivity of the
SL pathway due to the various enzymes with opposing anabolic or catabolic functions on the same
substrate (Chapter 1: Role of SmpdI3b in CD8* T cells. Figure 1A)?*6-248, As previously mentioned,
several SL act as bioactive molecules in diverse contexts. Likely, the SL pathway is highly intertwined
to facilitate the rapid production of certain species while bypassing the de novo synthesis pathway.
Moreover, lipids are hydrophobic in nature, hence not easily secreted to the extracellular space to
prevent disease-associated accumulation within the cell*?2248, For instance, the Niemann-Pick disease
is caused by mutations in the ASM gene provokes lysosomal SL accumulation and cellular
disfunction?*®. Thus, the turnover and conversion of SL species function as a preventive mechanism for
SL accumulation. However, this tight interconnection and precise regulation of the SL metabolism pose

additional challenges for its comprehensive study. A main concern are compensatory mechanisms
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between diverse isoforms of SL-modulating enzymes and various receptors for one same SL species
expressed in mammalian cells?48250-252 |n prief, the diversity and dynamics of the SL metabolism,
alongside the technical limitations of lipid research, complicate their investigation in immune and non-
immune cells. Despite the aforementioned limitations, we decided to investigate SL as modulators of
basic T cell biology with two projects in which we also faced some challenges.

First, we describe the role of SmpdI3b as a modulator of memory and differentiation T cell
survival in an acute infection setting. Here, we performed the first ever in-depth analysis comparing the
sphingolipid profile of CD8* T cells with a distinct differentiation state. The aforementioned
sphingolipidomics analysis was performed on SL extracted from whole cell lysates. Therefore, the
organelle-specific differences within the SL composition of distinct populations of CD8* T cells, or
between WT and SmpdI3b KO, cannot be directly appreciated in our setting. However, as we previously
discussed, SL species are synthetized or degraded in specific location within cells, due to the defined
location of the involved enzymes?®. Hence, we could indirectly interpret that any potential differences
in the amount of SM in, for instance the WT and SmpdI3b KO cells, would be due to the PM due to the
location of the SmpdI3b within the membrane. Importantly, we saw no differences in any of the SL
species between WT and KO cells. The greatest challenge of our sphingolipidomics analysis was the
required number of cells. We performed our analysis on primary CD8" T cells isolated from spleen and
LNs of acutely infected, or non-infected, mice. When isolating endogenous antigen-experienced CD8*
T cells, obtaining the required numbers for naive, effector and memory populations was not a limitation.
Yet, for the comparison between WT and SmpdI3b KO cells we did not analyze the endogenous
populations, but rather the TCR transgenic co-transferred cells. Thus, specially at a memory timepoint,
obtaining the minimum number of cells required for the mass spectrometry analysis was difficult,
specifically for SmpdI3b KO cells, and required pooling mice per each experiment. Moreover, each
experiment was analyzed as an independent mass spectrometry run, hence the calibration of the
standard controls might have differed, explaining the significant variation between WT and SmpdI3b KO
sphingolipidomics experiments. A further limitation of this project was the lack of commercially available
antibodies to validate the expression of SmpdI3b at a protein level via flow cytometry. Again, due to the
cells being primary cells and being restricted by numbers, assessing protein expression via alternative
methods (e.g. Western blot) would pose additional problems. Moreover, the information obtained at a
single cell level with flow cytometry would also be lost with other techniques. Importantly, we validated
that the enzyme is not only expressed, but also active, in CD8* T cells by using a phosphodiesterase
activity assay. Overall, for this project, cell numbers were one of the greatest challenges and limitations.
Unfortunately in this study we were not able to elucidate the mechanism and function of SmpdI3b. We
and others exhaustively tested its sphingomyelinase or SL-degrading activities by using soluble,
overexpressing, and physiological versions of the enzyme, yet were rather unsuccessful'®”.18, Owing to
its structural similarity to SmpdI3a, and to both enzymes being phosphatases and nucleases, exploring
the potential role of SmpdI3b as a cyclic di-nucleotide degrading enzyme should be considered®”:192,
One final important remark that has to be considered is that the SmpdI3b KO mice were generated
within the European Conditional Mouse Mutagenesis Program (EUCOMM) in a C57BL6/N
background?* (Mouse Phenotype Database. “Gene Detail: MGI:1916022".
https://www.mousephenotype.org/data/genes/MGI:1916022). Then, we crossed them to P14.Venus
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mice (B6.Cg-Tcra™Mom Tg(TcrLCMV)327Sdz/TacMmjax x B6.tg (Venus)), which are in a C57BL6/J
background. Therefore, our P14 SmpdI3b KO mice are in a mixed N and J background. By contrast, our
P14 WT mice (B6.Cg-Tcra'™Mem Tg(TcrLCMV)327Sdz/TacMmjax x B6.tg (tdTomato)) were in a full
C57BL/6J background. Despite the fact that these mouse strains are genetically very similar, they have
some metabolic and behavioral differences?%®. Therefore, validating our experiments by using littermate
controls or by backcrossing our WT and KO lines to have the same genetic backgrounds is crucial.
Alternatively, confirming the SmpdI3b KO phenotype in endogenous CD8* T cells of full KO mice or bone
marrow chimeras would clarify whether cells expressing TCRs with distinct affinities towards an antigen
would be similarly affected by the lack of SmpdI3b.

Second, we delineated the S1P/S1PR-dependent migration of UTC functional units from tissues
to dLNs in homeostatic conditions. As already mentioned, we investigated UTCs as a group, rather than
separate entities. Since there are no specific markers that would allow us to selectively identify all of the
UTC lineages while excluding other immune cell types, we are limited to define them as CD3* CD4"
CD8'. Additionally, we distinguish the different functional units based on classical markers for Thl or
Th17 conventional CD4* T cells, such as CXCR3 and CCR6, respectively®®®°, and on markers
determined by our scRNA-seq data. In summary, a lack of UTC-functional unit exclusive markers
hinders the development of mouse models to developmentally or conditionally knockout UTC functional
units to further study their function. Another difficulty in this study was to show the direct evidence of
S1P-dependent migration of UTCs from internal organs to their respective dLNs. As we showed, the
skin and oral cavity photoconversion is easily accessible without the need for surgical intervention.
However, the photoconversion of lung or small intestine UTCs to assess their presence in dLNs is
technically challenging. Moreover, surgical intervention would induce inflammation and loss of
homeostasis. An additional constraint for the UTC research field is that the physiological antigens
recognized by the majority of UTCs have not yet been characterized®. Hence, studying the TCR-
dependent immune responses of distinct UTC lineages within a functional unit is yet to be performed.

Both our studies on SL as modulators of T cell biology were exclusively performed using mouse
models. Consequently, determining the translatability of our discoveries to humans is required and will
be achieved by performing dedicated experiments using human samples. The murine and human
immune systems differ in numerous aspects, such as genes and proteins expressed by immune cells,
and also their function and abundance®88%2%_ Additionally, the mice in our facility are kept in specific-
pathogen free (SPF) conditions, meaning that the microbial agents that they are exposed to throughout
their lives are defined. For our experiments, we typically infect animals with a single pathogen (e.qg.
LCMV or S. aureus) at a time to study the immune response. Evidently, this is not the reality in humans,
given that throughout our lives we are constantly exposed to a great number of pathogens, even
simultaneously®®. For this reason, validating our findings by using mouse models that are closer to the
human situation should be performed. An alternative could be using a model of laboratory mice
denominated “wildlings”, which was recently developed by transferring embryos of C57BL/6 mice into
wild mice®’. The advantage of using the wildling mouse model is that they are genetically well-
characterized, minimizing any genetic variations between littermates, while being exposed throughout

their lives to a more “natural” microbiota mimicking the situation in humans. Hence, these mice seem to

120



be a more accurate model when studying translation to humans. Ultimately, assessing the SL profile

and their effects in T cells from wildling mice should be considered.

Future directions

Evidently, the characterization of the SL profile of the various T cell lineages (Treg, Tconv, TRM,
exhausted T cells, UTCs) during their development, differentiation and function ought to be the focus of
subsequent studies. Furthermore, additional interesting studies could involve studying the SL profile
mediating cell-to-cell interactions during, for example, antigen presentation.

Determining the physiological substrate and mechanism of action of SmpdI3b, and its
connection to Hipl, is imperative. Likewise, studying the effects of its deficiency in additional cell types
such as patrolling monocytes or CD4* T cells might help elucidating its physiological substrate and
function. Particularly, studying the differentiation and function of Smpdi3b KO CD4* T cells would be of
interest, since the kinetics of expression of SmpdI3b in this cell lineage is similar to CD8* T cells?%.
S1PR1/5 expression and downstream signaling events should be compared between SmpdI3b WT and
deficient cell types, to identify its potential involvement in this survival signaling pathway?57:158,

Investigating whether UTCs require S1P signaling within dLNs for their survival, similarly to
Tconv®71%8 should be clarified. Importantly, the rationale behind the homeostatic migration of UTCs
from tissues to dLNs still has to be delineated. Likely, yet to be proven, the constant migration of UTCs
to dLNs is a strategic mechanism to position rapid responders in the ideal environment to be activated
and proliferate, to recruit other immune cells, and to prevent systemic spreading during an infection®’.
A follow-up query is the fate of tissue-derived UTCs in dLNs. Possibly, UTCs die, become LN-resident
or egress dLNs to access the bloodstream and go back to the tissue of origin. In the context of acute
inflammation of the skin, a specific subset of yd T cells expands in dLNs and returns to the infected skin
to fight the infection?8-26°, Conceivably, tissue-derived UTCs continuously migrate from tissues to dLNs
and then return to their tissue of origin during homeostasis as an analogy to naive Tconv that habitually
patrol the bloodstream by circulating between SLOs. Finding recently recruited UTCs in tissues,
following dLN egress during homeostasis is fairly challenging due to low cell numbers. Thus,
manipulating UTCs migration by making use of S1PR1 and S1PR2 analogs or antagonists, respectively,
might be an interesting strategy to increase their numbers and facilitate their identification®3.

