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1. Introduction

In recent decades, the understanding of the lymphatic system's role has expanded
beyond maintaining interstitial fluid homeostasis to include significant involvement in
various conditions. This thesis provides an overview of the lymphatic system and its
connection to inflammatory diseases. The research focuses on the interaction between the
lymphatic structure and neutrophils in different inflammatory contexts, specifically
examining allergic contact dermatitis and rheumatoid arthritis using mouse models. By
investigating these interactions, this study aims to enhance understanding of the
lymphatic system's impact on inflammatory processes, potentially offering new

therapeutic approaches for these conditions.
1.1. Lymphatic system: Structure, function and disorders

1.1.1. Historical background

The human vascular system consists of two connected, but functionally separated
networks: the blood and the lymphatic vasculature. While the blood vascular system has
been intensively investigated for a long time, the lymphatic system has received less
medical and scientific attention until recent years (1, 2).

Even though the lymphatic system has been known for a long time, we still have a
partial knowledge about it. Hippocrates was one of the first people in the 5" century BC,
who mentioned the lymphatic system. He has already described the lymph nodes as
spongy structures which contained oily fluid. Later on, the lymphatic system was reported
several times by ancient anatomists without knowledge of its function (3). In the 17"
century, there was a feud about describing the lymphatic vessels as first between the
Swedish medical student, Olaus Rudbeck and the Danish Professor, Thomas Bartholin
which caused the immunology’s first priority dispute. The Swede discovered transparent
vessels with valves containing clear fluid in the liver and established they emptied into
the thoracic duct. Similar findings were published by Bartholin, who described these
vessels everywhere in the body, not only in the liver. He named these vessels “lymphatic
vessels”. Rudbeck charged Bartholin with plagiarism and antedating his discoveries (4).

In the last few decades, due to the modern genetic, molecular, and cellular approaches,

our understanding of the lymphatic system’s function and clinical importance in both
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physiological and pathophysiological conditions have progressed. The lymphatic
vasculature, which is a characteristic feature of higher vertebrates, plays a really
important role not only in the maintenance of fluid balance, but in the pathogenesis of

several diseases, such as lymphedema, cancer or inflammatory conditions (5).

1.1.2. Development of the mammalian lymphatic vascular tree

The lymphatic endothelial cells (LECs) have been already differentiated in the
embryonic age distinct from blood vascular endothelial cells. The development of the
lymphatic vasculature starts in the early embryonic age: in case of humans at about weeks
6-7 during pregnancy, while in mice at embryonic day 9.5-10.5 (E9.5-10.5) (6). At the
beginning of the lymphatic vessel development, the lateral subpopulation of cardinal vein
endothelial cells expresses lymphatic vessel hyaluronan receptor-1 (LYVE-1) at E9.0 in
mice, which is one of the most specific lymphatic endothelial markers. These LYVE-1-
positive LECs induce the expression of the homeobox transcription factor Sex
Determining Region of Chromosome Y-box transcription factor 18 (SOX18), which can
bind to the SOX18-binding site of Prospero homeobox protein 1 (PROX1) promoter,
indicating that SOX18 is required for the initiation of the LEC differentiation program.
The transcription factor PROX1 expression at E9.5 in the presence of vascular endothelial
growth factor C (VEGF-C) initiates the determination, proliferation, and migration of
LECs to form a primordial lymphatic vascular structure — so-called primary lymph sacs
(Figure 1) (7-9). It affects the upregulation of specific lymphatic endothelial markers,
while the blood vessel-specific endothelial markers are downregulated (8, 10-12). In
PROX1-deficient mice the development of blood vessels is not affected, while the
lymphatic vasculature does not form (7, 8).

E9.0 E9 5 E10.5 primary lymph sacs Ell5
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Figure 1. Development of the murine lymphatic vasculature in embryos

Lymphatic precursors begin to express SOX18 transcription factor, which induces PROX1 expression
helping to maintain the LEC phenotype. The mesenchymal source of VEGF-C facilitates the sprouting of
LEC and the formation of primary lymph sacs.
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VEGF-C signals, arising from the lateral mesenchyme, are required for the sprouting
of the LECs and can activate the receptor tyrosine kinase vascular endothelial growth
factor receptor 3 (VEGFR3). During the early stages of development, VEGFR3
represented in all endothelia helps to develop the cardiovascular system independently
from the VEGF-C (13, 14). Later, VEGFR3 expression remains high only in the LEC
precursors but is downregulated in the blood vessels at the E10.5 time point. (15). This
signaling pathway is crucial for the survival, maintenance, and migration of LECs,
furthermore, it is necessary to regulate PROX1 by establishing a feedback loop to
maintain the identity of LEC progenitors (16). Besides VEGF-C, VEGF-D can also bind
to the VEGFR3 (17). However, the lack of the VEGF-D only resulted in the partial
absence of lymphatic vessels suggesting that VEGF-D does not play a crucial role in the
lymphatic development (18).

At E11.5, the small transmembrane glycoprotein podoplanin (PDPN) is expressed on
LECs, which triggers platelet aggregation via C-type lectin-like receptor 2 (CLEC-2) to
block the entry of blood into the lymphatic vessels causing the separation of the lymphatic
vessels from the blood circulation (19). This so-called lymphovenous clot occurs between
the vena cardinalis and the primordial lymph sacs at E12.5-13.5 (20-22). The inhibition
of platelet aggregation was described in podoplanin knockout embryos leading to blood-
filled, diluted lymphatic vessels (20). The same phenotype was observed in CLEC-2-,
spleen associated tyrosine kinase (SYK)-, lymphocyte cytosolic protein 2 (SLP76)-, and
phospholipase Cy2 (PLCy2)-deficient mice as well (21-24), which suggest the activation
of platelets is triggered via the CLEC-2 — SYK — SLP76 — PLCy2 signaling pathway (25,
26). Furthermore, it has been revealed in SIp76-null mice that LECs exposed to elevated
shear stress rapidly lost expression of PROX1, resulting in lymphatic endothelial cells
reprogramming, which means that blood flow can reprogram lymphatic vessels to blood
vessels (27). Periodically in normal conditions, the lymphovenous clots are resolved and
rebuilt enabling lymph flow to the venous system and blocking the retrograde blood flow
(28). The peripheral lymphatic vasculature is generated by centrifugal sprouting of
PDPN-, LYVE-1-, and VEGFR3-positive lymphatic vessels from the lymph sacs, driven
by the VEGF-C/VEGFR3 signaling pathway (19, 29).

In the final steps of lymphatic vessel development around E14.5, the differentiation

to lymphatic capillaries and collecting lymphatic vessels occurs. Forkhead box protein
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C2 (FOXC2) transcription factor plays an essential role in the establishment of collecting
lymphatic vessels and the morphogenesis of lymphatic valves cooperating with VEGFRS.
FOXC2-deficient mice show agenesis of lymphatic valves in the collecting vessels and

abnormal lymphatic vascular patterning causing lymphatic dysfunction (30, 31).

