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Abstract

The neuroimmune system is an emerging investigation area, in which neurons and immune cells
bidirectionally interact, modulating each other’s cell function. Dendritic cells (DC) rely on their capacity
to sense several environmental cues, and function by priming T cells therefore play pivotal roles in
orchestrating immunological responses. The autonomic nervous system (ANS) comprises the
parasympathetic and sympathetic branches. The last mediates “flight or fight” responses upon stress,
influencing overall physiology, including immunity. Whether the DCs are able to integrate ANS-derived
signals and how this affects DC functionality is the thesis” main goal. Advances in this field are limited
by the use of in vitro approaches and unspecific DC genetic models in vivo. Hence, how ANS peptides
impact DC function and host physiology is vastly unexplored. To address conventional DC type 1
(cDC1) functionality impact of sympathetic peptides, DC function was investigated upon
norepinephrine and PB2-adrenergic receptor (Adr$2) agonist administration. Additionally, in vivo
migration assays were conducted utilizing Adrf2 antagonists. Moreover, genetically engineered mice
that devoid Adrp2 expression solely in cDC1 were analyzed. We observed that cDC1s lacking Adrf2
are more activated. Furthermore, DC1 migration increased upon Adrf2 antagonist administration.
Henceforth suggesting that DC1, following Adrf32 signaling, suffers a phenotypical shift towards an
immunosuppressive state. These results hold promise in developing innovative cancer immunotherapies
by blocking DC Adrf2 signaling or limiting inflammation excess in an autoimmune disorder by
promoting DC Adrp2 signaling. Deciphering the molecular and cellular intervenients of this
neuroimmune crosstalk can revolutionize health and science, offering avenues to enhance physiological

well-being.

Keywords: Dendritic cells, Sympathetic neurons, Adrf32, Neuroimmune axis, Immunophysiology
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Resumo

O sistema neuro-imune é uma area de investigacdo emergente, na qual neurdnios e células imunes
interagem bidireccionalmente, modulando a funcdo celular um do outro. As células dendriticas (DC)
baseiam-se na sua capacidade de detetar varias pistas ambientais e funcionam ativando células T,
portanto, desempenham um papel fundamental na orquestracdo de respostas imunoldgicas. O sistema
nervoso auténomo (SNA) inclui ramos parassimpéticos e simpéticos. Este Gltimo medeia respostas
"fuga ou luta” em caso de stress, influenciando a fisiologia geral, incluindo imunidade. O principal
objetivo da tese é saber se as DCs sdo capazes de integrar sinais derivados do SNA e como isso afeta a
sua funcionalidade. Os avangos neste dominio sdo limitados pela utilizagdo de abordagens in vitro e de
modelos genéticos inespecificos de DC in vivo. Por conseguinte, a forma como os péptidos ANS afetam
a funcgdo das DCs e a fisiologia do hospedeiro é pouco explorada. Para abordar o impacto dos peptideos
simpaticos na funcionalidade das DC-convencional tipo 1 (cDC1), a sua funcéo foi investigada apds
administracdo de norepinefrina ¢ agonistas do recetor B2-adrenérgico (4drp2). Além disso, foram
realizados ensaios de migracdo in vivo utilizando antagonistas de Adrf2. Adicionalmente, foram
analisados ratinhos geneticamente modificados que ndo tém expressdo de Adrp2 apenas em cDCL.
Observamos que cDC1s sem Adrf2 s&o mais ativas. Além disso, a migracédo de DC1 aumentou com a
administracdo do antagonista Adr32. Sugerindo assim que DC1, ap6s a sinalizagdo de Adrp2, sofre uma
mudanca fenotipica para um estado imunossupressor. Estes resultados sdo promissores no
desenvolvimento de imunoterapias inovadoras contra cancro, bloqueando a sinalizagdo DC Adrf2 ou
limitando o excesso de inflamagdo numa doenga autoimune, promovendo a sinalizacdo DC Adrf2. A
decifragdo dos intervenientes moleculares e celulares desta interagdo neuro-imune pode revolucionar

salide e ciéncia, oferecendo vias para melhorar o bem-estar fisioldgico.

Palavras-chave: Ceélulas Dendriticas, Neuronios simpéticos, Adrf2, Eixo Neuro-Imune, Imuno-

Fisiologia,
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1. Introduction

1.1 Immune System

The immune system is a vast and complex set of cells and their molecules that aim to protect the host
from various unknown entities, including infectious microorganisms, toxins, allergens and tumor cells,

while maintaining the balance between tissue homeostasis and host defense!.

In our day-to-day life, every time we breathe, eat, cut ourselves, touch surfaces, and interact with people
or animals, we are in continual and constant contact with various organisms, naive or nocive, which may
require immunological action. Hence, this continuously evolving system has the key ability to
discriminate between patterns and molecules of the body itself or “self”, and foreign “non-self” to be

able to induce tolerance or elicit an efficient effector response respectively?.

Nonetheless, two distinct but synergistic immune responses are required: the innate response that acts
immediately upon contact with the threatening organism displaying no antigen specificity, and the
adaptive response, a late-phase reaction that exhibits specificity to the immunogen and produces

immunological memory being more prone to better defend against a subsequent invasion.

These immunological phases, despite their differences in their mode of action, duration, and specificity
to the immunogen, need to act in a concise and balanced manner to not overwhelm the inflammatory
response. If this equilibrium is compromised, and the immune system is left unchecked, the body can

lose control of homeostasis, likely leading to severe immunopathologies.

1.1.1 Innate Immunity

The innate immune system is the organism’s first line of defense providing a rapid and non-specific
response. It employs mechanical, chemical, and biological defensive barriers preventing the pathogen
mode of action?. Immune cells like granulocytes, monocytes (Mo), dendritic cells (DCs), macrophages
(MF), natural killer cells (NK) and innate lymphoid cells (ILC) alongside cytokines and the complement
system, are included in this immune branch? To recognize colonizing microbes, the immune cells
express various Pattern Recognition Receptors (PRRs) that bind to specific Pathogen Associated
Molecular Patterns (PAMPs)®, this culminates in the secretion of pro-inflammatory cytokines and
chemokines that result in increased phagocytic activity and migration into the site of injury to clear the

threatening pathogens®.



1.1.2 Adaptive Immunity

On the other hand, unlike innate immunity, adaptive immunity requires days to be elicited. Nonetheless,
it is highly specific to the hazardous pathogen and has the unique ability to mount immunological
memory. This immune branch englobes two major subtypes of response: the humoral immune response,

executed by B cells, and the cell-mediated immune response which is carried out by T lymphocytes®.

Humoral or antibody immune response involves activation of B cells and, through the release of
cytokines produced by T-helper cells (Th), the differentiation into plasmocytes*. These immune cells
produce and release soluble immunoglobins targeting the specific antigen*. The cell-mediated immune
response relies on T cells interacting with the immunogenic peptides, displayed by antigen-presenting
cells (APC) via the major histocompatibility complex, and the polarization into effector T cells that will

clear virus-infected or tumoral cells and will assist other immune cells to perform their function®.

1.2 Dendritic cells — origin and their subtypes

DCs are potent APC®” presented in all mammalian lymphoid and non-lymphoid tissues bridging the
innate and adaptive immunological arms together®. There are different subtypes of DCs, namely,
plasmacytoid DCs (pDC), monocyte-derived DCs (Mo-DCs), and the conventional DCs (cDC), that can
be subdivided into type-1 (cDC1) and type-2 (cDC2)"°.

DCs can be generated in the bone marrow from both common lymphoid progenitors (CLPs) and
common myeloid progenitors (CMP). pDCs, a particular CD11c'Y MHC-11'" DC, excels in the
production of type I interferons which are crucial for anti-viral immunity®®, are mainly derived from

CLPs, however increasing evidence supports that they can also emanate from CMP710.13-17,

On the other hand, Mo-DC are derived from monocytes that upon inflammation originate DC-like cells,
whose function remains unclear but it’s thought to complement the function of ¢cDC and also act as APC
in the skin®® cDCs derived from CMP, and posteriorly from an intermediate state into common
dendritic cell progenitor (CDP)”#1214 in a process that is highly dependent on the FMS-like tyrosine
kinase 3 (FIt3) receptor and its ligand FIt3L"%% (Figure 1.1). Furthermore, it is further improved by
Granulocyte-macrophage colony-stimulating factor (GM-CSF) and tumor necrosis factor-o (TNF-a),
although being fl3tl the crucial cytokine®%?°, ¢cDC1 and cDC2 are the most studied DCs, being present
in lymphoid or non-lymphoid tissues, being the ones with higher antigen processing and migration
capacity®'°, Henceforth, cDC will be the focus of this dissertation, and the type of cells analyzed in the

experiments.



1.2.1 cDC1 and cDC?2 - Identification

As previously referred to in section 1.2 the group of DCs most characterized are cDC1 and cDC2. These
are classical DCs that resort more to the initial definition of DCs by Ralph Steinman and Zan Cohn back
in 19738, The two types of conventional DCs can be defined or distinguished by the expression of their
surface markers, transcription factors, PRR sensing, and the immunological function they promote after
activation, due to having more or less affinity to prime naive T cells into distinct specialized Th subsets
as well as cytotoxic T cells®.

The earliest classification that can distinguish these two main cDCs remote to the hematopoiesis process
immediately after CDP stage®. In which, there are early markers that make a preliminary discrimination
between committed pre-cDCL1 lineage, like expression of CD117, CCR2 but not CD115 and double
negatives for Ly6C and SiglecH markers®52!, while pre-cDC2 committed cells express CD115 and
Ly6C but not CD117 and SiglecH®>2t, During the process of pre-cDCpoiesis, these cells become
CD11c* but still lack expression of MHC-118191° posteriorly, these cells will then migrate out of the
bone marrow into the different mammalian tissues, posteriorly originating into the ¢cDC1 and

cDC2810.14152L which then translates into CD11c* and MHC-11"9" immune populations® (Figure 1.1).

Additionally, it is also suggested that CD24"9" expressing splenic pre-cDC are more destinated to induce
cDC1*2 while CD24'"" splenic pre-cDC lead to cDC2 genesis, moreover, it is suggested that CD24™
have the plasticity to generate either subtype of cDC.

As previously stated, these cells share common progenitors with other myeloid cells (CMP stage),
however, several genes have been identified that selectively distinguish between cDC and the other
myeloid immune compartments, such as macrophages, like Zbtb4681015162122 gnd F|t3810.15.16
transcription factor as discussed in section 1.2; Ccr781%1516 the chemokine receptor with high impact in
the migration into the lymph node (LN) as pointed in section 1.2.3; Btla (B-and T-cell lymphocyte
attenuator or CD272)™, an inhibiting immunoglobulin protein blocking T and B-cell receptor
signalling®®; c-kit®101516 3 stem-cell factor receptor, however, its role in cDC is unidentified®; Dpp4
(CD26) that transduces dipeptidyl peptidase protein also with unknown function in cDC
compartment®>; and more!®. These selected genes/transcription factors can thus be good markers to

distinguish such populations.

Furthermore, all conventional mouse DCs have general expression CD45, CD135 (FIt3 receptor)
CD11c", an integrin alpha X%, and MHC-I1*in the plasma membrane and are negative for the phenotypic
marker proteins of other immune cells such as lymphocytes and granulocytes as well as the hemocytes

lineage®1%’. However, the expressions of CD11c and MHC-II, despite being widely used in the



identification of classical DCs, are very heterogeneous among tissues and between immune cells since
some tissue-specific macrophages can express such proteins®416, Thereafter, the use of other markers
can further promote better discrimination is sometimes needed, for instance, CD135%°, CD24’ (mostly

expressed in cDC1), and CD26 (mostly expressed in cDC2)"7.

Nonetheless, CD11c and MHC-I11 are still undisputed and key markers to target cDCs being highly used
in flow cytometry. However, advances in the discovery of new markers could lead to even more robust
and precise tissue cDC identification. Human cDCs are also CD11c*, HLA-DR" ( MHC-II human
counterpart), and highly dependent on FIt3L"Y, in addition, similar to mouse cDC®’, also lack other

immune cell lineage markers.

As elicited in the introduction, cDCs can be subdivided into cDC1 and cDC2. Regarding transcription
factors, the origin of cDC1 is heavily dependent on Basic Leucine Zipper ATF-Like Transcription Factor
3 (Baft3), interferon regulatory factor 8 (IRF8) in both humans and mouse®, Nuclear factor, interleukin
3 regulated (Nfil3), and inhibitor of DNA binding 2 (ID2)#42, On the other hand, cDC2 development
is mainly regulated by Zeb2, IRF431421 and IRF284, It is further known that Notch2 receptor and Klf4
protein can display a role in regulating mouse cDC2 differentiation in other tissues like the spleen®4.

cDCl1s are the least expressed cDCs in the tissues’®, accounting for 30% of total resident cDCs in non-
lymphoid tissues® and 40% in secondary immune organs® (20% of total splenic DCs'’, however they are

enriched in Thymus and Peyer patches®).

These cells are characterized by the expression of unigue markers such as X-C motif chemokine receptor
1 (XCR1)"&1 which will bind to X-C motif chemokine receptor ligand 1 (XCL1) mainly expressed by
CD8" T cytotoxic effector cells”® and NK cells’, favoring its interaction. DNGR- 1, commonly known
as C-type lectin domain containing 9A (Clec9a), is another good marker to exclusively target cDC1
from ¢cDC2"8124 This C-type lectin is involved in binding to filamentous actin exposed by necrotic
cells®24, This interaction facilitates dead-antigen internalization promoting cross-presentation of cDC1

to CD8" T-cells resulting in cytotoxic adaptive response’®24,

Furthermore, all lymphoid cDC1 are also CD8" cells, foreshadowing its role in cross-presentation to T
cells”®Y Additionally expressed by cDC1 are the E-cadherin-binding integrin aE (CD103) mainly in
peripheral tissues, hence this integrin is connected to the migration capability of cDC1 into draining
lymph nodes”®1”. Nonetheless, there is a defined subpopulation of cDC2 that expresses this molecule in
the intestine”®1’. Furthermore, CD24 is usually higher expressed in ¢cDC1 (like in pre-cDC1 already
depicted), although lung®!’ and intestine!’ cDC2 also express this molecule®. One important note is that
cDC1 is characterized also by higher protein levels of FIt3 (CD135)"8.



cDC2s on the other hand are a well-represented heterogeneous group of cDCs”#7 (account for 80% of
total splenic DCs'"). These cells are characterized by expression of CD4" in secondary lymphoid organs,
therefore also indicating its role in priming naive T cells and eliciting adaptative CD4-type
immunological responses’!’. Additionally, Signal regulatory protein o (SIRPa) and CD11b are the
usual markers to target cDC27817, It is important to point out that the markers of both cDC1 and cDC2
are mutually exclusive, being XCR1 and SIRPa the gold standard to identify ¢cDC1 and cDC2
respectively”®% (Figure 1.1).

Many similarities can also be traced in humans, for example, like mice, there is a pre-cDC stage that
branches into pre-cDC1 and pre-cDC28. Moreover, cDC1 expression is lower than cDC2 like the murine
counterparts in the organs’® and blood ( the first corresponds to approximately 0.03% and the latter 1%
of human PBMC?’) and are also less heterogenous®. Again, in line with mice cDC1, human cDC1 also
expresses XCR1 and Clec9a”®” and human c¢DC2 possesses SIRPa’#". Furthermore, human cDC1
differentiation also requires Baft3 and IRF8 transcription factors®. In humans, blood DC antigen 3
(BDCA3") or CD141 is an additional marker for blood cDC1, widely used in human cDC studies, that
displays similarities with CD8" mouse ¢cDC1 being its human equivalent immune cell”#17,

There have been papers hinting at their immense potential role in immunotherapies and cancer studies.
Hence further studies are always required to fully comprehend these cells, take advantage of their

immunological properties, and promote science and health.

1.2.2 DCs as environmental surroundings sensors

DCs are crucial for the shaping of the specific adaptive response against a harmful pathogen or for
maintaining tolerance to a self-antigen or commensals thus playing a key role in preserving the

organism’s homeostasis® 227,

After the differentiation event in the bone marrow, the immature DCs reside in various peripheral tissues
susceptible to pathogen encounter, such as the lungs, intestine, and skin®®. These resting DCs exhibit
long protrusions, functioning as sentinel cells with great antigen-sampling capacity®® but lack antigen
presentation competence, therefore, having downregulation in the molecules and receptors needed for

the T-cell clonal expansion and achieve their biological active state?-°,

Given the high diversity of microorganisms and cellular components, DCs possess an immense array of
PRRs, specifically recognizing different PAMPs. Thus, DCs excel in the function of sensing
environmental surroundings with high plasticity. The family of PRR is very broad and includes both
membrane-bound receptors like Toll-like receptors (TLRs) and C-type lectins receptors (CLRs), and
intracellular proteins such as RIG-I-like receptors (RLRs) and nucleotide oligomerization
domain(NOD)-like receptors (NLRs)®3134,



Different TLRs are recently being explored to achieve DC activation in an inflammatory scenario. For
instance, Polyinosinic:polycytidylic acid (Poly(l:C)), a synthetic double-stranded RNA molecule serves
as TLR3 agonist to induce cDC1 stimulation® and consequent release of soluble cytokines such as
interleukin (IL)-12%* and type 111 interferon (IFN-111)%52¢, Moreover, studies showed that TLR3 enhances
cDC1 cross-presentation to CD8* cells in an anti-viral response®*’. It is also known that both human and
mouse cDC1 express high amounts of TLR3"#7. Henceforth, Poly(I:C) administration is being very
utilized in cancer studies®*®=® and adjuvants in vaccines®**! as well as boosting anti-viral strategies*.
Additionally, unmethylated cytidine-phosphate-guanosine (CpG) is a target of TLR9 to distinguish
mammalian DNA from bacterial DNA34. CpG oligodeoxynucleotides (CpG-ODN) molecules have also
been used as an immunostimulatory agent triggering activation of DCs via TLR9* for vaccine purposes

and immunotherapy*-44-47,

Furthermore, lipopolysaccharide (LPS), a well-known bacterial membrane component is selectively
targeted by TLR4%%49 contributing to DCs activation® being more primed to perform cross-

presentation®4°,

Nevertheless, besides PRR triggering being a necessary key player in DC activation, sometimes is not
sufficient®®. In those scenarios, damage-associated molecular patterns (DAMPs) derived from infected
cells, necrotic cells, and also from PAMP recognition, play a role in boosting DC activation®*%05, These
danger signals are very diverse and can include: ATP%5, nucleic acids®, filamentous actin®, uric acid®,
proinflammatory cytokines like TNF-a, IFN-1**%! as well as lymphocyte-derived activators such as
CD40-L>* that combines with IL-1 inducing a potent immunogenic DC®2%3, The synergized action of all

these parameters fully reaches the activation state of DCs.

Once DCs integrate the molecular information coming from pathogens together with danger signals via
these diverse selective receptors they undergo a process of activation associated with upregulation of
co-stimulatory markers and MHC and increase cytokine production® while losing endocytic ability. This
process is termed maturation, therefore the DCs are with the necessary conditions to migrate into
secondary lymphoid organs, such as draining lymph nodes, spleen, and Peyer patches via lymphatic
vessels to present the specific immunogens to lymphoid cells hence the starting point to an effective

adaptive immunological response.

1.2.3 DC migration through chemokines and their lymph node localization

As previously mentioned to prime naive lymphocytes and trigger either a cellular immune response or
a later humoral response, DCs require to migrate via lymphatic vessels into secondary lymphoid

organs®>%¢, This crucial event is tightly modulated by chemokines, small soluble molecules released



by immune, endothelial, and epithelial cells following infection or damage®®*¢, being its main function
to govern migration events of immune cells, guiding them to the site of infection®%-%6, This is regulated
by differential amounts of chemokines released, resulting in a chemoattractant gradient modulating the

chemotaxis event after recognition by chemokine receptors on the surface of immune cells®4-,

cDCs express the chemokine receptor CCR76854%, This protein alongside its main ligands, CCL19 and
CCL21 creates a chemokine axis crucial for the migration into the lymph node and therefore the
initiation of an adaptive immunity®8°+5°, CCL21 is involved in guiding the mature DCs alongside the
lymphatic vessels while both CCL19 and CCL21 promote movement inside the lymphoid organ®.
CCL21 is secreted by the afferent lymphoid vessels and CCL19 is released by matured DCs®",
Furthermore, CCL 21585570 and CCL19°"% are highly expressed in lymphoid stromal cells. Therefore,
these chemokines will promote and guide, CCR7-DC dependent migration in a haptotaxis®® manner,
attracting the DCs into the draining lymph node where the expression of these molecules is more

persistent (Figure 1.1).

The DCs additionally express CCR6%%61-63 which together with its ligand CCL20, secreted in high
amounts following an inflammation reaction by the epithelial cells®*®3, induce immature CCR6-DC
dependent migration into the infected tissues, triggering immunity %62 (Figure 1.1).

Interestingly, in the lymph node, there are two populations of cDCs that can be distinguished regarding
if they emanate from the tissues or “migratory ¢cDC” and lymph node tissue-resident cDC that came
after the bone-marrow differentiation phenomenon®1%8, Migratory ¢cDCs can be discerned from the
resident cDCs due to the former typically expressing larger amounts of MHC-II protein and lower
CD11c levels than the second population®1%¢ However, this discrimination is only viable in steady-
state scenarios, as in an inflammation or challenge scenery using these general markers it is unfeasible
to label these populations!®®, Like previously stated, CD8* ¢DC1 are from lymphoid origin, therefore
are considered lymph node resident-cDC, while CD103* is a good marker to target migratory cDC1 in
the lymph node®1%%4, However, up to date, there are no markers to apply the same discrimination of

migratory and resident in cDC210:%4,

After acquisition of the antigen, the migratory cDCs will, via afferent lymph vessels move into the
lymph node to prime naive T cells directly, or indirectly, in which it is hypothesized that they can transfer
the immunogen to the resident cDC as an amplifier of the presentation event and thereafter the immune
response®. Posteriorly, once the migrating CDCs have migrated and introduced the antigen, it is believed

that they will die and be recycled®. The lifetime of cDC can be visualized in Figure 1.1.