In summary, SL research in immune cells is a field that should be pursued and be taken into

consideration for the improvement of therapeutic and vaccination development and existing strategies.
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Abstract

Sections

Lymph nodes are secondary lymphoid organs in whichimmune
responses ofthe adaptiveimmune system are initiated and regulated.
Distributed throughout the body and embedded in the lymphatic
system, local lymph nodes are continuously informed about the state
of the organs owing to a constant drainage of lymph. The tissue-derived
lymph carries products of cell metabolism, proteins, carbohydrates,
lipids, pathogens and circulatingimmune cells. Notably, thereisa
growing body of evidence that individual lymph nodes differ from each
otherintheir capacity to generate immune responses. Here, we review
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Introduction

Inthe body of mammals, there are two major circulatory systems. The
first one is the cardiovascular system, which is responsible for trans-
porting nutrients and oxygen throughout the body. The second is the
lymphatic vascular system (LVS)' (Box 1). The LVS collects interstitial
fluid from the tissues it drains and transports it back into the blood-
streamviathe lymphatic vessels and throughlymphnodes (LNs). Owing
tothe hydrostaticand osmotic pressure of the blood in the capillaries,
interstitial fluid accumulatesin tissues? and must be removed to avoid
oedemaand impaired tissue function. Once interstitial fluid has entered
thelymphaticvessels, itis referred to aslymph. Inhumans, about3-4 |
oflympharereturned to the bloodstream each day®. Most tissues of the
body contain lymphatic structures with the exception of the brain. In
the brain, exchange betweeninterstitial and cerebrospinal fluid takes
place through the lymphatic vessels of the meninges®. Recent data
suggest that this is crucial for eliminating protein accumulation that
occurs, for example, in Alzheimer’s disease’.

Besides acting as a draining system for molecules derived from
tissues, lymph also contains various cell populations, such as lym-
phocytes, myeloid cells and stem cells®’. These cells leave the tissues
through the lymphatic vessels and migrate toreachthe blood system or
immigrate to secondary lymphoid organs (SLOs), such as LNs, which are
located along the lymphatic vessels®’. Consequently, LNs concentrate
molecules and cells derived from the local tissues they drain.

LNs are of critical importance in triggering adaptive immune
responses and are, therefore, connected to both circulatory systems.
Itisbecomingincreasingly clear that distinct LNs differ in their ability
to support specificimmune responses and that this heterogeneity
is primarily because of their lymphatic connection. This feature has
importantimplications for understanding the nature of tissue-specific
immune responses.

In this Review, we highlight the cell types and molecular factors
that contribute to LN heterogeneity during homoeostatic conditions
and cancer and explain how they shape the nature of the immune
responses generated at these sites. Furthermore, we discuss the clinical
implications of understanding LN heterogeneity, for instance, in the
settings of cancer immunotherapy and vaccination.

Lymph nodes: structure and function
LNsare SLOs that have a variable, usually ovoid or bean-shaped appear-
ance (Fig.1). Estimates of LN numbers in humans are roughly 450, the
majority of whichare found inthe abdomen, pelvis and mediastinum'®".
LNsare critical elements of the LVS (Box 1) and serve two essential func-
tions. Firstly, they act as filtering and defence organs for microbes and
microbial componentsthatare drained from the tissues viathe lymph.
Because of the open-ended funnel-like structure of the lymphatic capil-
laries, pathogens that infect barrier tissues such as the skin, lungs or
intestines can easily access the lymphatic vessels. Therefore, the filter
function of LNs is essential to limit pathogens from spreading from
the tissue via the lymph and ultimately through the blood system'.
The second essential task of LNs is the organization and initiation of
adaptiveimmuneresponses. To this end, LNs need to compartmental-
ize lymphocytesin B cell and T cell areas but must also promote the
interaction of these lymphocytes and otherimmune cells to orchestrate
immune responsesinspace and time". Therefore, to fulfill these func-
tions, LNsrequire asophisticated and specialized structure, as briefly
outlined in the following passages.

LNs are encased in a connective tissue capsule consisting pre-
dominantly of fibre-rich collagenous connective tissue with elastic

fibres and individual smooth muscle cells". From the capsule, con-
nective tissue septa, known as trabeculae, radiate into the interior of
the LN and subdivide it in segments (Fig. 1). The capsule is pierced by
several afferent lymphatic vessels. The lymph pours out of the affer-
ent lymphatic vessel into a cleft space, the subcapsular sinus (SCS)
located beneath the entire capsule. From here, the lymph percolates
throughasystemofinternodal or perinodal sinusesto larger medullary
sinuses. At the hilum, the lymphis collected and leaves via the efferent
lymphatic vessels. Inorder toserveitsfiltering function, the lymphatic
sinuses are populated by specialized macrophage populations that
scavenge microbes and clear microbial products from the lymph®.
Uponinfection or activation, these macrophagesrapidly orchestratea
localimmune response to enforce the barrier function of the LN** and to
initiate humoral and cellularimmune responses to clear infections'".

Thebasic framework and compartmentalizationof the LN isorgan-
ized by fibroblastic reticular cells (FRCs) and follicular dendritic cells
(FDCs). The FRCs, which comprise several subtypes, constitute the
major parenchymal component of the T cell zone and form a tightly
meshed hollow conduit network by producing and enveloping extra-
cellular matrix with widely ramified, interconnected projections'®. The
entranceto the conduit systemis restricted by sinus-lining lymphatic
endothelial cells (LECs) that form fenestrae that contain radicular
diaphragms. These diaphragms function as filters formed by plas-
malemma vesicle-associated protein fibrils'®, which limit the access
of lymphatic componentsinto the parenchyma and into the conduits
running under the marginal sinus according to their molecular size
(maximum 70 kDa)?°"?*, Therefore, the conduit system transports
lymphatic fluid containing low molecular weight components from
the marginal and intermediate sinuses through the parenchyma and
tothe highendothelial venules (HEVs) and into the medullary sinuses.
HEVs emerge from arteries that enter the hilum of LNs and branch
in the cortex, forming arterioles and dense plexuses of capillaries
around the B cell follicles. Here, these vessels form loops and turn
into specialized postcapillary venules characterized by cuboidal (as
opposed to flattened) endothelial cells, hence the name HEVs. On
the way back towards the hilum, the HEVs merge into larger vessels to
further exit the LN as medullary venules and finally as draining veins
(Fig. 1). This structure allows for the rapid display of chemokines®
that are transported from the tissue to the draining LN (DLN) HEVs,
that consequently allows for the prompt recruitment of immigrating
leukocytes from the bloodstream. This allows LNs to respond quickly
toinflammation and microbial infections in tissues before they spread.

Compartmentalization of the LN into T cell and B cell domains is
controlled by the selective expression of chemokines by the underlying
reticular cellnetwork. The FRC network, whichbraids the T cell-rich par-
acortex, produces CC-chemokineligand 19 (CCL19) and CCL21. These
chemokines recruit and promote the migration of dendritic cells (DCs)
and T cells via CC-chemokine receptor 7 (CCR7). By contrast, the FDC
network that extends through the follicles produces CXC-chemokine
ligand 13 (CXCL13), which regulates the migratory activity of B cells
via CXCRS5 (Fig. 1). In addition to these, other chemoattractant fields
locally regulate the precise localization of certain lymphocytes. Prime
examples are the oxysterols that bind GPR183 to recruit lymphocytes to
theinterfollicular areas (IFA) of the LN cortexand CCL20, which attracts
lymphocytesto the SCSvia CCR6 (ref. 16). For further details, we refer
the reader to specialized reviews on this topic?*?. Following infection,
local chemoattractant fields naturally become much more complex,
giving rise to microdomains that promote specific interactions or
direct lymphocyte differentiation in specific directions?.
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Box 1

The lymphatic vascular system

The lymphatic vascular system (LVS) is the second circulatory
system, with the first being the blood vascular system. The LVS
consists of lymphatic vessels that sprout from peripheral tissues

to collect the lymph and transport it into the blood. The lymphatic
vascular tree comprises various subregions with specific functions
and specializations®®. Lymphatic vessels arise in the tissue from
blind-ending funnel-shaped structures and are called lymphatic
capillaries. These capillaries are characterized by a fenestrated
basement membrane, anchorage in the extracellular matrix

(ECM), and overlapping, loosely connected lymphatic endothelial
cells (LECs) that have an ‘oak leaf’ appearance®'. The following
segment of the lymphatic vascular tree is composed of collector
vessels. Unlike the lymphatic capillaries, the collector vessels are
characterized by a continuous basement membrane and tightly
interconnected, elongated LECs. Smooth muscle cells surround the
basement membrane, and their constriction mediates lymphatic flow
and regulates the lymphatic pressure. The interior of the collecting
vessels is lined with valves that ensure unidirectional flow of lymph,
from tissues to lymph nodes (LNs). The lymph flows from the tissues
via the lymphatic vessels through the thoracic or the right lymphatic
duct, wherein it is returned to the bloodstream?®°.

As mentioned, HEVs connect LNs to the bloodstream. Hence, in
addition to being supplied by the tissue-derived lymph, LNs receive
blood-derived components. Importantly, HEVs in the IFA serve as
entry portals for lymphocytes that are circulating in the blood. At the
molecular level, glycosylation-dependent cell adhesion molecule 1
onthe HEV surfaceinteracts with CD62L (also known asL-selectin) on
circulating lymphocytes®. The interaction of CD62L and its ligands,
and additional factors including chemokines® and integrins®, sup-
ports the rolling and arrest of lymphocytes on the endothelium and
their subsequent extravasation into LNs®. Upon entry of lymphocytes
to theIFA, they caninteract with DCs that have migrated from the tis-
sue via the lymph®. Remarkably, afferent lymphatic vessels project
directly to the IFA (Fig. 1), thereby guiding newly arriving migratory
DCs directly to this critical interaction zone. If ymphocytes are not
activated by their cognate antigen, they exit the LN by entering the
cortical sinuses and are subsequently flushed out via the efferent lym-
phatic vessel. The transit time of lymphocytes depends on the subset,
ranging from approximately 6 to 24 h, and is primarily controlled
by a sphingosine-1-phosphate (S1P) gradient that extends across the
lymphatic endothelium®.