1.1.3. Development of lymphatic vessels in different organs

The most accepted theory about the development of lymphatics is that the lymph sacs
originate from the embryonic veins and then the vessels grow by proliferation and
centrifugal sprouting towards the surrounding tissue (32). An alternative model of
lymphatic development suggests that lymph sacs arise in the mesenchyme via distinct
progenitor cells, independently of veins (33). The organ-specific lymphatic structure
shows heterogeneity not only in its origin but also in its development and maturation
program. The developmental and maturation processes typically occur during the
embryonic age; however, several studies support that organ-specific lymphatic
development and maturation can be formed partially or fully even after birth.

A dual origin of lymphatic progenitors has been revealed in the developing heart of
the embryonic mouse model, furthermore, the fully developed lymphatic structure in the
heart is observable two weeks after birth (33). A large part of the superficial dermal
lymphatic vessels does not form via transdifferentiation of venous endothelial cells,
instead, it develops from non-venous progenitors through a lymphovasculogenesis
process involving the recruitment of LECs into clusters around embryonic age 12.5 (34).
The first PROX1* lymphatic capillaries are observed in the intestinal tube around E17.5
originating from the mesenteric lymphatic vessels through an active branching process
(35).

Interestingly, it is important to mention that aging can alter the lymphatic structure.
Under physiological conditions, dermal lymphatics contribute to fluid filtration and the
immune response against the harmful agents. However, the function of the lymphatic
collector is impaired with age due to the loss in the cell-to-cell gap junctions and reduced
crosslinking between hyaluronan and extracellular matrix causing hyperpermeable
vessels. Furthermore, decreased contractile pressure and reduced drainage are related to
the smaller and fewer lymphatic vessels. Therefore, it seems that dermal lymphatic vessel

vasculature is essential to maintain the skin homeostasis (36, 37). Moreover, it is also
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shown nowadays that collagen and calcium binding EGF domains 1 (CCBE1)-dependent
mechanisms proved to be crucial in preventing the age-related regression of meningeal
lymphatics, possibly through its involvement with VEGF-C (38).

1.1.4. Anatomy of the lymphatic vascular system

The lymphatic system is composed of blind-ended capillaries’ network being
responsible for collecting the extravasated tissue fluid, macromolecules, and cells from
the surrounding tissues, which are collectively called lymph. Lymphatic capillaries are
thin-walled vessels composed of partially overlapping, single-layer, oak-leaf-shaped
LECs, not supported by smooth muscle cells or pericytes and covered by interrupted
basement membrane (6, 39). The diameter of the lymphatic capillaries is more variable
(10-60 um) compared to the blood capillaries, and often appear collapsed (40). Lymphatic
capillaries have discontinuous junctions (button-like) making them highly permeable.
Therefore, they work as leukocyte entry sites and help with the uptake of lymph
components (41). Furthermore, the LECs are linked to the surrounding extracellular
matrix by anchoring filaments attaching to the collagen fibers via emilin-1 and fibrillin.
When the interstitial fluid pressure increases, taut collagen fibers help to open the gaps
between the LECs and increase the uptake of tissue fluid (42, 43).

The lymph moves to a pre-collector lymphatic vessel, which is characterized by the
presence of smooth muscle cells, discontinuous basement membrane and containing
intraluminal valves preventing the backflow of lymph. In contrast to the lymphatic
capillaries, LECs of pre-collector vessels are connected to each other in a more
continuous, ‘zipper-like’ junction inhibiting the lymph uptake (41). The one-way lymph
flow is secured towards the venous system by the intrinsic contractility of smooth muscle
cells as well as the contraction of surrounding skeletal muscles and arterial pulsations (39,
44). Afferent collecting vessels go through lymph nodes (LNSs), bringing foreign antigens
presented by antigen-presenting cells (APCs) (6). Following that, these precollector
vessels link to a larger collecting vessel and finally it returns to the blood circulation
through the ductus thoracicus and ductus lymphaticus dexter via connection with the

subclavian veins (Figure 2) (45, 46).
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Figure 2. Schematic figure of the lymphatic vascular tree

Lymphatic capillaries are blind-ended vessels partially covered by basement membrane. LECs are linked
to the extracellular matrix by anchoring filaments. The interstitial fluid with molecules or immune cells
enters the capillary through paracellular and transcellular routes due to the button-like junctions.
Precollectors have partial smooth muscle cell coverage, but still incomplete basement membrane, which
converge into collecting lymphatics having complete smooth muscle cell layer and basement membrane.
Lymphatic valves are distributed to prevent backflow.

1.1.5. Lymph nodes

The hundreds of lymph nodes are located sporadically in the body — firstly in the
mucosa — filtering the interstitial fluid. These encapsulated bean-shaped lymphoid organs
play a highly important role in immune cell trafficking, in which the naive lymphocytes
can encounter antigens presented by APCs, such as dendritic cells (DCs), leading to
tolerance or activation. Immune cells can enter lymph nodes via afferent lymphatic
vessels connected to subcapsular sinus or high endothelial venules (HEVS) and egress
through efferent lymphatic vessels and medullary or cortical sinuses. HEVs are
specialized postcapillary venules found only in the secondary lymphoid organs, where
the naive lymphocytes enter these organs from the blood (47). Histologically, LNs can be
divided into two main regions: the cortex and the medulla. Furthermore, the cortex also
has two components: the germinal center, otherwise known as the B cell area consisting
of primary follicles (in the resting state) and the paracortex, predominantly populated by
T cells. Circulating lymphocytes enter the LNs and APCs present the antigens to T cells

in the paracortex, while the germinal center is the main site of the humoral responses.
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Follicular dendritic cells also reside within the B cell follicles, presenting intact antigens
to B cells. After an immune response, the effector cells produce cytokines and express
homing molecules, which help them to migrate toward the source of their antigen in the
peripheral tissues. Lymph flows through the cortex via trabecular sinuses reaching the
medullary sinuses. The medullary region is separated by medullary cords, which contain
memory T cells, plasma cells, macrophages; however, their function is less known (48).
Taken together, the lymph nodes have several crucial functions to maintain the normal
immune function: to collect antigens from the peripheral tissues presented by APCs; to
recruit naive lymphocytes from the blood; to provide the environment for antigen-specific
tolerance or create effector responses and to modulate the homing process of effector or
memory T cells. These show the essential role of the innate and adaptive cellular

components of immune cells.

1.1.6. Function of the lymphatic vascular system

The lymphatic system is a highly structured vascular network, and one of its most
important roles is to maintain the interstitial fluid homeostasis. The hydrostatic pressure
is the driving force for fluid filtration from plasma to the surrounding tissues, and the
osmotic gradient is facilitated by macromolecules. Although part of the capillary filtrate
can be absorbed by venules, the lymphatic system is mainly required to uptake and return
the lymph to the bloodstream. Due to the unique LEC button-like junction structure, fluid,
proteins, macromolecules, and certain immune cells enter blind-ended lymphatic
capillaries via passive paracellular absorption. The Ilymphatic system returns
approximately 1-2 liters of lymph with 20-30 g protein per liter to the venous circulation
daily in a healthy adult person (49, 50).