One interesting notion is that lymph node cDC1 localized preferentially in the paracortex in a T-cell-
rich area thus interacting more with CD8* cells mirroring its location®®4. ¢cDC2 preferentially position

themselves in the cortex or follicular zones in the T-B cell border, hence mirroring CD4* T cells®%,



After the migration event the DCs display the antigen to prime naive T cells, this event is classified as
antigen presentation. To prime effector lymphocytes successfully, the joint action of 3 distinct signals
is required: antigen presentation via major histocompatibility complex (MHC); presence of co-
stimulatory molecules; and release of soluble cytokines®%. Ablation of any of these signals results in

tolerance immunity.
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Figure 1.1 Lifetime period of a cDC. The cDCs originate in the bone marrow from hematopoietic stem cells
(HSCs), and suffer differentiation, with prior intermediate stages, into CDP and pre-cDCs. These events are highly
dependent on FIt3 receptor and its ligand FIt3L. In the pre-cDC stage, there are already some markers
distinguishing pre-cDC1 and pre-cDC2 described elsewhere (not shown for simplicity reasons). Moreover, both
are characterized by increased expression of CD11c marker. Posteriorly, these cells will egress from the bone
marrow into both lymphoid and non-lymphoid tissues via blood circulation, finalizing the differentiation into cDC
(CD11c*and MHC-I1I*). ¢cDC can be subdivided into cDC1 (XCR1*) and cDC2 (SIRPa*). These resident cells will
act as sentinel cells. After pathogen encounter via PAMPs recognition by PRR (TLR4 depicted), the cDC become
active and suffer phenotypic changes characterized by increased expression of key molecules required from
priming of T cells, like MHC, co-stimulatory molecules, and cytokines in a process denominated maturation. The
active cDC will then migrate via afferent lymphatic vessels in a chemotactic manner via CCL21 and CCL19
chemokines, being both highly expressed in the lymph node, chemoattracting cDC via recognition by CCR7.
Moreover, other cDC can be recruited to the skin via CCR6 recognition of CCL20, released by the epithelial cells
following inflammation. After reaching the lymph node the active cDC can prime distinct naive T cells into highly
specific effector cells and trigger the beginning of an adaptive immunological response. For simplicity, in the figure
illustrated, only cDC1 are active, migrate, and prime T cells, being cDC2 the resting and resident cell. However,
all these physiological events can occur in both cell types. All images were created by using Biorender adapted
from Cabeza-Cabrerizo, M., Cardoso, A., Minutti, C. M., Pereira Da Costa, M. & Reis E Sousa, C. Dendritic Cells
Revisited. Annu. Rev. Immunol. 39, 131-166 (2021)8.

1.2.4 Antigen Presentation via MHC — first signal

The first crucial signal needed in the naive T cell activation event in the lymph nodes is the presentation

of the sampled antigens, which normally are peptides, via MHC molecules®.

This process can be carried out in two distinct mechanisms depending on the origin of the antigen: the
intrinsic or cytosolic pathway that displays cytosolic/intracellular antigens via MHC class | molecules,
and cross-presentation with CD8" lymphocytes, and the extrinsic or endocytic pathways that present
internalized antigens in the context of MHC class Il molecules to CD4* lymphocytes. Both MHC
molecules with the loaded antigen will bind to the TCR (T-cell receptor)-CD3 complex in the surface
of T cells, and alongside the other signals will activate downstream signaling cascades leading to T cell

activation?.

The cytosolic or intrinsic pathway is characterized by proteomic ubiquitination of intracellular-derived
peptides through the proteasome. Posteriorly, the degraded peptides are translocated into the
endoplasmic reticulum, to assemble with MHC class | molecules. Furthermore, this complex will then
be released from the endoplasmic reticulum and migrate into the cellular membrane which will interact
and activate CD8" T cells, eliciting cytotoxic immunological responses, crucial in the elimination of

virus-infected and tumor cells®"-68,

On the other hand, the endocytic or extrinsic pathway is defined by the presentation of extracellular-
derived antigens. These immunogens are endocytosed and later processed in endosome vesicles with
proteases. The resulting peptides will be loaded with MHC-II molecules, also in the endosomes.

Posteriorly the peptide-MHC complex will be transported to the plasma membrane to associate with



CD4" T cells®"®8, These immune populations will assist other immune cells, enhancing/activating their

functions, thus displaying a key central role in modulating the immune responses.

Focusing now on the function of cDC1s and cDC2s, the general dogma indicates that the former excels
in cross-presentation of antigens via MHC-I to prime CD8" T cells eliciting cytotoxic immune
responses’8176970  thus displaying key role mainly in inducing anti-viral’*™ and anti-tumoral
processes’> 6, As previously stated, cDC1s has the key characteristics to cross-present the antigens to
cytotoxic T cells: the expression of Clec9a that uptakes necrotic components, cDC1s locates in rich T-
cell areas in the lymph node and displays XCRL1 that binds XCL1 highly expressed by CD8" T cells as
well as higher amounts of TLR3. Therefore, this suits the enhanced ability of cDC1 to prime CD8*
lymphocytes in the lymph nodes. Furthermore, it is generally known that cDC1s are the major producers

of IL-12"81 and IFN-11117-3536 while also releasing TNF-a’.

On the other hand, it is stipulated that cDC2s are more efficient in priming via MHC-I1, naive CD4* T
cells"®17  leading them to act mainly against anti-parasitic immune responses in a Th-type 2 (Th2)
response’’ against Leishmania for instance’®. Furthermore, cDC2s can also induce other Th responses,
like Th-type 17 (Th17)"*"7" by the high production of IL-2371"" and IL-6"!" cytokines against
extracellular pathogens (Citrobacter rodentium)’® and fungal microrganisms’. Furthermore, cDC2s can

also produce TNF-al’.

However, this idea, although generally accurate, cannot be oversimplified. It is true that cDC1s are
experts in inducing cytotoxic responses due to priming CD8* lymphocytes, but they can also induce
CD4" lymphocytes®®, to induce Th-type 1 (Th1) responses that can further help CD8* T cells cytotoxic
responses®®. Moreover, is it known that cDC1 produces high amounts of I1L-12 thus supporting Thl
immunity also against the parasites Leishmania major®? and Toxoplasma gondii®®, sustaining also
cytotoxic T cells (CTL) action. Moreover, focusing now on human cDC1 despite being optimal in cross-
presentation to CD8" T cells, this effect is less restricted than mice ¢cDC1, and induces lower 1L-12

amounts than for instance their cDC2 counterparts®7:84,

Although this priming ability of cDC1 to CD4* lymphocytes is less efficient than cDC2, following CpG
stimulation the effect was reversed since cDC1 could proliferate CD4* T cells and induce IFN-y

release®®.

The other way around, cDC2 has been found to promote both types of adaptive immunological events,
and present to both CD4* and CD8" T cells, following inflammation®. Additionally, it is known that
human blood cDC2 can cross-present soluble antigens and release high amounts of I1L-12 thus behaving
like a cDC1, therefore human cDC1 are less restricted in their functionality®'”4. Hence both cells are

very versatile contributing to host homeostasis.
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1.2.5 Co-stimulatory molecules — second signal

The second signal or co-stimulatory signal required for the activation of naive T cells is the expression
of co-stimulatory molecules such as CD80, CD86, and CD40 on the surface of antigen-presenting cells
such as DCs®,

CD80 (B7-1) and CD86 (B7-2) molecules are part of the B7 family, that serve as ligands to CD28
receptor in naive T cells, providing the necessary co-stimulatory signal, enhancing CD4/CD8 T cell

proliferation and cytokine release®’.

The CD40 belongs to the TNF superfamily receptor, being highly expressed by DCs and B cells that
interact with CD40L, being highly displayed by activated CD4" T cells. CD40 signaling promotes up-
regulation of CD80/CD86 co-stimulatory molecules on DCs as well as increases cytokine release, like
IL-12, thus enhancing the ability of DCs to activate effector T cells®,

1.2.6 Cytokines as the third signal

The third and final signal, also known as the polarization signal, results in the action of soluble cytokines,
acting as immune mediators to differentiate naive CD4" or CD8" T cells (Figure 1.2).

Importantly, DCs are shown to release mediators that promote the differentiation of naive CD4* T cells
into differentiated Th1, Th2, Thl7, T Follicular Helper (Tth) as well as tolerogenic T cells (Treg)
subsets, acting in a repertoire of different effector immunological responses®®®° (Figure 1.2). For
instance, DCs release high amounts of IL-12 polarizing naive CD4* T cells into Th1 cells, which results
in higher production of IFN-y and TNF-a, assisting cytotoxic CD8" T cells and efficiently eliminating
intracellular pathogens and cancer cells®°!, Interestingly, NK cells can release IFN-y enhancing the

DCs ability to produce high amounts of IL-12 and increase the polarizing of Th1 cells®®%01,

Furthermore, Th17 is polarized by the release of 1L-6%9°! [L-2389 |L-18%° and Transforming
growth factor beta (TGF-B)®®%° by DCs. Thl7 secretes IL-17, as well as IL-22, and excels in
immunological action against extracellular pathogens and fungus®®°. Furthermore, DCs can also prime
Tfh through the release of 1L-6%%°. This immune cell releases 1L-21, inducing B cell proliferation and
survival® while enhancing antibody class switch®, production and affinity®, thus helping B-cell
function. Additionally, DCs can also promote Treg by the release of 1L-108%1, TGF-B, and retinoic acid
(RA)®°1 Treg subset further releases both IL-10 and TGF-B thus promoting anti-inflammatory

properties, inducing an anergy state®%.,

Interestingly, it is still unknown the exact cytokine mediators released by DCs that differentiate Th2.

Th2 cells result from the differentiation of naive T cells upon the action of mainly IL-4 but also I1L-2%,
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This immune population is characterized by the production of I1L-4, IL-5, 1L-13%8%-°! enhancing
immunological actions against parasites, venoms, and allergens®%. However, it is widely known that
DCs are essential to prime Th2 as previously depicted, nonetheless, there are still no studies indicating
that DCs secrete 1L-4%9, therefore, to prime Th2 it is thought that other immune cells, like basophils,
mast cells®*®! and other already polarized Th2 cells®, are likely participating as third parties releasing
IL-4, helping DC function in activating Th2 cells®°t, Furthermore, it is also thought that low levels

of 1L-12 released by DCs can contribute to priming Th28%,

The combined action of these 3 signals is necessary to activate and differentiate naive T cells into
specialized T effectors cells, translating into an appropriate immune response to the type of invading

pathogen. A generalized scheme can be seen in Figure 1.2.
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Figure 1. 2 The activation of naive T lymphocytes and their polarization requires 3 signals presented by DCs. The
first signal is the antigen peptide presentation via MHC-1 or MHC-11 that activates cytotoxic CD8" T cells or CD4*
T helper cells. The second signal is the expression of co-stimulatory molecules CD80/CD86 and CD40 from the
DCs that bind to the CD28 receptor and CD40 ligand respectively on T cells. The third signal needed for T cell
polarization is the cytokine release. DCs produce cytokines such as IL-12 that polarize CD8* T cells promoting
cytotoxic immune responses. Moreover, IL-12 release by DC also differentiates naive CD4* T cells into Th1 cells
assisting, with CD8* T cells, in the elimination of tumor or viral-infected cells as well as intracellular pathogens
via IFNy and TNFa production. NK cells can release IFNy enhancing IL-12 release by DC. Th2 polarization by
DCs requires assistance from an IL-4-producing immune cell, like basophiles. Th2 immune cells release IL-4, IL-
5, and IL-13 aiding in the elimination of allergens and parasites. DCs can also prime naive CD4* T cells into Th17
immune cells by secreting IL-1p, IL-6 1L-23, and TGF-B. Th17 excels against extracellular and fungi pathogens
by the production of IL-17 and IL-22. Additionally, through the release of IL-6, DCs can polarize Tfh, leading to
IL-21 production, helping B-cell proliferation and functions like antibody class-switch and promoting their
production and affinity. Moreover, 1L-10, TGF-B, and RA secretion by DC induce differentiation into Tregs
leading to a tolerance state, damping down immunological responses. All images created by using Biorender
adapted from Yin, X., Chen, S. & Eisenbarth, S. C. Dendritic Cell Regulation of T Helper Cells (2021)%°; Hilligan,
K. L. & Ronchese, F. Antigen presentation by dendritic cells and their instruction of CD4* T helper cell responses.
Cell. Mol. Immunol. 17, 587-599 (2020)° and Walsh, K. P. & Mills, K. H. G. Dendritic cells and other innate
determinants of T helper cell polarization. Trends Immunol. 1-10 (2013)%.

1.3 Nervous System

Our body is heavily innervated by an elaborate and complex network of neurons. These basic constituent
units of the nervous system carry messages by communicating with each other either through electrical
synapses via ions or chemical synapses through the release of neurotransmitters to various anatomical
regions of the body®. These soluble molecules are released by presynaptic neurons and bind to receptors
on the postsynaptic cell, which can be either other neurons, effector muscle, glands, or even immune
cells®, thus playing a strong modulatory role in the functionality of these cells. These relationships
govern and influence the capacity for voluntary and involuntary movements, affect the organism's
senses, the capacity to make decisions, and how the system should respond to certain environmental

stimuli.

Therefore, the nervous system senses, transports, integrates, and processes diverse signals, stimuli, and
messages in a highly coordinated and refined way, to regulate and maintain the body in a state of
homeostasis. Dysregulation of the balance between synthesis and degradation of neurotransmitters can

lead to neurological disorders and neuropathies®.

1.3.1 Central and Peripheral nervous system

In this sense, the nervous system is divided into two large sections: the central nervous system (CNS),
and the peripheral nervous system (PNS). The first is constituted by the brain, being the body's control
center, responsible for various vital functions such as control of heart rate, breathing, blood pressure,
and temperature as well as general functions like awareness, balance, coordination, movement,

emotions, thought processing, memory®. Also included in the CNS, the spinal cord acts as a passage of
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the great ascending and descending pathways transmitting information from sensory organs through
sensory or afferent nerves to the brain or sending motor signals from the brain to the peripheral body

using motor or efferent nerves®%,

Furthermore, the remaining constituent part of the nervous system is the PNS, which innervates all
regions and organs outside the CNS, being divided into the somatic nervous system (SNS) and the
autonomic nervous system (ANS) featuring both sensory and motor nerves®*®’. The SNS regulates and
controls voluntary movements®*° while the ANS influences involuntary movements and physiological

parameters (e.g. heart rate, blood pressure, respiration, digestion, and thermoregulation®*°).

The ANS is further subdivided into sympathetic nervous system (SyNS), parasympathetic nervous
system (PaNS), and the enteric nervous system (ENS)%%-98100101 The SyNS is the largest ANS
component, and its innervation is seen in the whole body, including secondary lymphoid organs, a
feature that is not applicable for parasympathetic innervation0%102,

1.3.2 Parasympathetic and Sympathetic nervous system

In emergency situations and exercise, the sympathetic system becomes dominant, being responsible for
preparing the body for physical activity, commonly known as the "fight-or-flight" response.
Specifically, it increases blood pressure, heart rate and glycogenolysis to promote the supply of well-
oxygenated and nutrient-rich blood to the tissues thus supplying energy to the cells®,

On the other hand, during calm periods or rest, the parasympathetic system takes precedence. Its overall
effect is to conserve energy, also known as the "rest and digest” response, which regulates the heart rate

and blood pressure into normal values and restarts body physiological processes like digestion®9,

In synaptic transmission both SyNS and PaNS release acetylcholine (Ach) in presynaptic neurons,
however postsynaptic neurons of the former use mainly, the catecholamine norepinephrine (NE) as the

effector neurotransmitter while the latter continue to use Ach as signaling moleculg®396.98.9,

Although SyNS neurons mainly release NE, the synthesis of this molecule is derived from Dopamine,
(that comes from L-dihydroxyphenylalanine (L-DOPA) following DOPA decarboxylase), after the
action of dopamine beta-hydroxylase enzyme. Furthermore, NE can originate epinephrine (Epi), the
end-product, following phenyl ethanolamine-N-methyltransferase activation. All these 3

neurotransmitters are dependent on Tyrosine and the enzyme Tyrosine hydroxylase (TH)%,

Acetylcholine molecules can be recognized by either ion-channel/nicotinic receptors or muscarinic
receptors which are g-coupled receptors. NE can be recognized by adrenergic receptors on the surface
of effector cells which are all g-protein coupled receptors®®. These protein complexes are seven-

transmembrane receptors that when triggered, following neurotransmitter ligand-bound, induce
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conformational change in a G protein, activating it. The activated G protein either induces or inhibits a
further signaling cascade, being dependent on the type of G protein. There are 3 main types of adrenergic
receptors, ol-(4dral); a2-(Adra2); and B-adrenergic receptors, (subdivided into AdrSI, Adrf2 and
AdrB3)19219 o1- and B-adrenergic receptors are associated with activation of phospholipase C and
adenylate cyclase, respectively that will later activate protein kinases C and A, respectively which
phosphorylate several other cellular proteins and transcription factors, leading to the regulation of
nuclear genes controlling cellular functions'%21%, g2-adrenergic receptor is associated with an inhibitory

G-protein, hence has opposite effects compared to B-adrenergic activation'02-104,

1.4 Neuroimmune system - a synergistic interaction of two independent systems

The immune and nervous systems were first analyzed independently as two autonomous separated fields
in science!®1%_ However, these two systems share similar features'®’, display high plasticity, and have
been co-evolved in a complex sensory/motor system, both can perceive and integrate internal signals
and environmental stimuli'®” being tightly linked in detecting (input) and acting (output) against a
diverse portfolio of naive or danger inputs that could threaten tissue physiology. Moreover, another
similar aspect is that both systems communicate through the releases of soluble chemical molecules,
that extend the message to distant parts of the body?%” and mount effective responses creating memory
and learning abilities®®1%-110 hence both systems are indispensable to maintaining the tissue proper

functionality and species survival'%81%°,

Therefore, due to the immense analogies and similar characteristics, nowadays attention in the science
community is focused on the neuroimmunology field in a variety of scenarios and organs!t111-113 This
recent area has been gaining new insights into the molecular and cellular components of the neuro-
immune crosstalk®14 and increasing evidence acknowledges this synergistic bidirectional
interaction?®4 and how it has evolved to face ever-challenging conditions participating in health and
diseasel0t112115116 ' Nonetheless, dysfunction of this very synergistic interaction has been involved in a
wide range of disorders'®-14117-121 “including cancer®>'¢, Therefore, acquiring new insights into the
ability to potentially modulate this crucial communication can lead to a revolution in health and science

and create new therapy opportunities.

1.4.1 Cells and molecules involved in the neuroimmune crosstalk

The neuroimmune crosstalk can occur systemically, meaning the whole body, or in defined anatomical
locations deemed neuroimmune cell units (NICUSs) in which both cells colocalize and functionally

interact'°+1%° Evidence of these precise areas of crosslinked has been characterized in different barrier

surfaces®7/101:108.111,112.122.123 'ljke skin and mucosa, visceral organs as well as lymphoid organs.
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This bidirectional interplay can occur through the non-synaptic release of soluble chemical molecules
derived from both the immune (mainly cytokines and chemokines) and nervous systems (neuropeptides
and neurotransmitters), hence such signaling compounds can influence the activity of both systems and
how they perceive and respond to diverse stimulil01.106-108.114.124 " One key aspect of this co-modulation
remains that despite cytokines being mainly synthesized by immune cells, neurons can also release these

soluble compounds%114125 thys likely mediating immune cells and communicating with other neurons.

Nonetheless, immune cells can also de novo synthesize classical neuronal-released compounds, like
neurotransmitters01-106109.114.124-126 snssibly regulating nerve cells, other immune cells, or even
modulating their own cell-autonomous functions, likely indicating an autocrine self-modulating system

and paracrine, modulating surrounding cells4124126,

Additionally, to further emphasize the interdependence of these two systems, immune and nerve cells
are equipped with the specific receptors of both classical released ligands of either system. For instance,
several neurotransmitter receptors, that are typically expressed in neurons, have also been found on the
surface of immune cellst0:106.108.109.114.120.124,127 "ndeed, as an example, T cells and DCs are among those
immune populations, expressing receptor subtypes of classical neurons-released ligands such as
glutamate, acetylcholine, serotonin, dopamine, and adrenergic!'4.

Moreover, a vast array of immune cells, express neuronal receptors, such as adrenergict01103.109.124,.128
and cholinergic receptors010912412% heing sensitive to NE and Ach inputs. On the other hand, neurons
have been known to express the immune-classical receptorsi?6:109.114118120,130131 Therefore, as well as
immune cells can receive and integrate neurotransmitters, being sensitive to neuronal innervation, nerve

cells function can also be altered following immunological processes.

Thereafter, a cross-link can be traced between nervous-mediated regulation of immunity, and immune
modulation of the nervous system and its feedback modulation is of vital importance in the body’s
general homeostasis and protection. Overall, further advancements in the study of neuroimmune cell
units and deciphering the intervenient players, the molecular insights, and their complex bidirectional
interplays may lead to new therapeutic approaches contributing to both science and clinical departments

focusing on the organism’s health.