Detailed analyses have revealed significant functional differ-
ences between LNs draining different organs. This heterogeneity is
partly owing to the LN structural components and residentimmune
cell populations, and partly a consequence of its connection to the
tissues. Each tissue harbours distinct immune cell populations that
differ in phenotype and function (Supplementary Table 1, Fig. 2),
and some of these cells continuously immigrate to DLNs in which
they generate and influence immune responses. Additionally, each
tissue has its own unique metabolism and releases distinct molecules

The interstitial fluid is largely a filtrate of the blood and, therefore,
contains soluble proteins, lipids, carbohydrates, metabolites and
electrolytes. Its exact composition depends on the tissue in which it
is formed and reflects the specific structure, function and metabolic
activity of each organ®. Increased pressure within the tissue widens
the connection between the LECs forming the capillary lymphatics
owing to their anchoring with the extracellular matrix. Thereby,
macromolecules can bypass the fenestrated basal membrane of the
LECs and form the lymph. Therefore, the LVS actively participates in
the transport and distribution of metabolites and other molecules®*.
A notable example is the lymphatic system which drains the digestive
tract. Long-chain fatty acids, as well as fat-soluble vitamins, are
not directly released into the bloodstream after absorption in the
intestines, as is the case with other nutrients. Instead, they are
packaged into chylomicrons, which are transported via the lymphatic
vessels and enter the bloodstream via the thoracic duct®*. This
leads to a particular composition of lymph, which is called chyle,
whereas the lymph vessels that transport this fluid are called lacteals.
In addition to transporting metabolites, the LVS also serves as a
transport system enabling immune cells derived from the peripheral
tissue to access the draining LNs.

that modulate the function and differentiation ofimmune cellsin the
LN (Supplementary Table 1, Fig. 2). Therefore, the function of LNs
draining different tissuesis dictated by the associated tissue with its
unique properties and function and, in the case of barrier tissues,
its microbial composition. In humans, the situation is even more
complex because LNs are often arranged in chains and, thus, receive
information from both the drained tissue and the upstream LNs*
(Fig.3). Importantly, the cellular composition of aLN can be modified
by its individual immune history. In the following sections, we will
focus on how cellular compositions differ between distinct LNs, rang-
ing from structural cells (stromal) to immigrating and LN-resident
immune cells.

Cells canimmigrate into LNs either via the blood, asis the case for
recirculating cells that arelargely shared between LNs, or viathe lymph,
asisthecasefortissue-derived cells that typically differ between LNs.
Itisthelatter population that primarily contributesto LN heterogeneity
(Fig.2) and these tissue-derived cells are the main focus of this Review.
We will also discuss the role of soluble tissue-derived factorsin shaping
lymph node heterogeneity. However, owing to the limited knowledge
on this subject (see Supplementary Table 1) and it being an emerging
topic, we concentrate on how soluble factors from the tissues control
immune responses in the associated LNs using three key examples:
the drainage of the intestine, the skin and tumour tissues.

Cell populations and lymph node heterogeneity

Thelymphatic systemisimportant forimmune cell migration and has
twomainpurposes.First, it enableslymphocyterecirculation and return
tothebloodstream. Second, it supportsinformation relay from the tis-
sue to its DLN. Lymphocytes that enter LNs via the bloodstream are
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Fig. 1| Lymph node structure and cellular and molecular composition.
Thestructure of lymph nodes (LNs) is essential for their roles in filtering
lymph-borne compounds derived from the tissue and in initiating adaptive
immune responses. Funnel-shaped afferent lymphatics emerge in tissues.
Fine-structured lymphatics merge to larger collector vessels, which mediate
lymphatic flow by containing valves that secure the unidirectional flow of
lymph towards the LN. Afferent lymphatics penetrate the capsule of LNs,
whichis composed of a collagen-rich connective tissue and smooth muscle
cells that cover the LNs. From there, the afferent lymphatics extend into the
internal LN and reach the subcapsular sinus, which is composed of lymphatic
endothelial cells and mainly populated by macrophages. Blood-borne
lymphocytes enter LNs via the high endothelial venules (HEVs), partly located

inthe intrafollicular area, wherein dendritic cells (DCs) and unconventional

T cells (UTCs) are located. Fibroblastic reticular cells (FRCs) are responsible

for compartmentalizing the LN paracortex into the T cell zone, wherein
conventional T (I,,,) cells (CD4" T cells, CD8" T cells and regulatory T (T;.) cells)
and DCsinteract. Follicular dendritic cells (FDCs) compartmentalize the follicles
into B cell zones, wherein germinal centres are formed, and follicular helper

T (T, and follicular regulatory T (T ) cells are localized. Plasma cells are located
inthe medullary cords of LN. Distinct tissue-derived compounds (chemokines,
cytokines, antigens, exosomes and even pathogens) can be passively drained

via the lymphatic vessels to the LNs, reaching the sinuses and, depending on the
molecular size, also deeper areas of the LN.

transient visitors who continuously patrol and recirculate between
SLOsandare, therefore, evenly distributed among LNs draining distinct
tissues (for example, naive T cellsand B cells). Also, some DCsimmigrate
as pre-DCsviathebloodstream, proliferate, develop in the LN medulla
and execute their functionas resident DCs, but they are short-lived and
continuously replenished. These cell types probably have a rather

smallinfluence on LN heterogeneity. By contrast, cell types thatimmi-
grate viathe lymph, suchas migratory DCsthat developed inthe tissues
and integrate inflammatory and antigenic cues, or unconventional
T cells (UTCs) that can directly execute effector functions, signifi-
cantly contribute to diverging immune response in the LNs (Fig. 2).
Additionally,long-lived LN-resident cellscontribute toLN heterogeneity.
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These cells include stromal cells and endothelial cells that give LNs
theirstructure and anatomy, or lymphocytes that settle after their local
stimulation. In the following section, we will discuss these different
cell types and explain the mechanisms by which they contribute to
functional differences among LNs.

Stromal and endothelial cells

The LN stroma mainly comprises FRCs, FDCs, LECs and blood ves-
sel endothelial cells. These cells influence immune responses and
interact with immune cells by the expression of adhesion molecules,
chemokines and cytokines, and their phenotype differs between dis-
tinct LNs. For example, lower frequencies of cytokine-producing and
chemokine-producing FRCs* and phenotypically distinct parenchymal
reticular cells are found in gut-draining mesenteric LNs (MLNs) than
in skin-draining LNs*. Given the role of FRCs in regulating T cell zone
organization in LNs, heterogeneity among this cell type could poten-
tially lead to divergingimmune responses®. Indeed, the heterogeneity
of stromal cells between LNs further impacts the local induction of
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» Rapid cytokine production that
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» Generated upon previous
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» Impact on recall responses
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Fig. 2| Mechanisms underlying lymph node heterogeneity. Lymph nodes
are connected to tissues via the afferent lymphatics, wherein lymph flows

ina unidirectional manner from the tissue to the lymph node. The lymph
composition varies between tissues, owing to its enrichment in metabolites
and immune cells derived from the tissue in which it is formed. Lymph serves
asameans of transport for tissue-derived migratory immune cells, such as
dendritic cells (DCs), unconventional T cells (UTCs), Langerhans cell (LC)-like
DCsand RORyt" antigen-presenting cells (APCs). Migratory DCs influence
lymph node heterogeneity owing to the transport of tissue-derived antigens
that will be presented to T cells, and to their tissue-imprinted transcriptional
program toinduce tissue-homing signals on effector T cells. Moreover, DCs
orchestrate the differentiation of effector regulatory T (T,) cells by presenting
tissue-restricted antigens for the induction of tolerance. Tissue-derived UTCs
possessa distinct effector differentiation status depending on the tissue of

Afferent
lymphatics

regulatory T (T,) cells and the imprinting of tissue-homing recep-
torsonactivated T cellsand B cells***. Experimental evidence for this
conclusion was provided by elegant LN transplantation experiments
in which popliteal LNs have been transplanted to the mesenteries, or
MLNs to the popliteal fossa**. Importantly, whereas some features
of LN stromal cells are plastic and will be rewired by components of
the lymph that are unique to the drained tissues, other features of LN
stromal cells, such as the capacity to induce tolerance, seem to be
imprinted early during development and are maintained following
transplantation®. These features could potentially be harnessed to
prevent or treat autoimmunity.

Given the distinct roles and interactions of the stromal compart-
ment with immune cells'>***#0 3 systematic comparison between
distinct LNs would help to further delineate local effects on LN-specific
immunity. This includes LECs which, as recently reviewed*"*, differ
in their expression of Toll-like receptors, cytokines, chemokines and
adhesion molecules®. Unfortunately, to date, few studies have directly
compared the stromal cell composition between different LNs.
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origin (for example, there are more Thi7-like cells in the skin and Thi-like cells
inthesmallintestine). Therefore, they set distinct inflammatory environmentsin
the draining lymph nodes owing to the production of different cytokines that
will fine-tune and accelerate specificimmune responses in distinct lymph nodes.
Additionally, within the lymph, tissue-derived soluble factors such as cytokines,
chemokines and microbial products are also drained to lymph nodes. Soluble
factors and other molecules drained from tissues to lymph nodes will influence
immune responses to various degrees, but the details are largely unknown.

In addition to lymph-derived immune cells and soluble factors, antigen-specific
lymph node-resident cells such as resident memory T (Ty,) cells, follicular helper
T(Tgy) cells, T, cellsand B cells partake in lymph node heterogeneity upon
re-encounter with their cognate antigen, facilitating and modulating secondary
immune responses. ILC, innate lymphoid cell.
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Fig. 3| Complexity oflymphdrainage. a, The way an individual lymph node
type, such as the skin-draining lymph nodes, can co-drain multiple organs or
tissues is depicted — here, the lymph node shown is draining the skin, fatand
muscle tissues. b, Furthermore, and particularly in humans, individual organs
are co-drained by more than one lymph node in a hierarchical manner. In mice,
the pancreas-draining lymph node co-drains the pancreas, the liver and the
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duodenum, whereas the pancreas is additionally drained by duodenum-draining
and liver-draining lymph nodes. Naturally, lymph node co-drainage will influence
the cellular and molecular composition of the lymph drained to distinct

lymph nodes. Therefore, theimmune responses will be defined by a mixture of
tissue-derived cellular and molecular factors from distinct origins. LN, lymph
node; MLN, mesenteric LN.