Another crucial role of the lymphatic vasculature is to traffic the leukocytes and the
soluble antigens from the peripheral tissues through the lymph nodes, as described above.
Depending on the features of the antigens, it can lead to the activation of the adaptive
immune response or tolerance (51).

It is well known that the lymphatic vessels inside the intestinal villi absorb and
transport the lipids as chylomicrons. In the last decades, it has been also revealed that the
lymph contains a lot of cholesterol and high density lipoprotein (52), demonstrating that

lymphatic drainage is also required for reverse cholesterol transport from the peripheral

12
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tissues to the liver, which maintains cellular homeostasis and protects against
atherosclerosis (53, 54).

Furthermore, it was also investigated in rodent models that skin microenvironment is
hypertonic compared to the plasma, in which mononuclear phagocytes can regulate the
blood pressure by local organization of interstitial electrolyte clearance (55, 56).

Lymphatic vessels play a highly important role in the embryonic lung development
as well (57). Before birth, lymphatic function is required to increase lung compliance in
an independent way from surfactant and change lung mechanics in preparation for
infiltration at birth. In animal experiments, the lack of lymphatics causes respiratory
failure in pups after birth leading to death (58).

The above data shows the numerous new functions of the lymphatic vasculature that
have been discovered in the last few years, which contributed to the understanding of

their physiological and pathophysiological role.

1.1.7. Lymphatic insufficiency

In the last few years, the lymphatic system has been associated with several
pathological conditions, such as metabolic diseases (59), tumor metastasis (60),
cardiovascular diseases (54) and chronic inflammation (61). Impairment of lymphatic
transport due to abnormal vessel development or injury of lymphatics leads to the
accumulation of interstitial fluid, resulting in swelling and dysfunction of limbs. If the
protein-rich lymph stays in the peripheral tissue for a longer period, it can also activate
inflammatory responses, causing fibrosis and accumulation of subcutaneous fat. Based
on the etiology, we can distinguish primary and secondary lymphedemas (62, 63).

Primary lymphedema is a result of a heritable failure of lymphatic vessels
development. Several pathogenic variants of genes, especially in the VEGF-C — VEGFR3
signaling pathway, have been shown to cause primary lymphedema (64). The flt4 gene
was first described, encodes VEGFRS, its pathogenic variants were identified to cause
hereditary lymphedema. A heterozygous single nucleotide polymorphism in the tyrosine
kinase domain of the receptor leads to the inhibition of VEGFR3 signaling, causing the
so-called Milroy disease. It is characterized by the painless but chronic leg edema already
present at birth (65). In 2001, a new mouse model with an inactivating Vegfr3 mutation

13
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in their germ line was introduced, having similar symptoms as the human lymphedema
patients, caused by the lack of subcutaneous lymphatic vessels (66).

Secondary lymphedema is a slow but progressive condition, which develops due to
infections, surgery, or inflammation. Globally, the most common form of secondary
lymphedema is nematode infection (filariasis) with over 140 million affected people. The
adult Wuchereria bancrofti gets into the lymphatic system of humans, transmitted through
mosquitoes, obstructing lymphatic vessels and blocking lymph transport (51). Another
main cause of secondary lymphedema can be the surgical removal and irradiation of
breast-associated axillary LNs dissection in 6-30% of patients. Furthermore, lymphatic
dysfunction has been well described after the treatment of a variety of cancers, such as
melanoma, urological, head or neck tumor. These therapies can damage the lymphatic

vessels causing dermal fibrosis, inflammation and dysregulated adipogenesis (64, 67).
1.2. Overview of the inflammatory response

Traditionally, homeostasis and inflammation are depicted as contrasting states within
biological systems, often linked with health and disease, respectively. Inflammation
serves as a protective reaction that engages immune cells, blood vessels, and molecular
messengers. Its primary role is to eliminate the initial source of cellular damage, remove
impaired cells and tissues, and Kickstart the process of tissue restoration.
Inflammation plays a pivotal role in numerous physiological and pathological processes.
While the pathological aspects of various types of inflammation are well understood, their
physiological functions remain largely obscure (68, 69).

Unlike typical inflammatory triggers such as infection and injury, systemic chronic
inflammation seems to be linked to tissue malfunction rather than direct host defense or
tissue repair. The initial response of the inflammatory process is the local release of
inflammatory exudate, containing plasma proteins and mainly neutrophils, from blood
vessels to the affected tissues. This migration is facilitated by interactions between
endothelial cells and leukocytes, driven by selectins, integrins, and chemokine receptors
(70).

Once at the site of infection or injury, neutrophils become activated, aiming to
eliminate pathogens by releasing granule contents, including reactive oxygen and
nitrogen species. However, this process can inadvertently harm host tissues. A successful

14
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acute inflammatory response culminates in pathogen elimination, followed by a
resolution and repair phase, mediated mainly by tissue-resident and recruited
macrophages. Transitioning from inflammation to resolution relies on a shift in lipid
mediators from pro-inflammatory prostaglandins to anti-inflammatory lipoxins, which
aid in monocyte recruitment for tissue repair (71).

Failure to eliminate pathogens leads to a persistent inflammatory state, characterized
by a shift from neutrophil to macrophage dominance. Prolonged inflammation, known as
chronic inflammation, may result in granuloma formation and tertiary lymphoid tissues,
influenced by the effector class of T cells present. Besides persistent pathogens, chronic
inflammation can arise from autoimmune responses or undegradable foreign bodies,

leading to granuloma formation as a protective mechanism (72, 73).

1.2.1. Immune response in inflamed skin

The skin is the largest organ, that separates our body from the outer environment and
is continuously exposed to external pathogens. It serves not only as a physical barrier to
protect the host from physical and chemical attacks but also as an immunological barrier
composed of various immune cells maintaining the skin homeostasis upon inflammatory
challenges (74).

One of the most crucial functions of the lymphatic vessels is facilitating immune cell
migration and antigen transport from the peripheral tissue to the lymph nodes. This
migration plays an important role in immune surveillance, and activates the adaptive
immune responses or initiation of tolerance (75). The lymphatic network often changes
in inflammatory conditions; for example, the lymphatic vessels are enlarged, extremely
leaky and tortuous, indicating reduced drainage capacity (76, 77). Besides the increase of
lymphatic vessel permeability, the number of immune cells - mostly T cells or DCs - in

the afferent lymph is elevated as well (78).
1.2.1.1. Lymphatic migration of dendritic cells

In the skin, the dendritic cells (DCs) are one of the most important professional
antigen-presenting cells besides the keratinocytes and macrophages, and they are key
players in bridging the innate and adaptive immune systems. Cutaneous DCs are
distinguished into two major subtypes: Langerhans cells (LCs) in the epidermis and
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dermal DCs. During a tissue steady state, DCs constantly migrate to the lymph nodes
carrying self-antigens to maintain peripheral tolerance by facilitating self-reactive T cell
anergy or clonal depletion. Upon sensing inflammatory stimuli, the foreign antigens are
captured by pattern recognition receptors of DCs, which initiates an early immune
response in the skin. Then, antigen-carrying DCs enter lymphatic vessels and migrate to
skin-draining lymph nodes, where they present antigens to CD4" T cells, thereby inducing
the adaptive immunity (79, 80).