1.4.2 Neuroimmune system effects on barriers and physiological organs

NICUs, as stated previously, are defined anatomical places in which neurons and immune cells interact
and modulate each other function®>!®, Thus, nervous and immune systems have a co-evolved
relationship in various barriers surfaces and organs resulting in a neuroimmune axis. This axis hence
provides a quicker anticipatory immunological response and properly fine-tunes it to constantly

changing conditions**s.
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1.4.2.1 Lungs

The lungs are a gateway to the entry of harmful pathogens and the possibility of the beginning of an
infection. In addition, the lungs and respiratory tract are barrier surfaces filled with resident immune
cells and are densely innervated by sensory/nociceptor neurons and sympathetic and parasympathetic
afferent nerves, regulating lungs and airways proprieties. Therefore, there is an indication that the lungs
and respiratory tract are particularly rich in NICUs, likely regulating their barrier integrity and
physiological processes. Dysfunction in the neuroimmune communication in the lungs can lead to

asthma, allergy, and chronic obstructive pulmonary disease!**!%,

Nociceptors are a subset of sensory neurons that are specialized in inducing pain sensitivity to protect
the host from different damage inputs either environmental or biological*®2!®, In the case of
inflammation, these specialized neurons are able to respond to immune-derived mediators produced like
cytokines and alarmins triggering quick response and increased pain sensitivity. On the other hand,
nociceptors following activation are also capable of releasing neuron-mediators, like substance P (SP),
calcitonin gene-related protein (CGRP), and vasoactive intestinal peptide (VIP) that can modulate
various immune cell populations, emphasizing this bidirectional neuro-immune communication in

peripheral organs'?21%,

DCs can migrate into airway sensory ganglia, following allergic inflammation challenge, being this
phenomenon possibly linked to promoting interactions with CGRP-neurons'®, as both these cells are in
close proximity!?135 Nonetheless, the effects of CGRP in DC in an airway scenario are contradictory
being the CGRP able to promote DC migration at lower doses'*® whereas it reduces DC migration upon
physiological conditions'®**13, Moreover, it is being reported that CGRP-treated DCs induce either Th2
immunity or Tregs proliferation'?. Additionally, lung DCs treated with nociceptor-derived

neuropeptides, including CGRP reduced their antigen phagocytic capability*®.

1.4.2.2 Intestines

The intestine is densely innervated by its own intrinsic nervous system, the enteric nervous system
(ENS) that can communicate directly with CNS'*’, while being also susceptible to extrinsic sympathetic
and parasympathetic neuronal innervation!0:12122 35 well as sensory signaling*?2*2’, All this innervation
has been linked to modulating gut physiological events like intestinal motility, peristaltic contractions

as well as gut secretions!®12138,

This visceral organ englobes the biggest immune compartment in the whole body*®112122 fyll of innate
and adaptive immune cells!®13, the last are mainly present in Peyer Patches which are lymphoid
compartments in the intestines'®!, Besides that, the gut is a mucosal organ surrounded by an extensive

microbiota and possible harmful pathogens that also modulate due to their metabolites or antigens,
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intestinal neuroimmune axis, barrier integrity, and tissue inflammation?23138-140_Fyrthermore, NICUs in
the gut can also receive nutrient-derived cues that can further regulate the intestinal physiological
parameters'®®. Hence intestinal NICUs are of major importance in the body’s homeostasis0112113.122
Understanding the gut neuro-immune complexes can then promote new therapies, contributing to the
organism’s health. Dysregulation of these bidirectional interactions could be a factor in inducing

inflammatory bowel diseases®12122 Jike Crohn’s Disease!.

Intestinal DCs are very heterogeneous acting as sampling immune cells and can induce both regulatory,
for instance, in steady state scenarios and by release of RA, and effector T cells, for instance, through
intestinal pathogenic sensing®®” 14, However, there is still limited information about how these cells are
sensitive to gut neuronal inputs. In literature, VIP is shown to modulate DCs functionality after TLR4
stimulation via VIP receptor type 1 (VPACL), leading more to an immunosuppressive®137.142 state due
to downregulation of co-stimulatory molecules and pro-inflammatory cytokines, induction of IL-10
cytokine release and less migration, due to downregulation of CCR7*¥. Furthermore, the endocytic
process by VIP-treated DCs increased. Additionally, VIP-treated matured DCs also lead to an increase

in anti-inflammatory cytokines secretion such as 1L-10 and TGF-b by co-cultured T cells.

Curiously, this phenomenon only occurs with mature DCs (after TLR stimulation), since immature non-
treated DCs followed VIP treatment led to increased expression of CD86 while also inducing type 2
cytokine production®®’,

1.4.2.3 Skin

The skin is the largest organ in the human body, being highly dense with innate immune cells and vastly
innervated by peripheral neurons. Hence it is expected to occur various neuroimmune interactions in the
skin as part of physiological interactions in the organism’s body that need constant readjustments and

precise fine-tuning, following pathogen encounters, promoting homeostasis.

CD301b* dermal DCs a subpopulation of dermal migratory cDC243, can promote tissue immunity
against Candida albicans, a fungal pathogen, infection'**. These were dependent on Transient receptor
potential vanilloid 1 (TRPV1) nociceptor neurons. These pain-associated sensory neurons are activated
following microorganism challenge and release CGRP neuropeptide. This molecule can be recognized
by skin-specific CD301b* DCs that will promote the release of Th-17-polarizing IL-23 cytokine. The
immense production of this soluble molecule will drive IL-17 release by skin yd T cells resulting in
increased tissue immunity and pathogen clearance®112144 These findings were validated by inhibiting
several steps of this pathway such as depleting the TRPV1* nociceptor neurons or by eliminating DCs,
or using mice deficient for the cytokines'44. CD301b* DCs were shown to co-localize TRPV1* sensory

neurons, these nociceptors become activated with allergens and release substance P4, This molecule is
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recognized by the dermal ¢cDC2 promoting migration into draining lymph nodes to induce Th2

polarization and type 2 anti-allergen immunity22134145,

Furthermore, it is also known that imiquimod-induced psoriasis, a type of skin inflammation, is
enhanced by TRPV1* nociceptor neurons by inducing Th17 immunity derived from activated dermal
DCs secretion of 1L-23101112122143146 The ||_-17 and 1L-22 cytokines produced by activated skin y5 T

cells recruit monocytes and neutrophils worsening inflamation02112.146,

Hence, the potential to induce inflammation by skin DCs can either be beneficial (in the case of C.
albicans infection and allergen inflammation) or be unfavorable when worsening psoriasis by increasing
the host immunity. Therefore, further studies should be conducted to improve and discuss novel

immunotherapies against skin inflammation either by pathogen burden or a skin autoimmune disorder.

1.5 Cholinergic effects on DC functionality

It is known that DC expressed both muscarinic (mAChRs) and nicotinic (nAChRs) receptors hence,
these cells can perceive and integrate parasympathetic-derived cues in both mice and humans?°47,
Additionally, it is also demonstrated that DC expresses the enzymes needed to synthesize and degrade
Ach such as choline acetyltransferase (ChAT) and acetylcholinesterase (AChE), respectively, in both
mice and humans, suggesting a paracrine/autocrine role of Ach modulation?®4’, However, no evidence
of Ach synthesis and release was observed by DCs, being restricted to lymphocytes, mainly T-cells'?.
Also, the information regarding how the DC functionality is altered after acetylcholine signaling is very

scarcel0129,

There are some shreds of evidence suggesting that a7 nAChR signaling leads to suppressive DC
function, likely inhibiting Th1 and Th2 differentiation and inducing Treg since an o7 nAChR KO mice

promotes antigen-specific immunity%.

In this regard, one study discovered that GTS-21, an a7 nAChR agonist drug, decreased the expression
of CD80 and MHC-II molecules in splenic CD11c* DCs in a mouse model of induced rheumatoid
arthritis*#8, GTS-21 also led to less amount of the same molecules in bone-marrow DCs in normal
C57BL/6 J mice being this reversed by an a7nAChR antagonist'*®. Furthermore, it was also observed a
decrease of TNF-o and IL-6 (pro-inflammatory cytokines), but not IL-10 (anti-inflammatory cytokine)
in the serum of the autoimmune-induced mouse model after GTS-218, Additionally, the researchers

found less infiltration of DC into the synovium of the induced mice following the drug administration®.

On the other hand, there are papers hinting that mAChR signaling induces pro-inflammatory properties
of DCs. Backing this information, researchers elicited that carbachol, a synthetic Ach analog, promotes
expression of CD86 and HLA-DR in human DCs, moreover, TNF-o and IL-8 suffered up-regulation#’.

These two phenotype findings were reversed with atropine, a mAChR blocker, but not with a NAChR
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antagonist, indicating crucial roles of mAChR in eliciting pro-inflammatory DCs!*'. Interestingly, the
authors pointed out that cholinergic signaling in mAChR affects human DC phenotype depending on

their maturation status since opposite findings were shown with LPS#’.

Posteriorly, the same research group displayed that Ach-treated DCs, increased the release of CCL22
and CCL17 by co-cultured T-cells, two chemokines responsible for Th2 recruitment to allergenic
inflammation tissues!*. Moreover, it was also evidenced proliferation of T cells and induction of I1L-2
when cultured with Ach or carbachol-treated DCs and IL-4, IL-5, and IL-13 but not TNF-a, IFN-y or
IL-10 with Ach-treated DCs, clearly indicating that Ach in DCs signaling promotes polarization into
Th2 immune responses?#. Furthermore, the same DCs also lead to increased expression of OX40L, a
Th2-promoter, further validating the polarizing effect of Ach-treated DCs in inducing Th2 cells4.

Moreover, after stimulation with a Th2-promoting mediator, HLA-DR, OX40L, and CD83 (human DC
activation marker) expression by DCs were further improved with Ach, being the effect of the last two
attenuated by a mAChR antagonist and not a NAChR blocker*#, The same was observed for TNF-o. and
IL-8.

Later in another paper, the same authors also demonstrated that Ach increased murine DCs MHC-II
expression and promote release of TNF-a and CCL2'°. Moreover, the researchers displayed that Ach-
treated DCs co-cultured with splenocytes promote their proliferation®®C. Interestingly, the findings
observed were reversed by utilizing mAChR blockers and not with nAChR antagonists'*®®, matching the
previous paper with human DCs'¥, further indicating that mAChR signaling induces immunologically

active DCs in both mice and humans.

At last, the authors evidenced that injecting Ach-treated DCs intranasally in a lung inflammation-
induced mice model promotes lung tissue recruitment of CD11b*CD11c¢c mononuclear cells while also

boosting TNF-a release, therefore displaying a role in inducing inflammation®C,

However, there are also findings suggesting anti-inflammatory roles of mAChR triggering. It was
observed that ablating hepatic vagal afferent nerves lead to decreased production of RA as well as
reduced expression of their synthetic enzyme, aldehyde dehydrogenase (ALDH) by CD103* DCs
ultimately leading to reduced amounts of gut Treg®*. Additionally, the values of ALDH enzymes were
brought to normal with a mAChR agonist, as well as number of Tregs, but not with an a7nAChR agonist,

antagonist, or by genetical depletion®®t,

Everything pooled indicates that mMAChR signaling on the surface of DCs can lead to either a more
immunologically active or immunosuppressed phenotype, while a7 nAChR signaling displays the latter
outcome. However, most are in vitro studies with no specific targeting of DCs therefore more studies
are necessary to fully determine the cholinergic effects in DC functionality. A summary of how Ach

signaling modulates DC functionality can be visualized in Figure 1.3.
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1.6 Sympathetic input on DC functionality

Sympathetic innervation has clear effects on immune cell function. As previously stated, various
immune cell populations express adrenergic receptors and, therefore, are able to be modulated by
sympathetic-derived signaling.

DCs express both a- and B-adrenergic receptorsi®103152153 ‘heing the B2-receptor adrenergic receptor
highly expressed®>. Therefore, DCs can specifically recognize sympathetic released adrenergic
molecules such as NE and Epil®128, Epi is mainly secreted by the adrenal medulla whereas NE is mainly

local by the adrenergic nerves, which is ideal for studying neuro-immune interactions®1%°,

There have been papers suggesting that triggering of adrenergic receptors has effects in all aspects of
DCs functionality, ranging from antigen  uptakel®26157  migrationl®1%  antigen

presentation02154156.159 ‘and cytokine production?0%154156:159.160

It has been shown that activating 4drf2 signaling on DCs dampens its ability to cross-present to
cytotoxic T cells?01124121.153.159 - Additionally, NE sensing by DCs leads to decreased production of pro-
inflammatory cytokines, namely I1L-1212419161  TNF-¢!24 and IL-6'2% suppressing Thl
responses??1:102153.162 “\while also upregulating tolerogenic cytokines like IL-101241%6159161 and Th2
polarizing cytokines like IL-33'2* and a shift into Th17-polarizing cytokine I1L-23'*, Hence, stimulating
this g-couple receptor promotes Th2101124153.156.161 gand Th]7101102153.160.162 responses while inhibiting
Th1101.102124153161162 - Aqditionally, due to the increased amount of IL-10, it could lead to a more

immunosuppressive state of DCs and induction of tolerogenic T cells!?41%,

The findings of this paper'®® suggest that reduced cross-presentation is not due to down-regulating the
essential molecules to prime CD8* T cells such as the co-stimulatory molecules and the MHC-I, since
the expression of these molecules barely reduce (co-stimulatory) or remain intact (MHC-I), but due to
inefficient antigen degradation'®*1%°, These results were Adr/32 signaling-dependent since this finding
was visible only after DC treatment with Adrf2 agonist (salbutamol) and reversed with an Adrf2
antagonist (1C1-118,551 hydrochloride)'*. Interestingly, the paper also showed that after salbutamol,
Thl-polarizing cytokine IL-12 was severely reduced and anti-inflammatory IL-10 was upregulated. The
researchers also demonstrated that it is Adrf2-dependent since it was reversible using the Adrp2

antagonist and an 4dr2 KO mice were insensitive to salbutamol changes of both cytokines'®®.

Another paper demonstrates that 4dr52 stimulation, through epinephrine and salbutamol, reduces 1L-12
while increasing 1L-10%°, These findings were brought to normal following propranolol, an Adrp2
antagonist. Interestingly, they also registered that epinephrine and salbutamol increased the release of
IL-4 by Th2 cells. Thus antigen-presentation experiments of this paper suggest that Th2 and Treg are

favored after Adr/32 activation®®,
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In a normal scenario, LPS administration induces a potent IL-12 secretion compared to IL-23
production, hence leading to a Thl scenario. However, this paper shows that following NE, together
with LPS, the production of the Th1-polarizing molecule was severely reduced and the Th17-polarizing
cytokine was not affected'®*. Therefore, led to a shift of paradigm into inducing more 1L-23 than I1L-12
indicating a Th17 response. Furthermore, the authors also observed that the effects of NE were reversed
by adding an Adrf2 antagonist (1CI-118,551 hydrochloride) but not by an Adra.2 antagonist (SKF 86466
hydrochloride)™*. In cohesion with the findings, in parallel, the authors showed that the effects of NE
in reducing IL-12 were reproduced by adding 4drB2 agonist (fenoterol hydrobromide)®*. Therefore,
seems that Adr32 can have a role in the inhibition of pro-inflammatory type 1 cytokine and induce Th17
responses at the expense of Thl inhibition. The authors defended that cultured T cells together with DCs
that were treated with the NE or 4Adrf2 agonist molecules led to a decrease of IFN-y, a specific Thl-
response cytokine released by CD4" T cells, and in parallel increased I1L-17 thus leading to increased
Th17 response®™.

In cohesion, another paper stated that following treatment with NE, the DCs also displayed inhibited IL-
12 secretion and improved IL-10 release, however, it was not receptor specific since this was reversed
with both Adra2 antagonist (yohimbine) and propranolol (4drf32 antagonist), although Adral does not
seem to have a role since Adral antagonist (prazosin) was not able to reverse NE effects!®l, Furthermore,
the same paper also demonstrates that in an antigen presentation assay with adoptive transfer of treated
DCs with NE resulted in lower production of IFN-y and higher IL-4 in the lymph nodes, thus promoting
Th2 responses and suppressing Thl immunity. These findings were reversed with the same previous

antagonists®®?,

Regarding alpha-adrenergic receptor stimulation, the papers listed indicate that DCs usually increase
antigen uptake eventl01.124127153 ‘namely via Adra2'?4153157 as well as the migration capability into the
lymph nodes!01124127 ‘heing this phenomenon responsible for triggering Adroa11921241531%8 This effect is
receptor specific since Adral antagonist (prazosin) reverses this finding following FITC-skin
sensitization, an in vivo migration experiment, while following administrations of Adrf2 antagonists
(propranolol) and Adra2 antagonist (yohimbine) the migration was equal to control (former) or

enhanced (latter)%®,

Additionally, the paper also showed that with NE alone the migration of DC is improved, however,
when NE is together with prazosin the migration ability was reduced, indicating a role of Adral in the
migration of DCs. Further on, another paper also showed that 1CI-118,551 (4drf2 antagonist) was

consistent in inducing DC migration*®3,

As previously addressed, the endocytic capacity of DCs correlates to Adra?2 signaling, since Adra2

agonist (azepexole), and NE improved antigen endocytosis while Adra.2 antagonist (yohimbine) and not

22



Adral antagonist (prazosin) nor Adrf2 antagonist (propranolol) suppressed the actions of NE-improved

antigen uptake®®’.

All these results pooled indicate that the effect is dependent on the type of adrenergic receptor triggering,
since a- and B-adrenergic receptors seem to have opposite effects, the former g-couple receptor usually
leads to a more activation state while the latter induces a tolerogenic phenotype. A state-of-the-art of
how NE signaling modulates DC functionality can be visualized in Figure 1.3.

Nonetheless, most of these studies are in vitro assays that use unspecific DC target techniques, like
differentiation of bone-marrow-derived cells with cytokine cocktails such as GM-CSF, which is known
that although being CD11c", these can include both cDC1, cDC2, and also macrophages®*, cells that
can be modulated by sympathetic inputs!®128, Therefore, does not fully represent a distinct crosstalk
between adrenergic neurons and DCs as well as does not clarify its precise molecular and cellular basis.
Furthermore, all these papers do not use a specific genetic mouse model to in vivo target a population
of DCs, thus most of the findings are not specific, moreover, are based on the use of the full KO animals,
instead of a Cre-dependent line, and therefore the findings should not be generalized to DCs as a whole.

Thereafter, little is still known yet about the modulation abilities of adrenergic catecholamines and their

impact on DC functionality and how this affects the host’s physiology in vivo.
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Figure 1.3 Modulation of DC functionality with adrenergic and cholinergic signaling. A- DCs express al, a2, and
B-adrenergic receptors being susceptible to NE input. DCs express a7-nicotinic and muscarinic receptors being
sensitive to Ach signaling. B- NE sensing via a1-adrenergic receptor promotes DC migration. C- NE sensing via
a2-adrenergic receptor enhances antigen endocytosis by DC. D- NE signaling via p2-adrenergic receptors leads to
reduced cross-presentation capability of DCs. Moreover, IL-12 is reduced while IL-23 cytokine remains unaffected
leading to a decrease in the IL-12/I1L-23 ratio promoting Th17 immune responses at expense of Thl immunity.
Furthermore, IL-10 production is increased following B2-adrenergic receptor signaling promoting induction of
Treg, inducing immunotolerance. f2-adrenergic receptor activation in the surface of DC induces IL-4 and IL-17
but not IFN-y production by T-cells, promoting Th2 and Th17 immunity respectively while inhibiting Thl
responses. E- Ach sensing via a7-nicotinic receptors down-regulates the expression of MHC-1I and CD80
molecules while also reducing the amount of TNF-a and IL-6 release but not IL-10, thus Ach signaling via a7-
nicotinic receptors promotes anti-inflammatory properties of DCs and lead to proliferation of Tregs. F- Ach
sensing by muscarinic receptors leads to increased expression of MHC-Il and CD86, CD83 molecules and Th2
molecule, OX40L, moreover it increases the production of TNF-a, IL-8 and Th2 chemokines (CCL2, attracting
monocytes and CCL22, CCL17 recruiting Th2 cells to site of injury), therefore Ach sensing by muscarinic
receptors promotes pro-inflammatory properties of DCs. Moreover, T-cells cultured with Ach-DCs promote IL-4,
IL-5, and IL-13 cytokine production without altering TNF-a, INF-y, and IL-10 levels, thus promoting Th2
immunity and inhibiting Th1 and Treg immune responses. Nonetheless, it was also evidenced that Ach signaling
via muscarinic receptors induces the expression of RA-synthetic enzyme, ALDH, promoting the proliferation of
colonic Tregs. All images were created by using Biorender.
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1.7 Thesis’s goal

The immune and nervous systems throughout time were investigated as independent fields in science.
Nevertheless, in recent years, there has been substantial emphasis on neuroimmune cellular units, their
interactions, and functionality across a wide range of branches and scenarios. In-depth studies in the
neuroimmunology department have broadened our knowledge of the synergy between these two
systems, and it is with great interest to further characterize NICUS with an eye toward the evolution of
science and potential clinical applications. The immunophysiology group is strongly committed to
exploiting how the neuroimmune axis influences immunity, the phenotypical differences in immune cell

populations, and how this influences organism homeostasis.

Since DCs have the capacity to integrate a wide range of environmental surroundings, regardless of
whether pathogenic, commensal, self, or non-self-elements, thereby fine-tuning immunological
responses by shifting the balance towards immunity and tolerance, it is hypothesized that they are the in
the interface of the neuroimmune axis, being sensitive to neuronal-derived cues and adjusting the content

and nature of host physiological/pathophysiological mechanisms accordingly.

Nonetheless, and much in line with the last chapter, studies in this area are focused on sensory neuronal
input, and in the case of autonomic nervous system-derived signals, the results are based on non-specific
targeting and differentiation of DCs as well as in vitro assays hence knowledge gaps persist regarding
the crosstalk between neurons and DCs, and how this interaction affects DCs phenotype and its

associated molecular changes and how this affects the host physiology.