Dendriticcells
Conventional DCs (cDCs) are myeloid cells that are specialized in
activating lymphocytes*. cDCs excel in antigen uptake and antigen
presentation, express a plethora of costimulatory and co-inhibitory
molecules, and produce numerousimmunomodulatory mediators®.
The expression of these molecules by DCs isregulated by patternrec-
ognition receptors, cytokine receptors and G protein-coupled recep-
tors, which allow cDCs to sense environmental changes, in particular
infections, damage and other inflammatory mediators*. The activation
of cDCs, which also continuously occurs during homoeostasis, has
beentermed cDC maturation*. Conceptually, itis helpful to discrimi-
nate between homoeostatic versus inflammatory cDC maturation.
However, at the molecular level, both processes are largely identical .
The prevailing view is that homoeostatic maturation of cDCs serves
to maintain immunotolerance. However, the mechanistic basis of
how cDCs mature during homoeostasis and how they mediate their
tolerogenic functionisstill largely unknown. Clearly, cDCs are critical
cellular platforms on which various sources of information are received,
processed, integrated and further transmitted to lymphocytesin order
toinitiate and guide immune responses that are tailored towards the
specific challenge*®. Thus, cDCs are critical to maintain and reestablish
homoeostasis following immune challenges.

On the basis of the structure of the lymphatic system, inflamma-
tory mediators, antigens and pathogens candirectly gainaccessto the

DLNs. LN-resident cDCs can access the lymph and initiate adaptive or
tolerogenicimmune responses. However, this pathway alone seems to
beinsufficientto fullyinform the DLN on the status and critical changes
within tissues. Therefore, cDCs intissues notonly access and integrate
localinformation but also deliverit to the DLN. They do this actively by
CCR7-dependent migration vialymphatic vessels. CCR7 isupregulated
during both inflammatory and homoeostatic cDC maturation*®. There-
fore, cDCs continuously migrate to DLNs, in which they constantly
report the status of the tissue during homoeostatic or inflammatory
conditions. Inthe DLN, they caninteract directly with lymphocytesor
relay information to other cDC populations residing in the LN, as has
been demonstrated in the context of herpes simplex virus infections®.
Following the discovery of cDCs in 1973, the question on whether
these cells functionally differ between lymphoid tissues arose. It was
anticipated that lymphoid tissues that drain mucosal sites would need
toinduce Bcells that switch to IgA synthesis for optimal protection, and
itwasindeed found that T cellsand cDCs isolated from Peyer’s patches
(PPs) have a much higher capacity for doing this®'. Later, it was shown
that cDC-derived retinoic acid together with IL-6 played a critical part
in inducing IgA class switching in gut-associated lymphoid tissues.
This provided afirst molecular explanation for the divergentimmune
response induced in different lymphoid organs by migratory cDCs*.
As different tissues are exposed to different levels of foreign
proteins and commensal organisms, it would make sense for their
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associated DLNs to show varying capacity to induce tolerogenic
immune responses. In 1996, it was reported that DCs isolated from
PPs and the spleen differed in their capacity toinduce Thl versus Th2
cell responses, with PP-derived DCs showing greater induction of
Th2 cell responses™. From today’s point of view, this and other early
studies have significant limitations because CD11c was used as the
sole marker to identify DCs and the distinction from macrophages
was, thus, unclear. Additionally, there was alack of awareness of addi-
tional CD4 T cell differentiation states suchas T, cellsand Th17 cells.
However, this basic idea turned out to be correct and was elegantly
demonstrated two decades later. Specifically, it was shown that LNs
that drain different segments of the gut promote either T, cell or
Thi7 cell differentiationin response to the same model antigen®*. This
was associated with distinct gene signatures in the cDCs and stromal
cellsthat populated these lymphoid tissues. Moreover, it was recently
shown thatasubpopulation of migratory DCs, cDCls, show transcrip-
tional distinctions that are based on their tissue of origin. Liver-derived
and pancreas-derived migratory cDCls present a pro-inflammatory
phenotype, whereas duodenum-derived cDCls are more tolerogenic™.
As well as showing different capacities to instruct tolerogenic or
inflammatory B celland T cell responses, migratory cDCs from differ-
ent LNsvaryintheir ability to upregulate trafficking molecules, such as
chemokinereceptors and adhesion molecules on T cells** %, For exam-
ple, T cells primed by cDCs isolated from PPs, but not cDCs from the
spleenor skin-draining LNs, upregulate CCR9 and the gut-homing inte-
grin a4p7. These studies have established the concept that migratory
cDCsimprintaspecifictissue-homing program during T cell activation,
which promotes T cell migration to the affected tissue. Migratory cDCs
alsoseemtoimprint naive T cells in the steady state, withamore recent
study showing that the capacity of naive CD8 T cells to differentiate into
tissue-resident memory T (Tyy,) cells depends on their prior interaction
with migratory cDCs derived from the aforementioned tissue®.
Further workis needed to address tissue-specificimprinting, espe-
cially by migratory cDCs, because previous studies are largely limited
tothe comparison of cDCs from LNs with cDCs from PPs and the spleen,
which are SLOs but differ from LNs in several aspects (Box 2). Also, the
exact molecular mechanism of how distinct tissue derived-signals lead
to a heterogeneous DC function (for instance, immunogenic versus
tolerogenic) in steady state requires further research. Nevertheless,
itis clear that migratory cDCs are crucial for tailoring lymphocyte
responses in DLNs to the associated tissue and, hence, contribute
significantly to LN heterogeneity (Supplementary Table 1, Fig. 2).

Unconventional T cells

UTCs are a heterogenous group of cells that include three major lin-
eages — YO T cells, mucosal-associated invariant T (MAIT) cells and
natural killer T (NKT) cells. Like conventional T cells, UTCs originate
from the thymus but have several properties that differ from those of
conventional aB T cells. Firstly, UTCs are restricted to non-polymorphic
antigen-presenting molecules, such as MR1for MAIT cells®***and CD1d
for NKT cells®* *, In fact, the majority of y8 T cells are not restricted to
a particular antigen-presenting molecule but can bind unprocessed
antigensinasimilar manner to B cells®®. Secondly, the antigens that are
recognized by UTCs are typically not derived from proteins. MR1binds
and presents bacterial metabolites®”, whereas CD1d presents diverse
lipid species®***°, The antigens that are recognized by murine and
humanyd&T cells are largely unknown. However, asubset of humans yo
T cells canrecognize phosphoantigens presented by butyrophilins®®7°.
Lastly, alarge fraction of UTCs differentiate into effector subsets during

their development inthe thymus and subsequently seed various tissues
in developmental waves”.

Functionally, tissue UTCs interact with commensal organisms,
maintain tissue homoeostasis and participate in tissue healing and
pathogen defence®” . To execute these functions, UTCs can be acti-
vated via their specific T cell receptor (TCR) or via specific cytokines.
Therefore, they are often described as a bridge between innate and
adaptiveimmunity. Accordingly, we and others have shown that despite
their division into distinct lineages based on their TCR sequence, the
UTC family members (NKT cells, MAIT cells and y8 T cells) are tran-
scriptionally and functionally highly similar and can compensate for
eachother ifthey have the same effector differentiation, for instance,
if they are Thi-like, Th2-like or Th17-like™ .

On the basis of parabiosis experiments, tissue subsets of UTCs
havebeen considered to be tissue-resident, similar toinnate lymphoid
cells (ILCs)®°-%2, However, it has been shown that some Th17-like y8
T cells can migrate from the skin to the associated DLNs via lymphatics
in an SIP receptor (S1PR)-dependent manner®***, Our own group has
recently shown that the lymphatic migration of Th17-like y6 T cells from
the skinis not an exception but instead represents a general principle
for UTCsacross tissues and differentiation states’. As different tissues

Box 2

The spleen and Peyer’s patches

The spleen and Peyer’s patches (PPs) are secondary lymphoid
organs (SLOs) but they differ in several aspects from lymph

nodes (LNs). The spleen can be divided into the red pulp and the
white pulp, separated by either the marginal zone in rodents or

the perifollicular zone in humans®. The spleen lacks afferent
lymphatic vessels, and in contrast to LNs, immune cells and
antigens enter via the blood, which is connected to the red pulp
via an open circulation?”. An important cell type in the red pulp are
macrophages, which filter the blood and remove aged erythrocytes
from the circulation?®. Lymphocytes, such as T cells, enter the
white pulp via perivascular migration?”’, whereas their exit route is
still unclear. The white pulp is structured similar to LNs, containing
B cell follicles and a central T cell zone to initiate adaptive immune
response against blood-borne pathogens®.

PPs line the wall of the small intestine?”*. Their development
depends on the microbiota and their numbers can vary between
individuals (humans have approximately 100-200 PPs, whereas
mice have 6-12 PPs)**°**, PPs are structurally organized like
LNs, harbouring large B cell follicles and T cell zones, but they
lack a capsule. Functionally, this is critical because it enables
a direct access to gut antigens. Specifically, PPs are lined with
follicle-associated epithelium containing microfold cells (M cells)
that are specialized to transport antigens from the mucosa and
transmit them to the underlying B cells. Lymphocytes immigrate to
PPs in a similar manner as to LNs via high endothelial venules (HEVs)
and exit via lymphatic vessels®®, although certain differences
do exist. A functional hallmark of the PPs is the generation of
IgA-switched plasma cells, which regulate the interplay and
homoeostasis with the microbiome?*.
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Glossary

Affinity maturation and
antibody class switching
Affinity maturation and antibody class
switching are two important mechanisms
B cells use to improve the efficacy of

the antibody response. Once B cells
have recognized their cognate antigen
through the B cell receptor (BCR),

they start producing IgM antibodies

and this is known as the primary
response. To increase the binding

affinity of the BCR to cognate antigen,

B cells introduce mutations into the
complementarity-determining region of
the BCR via a process known as somatic
hypermutation (SHM). SHM produces

B cells with varying affinities of BCRs,
and only the ones with the strongest
affinity are positively selected by follicular
helper T cells in germinal centres. During
antibody class switching, changes

occur in the heavy-chain domain of the
antibody, creating antibodies with similar
affinity but different effector functions.
This process involves recombining the
exon clusters on the IgH locus, enabling
antibody isotype switching (for example,

Aryl hydrocarbon receptor
(AhR). A ligand-activated transcription
factor, which upon ligand binding
translocates from the cytoplasm to
the nucleus, forms a complex with
aryl hydrocarbon receptor nuclear
translocator and induces transcription
of target genes. In its inactive state, it
forms a protein dimer complex with
HSP9O, XAP2, p23 and SRC. AhR has
diverse roles in adaptive immune
responses, such as promoting Th17 cell

induction or T, cell stabilization.