The chemokine receptor 7 (CCRY7) is the most important regulator of DCs, which is
required for directed migration toward lymphatic vessels from the skin (78, 81).
Interestingly, in CCR7-deficient mice, the lymphatic permeability is also reduced,
indicating bidirectional communication between immune cells and the lymphatic network
(82). The ligand of CCR7, chemokine ligand 21 (CCL21), is expressed by lymphatic
endothelial cells both under homeostatic and inflammatory conditions binding to
glycoproteins like podoplanin. DCs enter the lymphatic vessels at the site of the highest
chemokine gradient, indicating that CCL21 directly regulates the entry into the lymphatic
networks (83, 84). A recent study demonstrated that DCs dock to the basolateral surface
of lymphatic vessels and transmigrate across LECs through hyaluronan-mediated
interactions with LYVE-1 (85). Lymphatic vessels are crucial for DC migration to the
lymph nodes, because a lack of lymphatic drainage leads to a deficiency in immune
response or tolerance induction (86). Upon inflammation, keratinocytes produce various
cytokines, including tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1B), which
promotes DC migration into LNs as well. These pro-inflammatory cytokines are also
responsible for neutrophil recruitment from the circulation to sites of tissue damage or
pathogen entry (87).

1.2.1.2. Antigen presentation in the lymph node

After the entry into the lymphatic network, DCs with the captured antigens migrate
to the lymph node subcapsular sinus via afferent collecting lymphatic vessels. First, the
DCs cross the LEC layer to reach the T cell zone, which depends on CCR7-CCL21
chemotaxis as well (88). DCs can directly interact with the naive CD4" T helper (Th)
cells, presenting the antigens on major histocompatibility complex (MHC) in the primer
follicle, which then activates, and changes them to effector T cells (89). Furthermore, due
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to the proper cytokine milieu and encounter with antigen-loaded DCs, selected B cells
undergo clonal expansion, proliferation and differentiation to long-lived memory B cells,
leading to the development of the second follicle. After that, the antigen-specific effector
T cells and the memory cells egress from the lymph node via efferent lymphatics
regulated by spingosine-1-phosphate (S1P), returning to the blood circulation and they
migrate back to the inflammatory site of tissue (80). Immunization causes increased
lymph node lymphangiogenesis, leading to improved DC mobilization from the periphery
(90).

1.2.1.3. Role of the lymphatic endothelial cells in immune regulation

Nowadays, it is getting clear, that lymphatic endothelial cells play a truly important
role in evolving peripheral tolerance, suggesting that they directly participate in immune
regulation (91-93). LECs can express immunomodulatory cytokines and MHC class | and
class Il molecules, which confirm the ability to potentially function as APCs, activating
adaptive immune responses through their interaction with key immune cells, such as DCs,
macrophages, and lymphocytes. By presenting peripheral self-antigens released from
tissue homeostatic turnover, it can induce CD4" T cell anergy and clonal depletion of
CD8" T cells (94). Bidirectional crosstalk between LEC and T cells is confirmed by a
regulatory function of CD4* T cells on LEC growth. During inflammatory conditions,
interferon-y (IFN-y) secreted by T lymphocytes can negatively regulate lymph node
lymphangiogenesis (95, 96). Interestingly, it has also been revealed that antigen-bearing
DCs and antigen-specific T cells can already interact within the lymphatic capillaries,
where adaptive immune interaction and modulation occur (97).

Recently, novel data have been reported on the role of macrophages in
lymphangiogenesis. Besides providing VEGF-C, they can also transdifferentiate into
lymphatic endothelial cells under inflammatory conditions, forming cell aggregates that

are integrated into existing lymphatic vessels. (98, 99).
1.2.1.4. Inflammatory mediators

Inflammation is associated with increased lymphangiogenesis, induced by the
activation of macrophages and granulocytes, and as a response to proinflammatory

cytokines such as TNF-a (5, 100). TNF-a can induce VEGF-C expression, produced by
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leukocytes and LECs, promoting the proliferation and migration of lymphatic endothelial
cells (101). Macrophages are a well-known source of VEGF-C inducing local sprouting
of pre-existing LECs and their role is crucial in inflamed tissue (102). In addition, IL-1p
can upregulate the VEGF-C transcription through NF-xB-mediated promoter activation
as well, thereby indirectly stimulate lymphatic vessel growth and function (103). The
effective drainage is influenced by pumping activity and vascular permeability of
lymphatic vessels in the inflamed tissue. IL-1B, TNF-0a, VEGF-C — VEGFR3 axis can
trigger an increased lymphatic vessel permeability (104-106). Interestingly, while VEGF-
C can enhance lymphatic contractions, nitric oxide, histamine and prostaglandin are
responsible for negative regulation of the pumping function (107-109). Inflammatory
mediators, like TNF-a, VEGF-A, IL-1B, and IL-6, also increase the expression of
adhesion molecules in endothelial cells, such as E-selectin, intercellular adhesion
molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1), promoting the
interaction with immune cells (110). Lymphangiogenesis in inflammatory conditions
contributes to the absorption of accumulated interstitial fluid and increases the immune
responses by promoting DC and macrophage mobilization (111, 112).

1.2.2. Neutrophils at the crossroads of innate and adaptive immunity

Circulating neutrophils form an essential part of innate immunity. Normally, they are
found in the bloodstream but upon an inflammatory stimulus, they are one of the first
responders, who can be rapidly recruited to the site of inflammatory tissue (113). Toll-
like receptors (TLRs) are expressed on the cell surface of the granulocytes recognizing
the pathogen- and damage-associated molecular patterns (PAMPs and DAMPs) (114).
Another important receptor is the Fc receptor y-chain (FcRy), mediating the
internalization of 1gG-opsonized pathogens and antigen-antibody immune complexes
(1C), which can lead to the autoimmunity (115).

Over the past decade, it has become increasingly clear that neutrophils are highly
complex cells, possessing not only effector functions in the innate immune response but
also the ability to modulate the adaptive immune response. This modulation occurs
through direct interaction with other immune cells or by secreting cytokines that impact
dendritic cells and lymphocytes (116). Furthermore, although lymphocyte recirculation

is a well-known process for exploring pathogens, neutrophils seem to circulate as well,
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entering and egressing lymph nodes via HEVs (117). This movement is mediated by
CCR7 and its ligand CCL21, just like in DCs. Studies on CCR7-deficient mice revealed
reduced migration of neutrophils into tissue-associated lymphatic vessels and draining
lymph nodes compared to wild-type mice (118). Moreover, TNF-o was identified as
crucial for facilitating neutrophil migration into lymphatic vessels during inflammatory
conditions (119). Furthermore, it has been shown that neutrophils can present antigens to
CD4" and CD8" T cells as well (120, 121). After IC stimulation, neutrophils showed high
MCH-II expression and upregulation of costimulatory molecules, helping to activate
antigen specific CD4" T cells which stimulate the antigen-specific proliferation of both
naive and memory T cells (122). Therefore, investigating the detailed molecular
mechanisms of neutrophils can be essential to better understand their involvement in

inflammatory conditions.
1.3. Allergic contact dermatitis

Besides infection or injury, many chronic diseases result from imbalances in the
immune system's interaction with environmental factors. Inducers of inflammation can
be exogenous or endogenous. Non-microbial exogenous inducers of inflammation can
include allergens, irritants, foreign substances, and toxic compounds (69). In the last few
years, several studies have been published investigating the connection between
lymphatic vasculature and inflammatory diseases. It is known that lymphatic vessels are
often aberrant in inflamed skin, but how the lymphatics exactly influence the
pathomechanism of inflammatory skin diseases, like contact dermatitis, has remained
unclear.