Therefore, the main goal of this thesis is to uncover whether sympathetic neuron-derived signals affect
the functionality of cDCL1, and if it leads to a more immunologically active or immunosuppressive state.
For this purpose, we are going to administer both in vitro and in vivo, the natural Adrj2 ligand (NE) as
well as different antagonists and agonists of Adrp2. To fully assess the range of how the functionality
of DC is affected, the expression markers of several crucial DC parameters were analyzed via
Fluorescence-activated cell sorting (FACS) methodology, in terms of expression of co-stimulatory
molecules, shifts of MHC-I and MHC-II variability, as well as changes in cytokines and chemokines
output. To provide extra information regarding DC migration, the gene expression of different
chemokine receptors and their ligands were also investigated through qPCR methodology. Additionally,

in vivo migration was also assessed with FITC painting experiments.

In parallel, with the specific gene targeting for cDC1 using a specific genetic mouse, it is possible to

selectively target these cells in vivo, as of now there are still no specific genetic mice for cDC2.

The deciphering of the molecular and cellular components of this interplay can lead to the manipulation

of these interactions, thus having vast potential to revolutionize the outcome in science and clinical in
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numerous challenging diseases ranging from immunopathologies to cancer and beyond, contributing to

improving the organism’s correct physiology.
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2. Materials and Methods

2.1 Mouse lines

To address the biological question and to perform the scientific experiments described in the following
sections, are required specific mouse lines. C57BL/6J (Jackson Laboratories); Xcr1®" t6%; Xcri1/ksho®"
(166); THCre (167): Aj9(RCL-tdT)" 168): Ai32(RCL-ChR2(H134R)/EYFP)" 169 and 4drB2" 179 were used. The
Xcr1®® was imported from Centre d'Immunologie de Marseille-Luminy (CIML) in Marseille, France
since the authors of this paper designed the genetic mouse'®®. The Xcr1“"was then crossed with Adrp2"
resulting in Xcr1®Adrb2".

Similarly, another XCR1" construct, named Xcr1/ksho®", developed by Tsuneyasu Kaisho, was kindly
shared by the Laboratory for Immune Regulation, International Research Center Initiative, Immunology
Frontier Research Center in Osaka University Suita in Japan, in which they designed the mutant®®.

These mice were also crossed with Adrb2" resulting in Xcri/ksho® Adrb2".

Furthermore, Xcr1®®was also crossed with Ai9(RCL-tdT)" providing the cDC1 Cre-dependent specific
tdTomato endogenous fluorescence. Following the same principle TH™ mice were then crossed with
AI9(RCL-tdT)", or Ai32(RCL-ChR2(H134R)/EYFP)" hence targeting sympathetic neurons in a CRE-
dependent fashion with endogenous tdTomato or yellow fluorescence, respectively. All mouse lines
have C57BL/6J background.

All utilized mice were bred and maintained at the Champalimaud Centre for the Unknown (CCU) animal
facility in Lisbon, Portugal by the Vivarium Platform team. The mice were kept at a constant 12-h light—
dark cycle at normally 21°C with around 50% humidity under specific pathogen-free conditions with
food and water provided ad libitum. All mice cages were changed once a week by the Vivarium Platform
team. Both males and females between 5 to 16 weeks of experimental mice were used. All animal

experiments were approved by Direcdo Geral de Veterinaria (DGAV) and CCU ethical committees.

2.2 In vivo substance administration

To assess the effects of acute and chronic NE in ¢cDC1 functionality, C57BL/6J mice were submitted
either to 4 mg /kg mice /day of NE (EMD Millipore) prepared fresh in 0.1% ascorbic acid and 0.9 %
NaCl intraperitoneally (i.p) (200uL) during 3 consecutive days representing acute stress or 2 mg/kg/day
of NE i.p (200pL) administered on 2 consecutive days with a resting period of 1 day for a total of 15
days simulating chronic stress. Furthermore, C57BL/6J mice were used as vehicles in which they were
injected (200uL) with the vehicle solution. On the 15" day of the experiment, the experimental mice

were sacrificed following CO; inhalation.
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For local administrations of Adrf2 antagonists and NE in the ear, C57BL/6J or Xcr1°™ Adrp2" mice
were anesthetized by inhaling 2-2.5% isoflurane in a mouse chamber in an anesthesia vaporizer system
(VetEquip RC? Rodent Circuit Controller). The anesthetized mice were then placed in a heating pad
and an isoflurane face mask was inserted in the nose of the animal. With the help of a
microscope/magnifier (LEICA DFC7000 T or LEICA S9E) the mice were then intradermally (i.d)
injected 25uL in both ears with propranolol (Alfa Aesar) 2.5 mg/kg, ImM ICI 118,551 (EMD Millipore)
or 2mM of NE freshly prepared in 0.1% ascorbic acid and 0.9 % NaCl during 3 consecutive days. As
control, vehicle mice were 25uL i.d injected with a solution containing 0.1% ascorbic acid and 0.9 %
NaCl. All solutions were prepared freshly with 0.1% ascorbic acid and 0.9 % NaCl.

When indicated a stimulation mix containing CpG (InvivoGen) (10pg/mouse) Poly(l:C) (InvivoGen)
(25ug/mouse) and PBS 1X were also administrated intradermally (25uL/ear) following mouse

anesthesia with inhaled isoflurane like previously described.

6-hydroxydopamine (6-OHDA) is a neurotoxic compound, widely used in research, that selectively
targets and kills all adrenergic (tyrosine hydroxylase*) neurons thus abrogating NE signaling*’t. For
reverse transcription quantitative real-time PCR (RT-gqPCR) analysis of chemokine content in whole
tissue, C57BL/6J mice were i.p injected (200pL) with 100mg/kg of 6-OHDA hydrobromide (Sigma-
Aldrich) for 5 consecutive days. As controls, C57BL/6J mice were i.p injected (200uL) with a solution
containing 0.1% ascorbic acid and 0.9 % NaCl. On the following day, the mice were sacrificed with
CO; inhalation and the ears and ear-draining lymph nodes were removed and placed in 1.5mL safe-lock
eppendorf tubes (Eppendorf) in dry ice, the samples were immediately frozen in -80°C until further

usage.

For confocal imaging, XCR1°™®Ai9(RCL-tdT)" mice were required. The cDC1s of these mice express
Cre-dependent endogenous tdTomato fluorescence hence it is possible to visualize this immune
population by confocal microscopy. The mice were further subjected to 200uL i.p injections of either
100mg/kg of 6-OHDA during 5 consecutive days or with vehicle in which they were injected with a
solution containing 0.1% ascorbic acid and 0.9 % NaCl. Additionally, XCRIAi9(RCL-tdT)" mice were
also used serving as a control of the endogenous fluorescence. All 6-OHDA solutions were freshly

prepared in a solution with 0.1% ascorbic acid and 0.9 % NaCl.

Moreover, 6-OHDA was also i.d administered, however, since is a novelty, and there are no literature
findings on intradermal 6-OHDA injections, the dosage of 6-OHDA was based on this papert’2, in which
8uL of 12mg/mL 6-OHDA prepared in saline with 0.02% ascorbic acid was injected in iWAT fat pad.
Hence, troubleshooting experiments were conducted utilizing TH"®Ai9(RCL-tdT)" and THE"Ai32(RCL-
ChR2(H134R)/EYFP)" reporter mice and assessed by confocal microscopy if the adrenergic neurons are
abolished. These mice were then intradermally injected 25uL of 12mg/mL 6-OHDA or 2 shots of 25uL
of 24 mg/mL 6-OHDA respectively, freshly prepared with a solution containing 0.1% ascorbic acid and

28



0.9 % NaCl during 2 consecutive days with a following rest day. As control of 6-OHDA injections, both
THC™AI9(RCL-tdT)" and THYAI9(RCL-tdT)", THC"™Ai32(RCL-ChR2(H134R)/EYFP)" and TH"
Ai32(RCL-ChR2(H134R)/EYFP)" were intradermally injected with one or two shots of 25uL in both
ears, respectively with 0.1% ascorbic acid and 0.9 % NaCl. For the i.d administrations it was followed
the same instructions as previously described. 2 days after the last intradermal injection the mice were

sacrificed.

For FITC painting with intradermal 6-OHDA, C57BL/6J mice were i.d administered with 2 shots of 25
ML of 24 mg/mL 6-OHDA, freshly prepared with a solution containing 0.1% ascorbic acid and 0.9 %
NaCl for 2 consecutive days. As control, vehicle mice were 25uL i.d injected with a solution containing
0.1% ascorbic acid and 0.9 % NaCl two times. On the afternoon of the following day, a stimulation mix
containing CpG (10ug/mouse), Poly(l:C) (25pug/mouse) and PBS 1X was also applied intradermally
(25uL/ear).

2.3 FACS buffer and DC media preparation.

FACS Buffer, composed of 900mL of Mili-Q Water, 100mL of PBS10X (Corning®), 2.5mM of
EDTA(Corning®), and 2.5% of FBS (Corning®) was the recurrent buffer of choice for cellular

suspensions, washing steps and extracellular antibody staining.

For in vitro stimulation processes, it was prepared a DC medium containing 200mL of RPMI 1X
(Corning®), 2.5mL of L-Glutamine 100x (Corning®), Penicillin/Streptomycin Antibiotics 100X
(Corning®), HEPES Buffer 100X (Corning®), non-essential amino acids 100X, (Corning®) Sodium
Pyruvate 100X (Corning®), 0.25mL of B-mercaptoethanol 1000X (Corning®) and 20% of FBS
(Corning®) being the last component previously filtered with a 0.45nm strainer.

2.4 Spleen and lymph node processing

The removed spleen and lymph nodes were placed in a 24-well plate name (Corning®) containing 1mL

or 200pL respectively of Hanks' Balanced Salt Solution (HBSS) plus Ca?* and Mg?* (Corning ®) in ice.

Posteriorly, the organs were digested by using a mix of 250 pg/mL Liberase TL (previously suspended
with 2mL HBSS) (Roche) and 67 pg/mL DNase | (AppliChem GmbH, ITW Reagents) digestion

solution. In the case of the spleen, this mixture was injected inside the spleen at least 3 times.

Later, the spleen and lymph nodes were minced into small pieces and later transferred into an incubator
(Thermo Scientific) for two periods of 15 and 10 minutes respectively. After the first incubation period,
the samples were softly minced again. Posteriorly, after the incubation events, the digestion reaction
was stopped by adding 100 pL/well of FBS (Corning®). Posteriorly, the splenic cells were filtered with
a 70 uM cell strainer placed on top of a 50mL falcon tube (Corning®) whereas the digested lymph nodes
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were filtered with a 30 uM cell strainer inserted in a new 24-well plate. The lymph node filtering process

was conducted via a gauge 18-gauge needle (Terumo) at least 3 times.

The filtered splenic cells were later centrifuged at 700g for 3 minutes and the cell pellet was resuspended
with 1mL of Red Blood lysis solution (BD bioscience) and incubated for 5 minutes at room temperature
(RT), then the cells were washed with 4mL of FACS buffer and centrifuged at 700g for 3 minutes.

2.5 CD11c pre-purification

The splenic cellular suspension was resuspended in a solution containing 440 pL of FACS buffer and
60 pL of CD11c Microbeads UltraPure (Miltenyi Biotec) and incubated for 15 minutes at 4°C. After the
incubation with the beads, the cells were washed with 10 mL of FACS buffer and centrifuged at 700g
for 3 minutes. The pellet was resuspended with 500 pL of buffer and was filtered using a 30 uM cell
strainer before applying the sample to the magnetic activated cell sorting (MACS) columns (Miltenyi

Biotec). The cells were purified following the manufacturer’s indications.

2.6 Flow cytometry staining and sorting

Splenic cells were plated in 4 different readout panels to examine the different molecules that assess the
functionality of cDC1. The panels with all the antibodies as well their fluorophore, dilution, and
company used in staining of splenic cells can be depicted in Tables 2.1-2.4, and for lymphoid cells, in
Table 2.5. All the antibody stainings were performed in round bottom 96-well plates (Corning®). 10
uL/sample of Brilliant Stain Buffer Plus (BD Biosciences) was added to the antibody mixes containing
more than 2 BV antibodies. All washing events described in this section involve centrifugation at 700g
for 3 minutes. Prior to the antibody staining, all wells were first stained with 50uL/well for 5 minutes at
4°C with Agqua BV510 (Invitrogen, 1:1000), a live-dead dye that positively marks dead cells, and
FcBlock (eBioscience, 1:100), reducing unspecific binding, prepared in PBS 1X. After washing with
100 pL of PBS 1X, the splenic and lymphoid cells were submitted to surface antibody staining mixes
(50uL/well) prepared in FACS buffer for 20 or 15 minutes respectively, at 4°C. In the case of the
chemokine receptors panel (Table 2.2), the splenic cells were previously stained with CCR7 and CCR6
antibodies at 37°C, washed with 100uL FACS buffer, and then labeled with the rest of the antibodies at
4°C. After surface staining, the cells were further washed with 100uL FACS buffer and resuspended in
a mixture containing FACS buffer (200uL/well) and counting beads (BD bioscience) (5uL/well).

For cytokines and chemokines analysis after in vitro stimulation, the splenic cells were labeled with
Agua and FC block and were subjected to surface antibody staining mixes (Table 2.3 and 2.4)
(50uL/well) prepared in FACS buffer for 15 minutes at 4°C. The samples were then washed with 100uL
FACS buffer and were fixed 100pL/well for 40 minutes at RT with Fix/Perm (BioLegend) solution as

indicated by the manufacturer. After the cells were incubated overnight at 4°C with a mix containing the
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intracellular antibodies (Table 2.3 and 2.4), washed, and resuspended with FACS buffer and counting

beads before acquisition. The resuspended cells were then transferred into FACS tubes.

The acquisition of all the samples was conducted by BD LSRFortessaTM X-20 cell analyser and the
results analysis was performed via FlowJo™ Software for Windows Version 10.8.1. Ashland, OR:
Becton, Dickinson and Company; 2023.

For in vitro stimulation assays with clenbuterol, CD11c purified cells were resuspended with
500uL/sample of sorting mix of MHC-1I, XCR1, and SIRPa (CD172a) from Table 2.6, prepared in
FACS buffer with the aim of sorting and isolating cDC1 and cDC2. After 20 minutes staining at 4°C,
the cells were centrifuged at 700xg for 3 minutes. The cell pellet was resuspended with 200uL/well of
Hoechst 33258 (Thermo Fisher Scientific) viability dye previously prepared in FACS buffer at 1:100.
After resuspension the samples were then transferred to FACS tubes for the sorting process. The cell
sorting was performed using BD FACS AriaTM Fusion Flow cytometer with the 100 nozzle by the Flow
cytometry platform team at Champalimaud Foundation.

For every condition (in vitro stimulation with clenbuterol/ without clenbuterol) 10.000 cDC1 and cDC2
were collected in 1.5mL eppendorfs containing 100pL FBS in ice. Therefore, for every sample 20.000
c¢DC1 and 20.000 cDC2 were required. Additionally, a random sample Wt sample was selected to also
serve as control wells (no stimulation) therefore to a random Wt sample it was removed 40.000 cDC1
and cDC2.

The Xcrl/ksho®Adrs2" were checked for Adrs2 depletion, for that different immune splenic cells were
FACS-sorted into 1.5mL eppendorfs containing 100 uL RA1 + 2uL TCEP (Macherey-Nagel) in dry ice
based on distinct surface markers expression: cDC1 (MHC-II* CD11c* XCR1"); cDC2 (MHC-II*
CD11c* SIRPa’") macrophages (CD64%), T (CD3") and B cells (CD19*). The panels with all the
antibodies as well as their fluorophore, dilution, and company used in staining and sorting splenic cells
can be depicted in Table 2.6. The cell sorting was performed using BD FACS AriaTM Fusion Flow
cytometer using the 85 nozzle.

2.7 CD11c in vitro stimulation

For MHC, co-stimulatory molecules and chemokine receptors output, after CD11c purified, the cells
were directly analyzed, whereas the chemokines and cytokines were determined after culture and
stimulation of the DCs. The cells were resuspended with DC medium and rested in an incubator with
CO; for 15 minutes. Aftermath, a stimulation mix containing 0.5 pg/mL and 50 pg/mL of CpG ODNs
(InvivoGen) (TLR9 agonist) and Poly(I:C) (InvivoGen) (TLR3 agonist) respectfully, was added to the
cultured cells and incubated for 30 minutes. After Brefeldin A (Alfa Aesar) was added to the cells as

indicated by the manufacturer for a 3-hour stimulation period.
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For the clenbuterol in vitro assay, the cells were transferred into an incubator at 37°C with CO; for 20
minutes. After the incubation period, the cDC1 were stimulated 100uL/well with a mix containing 0.5
pug/mL of CpG, 50ug/mL of Poly(l:C), and 0.5 mg/mL of clenbuterol (Sigma-Aldrich) prepared in DC
medium and the cDC2 were stimulated 100uL/well with a mix containing 0.5 pg/mL of CpG, 100ug/mL
of Poly(l:C), and 0.5 mg/mL of clenbuterol prepared in DC medium. The stimulated cells were placed
in an incubator at 37°C for 30 minutes. As control, there were sample wells that did not were submitted
to clenbuterol (only went to the process of stimulation with CpG and Poly(l:C)). Furthermore,
unstimulated wells were also conducted in which cells received only medium instead of a stimulation

mix.

Posteriorly, after the 30-minute stimulation phase, all cultured cells were subjected to 20uL/well of
Brefeldin A, 1:1000 previously prepared in DC medium. After a 3-hour and 30-minute stimulation
period in the incubator with CO, the samples were fixed and permeabilized to label with the intracellular

antibodies for cytokines and later analyzed by flow cytometry.

2.8 FITC painting assay

Mice submitted or not to CpG/Poly(l:C) intradermal administration were 2-3 hours later subjected to
skin sensitization by topical administration of 1% Fluorescein isothiocyanate isomer | (FITC) (Sigma-
Aldrich) prepared in acetone (Thermo Fisher Scientific) and dibutyl-phthalate (DBP) in a 1:1, volume:
volume ratio. Using a micropipette, 20uL per ear of the solution was applied to fully cover the ears upon
anesthesia in a biosecurity chamber. After “painting” with the FITC solution the ears were dried out
using a fan. As controls of the experiment, there were mice that did not get the CpG/Poly(l:C)
inflammatory mix and other mice that were painted in the ear only with acetone and DBP lacking FITC.
Importantly, the FITC resuspension was prepared freshly immediately before the painting assay and

covered in aluminum foil to preserve the fluorescence.

On the next morning, the mice were euthanized following CO; inhalation. Posteriorly, the mice were
sprayed in the ears with 70% ethanol in the ears sections and the ear lymph nodes of both ears were
removed with sharp-straight scissors and forceps (Terumo), the ear lymph nodes were then placed in a

24-well plate (Corning®) containing 0.2mL HBSS plus Ca?" and Mg?* (Corning ®) in ice.

2.9 RNA extraction from sorted cells

RNA from sorted cells was purified and extracted adapted from Macherey-Nagel manufacturer’s
protocol, being the only differences the filtration of the lysate with NucleoSpin® Filters, placed in top

of 2mL collection tubes and centrifugation at 11.000xg for 30 seconds, and in the end the pure RNA
was eluted with 12uL of RNase-free H,O. Afterward, after RNA purification, 1L of the extracted RNA
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was checked for concentration and purity following Nanodrop Spectrophotometer (Nanodrop

Technologies).

2.10 RNA extraction from tissues

RNA of whole ear and ear lymph node tissues was extracted, and the expression levels of the chemokine

genes responsible for the migration capability were investigated through g°PCR methodology.

Inside the chemical hood, 300uL of Trizol (Grisp) was added to the samples. Since the ears were too
thick, they were minced with sharp-straight scissors into small pieces. Additionally, with forceps, it was
added 1 Stainless 3mm diameter sphere per eppendorf. The samples were then placed and equilibrated
in the 24 vortex adapters (Qiagen). The adapters were settled in the Tissue Lyser machine (Qiagen) and
closed tightly so it doesn’t get loose. After a program of 30 Hertz for 3 minutes the samples were
recovered and later centrifuged at full speed (17000xg) for 3 minutes at 4°C. Afterward, the supernatant
was recovered (+/- 300pL) into newly labeled normal 1.5mL eppendorfs with extreme caution to not
touch the cell pellet. To promote a good separation of agueous and organic phases, 60uL of chloroform
(Sigma-Aldrich), inside the chemical hood, was then added to the obtained supernatant and later vortex
for 15 seconds. Furthermore, after a centrifugation of 12000xg for 15 minutes at 4°C, it is visible the
isolation of 3 different layers in the samples. The aqueous phase containing RNA was then recovered
(+/- 150uL) into new eppendorf tubes while the rest of the sample with the white interphase ring
containing the DNA and the organic phases containing cell debris proteins and lipids were discarded.
This step needs to be conducted with extreme caution to avoid loss of RNA and contamination with the

other substances.