Effector T,y cells

Effector T, cells develop from central
Teeq Cells in a BATF-dependent manner
and require ICOS signalling for their
survival. Even though inflammatory
signals primarily drive the differentiation

of effector T, cells from central T, cells,

reg reg
constant T cell receptor stimulation is
required for the maintenance of effector
Teeg Cells. These T, cells have a CD4*
CD25'FOXP3'CD44""CDE2L'“CCR7
phenotype and primarily localize to
non-lymphoid tissues.

Central T, cells

Teeq Cells can be classified either on their
developmental origin —as tT,.,and
pT, cells — or based on their migratory
pattern — as central T, and effector
Tieq cells. Central T, cells primarily
recirculate in the blood and SLOs. They
are characterized by a CD4'CD25"FOXP
3°CD44"°"CDB2L""CCR7* phenotype
and primarily localize to the T cell zone
inthe spleen and lymph nodes. They
require IL-2 for their homoeostasis and
survival and serve as a pool of long-lived

Exosomes

Exosomes are single-membraned
extracellular vesicles that are
produced by cells in the endoplasmic
reticulum and can carry different
types of cargo from nucleic acids

to proteins or metabolites. They

are critical components in cellular
communications both over short

and long distances.

Hyaluronic acid

glucosamine, with an approximate
relative molecular weight of 10°-10
(ratio of the molecular weights of
hyaluronic acid and carbon). It is
produced by distinct cell types

and is the main component of the
extracellular matrix.

Sphingosine-1-phosphate
(S1P). A sphingolipid that is formed
from ceramide by the action of
ceramidase and sphingosine kinases
(SK1and SK2). S1P acts as a crucial
mediator in lymphocyte trafficking,
vascular development and heart
development via its receptors
S1PR1-S1PRS.

Tumour secretome

The tumour secretome is the entire
collection of macromolecules —
including both soluble proteins and
insoluble vesicles — that take part in
cell-cell communication in the tumour
(for example, growth factors, lipids and
exosomes).

fromIgMto IgG, IgE or IgA). recirculating T, cells in SLOs.

reg

Hyaluronic acid is a large polysaccharide
formed of glucuronic acid and

aredevelopmentally seeded by different UTC subsets and lineages with
distinct TCR repertoires, they vastly differ regarding their specific
composition and function. Owing to their migratory behaviour, this
heterogeneity is also reflected in the DLNs” (Supplementary Table 1,
Fig.2).Based on cytokine production and cellularimmuneresponses,
we have shown that UTCs from distinct LNs drive different cellular and
humoral immune responses, which contributes significantly to the
functional heterogeneity among these LNs. For example, Th17-like
UTCsarelargely absentin MLNs, but they are abundantin skin-draining
LNs and lung-draining LNs. As a result, IL-17-dependent neutrophil
recruitment to the MLNs is markedly reduced and delayed following
bacterial spread via the lymph as compared with the skin-draining
LNs”. Conversely, there are hardly any IL-4-producing NKT cells in the
skinorintheskin-draining LNs, whereas they are numerousinthe lung
and lung-draining LNs. Functionally, these IL-4-producing NKT cells
are important for IgG1 production after infection with influenza or
vaccinia viruses’>®, A caveat is that most of the data so far are derived
fromanimal models. Therefore, a validation of the migratory route of
UTCs and their functionalimpact on LNs inhumansis urgently needed.

Lymph node-resident memory T cells

Following activation by their specific antigen, T cells undergo clonal
expansion and differentiate into effector T cells, including different
helper T cell subsets®. Activated T cells also give rise to a spectrum
of effector states ranging from short-lived terminally differentiated
cells to effector memory T (Tg,) cells and long-lived central memory

T (T cells®®8, Some effector T cells persist in specialized niches in
peripheral organs as the so-called tissue-resident memory T cells®’. LNs
typically contain Ty, cells, which recirculate between SLOs, albeit at
slower kinetics than their naive counterparts’®®’. LNs may also contain
Trucell populations that scan tissues and enter via the lymphatic vessels
ontheirway to the bloodstream. Both T and T, cell populations are
expectedto equally distribute between SLOs following the resolution of
infections. However, tracking studies have found that up to 50% of CD4*
Tew cells in lymphoid organs are retained for several weeks’>”*, These
locally retained antigen-specific CD4" T cells comprise a heterogeneous
populationincluding T follicular helper (Tg,) cells’. CD8" Ty, cells have
beenshowntoimmigrate to DLNs viathe lymphatic route, wherein they
can be locally maintained and partially retain their tissue imprinted
signature®®™?, As a consequence, different LNs contain distinct sets
ofresident CD4" and CD8' T cells that differ in their effector functions
and in their TCR repertoires, based on the distinct immune history of
each LN and its associated tissue. Therefore, localized populations
of memory T cells contribute significantly to the heterogeneity seen
between LNs and continue to be shaped and adapted throughout life.

Regulatory T cells

T, cellsareaspecialized subpopulation of CD4" T cells that express the
transcription factor FOXP3 and are essential for preventing autoimmun-
ityand maintaining homoeostasis”®. T ., cells are typically divided into
thymic (tT,.,) and peripheral (pT,,) subsets based on their developmen-

tal origin'®. Additionally, T, cells can be divided into central T, cells,
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which express CD62L and recirculate between SLOs, and effector Ty,
cells, which populate peripheral tissues. Importantly, LNs also containa
sizeable population of effector T, cells (inthe MLNs, for example, these
cells constitute up to 60% of total CD4"FOXP3* T cells)'” and the size of
this population differs between LNs that drain different sites and fur-
therincreases with age'®. Additionally, we recently found that 10-20%
of all T, cells in LNs are memory-like resident cells'>. Importantly, resi-
dentand circulating T, cells had distinct TCR repertoires, and each LN
contained exclusive clonalsubpopulations of resident T, cells. Because
the TCRspecificity of T cells and their effector differentiation program
bestows them with different capacities and mechanisms to suppress
specificimmune responses'®, individual LNs probably differ in their
functionto suppress specificimmune responses. Indeed, it was recently
shown that skin-draining LNs contain fewer Thl-like effector T, cells
thanlung-draining LNs and that thisimpacts the antitumour responses
thatare generated in these respective LNs'. Regarding autoimmunity,
even more subtle shiftsin T, cell parameter values can initiate autoim-
mune states because this mechanism is based on negative feedback
by regulating IL-2 availability'**'”". Therefore, local changes in T, cell
density (less than twofold) or expression of suppressive molecules may
shift the equilibriumin individual LNs towards immune activation by
DCs presenting distinct tissue-restricted antigens from the draining
site'**'*°. Insummary, there s clear evidence that T,., cell populations
differ between LNs and that these differences also have a functional
impact on locally emerging immune responses (Fig. 2). We suspect
that thiswill have a particularimpact on autoimmunity and onimmune
control of tumours.

Follicular B cellsand T cells
Anessential function of LNsisto support antibody responses. Activated
Bcellsinteract with Ty, cells to form germinal centres (GCs) and undergo
affinity maturationand class switch recombination. Within the GC, Bcells
canbecome either memory B cells or high-affinity long-lived plasmacells.
B cell responses can be heterogeneous based on the antigen (protein
or not protein) and the costimulatory input that naive B cells receive
uponactivation'’. This affinity maturation and antibody class switching
isinfluenced by local factors and interactions with cell types, which
differacross LNs. For example, gut-associated lymphoid tissues display
apreference in inducing IgA-producing plasma cells, which is at least
partly supported by cDC-derived retinoic acid and IL-6 (ref. 52).

Ty cells are a subset of CCR7 CXCR5* CD4" T cells that support
B cell maturation and antibody class switching™. They are recruited
andretained in the B cell follicles of LNs via the CXCR5-CXCL13 axis™.
Upon activation, some high-affinity naive CD4" T cells upregulate
CXCRS, differentiate into Ty, cells and permanently reside in DLNs as
long-lived T, cells"™*", At the molecular level, T, cells guide B cell
maturation via their expression of costimulatory molecules (such as
CD40L, ICOS and 0X40) and cytokines (such as IL-4 and IL-10), which
recruit B cells into GCs to generate long-lived memory B cells and
promote their antibody class switching™. Antigen-specific Ty, cells,
B cells and antibody-secreting cells seem to preferentially establish
and persistinthe DLN of the tissue wherein antigenisinitially encoun-
tered because they are not found in non-draining LNs or the spleen”.
Moreover, Ty, cell function depends on their location; for instance,
splenic and MLN-resident T, cells dramatically differ in the amount
of IL-4 they produce®. Importantly, T, cell-mediated B cell responses
areregulated by antigen-specific follicular regulatory T (T) cells*",
which suppress humoral responses and autoreactive B cells"®. Clearly,
following a germinal centre reaction, LNs generate and locally maintain

unique Ty and Tz cell populations that may impact on futureimmune
responses initiated in these LNs.

However, thereisalso evidence that even unchallenged LNs differ
intheir capacity to generate distinct Ty, and T cell populations. One
group has used RNA sequencing to compare T, and T cells in DLNs
following subcutaneous or intranasalimmunization. They found sev-
eral differentially expressed genes when comparing Ty, or T cells from
skin-draining LNs with their counterparts in lung-draining LNs. For
instance, lung-draining LN T, cells from the intranasally immunized
mice had aTh2-like gene signature (Gfil, Gata3, Il13), whereas T, cells
from skin-draining LNs expressed Icos, Id2, Id3, Batf3 and Il17re.
Tercellsfromlung-draining LNs and skin-draining LNs did not express
aTh2-like gene signature but differed in the expression of other genes,
suchas/ltga4, Fanl, F13al and Klf11 (ref.119). A caveat of the comparison
is that different antigens were used for the intranasal and subcutaneous
immunization. In summary, distinct LNs differ in their capacity and
function to induce humoral immune responses, and this appears to
be owing, at least in part, to differences in their local resident Ty, and
Tqrcell populations.