Contact dermatitis is a widespread, inflammatory eczematous skin disease. Two main
types of contact dermatitis can be distinguished according to the pathological
mechanisms: irritant contact dermatitis is a non-specific response of the skin to direct
chemical damage, while allergic contact dermatitis activates the antigen-specific
immunity. Allergic contact dermatitis (ACD) is a common inflammatory skin disorder, a
T cell-mediated immune reaction caused by repeated skin exposure to contact allergens.
It is classified as a delayed-type hypersensitivity response, which is characterized by

redness, the presence of papules and vesicles, followed by itchy and dry skin (123, 124).
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Due to one of the most frequently used animal models for this condition, the murine
contact hypersensitivity (CHS) model, our knowledge about the immunological
mechanisms of ACD has increased significantly in the past decade.

1.3.1. Epidemiology

ACD is one of the most common inflammatory skin diseases, demonstrating
prevalence rates of 15-20% of the general population worldwide (125). Genetic
predisposition and environmental exposures contribute to higher risk of developing ACD,
for example, it is more common in women due to jewels or hair dye use (126, 127).
Furthermore, another endangered group is the building or metal workers, healthcare
workers, cleaners who have close and repeated contact with common allergens, such as

nickel or triphenyl phosphite in polyvinyl chloride gloves (128-130).

1.3.2. Pathophysiology

Two immunologically distinct steps are required to develop the clinical features of
ACD. In the sensitization phase, naive antigen-specific T lymphocytes mature and
differentiate into memory or effector T cells upon the first antigen application. In the
elicitation phase, re-exposure of the same antigen leads to the recruitment of allergen-
specific T lymphocytes in the inflammatory site of the tissue, triggering clinically visible
tissue inflammation characterized by edema, erythema and blistering (131).

1.3.2.1. The sensitization phase

The skin’s barrier function plays a crucial role in preventing the entry of allergens
into the body. The stratum corneum, the uppermost layer of the epidermis and its tight
junctions can block antigen penetration into the skin (132). Most chemicals and drugs are
defined as low-molecular weight antigens, which typically have a molecular mass of <500
Da (haptens). They are not immunogenic by themselves, and need to be bound to larger
protein carriers (like albumin) in the skin tissue, eliciting adaptive immune responses
(133). Most haptens have lipophilic features, which facilitate crossing through the skin’s
corneal barrier (123). In experimental conditions, strong contact sensitizers, such as 2,4-
dinitro-1-fluorobenzene (DNFB), 2-chloro-1,3,5-trinitrobenzene (TNCB) or oxazolone
are used to obtain CHS, which are not present in our daily environment.
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Upon hapten engulfing, keratinocytes are activated through pattern recognition
receptors, like membrane-associated TLRs or NOD-like receptors and produce various
proinflammatory cytokines, such as TNF-a, IL-1p and prostaglandin E2 (PGE2) via the
activation of the NF-xB cascade, thereby facilitating the migration and maturation of
DCs. Certain allergens can indirectly activate TLRs via the degradation of hyaluronic
acid, and the resulting DAMPs (134, 135). The activation of TLRs induces the production
of reactive oxygen species (ROS), contributing to further skin inflammation (136). MCH
class I and Il molecules are expressed at the dendritic cell surface to present the antigens
(137, 138). Allergen-bearing DCs migrate to regional lymph nodes of the skin, where
they prime allergen-specific CD4* and CD8* T cells in the para-cortical area, which then
proliferate and circulate back to the blood (Figure 3).

Other essential immune cells required to initiate the immune response are the mast
cells and neutrophils. Mast cells are colonized in a large number in the dermis and are
crucial for stimulating DCs via ICAM-1 and the recruitment of neutrophils (132, 139).
Allergen can also enhance vascular permeability via mast cell-derived histamine pathway,
thereby increasing neutrophil infiltration to the inflammatory site (140). Upon activation
of neutrophils, metalloproteinase and granzyme B are secreted contributing to the
degradation of the extra cellular matrix and attraction of macrophages to the inflammatory
tissue (141, 142).

The sensitization phase takes 10-15 days in humans and 5-7 days in mice. This
first step has no clinical consequences in the majority of cases, but being recognized by

the local innate immunity is essential for further development of the disease (123).
1.3.2.2. The elicitation phase

Upon the second antigen exposure, allergen-specific effector and memory T cells are
activated rapidly, evolving within 24 to 48 hours, which often leads to immune-mediated
tissue injury, like redness, rash and skin lesions (143). CHS is primarily a CD8" T cell-
driven response demonstrated by monoclonal antibody-dependent depletion of CD4" or
CD8* T cells in vivo. The depletion of CD8" cells showed a considerable decrease in
inflammation, while the elimination of CD4" cells resulted in a strong enhancement of
immune reaction, suggesting that CD8" T lymphocytes have effector functions, whereas
CD4" T cells have regulatory roles (144). The inflammatory effects of CD4* and CD8" T
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cells are largely dependent on different cytokines, such as IL-1a, IL-6, IL-17, TNF-a,
TGF-B, and IFN-y secreted by keratinocytes, APCs, and lymphocytes. Cytokines
produced by activated T cells can stimulate skin-resident cells, which help the further
recruitment of T cells, amplifying the immune response in the inflamed tissue (Figure 3)
(145).

Besides the antigen-specific inflammation, keratinocytes, mast cells and neutrophils
play a really important role in the initiation of the elicitation phase as well creating
antigen-nonspecific inflammation (Figure 3) (132, 142).

After the re-exposure of the antigen, keratinocytes produce IL-1a, which activates the
M2 macrophages. The CXCL2 production from M2 macrophages is crucial to develop
the perivascular formation of DC clusters which can help to activate the memory T cells.
The antigen is recognized in the DC clusters by antigen-specific memory T cells, leading

to the development of the clinical symptoms of the disease (146).
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Figure 3. Pathophysiology of allergic contact dermatitis

In the sensitization phase, the dendritic cells become activated followed by encountering a haptenized
peptide. Exiting the skin, they mature fully, enabling them to effectively present antigens to naive T cells.
During the elicitation phase, re-exposure of the skin to the same contact allergen prompts hapten-specific
effector T lymphocytes to release inflammatory cytokines, leading to disease-specific local skin injuries.
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Despite extensive knowledge on the pathomechanism of contact dermatitis, the exact
role of the lymphatic vasculature in this process is still unknown. As mentioned above,
some other studies have already been investigating the role of the lymphatic vessels in
inflammatory conditions, but none of them studied in a comparable way to characterize
the importance of lymphatics separately in the two phases of CHS. By answering these
questions, we are getting closer to understanding the pathophysiological mechanism of
ACD, providing new therapeutic approaches.