After isolation of the aqueous layer, to promote good precipitation of RNA, 150 pL of isopropanol
(Thermo Fisher Scientific), inside the chemical hood, was appended to the samples, and the tubes were
inverted to mix. After an incubation period of 10 minutes at RT, the samples were centrifuged 12000xg
for 10 minutes at 4°C so that RNA could be precipitated. The supernatant was discarded by inverting
the tube and the RNA pellet was washed with 300uL with ice-cold EtOH 75% and centrifuged again
12000xg for 10 minutes at 4°C, further promoting precipitation of RNA. After washing, the supernatant
was discarded, the eppendorf tubes were inverted and the pellet was left to dry for 5-10 minutes. To
note, it is suggested that the RNA pellet does not completely dry otherwise the RNA could not be totally
soluble. After the drying event, the RNA was resuspended with 50uL RNAse-free water. Posteriorly,
the RNA was further purified following Macherey-Nagel manufacturer’s protocol and checked for
concentration and purity as described in the 2.9 section. All later events, mainly, RNA to cDNA
conversion, pre-amplification of target chemokines and house-keeping genes, and RT-gPCR were
conducted in a similar fashion to what is described in the 2.11 section. The chemokines and

housekeeping probes list are displayed in Table 2.7 (B).
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2.11 cDNA synthesis, pre-amplification, and reverse transcription quantitative real-time PCR
(RT-gPCR)

High-capacity RNA-to-cDNA™ kit (Applied Biosystems) was used to convert the extracted RNA into
cDNA following the manufacturer’s instructions. Reverse-Transcriptase PCR was conducted using a

SimpliAmp™ Thermal cycler (Applied Biosystems) according to the manufacturer’s indications.

After that, cDNA pre-amplification was conducted by using TagMan ™ PreAmp Master Mix (Applied
Biosystems) manufacturers protocol. Briefly, a probe mix was prepared containing 15uL/sample of
TagMan ™ PreAmp Master Mix (Applied Biosystems), 0.125uL/sample of each probe gene, and 7,5uL
—(0,125*probes) / sample of Tris-EDTA (TE) (Thermo Fisher Scientific) buffer. 22.5uL of this mixture
was then micropipette into each PCR tube, in which later 7,5uL of extracted cDNA was added leading
to a total of 30uL volume inside the PCR tube. The tubes were then spined down to guarantee a mixture
of all components. Posteriorly the cDNA was then inserted in SimpliAmp™ Thermal cycler (Applied

Biosystems) and the pre-amplification protocol was performed according to manufacturer indications.

For gPCR, the 30uL cDNA samples were firstly diluted 1:10 with 270uL of TE buffer. Individual probe
mixes comprising 5 pL/sample of TagMan® Gene Master Mix (Applied Biosystems), 0.5 pL/sample of
each probe, and 2 pL/sample of RNAse-free water were prepared. All RT-qgPCRs were performed in
384-well plates (Applied Biosystems) where 7.5 uL of the PCR reaction mix was added with a single
automated pipette and 2.5 pL of each pre-amplified cDNA using a multichannel pipette thus each well
in the end account for 10uL. The plates were sealed with a plastic cover (Thermo Scientific) and were
then centrifuged at 700g for 2 minutes. RT-qPCR reactions were conducted in the QuantStudio™ 5
Real-Time PCR System (Applied Biosystems) according to the manufacturer’s indications and the
analysis was performed by the comparative cycle threshold (CT) method (22<T), in which, the CT values
of the genes of interest are the mean CT values of the triplicate samples minus the mean CT values of
the housekeeping genes. GAPDH and HPRT were the selected house-keeping genes. The list of probes
used is illustrated in Table 2.7 (A).

2.12 Confocal imaging and immunofluorescence

After the indicated treatment or without any further action the XCR1°"® Ai9(RCL-tdT)", TH®"® Ai9(RCL-
tdT)" and THC™Ai32(RCL-ChR2(H134R)/EYFP)" reporter mice were euthanized with 100pL i.p
injection of sodium pentobarbital (Exagon, Richter pharma) or Ketamine (Nimatek, Dechra) /Xylazine
(Rompun, Elanco) Mouse Mix (100u1/10g). The chest was opened, and a thin gauge needle was inserted
in the left ventricle of the still-beating heart in order to promote systemic perfusion. Firstly, the mice
were perfused with 2 minutes of PBS 1X to remove all the blood. If the liver immediately starts to get a
white tone the perfusion is confirmed to be working. If any liquid is leaving the nose and mouth,

probably the needle was inserted in the right ventricle, or it was too deep in the left ventricle that it

34



entered in right auricle leading to the pulmonary circulation. After the 2-minute perfusion with PBS 1X
(Corning ®), it was followed by 5-minute perfusion with paraformaldehyde (PFA) 4% (Sigma-Aldrich)
promoting tissue fixation. After the perfusion with the fixating agent, the spleen and mesenteric lymph
nodes, of XCR1"™®Ai9(RCL-tdT)" mice were removed using sharp-straight scissors and forceps and were
attached to card pieces before transferred into 50mL Falcons (Corning ®) and 2mL eppendorfs with
appropriate volumes of PFA 4%. In parallel, the ears of all reporter mice were also removed, the basal
and peripheral sides of the ears were opened with forceps in the basal (white side) and another on the
peripheral (darker side) and pulled in separate directions according to whole mount ear protocol*”. Both
opened ears were placed in card pieces, internal side up and later transferred into PFA 4%- containing
2mL eppendorfs. All the organs were then delivered to the histopathology platform for all the stainings
with the desirable antibodies and mounting of the slices for confocal microscopy acquisition. Briefly,
the dissected ears were fixed in 4% PFA. Fixation was followed by permeabilization through 2-hour
incubation with 0.3% Triton X-100 in PBS, with 5% bovine serum albumin, 0,1M glycine and 0,1%
sodium azide. Tissues were incubated overnight at 4°C with primary antibody for TH (Pel-Freez, Ref.:
P40101-150), diluted at 1:1000 in 0.3% Triton X-100 in PBS with 0,1% sodium azide. Secondary
antibodies conjugated with appropriate fluorophores were then applied for 2 hours at room temperature.
After AlexaFluor 647 anti-goat secondary antibody incubation (Invitrogen, A21244), the tissues were
stained with 4',6-diamidino-2-phenylindole DAPI at a concentration of 1pug/mL in PBS for 15 minutes
to visualize cell nuclei. Tissues were mounted onto glass slides using a glycerol-based mounting
medium. The slides were acquired by confocal microscopy with specific excitation and emission filters.

Additionally, the results were analyzed by Zeiss Zen Blue or Fiji/ImageJ.

2.13 Statistical Analysis

The analysis of the experiment’s findings was performed by using FlowJo™ Software for Windows
Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. The results are displayed as the
mean values +/- standard deviation. These values were obtained by paired t-test when performing
comparisons between two independent groups or an ordinary one-way ANOVA with multiple
comparisons for more than 2 independent groups using GraphPad Prism version 8.4.3 for Windows
(GraphPad Software, San Diego, California USA). The findings were considered statistically significant
when p-value is lower than 0.05 (*), <0.01(**), <0.001 (***), and <0.0001(****).
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Table 2.1. Antibodies used for staining of antigen-presentation and co-stimulatory molecules

Mix Fluorochrome Antigen Dilution Clone Brand
PercPCy5.5 CD40 3/23
FITC CD80 1:100 16-10A1 BioLegend
Surface antibody BV650 CD86 ' GL-1
staining for antigen- eF450 MHC-I H-2Kb Invitrogen
presentation and co- PE MHC-II 1:400 M5/114.15.2
stimulatory molecules BV785 XCR1 1:100 ZET
APC CD11b M1/70 BioLegend
SIRPa 1:200
AF700 (CD172a) P84
Table 2.2. Antibodies used for staining of chemokine receptors
Mix Fluorochrome | Antigen Dilution Clone Brand
. AF700 CCR7 1100 G043H7 BioLegend
t Surface c;?“bog_y BV711 CCR6 ' 140706 | BD Biosciences
staining - ~hemokines BV650 XCRL ZET BioLegend
receptors 1:200 -
PercPCy5.5 SIRPa P84 BioLegend
Table 2.3. Antibodies used for staining of intracellular chemokines
Mix Fluorochrome Antigen Dilution Clone Brand
Intracellular staining for APC CCL3 1:50 39624 Invitrogen
chemokines PE CCL5 1-100 2E9/CCL5
BV785 XCR1 ’ ZET .
Surface staining SIRP BioL.egend
a .
AF700 (CD1724) 1:200 P84
Table 2.4. Antibodies used for staining of intracellular cytokines
Mix Fluorochrome Antigen Dilution Clone Brand
Intracellular staining PE IL-12 1:50 C17.8 Invitrogen
cytokines Bv421 TNFa 1:200 MP6-XT22
BV785 XCR1 1:100 ZET BiolLegend
Surface staining SIRPa .
AF700 (CD1724) 1:200 P84
Table 2.5. Antibodies to stain the migratory cDC1
Mix Fluorochrome Antigen Dilution Clone Brand
AF700 MHC-I1I 1:600 M5/114.15.2 Invitrogen
; ) PercPCy5.5 CD40 1:100 3/23 BiolLegend
Surface agitr']tt’iondy -FITC PE CD11c N418 eBioscience
painting AF647 XCR1 1:200 ZET SioLecend
BV605 CD103 2E7 g
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Table 2.6. Antibodies used to identify and sort the different immune populations

Mix Fluorochrome Antigen Dilution Sc():retltled Clone Brand
FITC MHC-II 1:300 i 2G9 . B.D
biosciences
. APC CD11c - N418
Staining for BV785 XCR1 cDC1 ZET
SOt_'tlng of distinct SIRPa _
|mmulnet_cells PercPCy5.5 (CD1724) 1:200 cDC2 P84 BioLegend
popufations BV711 CD64(FeyRI) MF | X54-5/7.1
BV605 CD19 B cell 6D5
PE CD3e 1:50 T cell 145-2C11 Invitrogen

Table 2.7. List of probes used for Real-time PCR. (A) Probes used to assess adrenergic receptors expression on
the different immune sorted cells. (B) Probes to assess chemokine content in ears and lymph node tissue. The
probes were obtained by obtained by Thermo Fisher Scientific.

(B)

(A)
Gene Reference
Adrpl Mm00431701_s1
Adrp2 Mm02524224 sl
Adrp3 Mm02601819 g1
GAPDH Mm99999915 g1
HPRT Mm03024075_m1

Gene Reference
CCR7 Mm99999130 sl
CCR6 Mm99999114 sl
CCL19 MmO00839967 g1
CCL20 MmO01268754 _m1
CCL21 Mm03646971 gH
GADPH Mm99999915 g1
HPRT Mm03024075_m1
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3. Results
3.1 Xcri/ksho®"Adrp2" genetic mice construct suffers germline deletion

Many findings of the laboratory were derived from the use of the genetic model Xcr1“*4dr52", being
the Xcr1®® imported from Marseille, France as said previously. However, there are some concerns
regarding germline deletion in the CRE. Although, previously the lab performed gPCR and displayed
that only cDC1s from CRE mice, the expression of the adrf2 gene is severely affected (unpublished)
(Figure 7.1). Nonetheless, the group also decided to order other mice with the same construct but from

different centers, being this one derived from Japan (Xcr1/ksho®™®).

The Xcrl/ksho®"Adrp2" were then checked for adrp2 depletion, in which there were sorted distinct
splenic immune cell populations and through qPCR methodology, expression levels of adrfp2 were
investigated (Figure 3.1A). In parallel, to infer compensation over adrf2 loss, the expression levels of

adrp1 and adrp3 were also examined (Figure 3.1B and 7.2 respectively).
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Figure 3.1. gPCR results of sorted splenic immune populations of Xcri/ksho®e4drp2" and Xcri/ksho™t 4drg2"
mice. (A) — adrf2 expression levels values in each sorted immune population: cDC1(MHC-I1* CD11c* XCR1");
c¢DC2 (MHC-I1I* CD11c* SIRPa*) macrophages (CD64%), T (CD3*) and B cells (CD19*) (Table 2.6). (B) — adrf!
expression levels values in sorted each immune population. The selected probes for gPCR reaction are illustrated
in Table 2.7A. gadph and hprt were the chosen housekeeping genes. These plots were obtained by applying
ordinary one-way ANOVA with multiple comparisons per immune population using GraphPad Prism 8.4.3
version for Windows (GraphPad Software, San Diego, California EUA). Abbreviations: ns- non-significant result
(p-value>0.05). Wta-  Xcrl/ksho®™Migdrp2W™Wt  mice.  Wtb-  Xcrl/kshoW'Adrp2™™t  mice.  Witc-
Xcrl/kshoW"™Wiqdrp 2% mice. CRE- Xcrl/ksho®®™i4drp2"™ mice. B- B immune cell; T- T immune cell. MF-
macrophage immune cell. DC1- cDC1 immune cell; DC2- cDC2 immune cell. These results are derived from two
independent experiments which account for 3Wta, 6Wth, 5Wtc, and 7 CRE mice. No cDNA values represent a
control group, in which instead of cDNA plus RNAse-free, only RNAse-free were incubated with RT enzyme in
the cDNA synthesis step.

Since Xcr1/ksho®"4drp2" is a Cre-dependent line it is theoretically supposed that only on XCR1* cells
(cDC1) the adrp?2 receptor gene would be floxed. As seen in Figure 3.1A, the cDC1 of Cre-expressing
mice have no expression of the g-couple receptor compared to all other Wt littermates. Nonetheless, this
phenomenon also occurs in every other sorted immune cell, with expression levels of adrf2 suffering
clear downregulation in comparison to all other Wt animals with significant p-values as displayed by
the graph. This correlation could indicate that the genetic line is not specific to cDC1 since the adrf2 is
cleaved in all isolated immune cells, hence suffering severe unspecific recombination. Thereafter, the
imported Cre construct from the Japanese institute displays a tendency to be highly leaky therefore
leading to severe germline deletion. Henceforth, this genetic line cannot be used for in vivo studies for
testing the effects of adrp2 signaling on cDC1 functionality due to the genetic mice construct is not
specific for cDC1.

In fact, Wta mice, which represent Xcrl/ksho®*™'4drg2"" animals, had reduced adrf2 gene
expression at least on B and T cells compared to other Wt. Since these classified Wt mice are the ones
that carry the Cre allele with no floxed allele on the adrf32 gene this could suggest that the Cre construct
is responsible for the germline deletion event. Additionally, Wtc mice, which are classified as
Xcrd/ksho"™i4drp2" animals, also have less expression than Wtb mice, which stands for
Xcra/ksho"™i4drp2"™ mice, in every immune cell. Since it is a double flox allele in one gene, the
adrp2 could display less relative values compared to a singular flox allele. This indicates that the chosen
Wt mice of this line could be Xcri/ksho""™'44rs2"" mice (Wtb). Additionally, the only significant
statistical results displayed in Figure 3.1A come from the comparison of the mean values of Wtb with
the Cre animals in every immune population, apart from ¢cDC2 in which Wta vs. Cre is also significant.
This provides strong confirmation that in fact, the germline suffers severe unspecific recombination due
to the Cre construct being leaky and performing its cleaving action to remove the adrf2 gene in every

immune population leading to germline deletion.

Moreover, as seen in Figure 3.1B, despite the results being non-significant there is a general tendency

to increase expression amounts of adrf1 receptor in isolated splenic B, T, and MF cells Cre-expressing
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mice compared to other Wt. These intriguing results could indicate that the expression of adrfl is
increased likely to compensate for the loss of adrf32, further indicating that this NE receptor is indeed
cleaved out in the surfaces of the immune cells. Interestingly in ¢cDC1, there is a tendency to have

decreased adrf1 expression in Cre-expressing mice while in cDC2, adrf1 values do not change.

Furthermore, as depicted in Figure 7.2, despite adrf33 gene is barely expressed by immune cells, contrary
to both adrf1 and adrfs2, there is an indication that this gene is up-regulated in both T cells and cDC2,
further indicating the compensation effect to overcome the loss of adrf2 gene.

Henceforth, all of these findings pooled confirmed that this genetic line cannot be used for in vivo studies
for testing the effects of adrf32 signaling on cDC1 functionality due to the genetic mice construct is not

specific for cDC1, suffering severe unspecific recombination.

3.2 Clenbuterol affects cytokines production by cDCL1 in vitro

Measuring cytokine parameters is a good readout to assess cDC functionality. In this experiment,
clenbuterol, an Adrp2 agonist was supplied together with CpG/Poly(l:C) in a stimulation mix to sorted

cDC1 and cDC2 of both Xcr1/ksho®®4drp2" and Xcrl/ksho™Adrp2" to assess impact of TNFo and IL-

12 production by these cells. The cytokine results can be visualized in Figure 3.2.
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Figure 3.2. Alterations in cytokines expression in ¢cDC1 and ¢cDC2 following stimulation with (darker grey) or
without (WO) (light grey) clenbuterol. Splenic cDC1(MHC-1I* CD11c* XCR1*) and cDC2 (MHC-II* CD11c*
SIRPa*) (Table 2.6) from both Xcri/ksho®®4drp2" and Xcri/kshoViddrp2" were sorted and stimulated with
CpG/Poly(l:C), apart from the unstimulated controls, in the presence or not of clenbuterol. Posteriorly, the cells
were stained with TNFa and IL-12 intracellular antibodies (Table 2.4), and their cytokine expression was assessed
by flow cytometry. (A)- changes in TNFa production by ¢cDC1. (B)- changes in TNFa production by cDC2. (C)-
changes in IL-12 production by cDC1. (D)- changes in IL-12 production by cDC2. The analysis was performed
by using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023.
These statistical values were obtained by using ordinary one-way ANOVA with multiple comparisons using
GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA). Abbreviations: ns=
non-significant results (p-value >0.05); UNS = unstimulated cells; DC1- cDC1 immune cell; DC2- ¢cDC2 immune
cell. These results are derived from two independent experiments which account for 9 Xcrl/ksho™t 4drp2" and 5
Xcrl/ksho®eAdrp2" mice.

Firstly, before analyzing the impact of adrf2 signaling through administration of the Adrf2 agonist
(clenbuterol) and if it influences cytokine release by cDC, a parallel g°PCR was conducted as a
confirmation assay to confer if adr2 was depleted in the isolated cells. As Figure 7.3 suggests, adrf32
is cleaved in both isolated cDC1 and cDC2. Despite cDC2 being a contradictory result is reproductive
of Figure 3.1A further indicates the germline deletion problems. Nonetheless, adrf2 is floxed in Cre-
expressing animals which validates the following findings.

As illustrated by Figure 3.2A, clenbuterol administration impacts TNFa production by cDC1 since Wt
cells (cells that express adrf32 receptor) that were not subject to the adr32 agonist synthesize more TNFa
than the cells that were stimulated with the NE mimic being this a significant result (***). Furthermore,
these findings are scientifically validated since the stimulated cells produce more TNFa cytokine than

the unstimulated cells (white bar).

Moreover, through comparison of Wt and Cre cDC1 without clenbuterol treatment, there is a slight
tendency that the Cre-expressing cDCL1 (cells that lack adrf2 receptor) produce more TNFa than the Wt
cDC1, meaning the purely the impact of the loss of adrf32 signaling promotes a higher production of the
pro-inflammatory cytokine, a finding that will be further validated in following experiments.
Furthermore, in cohesion with the expectation, when both cells are subjected to clenbuterol stimulation
the tendency of higher production of TNFa by cells lacking adrf2 receptor remains, indicating that Cre-
expressing cells are less sensitive to the clenbuterol inhibition due to the loss of adrf32 receptor, however,

these last two results are non-significant.

Conversely, Cre mice that were in vitro submitted with clenbuterol produced fewer amounts of the pro-
inflammatory cytokine than the Cre-cells that were stimulated with only CpG and Poly(l:C). Since
neither group displays the adrenergic receptor, it would be expected similar values between the two
groups since it would be expected that the clenbuterol inhibitory effects would not be addressed by these

genetically modified cells.

42



As Figure 3.2B suggests, the cDC2 follow similar trends to the cDC1 counterparts, since both Cre groups
treated with and without clenbuterol yield more TNFa than the adrf2-expressing cells. However, in
contradiction to cDC1, there is no clear impact of clenbuterol effects in TNFa synthesis, indeed it seems
a small increase in TNFa production of Wt cDC2 following clenbuterol treatment. Nevertheless, all of
these findings are non-significant and are not validated due to unstimulated cells (cells that were not
submitted to TLR agonists) producing similar amounts of cytokine to the stimulated cells. The cDC2
serve as an internal control of the genetic model, since this model targets cDC1 and not cDC2 it is
expected that are no differences in cytokine production by the cDC2 in Cre animals.

In opposition to the TNFa findings, the effects of clenbuterol administration in IL-12 production by the
sorted cDC1 are unclear as visualized by Figure 3.2C. Although there is a general tendency that
clenbuterol supplementation leads to an increase in the IL-12 production by cDCL1 all these findings are
non-significant. However, they are validated due to all stimulated cells producing more IL-12 than the
unstimulated cells. Nonetheless, as Figure 3.2D displays, regarding the IL-12 production by cDC2,
clenbuterol did not affect the output of the Thl-polarizing cytokine. Nonetheless, in a similar fashion to
TNFa production by ¢cDC2 these findings are not validated. These results indicate that cDC1s are the
major producers of both cytokines, as depicted in the introduction, while cDC2s contribute very little to

Th1 cytokine release.

Overall, all the findings pooled indicate that clenbuterol, an Adrf2 agonist, dampens down TNFa
production by cDCL1, being the only obtainable statistically significant finding, thus, triggering adrf2
signaling could lead to decreased functional ability of cDCL1.

3.3 NE signaling induces tolerogenic properties of cDC1
As a way to debate regarding changes in cDC1 functionality following adrenergic signaling and assess

the main differences in cDC1 phenotype following acute or chronic stress, NE was provided in two

different scenarios and kinetics and the different functionality readouts were investigated. The results
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Figure 3.3. MHC values following acute vs. chronic NE treatment in | (A) and 1l (B) experiments. C57BL/6J mice
were i.p injected with an acute dose (4 mg /kg mice /day) of NE for 3 consecutive days representing acute NE or
with a chronic dose (2 mg /kg mice /day) administered in 2 consecutive days with a resting period of 1 day in a
total of 15 days simulating chronic stress. As control there are C57BL/6J mice i.p treated with a vehicle solution
containing 0.1% ascorbic acid and 0.9 % NaCl following the same described kinetics as the NE acute or chronic
mice. CD11c purified splenic DCs were then stained with extracellular antibodies depicted in Table 2.1. A total of
5 mice were utilized per condition in both experiments. The y-axis represents the Geometric mean (GM) of the
fluorescence. The analysis was performed by using FlowJo™ Software for Windows Version 10.8.1. Ashland,
OR: Becton, Dickinson and Company; 2023. These values were obtained by using ordinary one-way ANOVA
with multiple comparisons using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego,
California USA). ns- non-significant results (p-value >0.05).