Other cell types

Itis possible that other cell populations also contribute to LN hetero-
geneity. For example, Langerhans cells (LCs) reside in the stratified
epithelium of mucosal surfaces and migrate to DLNs but are absent
in LNs draining internal organs. A recent study challenges the capa-
bility of LCs to migrate to the DLN describing a population of LC-like
DCs'?°, Also, anew population of RORyt" antigen-presenting cells was
identified in skin-draining LNs and mucosal tissue-draining LNs'*"'%,
Profiling of these cellsindicated anambivalent identity showing factors
associated with both cDCs (for example, Zbtb46) and type Ill innate
lymphoid cells (for example, /[7rand Rorc)'**?°, Some of these cells also
express the autoimmune regulator (AIRE) and are, therefore, classified
asextrathymic AIRE-expressing cells (€TACs)'”. Importantly, like cDCs,
e€TACs migrate fromtissues to DLNs ina CCR7-dependent manner and
appear to have a critical role in regulating immune homoeostasis''.
Although we are only beginning to understand the exact function of
these cells, it is clear that their abundance differs between distinct
LNs'**and they appear to be enriched in LNs draining mucosal tissues.
Overall, which myeloid cell subsets migrate to the DLN from distinct
tissues and how they influence the local immune response remain to
beinvestigated further.

Additionally, lymphoid, innate-like immune cells, such as ILCs
and Bl cells, can also be detected in LNs and may contribute to shap-
ing immune responses within them, especially because it has been
demonstrated that Bl cells can migrate from the tissuetothe DLNina
similar manner to UTCs',

Conclusions onlymph node cellular heterogeneity

The majority ofimmune cells populating the LNs recirculate between
them, resultinginaregular distribution of these cells. However, some
celltypes like cDCs and UTCs continuously migrate from tissue to the
DLNs and, thereby, import tissue-specific information that helps to
generate LN-specificimmune responses (Supplementary Table 1, Fig. 2).
In addition, the local immune history induces LN-resident immune
cell populations, suchasmemory T cell subsets, T, cells, T, cellsand
B cells. These populations further modulate theimmune response that
isgenerated indistinct LNs. Itis becoming more evident that, in addi-
tion to LN-resident immune cell populations, local stromal cells also
display LN-based heterogeneity. Initial studies have demonstrated
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that these differences could impact the immune response and future
studies will shed more light onitsinfluences. Addressing the contribu-
tions of distinct cell types in a detailed manner will be important for
fully understanding the cellular factors that shape LN heterogeneity.
In the following sections, we will focus on the soluble factors that are
foundinthelymphand how these further diversify immune responses
that are generated in specific LNs.

Soluble factors contributing to lymph node
heterogeneity

Several studies have characterized the molecules that are transported
from tissues via the lymph in homoeostatic conditions?*"*°. These
molecules include proteins®'®, hyaluronic acid™™**, exosomes' ¥,
enzymes"®, lipoproteins™’, amino acids'*’, glycoproteins and lipids™",
nitric oxide'*'*, and cytokines and chemokines'* (Fig. 2). Further stud-
ies will be needed to elucidate the direct lymphatic drainage of other
tissue-derived molecules, such asions, neurotransmitters (for example,
serotonin'*®) and hormones, considering their abundance in tissues.
Many of these molecules have a well-documented role in modulating
immune cells'. For instance, several amino acids have been shown
to influence immune cells in different manners. Tryptophan catalysis
by the enzyme indoleamine 2,3-dioxygenase (IDO) enhances the dif-
ferentiation of naive CD4" T cells to T, cells*’, whereas arginine is an
important factor for T celland myeloid cell activationand function’ ¥,
Additionally, glutamine regulates Thlversus T, cell differentiation™°,
and the breakdown of arginine and tryptophanin cDCs promotes their
immunosuppressive function'. Similarly, hormones and neuropep-
tides regulate immune responses. Oestrogen influences myeloid cell
functionand regulates T, cell differentiation™>'*’, whereas serotonin
executes awide spectrum ofimmune functions as recently reviewed'*.

Onthebasis of the insights from the field ofimmunometabolism, it
isobvious that molecules and metabolites found in lymph significantly
influence and control the differentiation and function ofimmune cells.
Therefore, fluctuations in the abundance and composition of these
metabolites will probably impact immune cell function, particularly
during their activation under inflammatory conditions. Indeed, there is
datasuggesting that the environmentin which CD4" T cells are primed
(for example, skin-draining LNs versus MLNs) has a direct impact on
their phenotype and their role during autoimmunity”*. Nevertheless,
whether the metabolites significantly differ between lymph drained
from different tissues and, hence, in the associated LNs still needs to
be addressed systematically (Supplementary Table 1).

In multicellular organisms, organs have a distinct structure and
functionand, therefore, the products of their metabolismalso largely
differ. This was elegantly demonstrated by a group who quantified the
productionand consumption of metabolites by measuring their abun-
dancein arterial and venous blood in several distinct organsin pigs'.
They found that these different organs release numerous metabolites
related to their specific anabolism and catabolism. Of course, this
study focused on analysing the blood and not the lymph, yet it is fair
to assume that the lymph of these tissues shows comparable changes
in their metabolic composition as the venous blood.

Moreover, it has been shown that LNs are very effective in
clearing tissue-derived metabolites and proteins transported via
the lymph®*'’, This suggests that the DLN cells are exposed to
tissue-drained metabolites that do not access other LNs and, probably,
have distinct effects on them. A few studies have directly determined
the composition of the lymph derived from distinct tissues in homoeo-
static conditions during infection and diseases using bovine, rodent,

canine and human samples”""*7°, Together, these studies have shown
that the molecular composition of the lymph indeed mirrors the
drained tissue. Thus, the lymph can be used as an important tool to
study the tissue-specific physiological or pathological state>'*"'¢%,
Unfortunately, the focus of most of these studies has been limited
to analysing the lymph composition from a specific site rather than
directly comparing lymph derived from distinct tissues. Accordingly,
thereare currently no studies that have systematically compared the
functional impact of soluble factors from lymph of various sites on
immune responses. Nevertheless, the role of some individual mol-
eculesininfluencinglocalimmune responsesin specific LNs hasbeen
clarified (Supplementary Table 1). In the following section, we will
review how some of these soluble factors contribute to the functional
heterogeneity between distinct DLNs. Finally, we will discuss how
solid tumours manipulate immune responses by releasing distinct
molecules to the lymph and the DLN.

Gut-draining and liver-draining lymph nodes

Theintestine serves as anessential organ for the absorption of nutrients
and, consistently, the metabolic products that are generated during this
processarealsofoundinthe lymph and the DLNs. Naturally, these meta-
bolic products are distributed systemically, but their concentrations
differ between organs and LNs. For example, metabolites absorbed via
theintestine and microbial products have anincreased concentration
withinthe mesenteries. Additionally, the individual intestinal segments
have specialized functions for the absorption of certain substances and
harbour different microbial communities. Proteins and carbohydrates
areabsorbedinthe smallintestine. Lipids, bile acids and lipid-soluble
vitamins (vitamin A, vitamin D, vitamin E and vitamin K) are primarily
absorbedintheterminalileum. Thelarge intestineisimportant for the
recovery of water and electrolytes, as well as the fermentation of some
of the indigestible food matter by bacteria. Therefore, different seg-
ments of the gut and their associated LNs have distinct requirements
regarding tolerance towards food antigens and the local microbiota.
Accordingly, the LNs draining the small and large intestines are anatomi-
cally and immunologically distinct'®, Even within the small intestine,
there are differences, with LNs draining the proximal part preferentially
eliciting tolerogenic responses. By contrast, the LNs draining the distal
parthasahigher tendency to elicit pro-inflammatory T cell responses’”.
Importantly, microbial-derived metabolites in the gut differ based
on their origin: there are metabolites that bacteria produce from the
diet (for example, short-chain fatty acids (SCFAs)), host-produced
metabolites that are modified by bacteria (for example, secondary
bile acids), and metabolites that are de novo synthesized by bacteria
(for example, branched-chain amino acids)'**.

One group of bacteria-derived metabolites are products of tryp-
tophan metabolism and these can bind and activate the aryl hydrocar-
bon receptor (AhR)'’. Ligands for the AhR are prominently produced
by Lactobacillus during the degradation of tryptophan' or directly
obtained through ingestion of AhR ligand-containing food such as
broccolior brussel sprouts, among others'. Activation of AhR has been
shown toinfluence the activation and differentiation of severalimmune
cellsincluding ILCs™®, T cells' and cDCs"°. Deficiency of AhR or lack
of its ligands owing to overexpression of their degrading enzymes'”
disturbs intestinal homoeostasis leading to barrier dysfunction. It is
clear that AhR ligands act systemically, but it is possible that the con-
centration of theseligands varies greatly depending on the tissue and,
thus, onthe DLN. Therefore, we hypothesize that these differences will
affect the localimmune responses generated in the respective LNs.
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Vitamin A is another metabolite that has been shown to regulate
localimmune responsesinvarious studies. Vitamin Ais alipid-soluble
vitamin that is transported as retinyl esters in the form of chylomi-
crons from the intestine to the draining MLNs via the lacteals, and
it is drained into the blood circulation afterwards">. Chylomicrons
are responsible for distributing lipids and fat-soluble vitamins to
tissues. Therefore, they are hydrolysed in tissues and reduced in size
and density before their final catabolism in the liver. These smaller
residual chylomicrons are referred to as chylomicron remnants, which
contain high amounts of vitamin A metabolites (retinyl esters) that
rapidly accumulate in the hepatic stellate cells. Hence, this organ is
the major site of vitamin A accumulation across species, from which
it can be redistributed to other tissues when required”>"”*, The MLNs
have high levels of the vitamin A metaboliteretinoicacid, whichinturn
promotes the induction of pT,, cells'”. Asmentioned earlier, retinoic
acidisalsoimportant forimprinting gut-homing receptors on T cells*.
Therefore, variations inretinoic acid concentrations can contribute to
local differences in effector T cells and T, cells in LNs**. When TCR
transgenic ovalbumin (OVA)-specific CD4" T cells were adoptively
transferred to mice prior to oral or intravenous immunization with OVA
peptide, higher numbers and frequencies of T, cells were observed
in mesenteric and liver-draining coeliac LNs than in popliteal LNs,
regardless of the immunization route. This difference was attributed
to early-life imprinting of LN stromal cells by retinoic acid and the
microbiota®®. Notably, retinoic acid was shown to be dispensable for
T, cell induction in MLNs, whereas the microbiota was essential.
Opposingly, retinoic acid was indispensable for T, cell induction in
coeliac LNs, whereas the microbiota was not.