1.3.3. Modulation of the lymphatic vessels in inflammatory skin conditions

Inflammation is part of a complex biological response of the body against pathogens
or irritants, characterized by five classical symptoms: rubor (redness), calor (increased
heat), tumor (swelling), dolor (pain), and functio laesa (impaired function). These are
partially mediated by the activation and expansion of the blood and the lymphatic vessels.
As detailed above, the role of the lymphatic vessels is essential in the process of
inflammation. First, they maintain tissue fluid homeostasis by draining the increased
extravasated fluid from leaky blood vessels. Furthermore, they transport immune cells
and inflammatory mediators to the lymph nodes from the inflamed tissue (147). In chronic
inflammatory diseases, the lymphatic vasculature remains enlarged, activated, and
hyperpermeable, which can trigger the accumulation of immune cells and fluid. Due to
the increased interstitial fluid pressure, the overlapping LECs open, and cell- and
macromolecule-rich fluid can enter the lymphatic network (110). Additionally, strong
proliferation and morphologic changes of the lymphatic vessels can occur under
inflammatory conditions, however, the nature of the lymphangiogenesis is highly
stimulus- and tissue-specific (148).

In recent years, several studies demonstrated the lymphatic vasculature’s dominant
role in inflammation. Modulation of the lymphatics contributes to the change in the extent
of inflammation in the skin. For example, lymphatic vessel stimulation can alleviate
inflammation severity due to increased drainage and reduced immune cell infiltration,
indicating a valid therapeutic approach. Promoting the lymphatic vasculature by VEGF-
C/VEGFRS signaling might account for an anti-inflammatory effect, as it is shown to
reduce the production of proinflammatory cytokines and edema (147, 149). Previous

studies showed that adenovirus-induced VEGF-C expression could decrease the skin
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inflammation (150); furthermore, administering recombinant VEGF-C exhibited
significantly limited chronic skin inflammation (151). On the other hand, inhibition of the
lymphatic vessels leads to exacerbated inflammation. Tissue swelling, epidermal
thickening and leukocyte numbers are significantly increased by blocking VEGFRS3 in
the CHS model, indicating a more severe inflamed skin phenotype (150).

These studies suggest that the VEGF-C — VEGFR3 signaling axis is crucial in
reducing local skin inflammation. However, we must mention that utilizing K14
promoter-dependent transgenic overexpression of VEGF-C in all keratinocytes,
adenovirus-mediated overexpression of VEGF-C or VEGFR3-Ig, and administration of
VEGFR3 blocking antibodies have important limitations. These limitations include the
uncontrollable expression of the lymphangiogenic factor VEGF-C or VEGFR3 ligand
used for blocking its function, as well as the potential nonspecific effects of the applied
blocking antibody. Developing a reliable method to study the lymphatic system is

essential as it facilitates the way towards novel, targeted therapeutic approaches.
1.4. Rheumatoid arthritis

In contrast to exogenous inducers of inflammation, the endogenous inducers originate
from internal sources, generated by stressed, damaged, or dysfunctional tissues, triggering
inflammatory responses, but the nature and features of these signals are not clearly
defined. However, they likely belong to different functional categories depending on the
type and severity of tissue abnormalities they indicate (69).

One of the most common inflammatory diseases is rheumatoid arthritis (RA),
affecting 0.5-1% of the population worldwide (152). This chronic autoimmune joint
disease is characterized by leukocyte invasion of the synovial lining and hyperplasia of
the resident synoviocytes causing swelling limbs, pain, and irreversible connective tissue
damage (153). RA is caused by the dysregulation of the innate and adaptive immune
systems. In inflammatory conditions, neutrophils are often disregarded as short-lived,
terminally differentiated bystander cells with little relevance. However, neutrophils play
an essential role in innate immune defense, although an overactivation and the release of
proteases can lead to tissue damage in autoimmune RA (154, 155). As it was mentioned

above, Fcy receptors are essentially involved in neutrophil activation at the site of
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inflammation, for example in IC-triggered cellular activation, clearance of immune
complexes, or phagocytosis of opsonized particles (156, 157).

Resting human neutrophils express single-chain transmembrane FcyRIIA containing
immunoreceptor tyrosine-based activation motif (ITAM) in the cytoplasmic tail of the
molecule. At the same time, FcyRI appears only upon stimulation associating with ITAM-
bearing transmembrane adapter protein called Fc receptor y-chain (FcRy). In murine
neutrophils, two low affinity (FcyRIII and FcyRVI) and one high affinity (FcyRI) Fey
receptors are expressed, all of them are associated with ITAM-containing FcRy (Figure
4) (158, 159).
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Figure 4. Neutrophil Fc-receptors

Low-affinity activating Fcy-receptors signal through cytoplasmic ITAM motifs which recruit the Syk
tyrosine kinase and activate further signaling. Most ITAM-coupled Fc-receptors (except FcyRIIA) are
noncovalently linked to the FcRy adapter (based on (114)).

It has already been published, that the absence of FcRy causes inhibition of FcR-
dependent neutrophil effector responses and leads to protection from autoimmune
arthritis (160, 161). However, it was never investigated whether the obligate function of
FcRy enables the receptor expression, or it is also involved in the signaling process via

ITAM tyrosines.
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2. Objectives

Inflammation is a crucial part of the body’s defense process, by which the immune
system recognizes and eliminates the harmful stimuli followed by the healing process.
Inflammation involves a coordinated interaction between immune cells, blood and
lymphatic vessels, and molecular mediators to restore tissue homeostasis. Based on the
previously presented literature, we have broad knowledge about the crucial role of the
lymphatic network and neutrophils in the regulation of different inflammatory processes,
but their detailed task in tissue injury remains unclear.

Allergic contact dermatitis affects many people worldwide; however, the exact
mechanism of the lymphatic vasculature’s function is still unknown in the two phases of
the disease. During our study, we investigated the acute role of lymphatic vessels
separately in the sensitization and elicitation phases of the contact hypersensitivity mouse
model. Another very common inflammatory disease with significant tissue damage is
rheumatoid arthritis. The importance of FcRy ITAM tyrosines in neutrophil activation has
not been directly tested. In our experiment, we used an autoantibody-induced
experimental arthritis mouse model to define the in vivo role of FcRy ITAM tyrosines and
to investigate the inflammation in rodent ankles. Understanding the lymphatics- and
neutrophil-dependent mechanisms could contribute to new therapeutic targets in the

treatment of inflammatory diseases in the future.