As depicted by Figure 3.3, there is a slight indication of upregulation of the expression of both MHC-I
and MHC-11 molecules in an acute setting in both conducted experiments compared with vehicle acute
findings. Although the increase in MHC-I expression is non-significant, the MHC-II variation is the
most prominent and characterized as statistically significant in the first experiment (3.3A), while in the
second one (3.3B) experience also a substantial increase in the CD4" presentation molecule. Regarding
the chronic scenario, in the first experiment, there were barely any clear visible differences, only a small
increase in MHC-11 surface molecule. Nonetheless, in the second performed experiment MHC-1 suffered
a clear downregulation, furthermore, despite being non-significant, the levels of MHC-I11 also displayed

a reduction compared to chronic vehicle values.

These findings polled suggest that a short acute stress tends to elicit the cDC1s into an activated state,

however, following constant exposure to stress, in chronic events the ¢cDC1s tend to be more
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Figure 3.4. Co-stimulatory molecules expression following acute vs. chronic NE treatment in | (A) and 1l (B)
experiments. C57BL/6J mice were i.p injected with an acute dose (4 mg /kg mice /day) of NE for 3 consecutive
days representing acute NE or with a chronic dose (2 mg /kg mice /day) administered in 2 consecutive days with
a resting period of 1 day in a total of 15 days simulating chronic stress. As control there are C57BL/6J mice i.p
treated with a vehicle solution containing 0.1% ascorbic acid and 0.9 % NaCl following the same described kinetics
as the NE acute or chronic mice. CD11c purified splenic DCs were then stained with extracellular antibodies
depicted in Table 2.1. A total of 5 mice were utilized per condition in both experiments. The y-axis represents the
Geometric mean. The analysis was performed by using FlowJo™ Software for Windows Version 10.8.1. Ashland,
OR: Becton, Dickinson and Company; 2023. These values were obtained by using ordinary one-way ANOVA
with multiple comparisons using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego,
California USA). ns- non-significant results (p-value >0.05).
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Focusing on co-stimulatory molecules, as seen in Figure 3.4A there is a narrow trend to downregulate
the expression levels of CD86 and CDA40 in acute scenery thus hindering a more immunosuppressed
cDCL. Likewise, this phenomenon also persists in chronic stress in CD40 since this molecule also has a
tendency to reduce its expression levels as seen in Figure 3.4B, contradictory to the CD86 finding
observed in both experiments. However, conversely as depicted by Figure 3.4B, acute stress condition
induces a small upregulation of the expression levels of both CD86 and CD40 co-stimulatory molecules.
CD80 expression levels did not change in both experiments in both acute and chronic scenarios therefore
seems that this molecule is not affected by NE administration. Interestingly, as depicted by Figure 3.4B
by comparing the NE acute vs. NE chronic columns there is a clear downregulation in the chronic stress
group in CD86 and CD40. Nevertheless, overall, these results indicate that there is not a clear impact of

NE administration on co-stimulatory molecule expression.
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Figure 3. 5. Chemokine receptors values following acute vs. chronic NE treatment in | (A) and 11 (B) experiments.
C57BL/6J mice were i.p injected with an acute dose (4 mg /kg mice /day) of NE for 3 consecutive days representing
acute NE or with a chronic dose (2 mg /kg mice /day) administered in 2 consecutive days with a resting period of
1 day in a total of 15 days simulating chronic stress. As control there are C57BL/6J mice i.p treated with a vehicle
solution containing 0.1% ascorbic acid and 0.9 % NaCl following the same described kinetics as the NE acute or
chronic mice. CD11c purified splenic DCs were then stained with extracellular antibodies depicted in Table 2.2.
A total of 5 mice were utilized per condition in both experiments. The y-axis represents the Geometric mean. The
analysis was performed by using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton,
Dickinson and Company; 2023. These values were obtained by using ordinary one-way ANOVA with multiple
comparisons using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA).
ns- non-significant results (p-value >0.05).

The chemokine receptors are crucial for the migration of cDC into the draining lymph node, ina CCR7-
dependent manner, or to the skin, in a CCR6-dependent fashion, as stated in the 1.2.3 introduction
section. Interestingly, there is a clear and robust upregulation of both chemokine receptors in the NE
acute stress when compared with the vehicle group. This upregulation was experienced in both
experiments performed being the first statistically significant for both CCR6 (*) and CCR7(**) while

in the second experiment besides being non-significant there is also evidence of upregulation as seen in
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Figures 3.5A and 3.5B, respectively. Intriguingly, in NE chronic scenarios the results are not as
transparent as the acute findings, nonetheless in the second experiment there are traces of a small
downregulation of the chemokines receptors, a finding that the first experiment didn’t replicate.
Furthermore, by comparison of NE acute vs. NE chronic in the | experiment, the latter has less

expression of both CCR6 and CCRY7 than the former group.

Overall, these results indicate that sympathetic-derived signaling prevents the migration capability of
cDC1 and thereafter the development of an immunological action. In acute stress, by upregulating both
chemokine receptors responsible for the migration to the skin (CCR6) or LN (CCRY7), it is suggestive of
promoting DC tissue retention in their current location. In chronic scenarios, due to lower amounts of
chemokine receptors, also lead to less migration of DCs since they are less able to recognize the specific

chemokine ligands to induce their migration.
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Figure 3.6. Chemokine values following acute vs. chronic NE treatment in | (A) and Il (B) experiments.
C57BL/6J mice were i.p injected with an acute dose (4 mg /kg mice /day) of NE for 3 consecutive days
representing acute NE or with a chronic dose (2 mg /kg mice /day) administered in 2 consecutive days with a
resting period of 1 day in a total of 15 days simulating chronic stress. As control there are C57BL/6J mice i.p
treated with a vehicle solution containing 0.1% ascorbic acid and 0.9 % NaCl following the same described
kinetics as the NE acute or chronic mice. After CD11c purification, the splenic DCs were then stimulated with
a mix of CpG/Poly(l:C), apart from the unstimulated controls. Following in vitro stimulation, the cells were
stained with CCL3 and CCL5 intracellular antibodies (Table 2.3), and their chemokine expression was assessed
by flow cytometry. A total of 5 mice were utilized per condition in both experiments. C— Representative
unstimulated values of CCL5*. D— Representative stimulated value of CCL5". E- Representative unstimulated
values of CCL3". F— Representative stimulated value of CCL3*. The analysis was performed by using FlowJo™
Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. These values were
generated using ordinary one-way ANOVA with multiple comparisons using GraphPad Prism version 8.4.3 for
Windows (GraphPad Software, San Diego, California USA). ns- non-significant results (p-value >0.05).
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DCs are known to produce CCL3 and CCL5 chemokines!’. Following acute stress, the cDC1 releases
more CCL3 and CCLJ5 than non-stress groups, being the CCL5 produced with higher amounts (Figure
3.6A). Furthermore, as Figure 3.6B indicates, there is a tendency to produce more CCL5 after in acute
stressful conditions, however, unlike the first experiment, this finding is not statistically significant.
Conversely, there is a trend of CCL3 to decrease after acute NE dosage (Figure 3.6B). In the case of
chronic stress, there are no clear differences in changes in the production of both chemokines, with
CCLS5 suffering a tiny decrease in experiment Il and CCL3 showing reverse findings. However, in
experiment I, NE chronic has less amounts of chemokines than NE acute.

Additionally, it is important to note that both experiments are valid as the stimulation protocol was
successfully executed as visualized by the FlowJo plots in Figures 3.6C-E. Since stimulated cells, with
the mix of CpG/Poly(l:C), produce more cytokines than the cells that were not stimulated with TLR
agonists (salmon and pink color), although the differences are more defined in the second experiment

than the first, due to higher amounts of chemokines released as visualized by the 3.6A and 3.6B plots.

All of these joint findings indicate that following acute but not chronic stress the cDC1 has a trend to

promote production of mainly CCL5 but also CCL3 chemokines.
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Figure 3.7. Cytokines values following acute vs. chronic NE treatment in | (A) and 11 (B) experiments. C57BL/6J
mice were i.p injected with an acute dose (4 mg /kg mice /day) of NE for 3 consecutive days representing acute
NE or with a chronic dose (2 mg /kg mice /day) administered in 2 consecutive days with a resting period of 1 day
in a total of 15 days simulating chronic stress. As control there are C57BL/6J mice i.p treated with a vehicle
solution containing 0.1% ascorbic acid and 0.9 % NaCl following the same described kinetics as the NE acute or
chronic mice. After CD11c purification, the splenic DCs were stimulated with a mix of CpG/Poly(I:C), apart from
the unstimulated controls. Following in vitro stimulation, the cells were stained with TNFa and IL-12 intracellular
antibodies (Table 2.4), and their cytokine expression was assessed by flow cytometry. A total of 5 mice were
utilized per condition in both experiments. C — Representative unstimulated values of TNFa*. D— Representative
stimulated value of TNFa*. E— Representative unstimulated values of IL-12*. F— Representative stimulated value
of IL-12*. The analysis was conducted by using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR:
Becton, Dickinson and Company; 2023. These values were calculated using ordinary one-way ANOVA with
multiple comparisons using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego,
California USA). ns- non-significant results (p-value >0.05).

As indicated by Figure 3.7A there is a trend to have less production of TNFa in the acute NE group
compared to acute vehicle groups although this finding is non-significant. However, the findings of the
next experiment, Figure 3.7B, contradict this since acute NE stressed cells tend to produce more TNFa,
although again this feature is non-significant. In chronically NE-stressed mice, the TNFa follows the
same trend as the described NE acute findings, although the differences observed are less robust.
Furthermore, in the | experiment the stimulation assay was not conducted properly since unstimulated
cells produce similar amounts of TNFa as TLR-stimulated cDC1. However, in the Il experiment, the
stimulation protocol was successful as depicted by the graphs in Figure 3.7C-E. Resorting now to the
Th1-polarizing cytokine, it seems that its production is unaffected by NE, since in both experiments and

in both acute and chronic kinetics, the expression levels of IL-12 remain tightly constant.

All of the functionality results pooled, there are contradictory findings between experiments and values.
Therefore, there is no clear indication of how adrenergic signaling is affecting the functional aspects of
c¢DCL1 phenotype. However, since NE was i.p administered, there is no guarantee that NE is reaching
the cDCls, this being the main limitation of this experiment. Henceforth, follow-up experiments with
the Xcr1“®4drp2" genetic mouse model could provide more robust and precise results in how the
sympathetic innervation is affecting cDC1 functionality. The findings of these experiments are displayed
in the next chapter.

3.4 The loss of Adrf2 receptor promotes an immunologically active state of cDC1.

In line with the previous chapter, the impact of the loss of adr$32 in cDC1 functionality was investigated.

The findings can be visualized in Figures 3.8-3.12
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Figure 3.8. MHC presentation molecules values in Xcri"'4drp2" or Xcr1®e4drp2M splenic cDC1 in 1 (A) and 11
(B) experiments. Steady-state splenic cDC from XcriW4drp2" and XcriCe4drp2" were purified with CD11c
Microbeads and stained with extracellular antibodies depicted in Table 2.1. In the first experiment, it was utilized
4 mice per group. In the second experiment, a total of 6 Xcr1"W'4drp2™ and 4 Xcri®e4drp2" were used. The y-
axis represents the Geometric mean. The analysis was performed by using FlowJo™ Software for Windows
Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. These values were obtained by unpaired
t-test using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA). ns-
non-significant results (p-value >0.05).

As Figure 3.8 demonstrates, in steady-state adrf2-depleted cDC1 there is a general tendency to
upregulate both MHC-I and MHC-II antigen-presentation molecules in both conducted experiments
(3.8A and 3.8B), being these findings are statistically significant in the first performed experiment.
However, despite being non-significant in the second experiment, there is a clear predisposition to
upregulate the MHC-I complex. Also, it is visible a small increase in MHC-I1 expression. These findings
clearly corroborate that cDC1s lacking adrf2 receptor tend to become more immunologically active,
likely being more able to prime naive T cells. Therefore adrf2-signalling likely promotes an

immunosuppressive cDC1 phenotype.
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Figure 3.9 Co-stimulatory values in Xcri"t4drB2" or Xcr14dr2" splenic cDC1 in | (A) and 11 (B) experiments.
Steady-state splenic ¢cDC from XcriW4drp2" and Xcr1©4drp2" were purified with CD11c Microbeads and
stained with extracellular antibodies depicted in Table 2.1. In the | experiment it was utilized 4 mice per group. In
the second experiment, a total of 6 Xcri"'4drB2" and 4 Xcr1°e4drp2™ were used. The y-axis represents the
Geometric mean. The analysis was performed by using FlowJo™ Software for Windows Version 10.8.1. Ashland,
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OR: Becton, Dickinson and Company; 2023. These values were obtained by unpaired t-test using GraphPad Prism
version 8.4.3 for Windows (GraphPad Software, San Diego, California USA). ns- non-significant results (p-value
>0.05).

As visualized by Figure 3.9 there is a clear shift in upregulation of the expression levels of all co-
stimulatory molecules in Xcr1®®4drB2" compared with Xcri™'4drp2". Although CD8O alterations in the
first experiment (3.9A) are the only statistically significant outcome, both CD86 and CDA40 also
increased their expression in the surface of steady state Xcr1®®4drp2" ¢cDC1. However, in the second
experiment (3.9B) CD86 was the only visible co-stimulatory molecule that suffered an augmentation
compared to Xcr1"'4drp2" mice, since CD80 didn’t change and CD40 experienced a slight decrease in
the total expression. Nonetheless, the clear findings of the first experiment and CD86 of the second
experiment, when joined with the shift in upregulation of MHC antigen-presentation outcomes, as
discussed in the previous figure, further promotes the notion that the adrenergic signaling leads to an
anergy state of cDC1 displaying reduced functionality.
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Figure 3.10. Chemokine receptors values in Xcr1W4drB2" or Xcrie4drp2" splenic ¢cDC1 in | (A) and Il (B)
experiments. Steady-state splenic ¢cDC from Xcri"'Adrp2" and Xcrie4drp2" were purified with CD11c
Microbeads and stained with extracellular antibodies depicted in Table 2.2. In the | experiment, it was utilized 4
mice per group. In the second experiment, a total of 6 Xcr1"4drp2" and 4 Xcr1°e4drp2" were used. The y-axis
represents the Geometric mean. The analysis was conducted by using FlowJo™ Software for Windows Version
10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. These values were obtained by unpaired t-test using
GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA).

Focusing on the chemokine receptors responsible for the migration event of cDC, it was observed a clear
reduction in both CCR6 and CCR?7 in both experiments (3.10A and 3.10B) of Xcr1®®4drp2" mice.
Furthermore, in both experiments the results obtained are statistically significant, further providing
strong confirmation value of the findings observed. These pooled outcomes lead to the conclusion that
the loss of adrf2 receptor-induced sympathetic signaling could influence the migratory capacity of
cDC1, retaining this immune population in the original tissue they are encountered, preventing migration
to either draining lymph node or to the skin. These results are compatible with the previous finding, as
Figure 3.5 indicates that following NE, both chemokine receptors increased their expression. Hence, the

migration event by cDC1 can be manipulated in an adrf2-dependent fashion.

50



e Xert™adrg2!
o Xcr1ceAdrp2"

Unstimulated
A £ Xer1iadrp2!
% B A Unstimulated
+ 100 — + 100- Xer1CeAdrp2!
e 90 Qe o ns
o -
< 8o p=d Q 801
8 70 3 60~
2 60 a
w50 =y e 20y
c 10 -] k%% ns
£ s £ 15 . —
E 6 10 H
2 a 5 A
= -
S 2 : tmge [
= . - 2 % i
ceLs ccL3 CCL5 ccL3
C D E F

250K 250K 7 250K

200K = 200K = 200K 7 200K

180K = 150K =
- <
oL & coLas
141 &

2

481

ceLa+
025

FSC-A
FSC-A

100K 7 100K =

50K 7 S0k =

3 4
3 ) 4 5
-10 o 10 10 10 10 0 10 10 1 3 s

3 4 5 3 4
0 0 10 10 10 -10 o 10 10 10
Comp-PE-A CCLS Comp-PE-A 1 CCLS Comp-APC-A: GCL3 Comp-APC-A : CCL3

Figure 3.11. Chemokine values of Xcr1"4drp2™ or Xcr1©e4drB2" splenic cDClin | (A) and 11 (B) experiments.
After CD11c purification, the splenic DCs undergo in vitro stimulation with CpG/Poly(l:C), apart from the
unstimulated controls. Following stimulation, the cells were stained with CCL3 and CCLS5 intracellular antibodies
(Table 2.3), and their chemokine expression was assessed by flow cytometry. In the | experiment, it was utilized
4 mice per group. In the second experiment, a total of 6 Xcri"'4drp2" and 4 Xcri®®4drp2" were used. C-
Representative unstimulated values of CCL5*. D— Representative stimulated value of CCL5*. E- Representative
unstimulated values of CCL3*. F- Representative Stimulated value of CCL3*. The analysis was performed by
using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023
These values were obtained by unpaired t-test in the first experiment and an ordinary one-way ANOVA with
multiple comparisons in the second experiment using GraphPad Prism version 8.4.3 for Windows (GraphPad
Software, San Diego, California USA). ns- non-significant results (p-value >0.05).

Regarding the chemokines released by cDC1 after stimulation, in the first experiment, despite
Xcr1"'4drp2" CCLS5 values are already high, it further increased in adrf2-depleted cDC1 as visualized
by Figure 3.11A, being this alteration statistically significant. Contradictory to CCL5 results, the same
excepted result was not observed with the CCL3 chemokine, since the amount of the production of this
molecule slightly decreased in Xcr1®4drg2" mice compared with Xcri"4drp2" in the same
experiment, nonetheless this observed conversely is non-significant. However, as depicted in Figure
3.11B, in the second experiment the CCL3 production significantly increased in adrf32-deficient cDC1,

although the CCLS5 readout in the same experiment didn’t change between groups.

Additionally, as Figure 3.11B suggests, there were no observed differences in the production of both
chemokines in steady-state conditions, by the Xcr1"'4drp2" or Xcr1®4drp2" mice, indicating that the

previous phenomenon only occurs after a stimulation event. Moreover, as visualized in Figure 3.11C-
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E, the stimulation protocol was successfully executed, although CCL3 is poorly produced by cDC1

when compared with the CCL5 values, the latter produced in higher amounts.

The pool of the findings highlighted indicates that cDC1 that are insensitive to the adrf2 signaling
cascade, after stimulation with TLR agonists, promotes a higher production of chemokines, since both
CCLS5 and CCL3 substantially increased, in the first and second experiment, respectively.
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Figure 3.12. Cytokine values of Xcr1"t4drB2" or Xcri®e4drp2" splenic cDCLlin | (A) and Il (B) experiments.
After CD11c purification, the splenic DCs undergo in vitro stimulation with CpG/Poly(l:C), apart from the
unstimulated controls. Following stimulation, the cells were stained with IL-12 and TNFa intracellular antibodies
(Table 2.4), and their cytokine expression was assessed by flow cytometry. In the | experiment it was utilized 4
mice per group. In the second experiment, a total of 6 Xcr1"4drg2" and 4 Xcr1e4drp2" were used. C—
Representative unstimulated values of TNFa". D— Representative stimulated value of TNFa*. E— Representative
unstimulated values of 1L-12*. F— Representative stimulated value of IL-12*. The analysis was performed by using
FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. These
values were obtained by unpaired t-test using GraphPad Prism version 8.4.3 for Windows (GraphPad Software,
San Diego, California USA). ns- non-significant results (p-value >0.05).

As Figure 3.12A represents, despite stimulated Xcr1"'4drp2" ¢cDC1 produces high amounts of both
TNFo and IL-12, Xcri®®4drp2" cDC1 produces even higher levels of these cytokines, being the
observed results statistically significant for both cytokines. Moreover, as Figure 3.12B demonstrates, in

the repetition of the experiment, the same tendency was observed regarding the TNFa cytokine, further
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promoting the robustness of the result. However, contrary to the previous experiment, the IL-12

production by adrf2-floxed cDC1 did not increase.

Interestingly, as Figure 3.12B illustrates, Xcr1"4drp2" cDC1 that were not submitted to a stimulation
protocol produced more basal TNFa than Xcr1"'4drp2" cDC1 being these observed results statistically
significant. However, the same phenomenon was not observed for the IL-12 cytokine, since steady-state
adrp2-cleaved cDC1 produces similar amounts of the Thl-polarizing cytokine than Wt cDC1,
nonetheless, a very slight trend towards greater production can be observed. Additionally, as Figures
3.12C-F indicate, the stimulation event was successfully conducted, and both TNFa and 1L-12 are

produced in similar amounts.

All of these observations lead to the conclusion that NE-signaling via adrf32 receptor induces an anergic
state of cDC1, evidenced by the higher production of cytokines by Xcri®®4drp2" cDC1 in both

stimulated and unstimulated conditions.