As well as retinoic acid, microbiota-derived SCFAs — such as ace-
tate, propionate and butyrate — are produced in the small intestine
by fermentation of soluble dietary fibres by the microbiota. Several
recent studies have shown how microbiota-derived SCFAs influence
immune responses”®, including pT,, cell induction'”’, CD8* memory
T cell formation'®, B cell differentiation and antibody production'”’
and CD4" T cell differentiation'*°. For asummary of the effects of other
lipids onimmune cells, we refer the reader to anin-depth review on this
topic™". These lipids probably have a concentration-dependent func-
tionand, therefore, theirimpact onimmunity probably differsamong
LNsdraining distinct tissues. Overall, in-depth studies delineating the
amount of intestinal microbiota-derived and food-derived metabo-
lites in distinct LNs and their effects on immune cells are required to
better understand the development of tolerance and tissue-homing
immune cells.

Subcutaneous lymph nodes
Subcutaneous LNs drain the skin, fat tissue and muscles and are,
therefore, rich in soluble metabolites that are generated in these tis-
sues. Hyaluronic acid or hyaluronanis widely distributed throughout
all the tissues in the body, but the skin represents a major reservoir.
It canbe catabolized either locally in tissues or inthe DLNs after being
transported via the lymph®2, Therefore, the hyaluronic acid content
inthe pre-nodal lymphvaries depending on the site of collection™*"**,
During immune responses, hyaluronic acid can serve distinct
functions. As a large ECM component, hyaluronic acid promotes the
adhesion and activation of immune cells, whereas if broken down
into smaller fragments, it can mediate pro-inflammatory signals'®*.
Hyaluronic acid-interacting receptors are CD44, its analogue LYVEL
(whichisexpressed by LECs) and ICAM1. Macrophage-expressed CD44
is thought to have an important role in hyaluronic acid uptake and in

the clearance of hyaluronic acid fragments during inflammation. This
function of CD44 may be important for tissue homoeostasis, as hya-
luronic acid fragments and its complexes formed with other proteins
may activate cDCs and promote inflammation'®*. However, most studies
on hyaluronic acid have been performed in vitro or using peripheral
tissuesrather than LNs. Inthisrespect, our currentinsights ontherole
of hyaluronic acid in LNs and potential differences between distinct
LNs are largely rudimentary and remain speculative'®’,

The situation is similar with another important metabolite —
lactate. Lactate is mainly formed during anaerobic glycolysis, parti-
cularly in muscles after exercise when high amounts of ATP are rapidly
required. Interestingly, it was shown that exercise can promote sur-
vivalin a breast cancer model in mice’®*. This effect was based on
an altered carbon metabolism in CD8* T cells, which altered their
redox state, promoted their stemness and ultimately improved their
antitumoural efficacy'®'®, It is very possible that muscle-draining
subcutaneous LNs are exposed to particularly high concentrations
of lactate after exercise since it has been shown that lactate can be
drained via the lymph in the context of tumours'. On account of
its immune regulatory functions, elucidating lactate abundance in
distinct LNs during homoeostasis, exercising and disease contexts
will be important.

Similar to gut and liver DLNs, metabolites derived from tissues
such as the skin or the muscle also influence immune cell responses.
Therefore, studies analysing the effect of these molecules in the LNs
draining these tissues can shed new light on their local influences in
the context of inflammation, vaccination and therapy. Importantly,
as discussed in this section, some LNs drain more than one organ. For
example, the subcutaneous LNs are co-draining the skin, fat tissue and
muscles, whereas the pancreas, liver and duodenum are co-drained by
theliver, coeliac and duodenal DLNs in mice™ (Fig. 3). Therefore, these
LNs are exposed to certain combinations of migratory cell types and
metabolites that might have synergistic or opposing effects when regu-
lating immune responses. This drainage of several tissues by distinct
LNs furtherincreases the functional heterogeneity of these organs. It
wasrecently shown that certain LNs are drained by the pancreas, liver
and duodenumin a hierarchical mannerinwhich the hierarchy refersto
therelativeamount of lymphreceived from each of the aforementioned
tissues™. Consequently, migratory DCs from these tissues coalesced in
the shared DLNs during homoeostatic and inflammatory conditions,
and influenced each other to induce tolerogenic, inflammatory or
autoimmune T cell responses (for example, autoimmune T cells tar-
geting pancreatic antigens can be activated in the pancreas-draining
lymphnodeasaresult of gutinflammation)>. Thus, lymph co-drainage
is a complex phenomenon influencing LN heterogeneity owing to
(1) individual LNs being drained by several organs or (2) the same organ
being drained by several LNs (Fig. 3). Further studies into the subject
will probably reveal novel insightsinto which tissue is drained by which
LN, expanding our understating of LN heterogeneity. This knowledge,
specifically in humans, will be invaluable for diagnosis and treatment
of patients.

Tumour-draining lymph nodes

In the previous sections, we have discussed how soluble factors that
drain from tissues to LNs under homoeostatic conditions can affect
the LN immune response. In the following section, we will focus on
soluble factors generated by tumours that affect responses in the
tumour-draining LNs. Primary tumours secrete distinct molecules and
extracellular vesicles (referred to as the tumour secretome) that favour
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their growth, progression and, eventually, dissemination throughout
the body. These soluble factors promote immune evasion, mainly in
LNs, by disrupting the ‘cancer-immunity cycle”®. In principle, this
cycleisself-reinforcing asitincreases the amount of tumour antigens
produced, which amplifies the immune response. However, cancer
cells candisrupt this cycle viaseveral mechanisms, mainly by targeting
the DLNs.

The first LNs receiving direct drainage from a tumour site are
referred to as sentinel lymph nodes (SLNs), which are usually identi-
fied by visualizing the lymphatic collecting vessels viadynamic imag-
ing (lymphoscintigraphy) of tracers that can be detected in lymph
fluid®’. SLNs are also important sites forimmunotherapy'*°'*. Vascu-
lar remodelling-related growth factors, such as vascular endothelial

Box 3

Vaccination

The goal of vaccination is to induce pathogen-specific memory
cells in the form of T cells, providing cell-mediated protection,

and B cells for neutralizing antibodies. The importance of local
immune protection in tissues is an emerging aspect that is a focus
of future vaccine strategies. In the prominent case of COVID-19,

the available vaccines succeeded in inducing a protective, systemic
immune response”® but failed in generating local immunity via
lung-resident memory cells in contrast to the infection with the
virus®*¢2*°, This is an important limitation because the protection
against severe COVID-19 infection not only requires neutralizing
antibodies but is also associated with the presence of CD8" Ty, cells
in the lung®®?*'. Also, the local immune compartment, composed
of IgA-producing plasma cells and tissue-resident memory B and

T cells, has been shown to be essential for long-lasting protection
against infections??24,

Nasal vaccinations are being developed to overcome this
limitation and have been shown to be superior in inducing local
memory formation in animal models?*****°?, Nevertheless, this
approach comes with several drawbacks, including increased
production costs, limited induction of systemic immunity and
uncertainty regarding the actual dose administered to individual
patients. Accordingly, only one intranasal vaccine was approved
by the FDA (FluMist by AstraZeneca in 2018) before the COVID-19
pandemic. Notably, despite encouraging results of the nasal
ChAdOx1 nCoV-19 AZD1222 vaccine in animal models®*®?**, this
agent failed in a phase | human trial>*****, Currently, 16 mucosal
vaccines against SARS-CoV-2 are in clinical trial phases |-l or have
been registered to be further reviewed by regulatory agencies.

For further details regarding the ongoing clinical trials, we would
like to direct the readers to a dedicated review**”.

For prophylactic vaccinations, which need to be applied to a large
population in a simple and safe way, targeting organs other than
the lungs, intestine and skin to induce local immune protection is
probably not feasible. However, in certain diseases such as tumours
or autoimmune disorders, therapy that targets specific tissues and
their associated lymph nodes may be a promising strategy that could
be worth the challenge of site-specific application.

growth factor A (VEGFA) and VEGFC, are prominent tumour cell-derived
molecules that are initially drained to SLNs'*'*%, In fact, expanded
LECsand LN stromal cellsin SLNsinduced tolerogenic antigen-specific
T cell responses™”'?, Similarly, proliferating, activated FRCs affected
immune cell recruitment and activation in SLNs**°. Importantly, VEGFs
aredrained together with cytokines, such as granulocyte-macrophage
colony-stimulating factor (GM-CSF), M-CSF and IL-3, and can exert
immunosuppressive effects by promoting the survival and differen-
tiation of immature myeloid cells. These cells promote an immuno-
suppressive environment in SLNs through various mechanisms®"".
Additionally, tumours and their microenvironment can also produce
immunosuppressive cytokines, including IL-10 and TGFf3, and other
mediators also contribute to theimmunosuppressive environment of
SLNs that caninhibit DC migration, induce T cell anergy, limitinflam-
matory macrophage activity and inhibit cytotoxic NK cell and T cell
responses’*>2%, Indeed, the SLNs of patients with non-metastatic
melanoma were shown to be enriched in IL-10, GM-CSF and IDO*°**?,
Inthe future, it will be interesting to elucidate the individual effects of
locally produced cytokines in SLNs as compared with those drained
directly from the tumour microenvironment.

The tumour and its microenvironment also produce metabo-
lites that modify immune responses in the SLNs. It was reported that
tumour-derived lacticacidis drained to the DLNs and affects the mito-
chondrial function and metabolism of FRCs in the LN'®’. Metabolites
such as lactate and lactic acid also directly affect T cell function and
could contribute to animmunosuppressive T cell response in SLNs*%,

Extracellular vesicles, such as exosomes, also form part of the
tumour secretome. These vesicles are probably means of cell-cell
communication whose composition and cargo vary depending on the
releasing cell andits functional state**’, Therefore, different cancer cells
also secrete exosomes — which have been referred to as oncosomes —
forimmune evasion"*, Exosomes are drained to the SLNs***" and
have been shown to suppress T cell activation”?*, NK cell prolifera-
tion and cytotoxic function, such as perforin release, and even to
induce a protumorigenic B cell response in the absence of the CD169*
SCS macrophages in the SLN?", Therefore, it is not surprising that the
immunosuppressive mechanisms provoked by melanoma or breast
cancer tumour cells are dependent on the extent to which the LN drains
thetumour directly.Inhumans, LNs are organizedin chains,and the LNs
that drain the tumour directly are more immunosuppressed and have
lower numbers of cDCs, for example, than the LNs further up the chain®>.