We aimed to address the following questions:
1. Finding and characterizing mouse models to investigate the role of the lymphatics
separately in the two phases of CHS.
2. Investigating the effect of presence or absence of lymphatic vessels in the
sensitization and elicitation phase of CHS model.
3. Specifying the immune cells which contribute to the development of CHS.
4. ldentifying the exact role of FcRy ITAM tyrosines in an inflammatory arthritis

mouse model in vivo.
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3. Material and Methods
3.1. Experimental animals

8-16-week-old wild type and Flt4 kinase-dead point mutant mice on NMRI genetic
background were used for the experiments (FIt4¥* also named as Vegfr3¥* (MRC
Harwell, UK) (Table 1) (66).

To delete lymphatics locally in the skin, a transgenic inducible lymphatic vessel
elimination model, the FIt4-CreER™, iDTR" strain (on C57BI/6 background) was used
(Table 1) (162-164). The strain was maintained in homozygous form.

To visualize the lymphatic vessels in Flt4*and the Flt4-CreER'2; iDTR™* mice,
these strains were crossed with the Prox16" lymphatic reporter mice (165) (maintained
on C57BI/6 background).

FcRy-deficient (Fcerlgi™RavimiRay - referred to as y”) mice were purchased from
Taconic Farms (Hudson, NY, USA) (160). Animals expressing the wild type (WT ) and
the ITAM tyrosine mutant FcRy (YF y; where tyrosines at positions 65 and 76 were
replaced by phenylalanines) were described previously and were crossed with FcRy KO
mice (referred to asy”"WT y Tg and y YF y Tg animals, respectively) (166). To augment
the expression of the transgenic wild type and mutant FcRy chain, the mice were crossed
to obtain homozygous, double transgenic animals (referred to as FcRy KO + 2x WT FcRy
Tg and FcRy KO + 2x YF FcRy Tg mice, respectively). Single and double transgenic
animals were differentiated by quantitative PCR. Mice carrying the KRN T-cell-receptor
transgene were maintained in heterozygous form by mating with C57BL/6 mice (167).
All transgenic mice were backcrossed to the C57BL/6 genetic background. Genotyping
was performed by allele-specific PCR.

Wild type control C57BL/6 mice were purchased from Charles River (Wilmington,
MA) or the Hungarian National Institute of Oncology (Budapest, Hungary). NOD mice,
as well as a congenic strain carrying the CD45.1 allele on the C57BL/6 genetic
background (B6.SJL-Ptprca) were purchased from the Jackson Laboratory (Bar Harbor,
ME).

All animal experiments were approved by the Animal Experimentation Review Board
of the Semmelweis University and the Government Office for Pest County (License
numbers of ethic votes: PE/EA/1654-7/2018, PE/EA/00658-6/2023 and PE/EA/00659-

27



DOI:10.14753/SE.2024.3072

6/2023). Experimental animals were housed in either specific pathogen-free or
conventional animal facilities between 18—22 °C, 45% humidity, and 12/12 hours dark—

light cycles. Food and water were supplied as ad libitum.
3.2. Inducible lymphatic vessel elimination mouse model

The FIt4-CreER™; iDTRM transgenic mouse model was used to eliminate the
lymphatic vessels locally in a tamoxifen-dependent manner as described before (168).
Tamoxifen (Sigma-Aldrich, St. Louis, MO) was dissolved at a concentration of 20 mg/ml
in corn oil (Sigma), and 4.5 mg/40 g body weight dose of tamoxifen was injected
intraperitoneally to adult Flt4-CreER™?, iDTR" and Prox1CFP; Flt4-CreER'?; iDTR™*
mice once daily for 5 consecutive days. One week after the last tamoxifen treatment 60
ng diphtheria toxin (DT; Sigma-Aldrich, D0564) dissolved in 30ul phosphate buffered
saline (PBS) was injected once daily for three days either into the hind limb (to ablate the
lymphatics specifically during sensitization phase) or into the right ear (to ablate the
lymphatics specifically during elicitation phase). As a control, PBS was administered into

the contralateral ear of the same animal or into the hind paw of a littermate (Table 1).

Table 1. Mouse strains to investigate the lymphatic vessels

Genotype Phenotype Inducible Alternative name
Vegfr3** Intact lymphatics No Mice with intact
lymphatics
Vegfr3kd+ Lack of lymphatics in | No Lymphatic-deficient
skin in both phases
Flt4-CreER™, iDTR™" | Intact lymphatics Yes Mice with intact
lymphatics
Flt4-CreER™, iDTR" | Lack of lymphatics in | Yes Lymphatic-deficient
hind paw skin in sensitization phase
Flt4-CreER™, iDTR™" | Lack of lymphatics in | Yes Lymphatic-deficient
ear skin in elicitation phase
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3.3. Contact hypersensitivity mouse model

Isoflurane (Baxter) was used to anesthetize the mice during the treatment. Mouse CHS
model induction was based on the protocol described before (142, 169).

Single antigen exposure: In the sensitization phase, mice were treated with 100 pl
acetone as a vehicle control on the shaved abdominal skin of the Vegfr3** and Vegfr3+d/*
mice (lacking lymphatics both in the sensitization and the elicitation phase) and on the
shaved abdominal skin of FIt4-CreER™, iDTR" mice (after the administration of PBS
and DT into the ears of the mouse — lacking lymphatics in the elicitation phase) and on
the hind paw skin of FIt4-CreER™, iDTR™" mice (after the administration of PBS or DT
into the hind paws of the mouse - lacking lymphatics in the sensitization phase). After 5
days, the initial ear thickness of mice was measured using a caliper (Kéfer
Messuhrenfabrik GmbH & Co). For elicitation, mice were treated by epicutaneous
application of 20 pl 1% 2-chloro-1,3,5-trinitrobenzene (TNCB; Sigma-Aldrich, 79874)
diluted in acetone on both ears. 20 pl acetone on ear skin was also applied as an absolute
control group. 24 hours after the challenge the ear swelling was measured again. The
increase in ear thickness was assessed as the difference between the values prior and 24
hours after the challenge, indicated by blue coloring in the graphs.

Repeated antigen exposure: In the sensitization phase, the abdominal skin/paw skin
of mice was treated with 100 pl 3% TNCB diluted in acetone as an antigen, as detailed
above. Five days after sensitization, the initial ear thickness was measured using a caliper.
For elicitation, mice were treated by the epicutaneous application of 20 ul 1% TNCB
diluted in acetone on both ears as a second exposure of antigen. The ear swelling was
determined as described above, indicated by orange coloring in the graphs.

Neutrophil depletion: FIt4-CreER™, iDTRW mice were treated with tamoxifen
followed by DT or PBS injection in the ear skin as described. The animals were then
sensitized with 100 pl 3% TNCB diluted in acetone as an antigen or 100 pl of acetone as
a control, on abdominal skin as detailed above. Three days after the sensitization, mice
were intraperitoneally injected with 100 pg of murinized anti-Ly6G antibody (Absolute
Antibody, Ab00295-2.0) to deplete neutrophil granulocytes, or with 100 pg of functional
grade 1gG2a kappa isotype antibody (Invitrogen, 16-4724-85) serving as control.
Elicitation on ear skin was performed 2 days after the injection as described above. The
success of the depletion of neutrophils (labeled as Ly6G*, CD11b*, CD45" cells) was
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confirmed with flow cytometry from peripheral blood samples using anti-Ly6G PerCP-
Cy5.5 (BD Biosciences, 560602), anti-CD11b-allophycocyanin (BD Biosciences,
553312) and anti-CD45-FITC (Biolegend, 103108) staining, also considering the
characteristic population in the forward scatter-side scatter plot.