3.5 Adrp2 antagonists’ effects on DC1 migration

The migration event is crucial for the development of the adaptive immunological response. Previous
studies of the laboratory observed that intradermal administrations in the ear with NE induce less
migration of the cDC1 to the ear-draining lymph node (unpublished) (Figure 7.4). In this experiment, 2
Adrp2 blockers (propranolol and 1CI-118,551) were administered intradermally in the ear and after
stimulating the cells with CpG/Poly(l:C), the ears were topically painted with a FITC fluorophore,
prepared in an inflammatory stimulating solution of acetone and DBP. The DBP compound is an irritant
molecule that promotes the migration of cDC. The effects of the 2 Adrf2 antagonists can be seen in
Figure 3.13.
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Figure 3.13. Migration capability of cDC1 following propranolol (A) or ICI-118,551 treatment (B). C57BL/6J mice
were i.d injected for 3 consecutive days with propranolol or ICI-118,551 in the ear. As control, there are C57BL/6J
mice treated with a vehicle solution containing 0.1% ascorbic acid and 0.9 % NaCl. Afterward, on the last day, the
mice suffered i.d injections in the ear with a stimulation mix containing CpG/Poly(l:C). 2-3 hours after, the mice
suffered skin sensitization with topical administration of 1% FITC prepared in an inflammatory stimulating solution
of acetone and DBP. The removed LNs were then stained with extracellular antibodies (Table 2.5). The propranolol
plots are a pool of 3 independent experiments with 15 C57BL/6J mice for both vehicle and propranolol groups. ICI-
118,551 results derive from a pool of 2 independent experiments with 10 C57BL/6J mice for both vehicle and ICI
groups. For every experiment, there were 2 control mice for both without FITC and without CpG/Poly(l:C)
conditions. C- Representative plot displaying XCR1* CD103" double positive cells. D- Representative plot
displaying negative FITC* positive cells. E- Representative plot in which it is possible to distinguish migratory cells
derived from the ear (FITC*). Abbreviations: PIC- Poly(l:C); WO- without; ns- non-significant results (p-value
>0.05). The analysis was performed by using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR:
Becton, Dickinson and Company; 2023. These values were obtained by unpaired t-test using GraphPad Prism
version 8.4.3 for Windows (GraphPad Software, San Diego, California USA).

Firstly, it is important to point out that both controls of the experiment are what was expected and
validate the data generated, since mice that lack painting with the FITC fluorophore have 0% FITC*
cells, and the mice in which the ear cDC1 were not stimulated with CpG/Poly(l:C) display reduced
migration than all experimental mice (still have migration due to presence of the DBP irritant and FITC).
As visualized by Figure 3.13A the migration capacity of cDC1 following mice treatment with
propranolol did not change when compared with cDC1 from mice treated with the standard ascorbic
acid solution. However, as Figure 3.13B suggests following application of 1CI-118,551, cDC1 increased
migration into the ear-draining LN when compared to vehicle-treated mice being this finding statistically

significant. Hence, treatment with this Adrf2 antagonist promotes higher migration of these specialized
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APCs. These findings correlate with previous depicted results, since i.d administration of NE leads to

reduced migration of cDC1(unpublished) (Figure 7.4).

3.6 The NE mediated inhibition of cDC1 migration is Adrf2 signaling-dependent

In order to fully comprehend how the NE-mediated inhibition of migration of cDC1 is dependent on
Adrp2 signaling, FITC painting experiments with the Xcr1°®4drB2" genetic mice model with or without
NE were conducted. The alterations in migration can be assessed in Figure 3.14.
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Figure 3.14. Migration capability of cDC1 from Xcr1"4drp2 (Wt) or Xcri¢e4drp2" (CRE) following treatment
with vehicle (VEH) or NE solutions. Xcrd"t4drB2" (Wt) or Xcri€eAdrp2" mice were i.d injected for 3 consecutive
days with either vehicle solution containing 0.1% ascorbic acid and 0.9 % NaCl or NE in the ear. Posteriorly, on
the last day the mice suffered i.d injections in the ear with a stimulation mix containing CpG/Poly(I:C). 2-3 hours
after, the mice suffered skin sensitization with topical administration of 1% FITC prepared in an inflammatory
stimulating solution of acetone and DBP. The removed LNs were then stained with extracellular antibodies (Table
2.5). The analysis was performed by using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton,
Dickinson and Company; 2023. These values were obtained by unpaired t-test using GraphPad Prism version 8.4.3
for Windows (GraphPad Software, San Diego, California USA).

As Figure 3.14 suggests, comparing migration values of ¢cDC1 of Wt and CRE mice with vehicle
solution there were no observed differences. However, following NE administration, it was observed
NE mediated inhibition, being this finding statistically significant. This result is compatible with the
already described previous results in which application of an Adrf2 antagonist the cDC1 migration
increased. Interestingly, despite visualizing a small decrease in CRE mice treated with NE, this reduction
when compared with the CRE vehicle group is statistically not significant. Therefore, it indicates that

the observed reduced migration with the NE is dependent on the presence of adrf2 protein.

3.7 Chemical adrenergic deletion reduces chemokine content in the ear-draining LN

As previously addressed, 6-OHDA is a chemical adrenergic ablator widely used by researchers to
promote selective degeneration of sympathetic innervation!’. In this experiment, the chemokine content

of the ears and the ears-draining LN were investigated following 6-OHDA intraperitoneal administration
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and how this can contribute to differences in cDC migration. The findings of the chemokines responsible
for the migration can be visualized in Figure 3.15.
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Figure 3. 15. Chemokine content in the ears (A, B) and LN (C, D, E) following i.p treatment with 6-OHDA.
C57BL/6J mice were i.p injected with 100mg/kg of 6-OHDA for 5 consecutive days. The ears and LN were
removed and their whole chemokine content was checked by qPCR. These findings are a pool of 3 independent
experiments accounting for 15 mice in both groups. The selected probes for gPCR reaction are illustrated in Table
2.7B. gadph and hprt were the chosen housekeeping genes. These values were obtained by unpaired t-test using
GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA. Abbreviations: ns-
non-significant result (p-value>0.05). No cDNA values represent a control group, in which instead of cDNA plus
RNAse-free, only RNAse-free were incubated with RT enzyme in the cDNA synthesis step.

As previously said, the cDC migration is dependent on the CCR7-CCL19/CC21 chemokine axis into
the draining LN and CCR6-CCL20 chemokine axis into the skin. As Figure 3.15 A suggests, there is a
tendency to increase the expression of CCR6 amount in the ears following treatment with 6-OHDA.
However, CCL20 values decreased after such treatment despite the values being very low. On the other
hand, in the LN, despite all results being non-statistically non-significant there is a tendency to
downregulate all responsible chemokines (CCR7, CCL19, CCL21) required for the migration of cDC
into the LN as visualized by the Figures 3.15 C, D and E respectively, following 6-OHDA
administration.
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These findings pooled hint that by chemically depleting the sympathetic innervation and therefore
ablating NE release by adrenergic neurons, the cDC migration into the lymph node is affected since
there are fewer chemokines guiding its migration. Furthermore, likely, since CCR6 values increased, it

is also possible that cDCs retain in the ears and therefore won’t migrate into the LN.

Further experiments should be focused on i.d administration of 6-OHDA and check how the chemokine
levels are really affected, instead of a systematic 6-OHDA injection. Additionally, these cells are at
steady-state conditions, one possibility is to apply, after the 6-OHDA injections, CpG/Poly(l:C) and
infer the chemokine content in the same organs. Finally, another possibility is to conduct FITC painting
experiments with i.d administration of 6-OHDA. However, there are no papers indicating a dose for i.d
administration of 6-OHDA.

3.8 6-OHDA i.d administration depletes adrenergic innervation

Since 6-OHDA is a widely used compound by researchers to deplete any sympathetic neurons,
experiments with this compound are crucial to assess the importance of NE-signaling in the cDC1
functionality. As debated in the last section, one future experiment is to perform FITC painting with i.d
injections utilizing this molecule, however, there are no papers establishing a dose for injections of 6-
OHDA in the ear. Therefore, prior to performing the assay, it is needed to assess that the adrenergic
innervation in the ears is indeed deleted. Hence, 6-OHDA i.d injections were performed on TH-CRE-
dependent endogenous tdTomato and YFP fluorescence mice following the kinetics described in the

materials and methods section. The results can be visualized in Figures 3.16 and 3.17.
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THC™ Ai9(RCL-tdT)"; VEH THC"™® Ai9(RCL-tdT)"; 6-OHDA

Figure 3.16. Whole mount ears acquisition following 2-day i.d injection in the ears with 25uL of 0.1% ascorbic
acid and 0.9% NaCl (VEH) (A) or 6-OHDA at 12mg/mL (B, C) in TH®® Ai9(RCL-tdT)" genetic mice. Images
generated by ZEISS LSM 980 inverted confocal microscopy with magnification 20x; scale bar, 100 um. A, B and
C are representative images. TH* neurons express Cre-dependent Tdtomato endogenous fluorescence (red). The
nuclei were stained with DAPI (blue).

As controls of the experiment and fluorescence signal, besides using TH®"® Ai9(RCL-tdT)" reporter mice,
TH™AiI9(RCL-tdT)" were utilized and treated with both vehicle and 6-OHDA i.d injections. In these
mice, as expected, the ears displayed no visible innervation of both groups of TH"* Ai9(RCL-tdT)", as

visualized by Figure 7.5.

As clearly depicted in Figure 3.16A, the ears of TH®™® Ai9(RCL-tdT)" genetic mice that were i.d treated
with vehicle solution exhibit neurons in a tdtomato endogenous fluorescence. Conversely, as Figure
3.16B illustrates, following i.d injections with 6-OHDA at 12mg/mL for 2 consecutive days, the
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innervation is still present. However, as Figure 3.16C represents, there are some determined locations
in the ears in which innervation is totally absent. Since i.d injections form a bubble in the site of injection,
it is possible that in the local place of 6-OHDA administration restricts an area in which the adrenergic
neurons are depleted, however in the whole ear remains areas in which the chemical ablator did not
reach hence the sympathetic innervation in those areas is unaffected. Therefore, it was decided to
advance in a follow-up experiment with double the dose of 6-OHDA (24mg/mL) and with two injections
in two separate areas in the ear instead of a single injection to fully cover the ear. The results can be
visualized in Figure 3.17.

THC™Ai32(RCL- THC™Ai32(RCL-ChR2(H134R)/EYFP)" :
ChR2(H134R)/EYFP)"; VEH

6-OHDA

100 pm 100 pm

o0 pm
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Figure 3.17. Whole mount ears acquisition following 2-day i.d injection in two separate regions of the ears with
25uL of 0.1% ascorbic acid and 0.9% NaCl (VEH) (A) or 6-OHDA at 24mg/mL (B, C) in TH®"™®Ai32(RCL-
ChR2(H134R)/EYFP)" genetic mice. Images generated by ZEISS LSM 980 inverted confocal microscopy with
magnification 20x; scale bar, 100 um. A, B, and C are representative images. TH* neurons express Cre-dependent
YFP endogenous fluorescence (yellow). The nuclei were stained with DAPI (blue).

As visible by Figure 3.17A, the ears of TH®®Ai32(RCL-ChR2(H134R)/EYFP)" genetic mice that were
i.d treated with vehicle solution exhibit TH* neurons with yellow-fluorescence protein (YFP) intrinsic
fluorescence. In addition, and contradictory to the findings of Figure 3.16, following i.d 6-OHDA
treatment the adrenergic innervation of these mice is completely eliminated (Figure 3.17B and C). Since
these animals were treated with two injections of 25pL in two separated regions of the ear with 24mg/mL
(double the dose of the last experiment), these changes were sufficient to promote the killing of whole
ear innervation. Therefore, for future experiments involving i.d injections of 6-OHDA, the assays should
reproduce the same conditions of this experiment. Again, the endogenous fluorescence of control mice,
TH™Ai32(RCL-ChR2(H134R)/EYFP)", treated with both VEH and 6-OHDA are represented by Figure
7.6.

3.9 6-OHDA effect’s in ¢cDC1 migration

As debated in the previous section, since the results observed indicated that following a 2-day i.d
injection with 24mg/mL of 6-OHDA in two separate regions of the ear with 25uL each, this was
sufficient to eliminate the sympathetic neurons, it was decided to conduct a FITC painting experiment
with 6-OHDA following those kinetics to discuss how the migration of ear cDCL1 is affected following

absence of NE-releasing neurons. The results are illustrated in Figure 3.18.

% FITC+

VEH 6-OHDA
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Figure 3.18. Migration capability of cDC1 following i.d 6-OHDA treatment. C57BL/6J mice were i.d injected for
2 consecutive days with 24mg/mL of 6-OHDA in 2 separate ear regions. As control there are C57BL/6J mice i.d
treated with a vehicle solution containing 0.1% ascorbic acid and 0.9 % NaCl. Afterward, on the next day, the
mice suffered i.d injections in the ear with a stimulation mix containing CpG/Poly(l:C). 2-3 hours after, the mice
suffered skin sensitization with topical administration of 1% FITC prepared in an inflammatory stimulating
solution of acetone and DBP. The removed LNs were then stained with extracellular antibodies (Table 2.5). For
both 6-OHDA and VEH conditions a total of 20 mice were utilized. The analysis was performed by using
FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. These
values were obtained by unpaired t-test using GraphPad Prism version 8.4.3 for Windows (GraphPad Software,
San Diego, California USA).

As observed in Figure 3.18 following i.d administration of 6-OHDA, a chemical ablator of sympathetic
neurons, the migration of ear cDC1 decreased when compared with the vehicle-treated mice. This
finding thus suggests that following elimination of adrenergic input the migration of cDC1 is severely
downregulated.

3.10 Evidence of NICUs in several organs

As stated alongside the dissertation, NICUs are defined anatomical locations in which both different
neurons and immune cells interact modulating each other’s function. Through confocal microscopy, we
can identify these regions in different lymphoid and non-lymphoid tissue through the use of a XCR1°"
Ai9(RCL-tdT)" reporter mice that specifically marks cDC1 with tdTomato endogenous fluorescence,
and a secondary anti-TH antibody targeting adrenergic innervation. Furthermore, mice were also i.p
treated with either 0.1% ascorbic acid and 0.9% NaCl (VEH) or 6-OHDA solutions with the aim of
assessing if the sympathetic innervation was depleted. The images can be visualized in Figure 3.19 and
7.7-7.8.

XCR1 TH XCR1TH
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Figure 3.19. Confocal Microscopy acquisitions of whole mount ear of XCR1°®Ai9(RCL-tdT)" mice. ¢cDC1s are
labeled with tdTomato-endogenous fluorescence. Neurons are labeled with rabbit anti-mouse Tyrosine
hydroxylase + anti-rabbit AF647 to identify sympathetic peripherical neurons. DAPI stains the nuclei of cells with
blue fluorescence. Images generated by ZEISS LSM 980 inverted confocal microscopy with magnification 20x;
scale bar, 200 pm.

With the representative images of Figure 3.19, with the whole mount ears, we can see the proximity
between the cDC1 and the sympathetic neurons, further supporting that bidirectional interactions persist
and both cell types can alter their functionality following this crosstalk. Furthermore, both the spleen
and the mesenteric lymph node confocal acquisitions also suggest the same principle as represented by
Figures 7.7A and 7.8A respectively. Moreover, following 6-OHDA i.p administration, the adrenergic
innervation is totally absent, as visualized by Figures 7.7C, D and 7.8C, D validating the 6-OHDA
conducted experiments depicted elsewhere. Furthermore, this also validates the stain of the TH antibody
observed. As control of the experiment, XCR1IVAI9(RCL-tdT)" VEH-treated displays no c¢DC1
endogenous fluorescence with visible sympathetic neurons (Figure 7.7B and 7.8B).
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4. Discussion

A wide range of different neurons and immune populations have been shown to modulate each other
cell function in a bidirectional fashion in defined anatomical locations reassembly NICUs. This highly
complex crosstalk has been implicated in several key physiological and pathological processes thus fine-
tuning the organism’s health and disease. Therefore, modulating these mechanisms and unraveling novel
molecular and cellular intervenients, could promote the development of new therapeutic approaches
against vast immune and neurological disorders. Henceforth, following this process of thought, the main
goal of this thesis is to uncover how the effects of sympathetic signaling affect the functionality of cDCL.
Deciphering this communication can thus promote cDC1-based immunotherapies via manipulating
adrenergic-derived signaling. However, advances in this research area are mainly derived from in vitro
assays with non-specific targeting of cDC, thus does not represent the crosstalk between adrenergic
neurons and cDC and how would this modulation affect the host physiology. Therefore, to fully deduct
and comprehend how the sympathetic-derived cues affects the functionality aspect of cDC1, ranging
from alterations of the expression of MHC-molecules, co-stimulatory markers, chemokines and,
cytokines to migration experiments, this dissertation provides both in vitro and in vivo assays, with
administration of NE and different 4dr/2 agonist and antagonist. Furthermore, with the use of a specific
genetic mice model targeting 4drf2 ablation in the surface of cDC1(Xcr1<4drp2"), it is possible to
infer how the absence of the receptor impacts the cDC1 functionality molecules.

However, due to some possible germline deletion problems of Xcr1®', it was ordered a similar genetic
construct mice (Xcrl/ksho®™) derived from Osaka University Suita, Japan, being later crossed with
Adrp2"mice. However, this genetic mouse mutant has severe germline deletion, since the adr2 gene is
floxed in the surface of the immune populations tested (B, T, MF, cDC1, and cDC2), a finding that in
theory should only occur in cDC1, the only immune population expressing the XCR1. Hence these mice
experience unspecified recombination. Furthermore, the expression of the adrf1 gene has a tendency to
be upregulated, compensating for the loss of the adr$i2 gene. This finding confirms that the adrf2
receptor is absent in every immune cell thus these mice are not a proper specific model for targeting

adrf32 depletion on cDC1, therefore it cannot be used for in vivo assays.

It was observed that upon administration of Adrf32 agonist, clenbuterol, the cDC1 has a tendency to
produce less TNFo, however, it seems that is not adrf2-dependent since Xcrl/ksho®®4drp2" mice
treated with clenbuterol also reduced this cytokine production. Interestingly, the cDC1 that lacks adrf2
receptor produces slightly higher amounts of TNFa than Wt littermates in both treatment without or
with clenbuterol. The former findings suggest that the solely the absence of adrf2 receptor leads to a
more immunologically active cDC1 hence producing more TNFa than the cDC1-expressing adr2 while

the latter finding indicates that cDC1 lacking adrf2 receptor are less sensitive to clenbuterol inhibition.
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Additionally, the clenbuterol inhibitory effects of TNFa production were only visible on ¢cDC1 since
c¢DC2 that were treated with clenbuterol displayed similar values to untreated cells. Nonetheless, the up-
regulation of cDC1 without adrf2 receptor in eliciting higher amounts of TNFa was also replicated in
¢DC2 in both with or without clenbuterol scenarios, clearly indicating that cDC that lacks adrf2 receptor
(as visualized by the RT-gPCR, both c¢DC1 and cDC2 lack adrf2) tend to become more
immunologically active. Therefore, this indicates that adrf2 signaling promotes an anergic cDC state.
However, conversely to expected 1L-12 production by cDC1 increased after in vitro clenbuterol

administration.

The TNFa finding is compatible with the described literature, since as already previously stated NE
sensing by DCs dampens down TNFa. production'?, although here the same feature was not observed
with IL-12 in this experiment as seen by previous papers already described in 1.6 section!24154159.161
This could indicate that the IL-12 antibody used is worse than the TNFa antibody, in fact, it was used a
titration of 1:50 in the former and 1:200 in the latter.

However, looking at the total percentage of TNFa and IL-12 production by the cells, this experiment
was classified as sub-optimal due to the low amounts of cytokine release. Furthermore, and contributing
to the low percentage numbers, the clenbuterol was supplied at a concentration of 0.5mg/mL, such
amount for cDC could be toxic, hence the cytokine released by cDC is severely affected and cannot be
robustly debated, thus the right pharmacokinetics of the compound should be investigated.

Overall, all the findings polled indicate that clenbuterol, an AdrB2 agonist, downregulates TNFa
production by cDC1, hence triggering Adrf2 signaling could lead to decreased functional ability of
cDCL.

To assess the effects of NE impact on ¢cDC1 functionality, the mice were treated with two different
kinetics and dosages of NE mimicking acute and chronic stress. We observed that MHC molecules tend
to increase following acute NE and decrease after chronic scenarios. Nonetheless, as the co-stimulatory
findings suggest, there is a very slight tendency that cDC1 are less able to prime naive T cells, being
this compatible with antigen presentation experiments in which it is observed a tendency to have less
IFN-y and proliferation of OT cells in previous data generated by Maria Martinéz-L6pez and Raquel
Silva (unpublished) (Figure 7.9). However, the results obtained upon this treatment were not robust
enough between experiments replicates and we did not find a way to control that the delivered NE was
acting as supposed. This could be due to the low half-life of NE (2.4 minutes'”), therefore since this
molecule is in systemic circulation for a such low period we cannot guarantee that it is reaching the DCs.
Moreover, the splenic cDC also has a very low half-life (1.5-2.9 days!’®) being entirely replenished by
novel cDC after their turnover. Since chronic NE treatment is 15 days long, we are losing some cDC
that were treated in the earlier days with NE hence influencing the overall findings. One future idea is

to repeat with the Xcr1°™ Adrf2 mouse model. With this approach, by supplying or not NE to both
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Xcrl1©™® AdrB2 and Xcr1“'4drp2 we can be sure that the observed downregulation of cDC functionality
is Adrf2-dependent.

Moreover, NE can bind to either a1, 02, and the 3B-adrenergic receptors, and since every receptor has
its own associated g-couple protein with differences in cascade signaling, depicted in 1.3.2 chapter, thus
resulting in different biological responses, the effects could not be derived entirely from specific
activation of any type of adrenergic receptors, hence the findings observed could be a sum of all
interactions. However, as previously addressed, Adrf2 is the main type of sympathetic receptor
expressed in the surfaces of DCs. Henceforth, follow-up experiments with the Xcr14drp2" genetic
mouse model could provide more robust and precise results in how the sympathetic input is affecting
c¢DC1 functionality via adrf2 receptor. Therefore, experiments utilizing mutant mice in steady-state
were conducted, being these readouts much more clarifying and robust, as it was observed increased
expression of MHC-molecules, co-stimulatory molecules, and higher production of cytokines and

chemokines.