Cancers have different cellular origins, develop in various tissues,
and significantly differ with regard to the molecules and vesicles that
they release into their environment. Naturally, this heterogeneity
also influences the SLNs, which are directly exposed to these factors.
Yet even the same tumours induce distinct immune responses when
implanted into different sites. In fact, following implantation of a
lung adenocarcinomalinein theskin or the lung, different CD8" T cell
responses were generated in the respective SLNs, which in turn con-
trolled tumour growth to different extents. This elegant study has
shown that this difference was based on the different abundances of
effector T, cells found in the lung-draining LNs compared with the
skin-draining LNs. Microbiota-induced IFNy has a critical role in driv-
ing effector T, cell generation in lung-draining LNs and these cells
inhibited cDC1-dependent CD8" T cell priming'®.

Overall, SLNs draining tumours are exposed to a plethora of
soluble factors that modulate and typically suppress antitumour
immunity*°°. This is a dynamic process that allows cancer cells to
survive and grow and lays the ground for future lymphatic metastasis.
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Conclusions on soluble factors and lymph node heterogeneity
The lymph transported from different organs and tissue drainage
sites to the associated LNs differs substantially in the composition
of its soluble constituents. Some of these molecules, presentin vary-
ing degrees, have been shown to have a marked impact on emerging
immune responses. The regional influence of some of these substances,
such as SCFAs and vitamin A, has already been clearly demonstrated
invivo. Overall, however, our knowledge in thisresearch areais still rudi-
mentary and largely limited to homoeostatic situations (Supplemen-
tary Table 1). As such, many key questions remain to be addressed. To
what extent do physiological processes, such as the circadianrhythm,
affect the fluctuations of soluble compounds in specific LNs? How do
these soluble compounds change during development, puberty and
ageing? What are the concentrations of metabolites and inflamma-
tory mediators in lymph following injuries or during chronic diseases?
Which ofthese factors functionally impact theimmune responses that
are generated in draining LNs and which of these factors act locally?
Answering these questions would not only increase our basic under-
standing of the generation of immune responses and the role of local
factors but would also have direct implications for the prophylaxis and
therapy of diseases in humans.

Outlook and perspectives

The central task of the immune systemis to protect the host from patho-
gens, while maintaining tolerance and tissue integrity. The structure
of the lymphatic system inevitably leads to heterogeneity of the lym-
phaticfluid and the cells it contains, and thus to functional differences
betweendifferent LNs. We assume that the systemis optimized owing
toevolutionary pressure. Accordingly, all LNs must be able to robustly
generate fundamentally similarimmune responses. At the same time,
thereislocal adaptationto generate tailored immune responses against
specific classes of pathogens in different tissues. Importantly, in this
Review, we focused onindividual LNs draining individual tissues, but as
previously mentioned, one LN can drain more than one organ (Fig. 3).
Therefore, the level of heterogeneity will also rely on the ‘drained
organ combination’ or co-drainage. To date, our knowledge about
inter-lymph node differences s limited, yet a profound understanding
of the molecular mechanisms at play would give us the opportunity to
harness them optimally. Hence, better treatment strategies for patients
could be designed.

Specifically, the design of vaccinations and cancer immunother-
apy treatments could be significantly improved by harnessing the
systemto our advantage. Currently, standard vaccines, whether intra-
muscular or subcutaneous (live vaccines), induce immune responses
in the skin-draining LNs. Some mucosal vaccines are already in use,
and with new developments in mRNA-based vaccines and biomateri-
als for targeted approaches, we may anticipate breakthroughs in the
near future”**”. Importantly, the rationale for mucosal vaccinationis
to induce local immunity at barrier sites including secreted IgA anti-
bodies and resident populations of CD4"and CD8" T cells*®. However,
targeting mucosal-associated lymphoid tissues and other LNs with
their unique properties may further allow us to generate tailored and
efficient immune responses against specific classes of pathogens by
stimulating the ‘ideal responders’in their ‘right environment’ (Box 3).
Profound insights into which immune responses are optimally trig-
geredinwhich LNswill be critical tothis endeavour. To achieve this goal,
future studies need to systematically investigate functional differences
between LNs, particularly inhumans, under several conditions (homoe-
ostasis, infection and disease). The Human Cell Atlas initiative®” is an

important step towards this goal and should incorporate the 300-400
individual LNs, optimally from the same patient or organ donor. This
accumulation of comparable data and further mechanistic research
will be helpful to develop new strategies to safely target specific LNs to
optimize vaccinationand immunotherapy approaches against cancer.

Published online: 14 December 2023
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Appendix B
Abbreviations

ACK: Ammonium-Chloride-Potassium

ADP: adenosine di-phopshate

APC(s): antigen presenting cell(s)

APM: antigen presenting molecule

ASM: acid sphingomyelinase

ATP: adenosine tri-phosphate

BCR: B cell receptor

BFA: Brefeldin A

bis-pNPP: bis(4-nitrophenyl) phosphate

BM: bone marrow

BSA: bovine serum albumin

C1P: ceramide-1-phosphate

CCL: C-C motif chemokine ligand

CCR: C-C motif chemokine receptor

CD: cluster of differentiation

cDCs: conventional dendritic cells

CDN(s): cyclic dinucleotide(s)

cDNA: complementary desoxyribonucleic acid
Cer: ceramide

cGAMP: cyclic guanosine monophosphate-adenosine monophosphate
cGAS: nucleotidyl transferase cyclic GMP-AMP synthase
CITE-seq: Cellular Indexing of Transcriptomes and Epitopes
CFU: colony forming units

CLPs: common lymphoid progenitor cells

CNS: central nervous system

CTL: cytotoxic lymphocytes

CXCL: C-X-C motif chemokine ligand

CXCR: C-X-C motif chemokine receptor
DAMPs: damage-associated molecular patterns
DCs: dendritic cells

DEGs: differentially expressed genes

dhCer: dihydroceramide

dhSM: dihydrosphingomyelin

dLN(s): draining lymph node(s)

DMSO: dimethylsulfoxid

DN: double negative

DP: double positive

DTT: diethiothreitol

EE: early effector cells
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ENPPL1: ectonucleotide pyrophosphatase/phosphodiesterase |
EUCOMM: European Conditional Mouse Mutagenesis
FACS: fluorescence-activated cell sorting

FDCs: follicular dendritic cells

FRCs: fibroblastic reticular cells

FSGS: focal segmental glomerulosclerosis

GM1: monosialotetrahexosylganglioside

GPI: glycosylphosphatidylinositol

hexCer: hexosylceramides

Hipl: Huntington-interacting protein 1

HPLC-MS/MS: high-performance liquid chromatography tandem mass spectrometry
IELs: intraephitelial lymphocytes

IFNy: interferon-y

ILCs: innate lymphoid cells

iLN: inguinal lymph node

i.n.: intranasal

IL-: interleukin

i.p.: intraperitoneal

IS: immune system

ISF: interstitial fluid

i.v.: intravenous

KO: knock-out

KS: 3-ketosphinganine

lacCer: lactosylceramides

LCs: Langerhans cells

LCMV: lymphocytic choriomeningitis virus

LEC(s): lymphatic endothelial cell(s)

LN(s): lymph node(s)

LP: lamina propria

LXR: liver X receptor

MAIT: mucosal-associated invariant T cells
medLN(s): mediastinal lymph node(s)

mesLN(s): mesenteric lymph node(s)

MFI: mean fluorescence intensity

MHC: major histocompatibility complex

MHC-I: major histocompatibility complex class |
MHC-II: major histocompatibility complex class
migDC(s): migratory dendritic cell(s)

MPEC: memory precursor effector cells

MR1: major histocompatibility complex class I-related gene protein

MRSA: methicillin-resistant Staphylococcus aureus
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MS: multiple sclerosis

NK cells: natural killer cells

NKT: natural killer T cells

NSM: neutral sphingomyelinase

P14: T cell receptor (TCR)-transgenic gp33-specific CD8" T cells
PAMPs: pathogen-associated molecular patterns

PCA: principal component analysis

PCR: polymerase chain reaction

PFU: plague forming units

PLO: primary lymphoid organs

PM: plasma membrane

PMA: phorbol myristate acetate

pNP: 4-Nitrophenol

pre-DCs: precursors of dendritic cells

PRRs: pattern-recognition receptors

PRRSV: porcine reproductive and respiratory syndrome virus
RNA-seq: RNA sequencing

rpm: rotations per minute

RT: room temperature

S1P: sphingosine-1-phosphate

S1PR(s): sphingosine-1-phosphate receptor(s)

S. aureus: Staphylococcus aureus

s.c.: subcutaneous

scRNA-seq: single-cell RNA sequencing

sSdLN(s): skin-draining lymph node(s)

SEM: standard error of the mean

SG: salivary gland

SL: sphingolipids

SLEC: short-lived effector memory

SLO: secondary lymphoid organs

SM: sphingomyelin

SMase(s): sphingomyelinase(s)

Smpd: sphingomyelin phosphodiesterase

Smpdl: sphingomyelin phosphodiesterase acid-like
Smpdl3a: sphingomyelin phosphodiesterase acid-like 3a
SmpdI3b: sphingomyelin phosphodiesterase acid-like 3b
SP: single positive

SPT: serine palmitoyltransferase

STING: stimulator of interferon genes

TCM: central memory T cells

TCR: T cell receptor
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Tconv: conventional T cells

Tes: effector T cells

TEM: effector memory T cells

Th: T helper cell

TLR: toll-like receptor

Tmem: memory T cells

TNFa: tumor necrosis factor-a

TPM: peripheral memory T cells

Treg: regulatory T cells

TRM: tissue-resident memory T cells

tSNE: t-distributed stochastic neighbor embedding
UMAP: uniform manifold approximation and projection
UMI: unique molecular identifier

UTC(s): unconventional T cell(s)

ViV : volume:volume

VVG2: Vaccinia virus expressing LCMV-GP protein
WT: wild-type
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