As said previously in the 1.6 section in the introduction chapter, IL-12 production is severely affected
after NE administration in an AdrB2 signaling-dependent fashion as this paper stipulates'*®. Moreover,
the same paper observed that inefficient antigen degradation was the reason for the reduced cross-
presentation ability, as expression of the MHC-I and co-stimulatory molecules barely altered. However,
we demonstrated that steady-state cDC1 lacking Adrf2 signaling has increased expression of such
molecules and MHC-II, hence likely enhancing their ability to prime naive CD8 and CD4 T cells.
Therefore, providing more intel that cDC1 are more immunologically active following absence of
sympathetic-neuron derived cues. Moreover, after stimulation, the production of CCL3 and CCL5
chemokines and TNFa and IL-12 further increased in splenic cDC1 from mice lacking the g-couple
receptor. Interestingly, these c¢DCls produce more TNFa in both steady-state scenarios and
inflammation events, further proving that cDC1s respond negatively to NE signaling by Adrf2
triggering. Thereafter, if we pooled all functionality readouts of cDC1 observed in these two
experiments, since Xcr1"®4drp2" ¢cDC1 have higher expression amounts of both MHC complexes, co-
stimulatory molecules, increased production of both chemokines and cytokines, it is possible to conclude
that Adrf32 triggering promotes an immunosuppressive state of cDC1, which subsequently leads to a

tolerogenic immunological response.

Intriguingly, the CCR7 and CCR6 chemokine receptors, responsible for the migration of cDC1 into LN
and skin respectively both significantly reduced in both experiments. This loss was replicated in what
was observed after administration of acute NE, in which both increased. Moreover, it is further
compatible with previous experiments generated by Maria Martinéz-Lépez and Raquel Silva in which
after clenbuterol, an upregulation of the migration-responsible molecules was observed (unpublished)
(Figure 7.10).
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The increase of both chemokine receptors in acute stress scenarios is a debated topic. One possibility is
that by upregulating both chemokines, the NE signal is blocking the cDC in the current location, thus
resulting in decreased migration ability of cDCs. Hence, sympathetic signaling, by trapping the cDC,
influences and dampens down the immunological response in a stressful event. However, the
downregulation of both chemokine receptors observed also indicates reduced migration of cDC1 by
having less amount of each receptor hence can no longer perceive the chemotactic gradient, crucial for
the migration of cDC1. Hence, how the cDC1 responds to the NE-derived signaling and how it
influences the migration into the LN is complex, therefore the rest of the dissertation is mainly focused

on this issue.

Moreover, as previously said, how the migration can be influenced by different neuron-derived cues
seems to be very ambiguous, since for instance, the neuropeptides derived from nociceptors, CGRP and
VIP mainly reduce the migration of DC in the lung and intestine respectively, while SP promotes
migration from the skin into the LN promoting Th2 immunity®*414°, Additionally, to add more
complexity, the sensory input that DCs receive are not restrictively immunosuppressive or
immunostimulatory and experiences a duality of different functions that can either induce an
inflammatory or anergy scenario. For example, and as previously depicted, VIP in the intestines mainly
induces an anti-inflammatory phenotype in matured DCs but inflammatory in immature DCs™’.
Moreover, CGRP-treated DCs can reduce or promote airway inflammation by electing Tregs and Th2
responses?®, and in the skin it can activate DCs, promoting Th17 responses*4. Moreover, their impact
on DC phenotype could be receptor-dependent, in which the different nociceptor-derived neuropeptides
can bind to different subtypes of the same receptor on the surface of DCs, possibly influencing the

subsequent outcome, either being stimulatory or inhibitory.

Importantly to note is that in an inflammatory or even steady-state scenario, the DCs can receive several
inputs, either sensory neuron-derived, cholinergic, or adrenergic cues, and also chemokines from other
immune cells and epithelial cells, which all together severely influence the outcome of the DC migratory
pool, and if the merge of signals indicate that they should be retained in the tissue or migrate into
secondary lymphoid organs, to either promote tissue immunity or tolerance. Furthermore, the same
inputs that DCs receive can be perceived by other third-party immune cells that trigger several unknown
mediators that can influence the phenotypic characteristics of DCs. The full range of how DCs can

perceive such signals is still far from complete understanding.

Resorting in the FITC painting in vivo migration experiments with Adrf2 antagonists, it was observed
that propranolol administration did not influence the migration outcome of cDCL1 in the pooled of the 3
experiments realized, however, it was observed an increase in the migration capacity of cDC1 following
ICI-118,551 injections. Propranolol, despite being an Adrf32 antagonist, also has affinity to bind Adrf1,

being a non-selective beta receptor antagonist'’’. Therefore, it is less specific than I1CI-118,551, hence
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could indicate that the no differences in the migration observed are not strictly correlated with the
blocking of Adrf2. Furthermore, it is known that propranolol also promotes IL-8 mediated neutrophil
chemotaxis recruitment in the skin while reducing their inflammatory phenotype!’®, hence, this immune
population can influence the findings by promoting a more immunosuppressive surrounding

environment.

Nonetheless, following ICI-118,551, a highly-specific Adrf2 antagonist!’®1®, it was observed increased
migration of cDC1, being this effect solely by blocking the adrenergic receptor. Furthermore, this data
is reproductive of other papers already listed, in which the propranolol displayed no differences in
migration compared to control**® while 1CI-118,551 induces higher migration into the LN, However,
these authors are resorting to the migration of CD11c* Langerhans cells, and not specifically targeting
cDC. Furthermore, ICI-118,551 result matches previous experiments conducted by Maria Martinez-
Lopez and Raquel Silva in which they observed that local administration of NE severely reduces
migration of ear cDC1 into ear-draining LN (unpublished) (Figure 7.4). Therefore, all these findings
merged it can be concluded that Adrp2 signaling reduces the migration ability of cDC1. As previously
addressed, there are papers suggesting that Adral triggering leads to increased migration of
DC102124153.158 However, we showed that 4drB2 activation displays a role in suppressing specifically
cDC1 migration. Additionally, this migration is also dependent on Adrf32 signaling since when applying
NE to Xcr1°"4drp2" mice, the downregulation of migration of cDC1 of these mice is not significant,
contrary to the findings of  Xcr1"'4dr2" mice when subjected to NE. Therefore, the findings of all
these FITC painting experiments clearly represent that the cDC1 migratory capacity is significantly
reduced following Adrf2 activation. This reduction in migration capability also correlates with the
previous findings indicating that cDC1s become more immunosuppressed after sensing and perceiving
sympathetic-derived molecules, therefore the initiation of an adaptive immunological response is

compromised.

To further inquire how the migration is affected, all chemokines responsible for the migration from the
ear to the ear-draining LN suffered downregulation in total LN tissue following 6-OHDA treatment.
Moreover, the CCR6 content in the total ears increased, further supporting the notion that the migration
to the LN is suppressed or that the cDC1s are retained in the skin. These findings are contradictory to
the expected, since previously depicted experiments displayed that NE signaling suppressed ear cDC1
migration and treatment with a highly specific Adrf2 antagonist it was observed an increase in cDC1
migration. Nonetheless, despite being opposite to the excepted outcome, it is compatible with previous
Maria Martinez-L6pez and Raquel Silva FITC painting with i.p 6-OHDA data, in which they observe a
tendency of less migration of cDC1 following treatment with 6-OHDA (unpublished) (Figure 7.11).

Further experiments should be focused on i.d administration of 6-OHDA and to conduct FITC painting
experiments. The first experiment with THAi9(RCL-tdT)" reporter mice, following i.d 6-OHDA
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administered indicated that in some regions of the ear the innervation persists, and in other spots the
sympathetic innervation was depleted. Therefore, it was conducted a follow-up experiment in which
THC™Ai32(RCL-ChR2(H134R)/EYFP)" were i.d injected in two different ear regions with double the
dose. We observed by confocal microscopy total denervation of sympathetic neurons. Therefore, with
this kinetics we can move forward for a future FITC painting assay with i.d 6-OHDA to provide more
precise information on how the migration of cDCL1 is affected following absence of NE-derived

signaling.

After discovering the right kinetics to perform a FITC painting assay with i.d 6-OHDA, we conducted
this experiment, and it was observed reduced migration of cDC1 following administration of the
adrenergic chemical ablator. This finding is not consistent with the previous described results, since
blocking the Adrp2 receptor with a highly specific antagonist and triggering this receptor with NE led
to improved and reduced migration, respectively (Figure 3.13 and 7.4). Since 6-OHDA is a potent
chemical ablator, it cannot be ruled out other unspecific effects in the surrounding environment, likely
influencing other unknown mediators, moreover the observed finding can also be derived from the high
toxicity of this compound. However, despite contradictory data, it is compatible with previous finding
of FITC painting with i.p 6-OHDA, in which Maria Martinez-Lépez and Raquel Silva also discover a
tendency of reduced migration of cDC (unpublished) (Figure 7.11). Furthermore, since the i.d treatment
is localized and not systematic, like i.p, these results are more specific and hence, translates into more
robust findings. Moreover, it also correlates with the reduced expression levels of chemokines in the LN
following 6-OHDA administration (Figure 3.15), thereafter since there is less amount of the chemokines
responsible the cDC1 migration is reduced, further indicating that upon 6-OHDA, the migratory capacity
of cDC1 is affected.
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5. Conclusion and future experiments

DCs are potent APCs, being key players in the initiation of an immunological response against a specific
antigen. These cells are highly versatile and dynamic, displaying different specialized receptors that can
perceive and integrate all types of surrounding environmental cues, ranging from pathogenic agents and

commensal microorganisms to neuron-derived signals.

Every human being at one point in their life experiences stress, being modulated by SyNS in a “fight or
flight” response. This process alters major physiological components in the organism’s whole body,
including the immune system. Evidence of how cDC functionality is altered following recognition of
NE and its impact on host immunity is still completely misunderstood.

Thereafter, to answer the thesis hypothesis, all the findings observed pooled point out that sympathetic
neuron-derived signals promote an immunodeficient state of cDC1. This is corroborated by the
downregulation of the expression of all functionality molecules that assess the cDC1 functionality, like
decreased expression of MHC-antigen presentation complexes, reduced expression of the co-stimulatory
molecules needed to prime naive T cells, and less amounts of soluble molecules released by cDC1,
including chemokines and cytokines observed (Figure 5.1A). Furthermore, the migration studies
performed indicate that cDC1 migrates less after triggering of AdrfS2 specific signaling, visible by
increase migration with Adrf2 antagonist (1CI1-118,551) and less with the Adrf2 natural ligand (NE),
although 6-OHDA also decreased (Figure 5.1B). Therefore, cDC1s after sensing adrenergic-derived
cues lead to a change in phenotype into a more immunosuppressive cell. This further implies in reduced
ability to prime naive T-cells, hence dampening down any consecutive adaptive immunological

responses.

Altogether these new findings are going to help to develop novel cDC-based immunotherapies to either
enhance an immunological response for instance against cancer, or help an immunocompromised
individual, by interrupting Adrf2 signaling on cDC1. Additionally, it also has high potential for targeting
autoimmunological disorders, by providing activation of Adr2 on cDC1, to prevent excess
inflammation and prevent a subsequential adaptive immune response. Notwithstanding, further
experiments should be conducted to further clarify all these findings at the cellular and molecular level.
Additionally, studies should also be performed on cDC1 derived from human cells, considering all these
results are mice-derived. Furthermore, these mice are in perfect health, being constantly monitored with
perfect environmental surroundings in sterile conditions, which couldn’t be further from reality in the
outside world. Therefore, standardized studies on human cDC1 should be conducted to infer if the same
outputs on cDC1 phenotype are observed before loading this ideology into new rounds of clinical trials.
Following this, a very promising experiment conducted by the research group already demonstrated that

blood-derived human cDC1 after clenbuterol, leads to reduced expression of CD80 and CD40 co-
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stimulatory molecules and reduced production of cytokines. Therefore, more promising results

regarding human cDC1 after activation/inhibition of 4dr32 should be experimented.

To conclude, sympathetic neuron-derived signals trend to target cDC1 affecting their functionality
making them more immunosuppressive. In-depth studies should be performed to deeper understand the
molecular and cellular basis of this interaction, however, it shouldn’t be overlooked the immense

potential of these findings into improving both science and human health.
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Figure 5.1. The cDCL1 functionality following sympathetic-derived signaling cues. (A)- The cDCs after
sensing the NE released by sympathetic neurons suffer a phenotypical shift into an immunosuppressive cDC,
characterized by downregulation of MHC and co-stimulatory molecules expression as well as reduced
chemokine and cytokine production. (B)- Changes in cDC migration. Following 1CI-118,551, an Adrf52
antagonist, the ear cDC1s migrate more to the LN, however following NE the migration of cDC is
downregulated. It was also observed less cDC1 migration upon or 6-OHDA, a chemical ablator of sympathetic
neurons. All images were created by using Biorender.
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7. Annexes
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Figure 7.1. gPCR results of sorted splenic immune populations of Xcr14drB2" mice. adrB2 expression levels
values in each sorted immune population: cDC1(MHC-11" CD11c* XCR1%); cDC2 (MHC-II* CD11c* SIRPa")
macrophages (MF) (CD64%), T (CD3*) and B cells (CD19*). The selected probes for gPCR reaction were obtained
from Thermo Fisher Scientific illustrated in Table 2.7A. gadph and hprt were the chosen housekeeping genes.
These plots were obtained by applying ordinary one-way ANOVA using GraphPad Prism 8.4.3 version for
Windows (GraphPad Software, San Diego, California EUA). Data generated by Maria Martinéz-Lépez and Raquel
Silva.
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Figure 7.2. adrf33 expression level values in each immune population. The selected probes for gPCR reaction were
obtained by Applied Biosystems™ TagMan®, illustrated in Table 7A. gadph and hprt were the chosen
housekeeping genes. These plots were obtained by applying ordinary one-way ANOVA with multiple comparisons
per immune population using GraphPad Prism 8.4.3 version for Windows (GraphPad Software, San Diego,
California EUA). Abbreviations: ns- non-significant result (p-value>0.05). Wta- Xcr1/ksho®®™t44yp2WWt mice.
Witb- Xcrl/ksho'4dr2"Wt mice. WTc- Xcrl/kshoW"™Wi4drg2"1 mice. CRE- Xcrl/ksho®e™Wi4drp2™Wt mice. B- B
immune cell; T- T immune cell. MF- macrophage immune cell. DC1- ¢cDC1 immune cell; DC2- ¢cDC2 immune
cell. These results are derived from two independent experiments which account for 3Wta, 6Wtb, 5Wtc and, 7
CRE mice. No cDNA values represent a control group, in which instead of cDNA plus RNAse-free, only RNAse-
free were incubated with RT enzyme in the cDNA synthesis step.
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Figure 7.3. gPCR results of sorted cDC1 and cDC2 splenic immune populations of Xcr1/ksho®¢4drs2" (CRE) and
Xcrl/ksho™AdrB2"(Wt) mice to infer levels of adrp2 receptor. These statistical values were obtained by
performing unpaired t-test for both cDC1 and ¢cDC2 using GraphPad Prism version 8.4.3 for Windows (GraphPad
Software, San Diego, California USA). Abbreviations: DC1- cDC1 immune cell; DC2- ¢cDC2 immune cell. These
results are derived from two independent experiments which account for 9 Xcrl/ksho“'4dr2" and 5
Xcrl/kshoC®A4drB2" mice.
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Figure 7.4. Migration capability of cDC1 following i.d NE treatment. C57BL/6J mice were i.d injected for 3
consecutive days with NE in the ear. As control, there are C57BL/6J mice treated with a vehicle solution containing
0.1% ascorbic acid and 0.9 % NaCl. Afterward, on the last, day the mice suffered i.d injections in the ear with a
stimulation mix containing CpG/Poly(l:C). 2-3 hours after, the mice suffered skin sensitization with topical
administration of 1% FITC prepared in an inflammatory stimulating solution of acetone and DBP. The removed
LNs were then stained with extracellular antibodies (Table 2.5). The analysis was performed by using FlowJo™
Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. These values were
obtained by unpaired t-test using GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego,
California USA). Data generated by Maria Martinéz-Lépez and Raquel Silva.
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Figure 7.5. Whole mount ears acquisition following 2-day i.d injection in the ears with 25uL of 0.1% ascorbic
acid and 0.9% NaCl (VEH) (A) or 6-OHDA at 12mg/mL (B) in TH"* Ai9(RCL-tdT)" genetic mice. Images
generated by ZEISS LSM 980 inverted confocal microscopy with magnification 20x; scale bar, 100 um. A and B
are representative images. TH* neurons express Cre-dependent tdtomato endogenous fluorescence (red). The
nuclei were stained with DAPI (blue).
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Figure 7.6. Whole mount ears acquisition following 2-day i.d injection in two separate regions of the ears with
25uL of 0.1% ascorbic acid and 0.9% NaCl (VEH) (A) or 6-OHDA at 24mg/mL (B) in TH"Ai32(RCL-
ChR2(H134R)/EYFP)" genetic mice. Images generated by ZEISS LSM 980 inverted confocal microscopy with
magnification 20x; scale bar, 100 um. A and B are representative images. TH* neurons express Cre-dependent
YFP endogenous fluorescence (yellow). The nuclei were stained with DAPI (blue).
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Figure 7.7. Confocal microscopy acquisitions of the spleen. A- XCR1®Ai9(RCL-tdT)" mice treated with 0.1%
ascorbic acid and 0.9% NaCl (VEH) solution. B- XCR1VAi9(RCL-tdT)" mice treated with VEH solution. C-
XCR1C™®Ai9(RCL-tdT)" mice treated with 6-OHDA solution. D- XCR1"'Ai9(RCL-tdT)" mice treated with 6-OHDA
solution. The cDC1s are labeled with tdTomato-endogenous fluorescence. Neurons are labeled with rabbit anti-
mouse Tyrosine hydroxylase + anti-rabbit AF647 to identify sympathetic peripherical neurons. DAPI stains the
nuclei of cells with blue fluorescence. Images generated by ZEISS LSM 980 inverted confocal microscopy with
magnification 20x; scale bar, 100 pm.
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Figure 7.8. Confocal microscopy acquisitions of the mesenteric lymph node. A- XCR1¢"Ai9(RCL-tdT)" mice
treated with 0.1% ascorbic acid and 0.9% NaCl (VEH) solution. B- XCR1"'Ai9(RCL-tdT)" mice treated with VEH
solution. C- XCR1¢Ai9(RCL-tdT)" mice treated with 6-OHDA solution. D- XCR1WAi9(RCL-tdT)" mice treated
with 6-OHDA solution. The cDC1s are labeled with tdTomato-endogenous fluorescence. Neurons are labeled with
rabbit anti-mouse Tyrosine hydroxylase + anti-rabbit AF647 to identify sympathetic peripherical neurons. DAPI
stains the nuclei of cells with blue fluorescence. Images generated by ZEISS LSM 980 inverted confocal
microscopy with magnification 20x; scale bar, 100 um.
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Figure 7.9. Antigen presentation following i.p NE treatment. C57BL/6J mice were i.p injected for 3 consecutive
days with NE or vehicle (VEH) solution containing 0.1% ascorbic acid and 0.9% NaCl. Afterward, CD11c purified
splenic cDC1s were sorted and plated with OT-I1I cells for 3 days. Posteriorly, the supernatant was collected to
perform BD OptEIA™ Mouse IFN-y Elisa Kit (BD Bioscience) to measure IFN-y production (A). Later, a
stimulatory mix containing PMA and ionomycin was supplied together with Brefeldin A. After a 3-hour
stimulation period, the cell pellet was stained and fixed to measure proliferation of OT-II cells (B). The analysis
was performed by using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and
Company; 2023. These values were obtained by unpaired t-test using GraphPad Prism version 8.4.3 for Windows
(GraphPad Software, San Diego, California USA). Data generated by Maria Martinéz-Lépez and Raquel Silva.
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Figure 7.10. Chemokine receptors values following clenbuterol. Splenic cDC1 from C57BL/6J mice were sorted
and stimulated with CpG/Poly(l:C), apart from the unstimulated controls, in the presence or not of clenbuterol.
After stimulation, the cells were stained for extracellular antibodies depicted in Table 2.2. The analysis was
conducted by using FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and
Company; 2023. These values were obtained by unpaired t-test using GraphPad Prism version 8.4.3 for Windows
(GraphPad Software, San Diego, California USA). Data generated by Maria Martinéz-Lépez and Raquel Silva.
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Figure 7.11. Migration capability of cDCL1 following i.p 6-OHDA treatment. C57BL/6J mice were i.p injected for
5 consecutive days with 6-OHDA in the ear. As control there are C57BL/6J mice treated with a vehicle solution
containing 0.1% ascorbic acid and 0.9 % NaCl. Afterward, in the next day the mice suffered i.d injections in the
ear with a stimulation mix containing CpG/Poly(l:C). 2-3 hours after, the mice suffered skin sensitization with
topical administration of 1% FITC prepared in an inflammatory stimulating solution of acetone and DBP. The
removed LNs were then stained with extracellular antibodies (Table 2.5). The analysis was performed by using
FlowJo™ Software for Windows Version 10.8.1. Ashland, OR: Becton, Dickinson and Company; 2023. These
values were obtained by unpaired t-test using GraphPad Prism version 8.4.3 for Windows (GraphPad Software,
San Diego, California USA). Data generated by Maria Martinéz-L6pez and Raquel Silva.
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