Due to the circadian rhythm of the immune cells, we treated the animals around noon,
because the recruitment of the mature immune cells to the tissues is the highest in this
time point (170).

3.4. K/BxN Serum-Transfer Arthitis

K/BxN mouse model of RA are commonly used to study the onset of joint
inflammation based on crossbreeding the mouse strain transgenic for T cell receptor
specific for bovine ribonuclease with NOD strain (167, 171).

We mated the mice carrying KRN T-cell receptor transgene on the C57BL/6 genetic
background with NOD mice and obtained transgene-positive (arthritic) K/BxN and
transgene-negative (control) BxN mice (167, 172). We collected blood from the arthritic
and control mice via retroorbital bleeding, and we used 400 ul sera intraperitoneally to
induce inflammatory arthritis in the y” WT y Tg, v YF y Tg and control animals. We
followed the procession of the arthritis severity for 2 weeks as described before (157).

The histological analysis of the inflamed ankles after 8 days has been detailed below.
3.5. Histological procedures and immunostaining

Isolated tissues (ear, back skin, small intestine, lung) were fixed in 4%
paraformaldehyde (Sigma-Aldrich) overnight at 4°C, dehydrated in a series of ethanol
solutions (50%, 70%, 95%, 100% concentration), and embedded into paraffin (Leica)
using a Leica EG1150H embedding station. 7-8 pum thick sections were produced using a
Thermo Scientific microtome (HM340E) and were processed for hematoxylin and eosin
(HE) (Leica) staining and different types of fluorescent immunostainings. The
immunostainings were performed using the following antibodies in 1:50 dilution
incubating at 4°C, overnight: anti-LYVE1 (R&D systems, AF2125), anti-CD31 (R&D
systems, mab3628), anti-Ly6G/Ly6C (anti-Grl; BD Biosciences, 550291, clone: RB6-
8CbH), anti-CD45 (clone: IBL-5/25), anti-PDPN (BioLegend, 127402) and anti-GFP (Life
Technologies, A11122). The secondary antibodies conjugated with fluorophores (Life
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Technologies) were diluted in 1:250, incubating at room temperature for one hour: Alexa
Fluor 488 goat anti-rabbit 1gG (A11034); Alexa Fluor 488 donkey anti-goat 1gG
(A11055); Alexa Fluor 568 donkey anti-goat 1gG (A11057); Alexa Fluor 488 donkey
anti-rat 1IgG (A21208); Alexa Fluor 594 donkey anti-rat 1gG (A21209); Alexa Fluor 594
donkey anti-hamster IgG (A21113). As a nuclear staining, 4’,6-Diamidino-2-phenylidole
(DAPI) containing mounting medium (Vector Laboratories, H-1200) was used.
Microscopic images were taken by a Nikon ECLIPSE Ni-U microscope connected to a
Nikon DS-Ri2 camera.

The ankles were isolated from mice after injection with PBS or DT and after arthritic
or control serum injection. They were fixed in 4% paraformaldehyde at 4°C for 4 days.
After two days long PBS washing steps, samples were decalcified in Osteomoll (Merck)
for 3 weeks. The samples were dehydrated, embedded, and sectioned as described above.

Lymphatic vessel number and area (mean of all visible lymphatic vessels in one
mouse ear section) were quantified in NIS-Elements Imaging Software (Nikon) from anti-
LYVE1 fluorescent immunohistochemical images taken with a 20X objective. Blood
vessel numbers (mean of 3 field of view per tissue section) were quantified in NIS-
Elements Imaging Software (Nikon) from anti-CD31 fluorescent immunohistochemical
images taken with a 20X objective. The number of CD45" and Gr1* immune cells were
counted in FIJI Software (version: 1.53q) (173) using anti-CD45 and anti-Gr1 fluorescent

immunohistology images (average of 2 fields of view per tissue section).
3.6. Whole mount immunostaining of the ears

The 4% paraformaldehyde-fixed ears were blocked and then incubated with anti-
LYVEI primary antibody in 1:150 dilution at 4°C overnight followed by anti-goat
secondary antibody conjugated to Alexa Fluor 488 in 1:150 dilution. Fluorescent stereo
microscopic images were taken using a Nikon SMZ25 microscope connected to a Nikon

DS-Ri2 camera.
3.7. Digestion of skin samples

Ear skin was collected and cut into small pieces. The samples were digested with
Liberase Il kit (Roche, 492430) in a microtube Thermo-Shaker (BioSan TS-100) for 1

hour at 37°C and at 1400 rpm. Alternatively, ear skin samples were digested in a solution
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of 2.5 mg/ml Collagenase D (Roche, 1108888201) and 10mg/ml DNase | (Roche,
11284932001) dissolved in RPMI (contains glutamine, 10% FBS, Penicillin,
Streptavidin) in a microtube Thermo-Shaker (BioSan TS-100) for 30 minutes at 37°C and
at 250 rpm. Single-cell suspension was prepared by passing through a 70 um cell strainer

(Falcon). The supernatant was collected for mouse cytokine array.
3.8. Flow cytometry

Single cell suspension prepared as described above was stained with anti-CD45-PE
(BD Biosciences, 553081) and anti-Ly6G-PerCP-Cy5.5 (BD Biosciences, 560602) or
anti-CD45R/B220-PE (BD Biosciences, 553090), and anti-CD3-Alexa Fluor 647 (BD
Biosciences, 557869) in a 1:200 dilution of PBS based buffer containing 2% heparin and
5% heat inactivated fetal bovine serum (FBS). The conjugated primary antibody
incubation was carried out for one hour at 4 °C. After staining, the samples were analyzed
with BD Biosciences FACSCalibur cytometer.

Alternatively, the single cell suspension was stained with anti-CD45-FITC
(BioLegend, 103108), anti-CD45R/B220-PE (BD Biosciences, 553090), anti-Ly6G-
PerCP-Cy5.5 (BD Biosciences, 560602), anti-CD25-APC (Invitrogen, 17-0251-82), anti-
CD279 (PD-1)-APC/Fire ™ 750 (BioLegend, 135240), anti-CD3-PE/Cyanine 7
(BioLegend, 100220), anti-CD8a-Pacific Blue ™ (Invitrogen, MCD0828) and anti-CD4-
Pacific Orange ™ (Invitrogen, MCDO0430) in a 1:200 dilution of PBS based buffer
containing 2% heparin and 5% heat inactivated FBS. The conjugated primary antibody
incubation was carried out for one hour at 4 °C. Following washing, pellets were

dissolved in PBS and were analyzed with Beckman Coulter CytoFLEX cytometer.
3.9. Mouse Cytokine Array Panel A

The tissue lysates from the mouse ear samples were prepared as described in the
“Digestion of skin samples” section. 500 ul of the supernatant was run on the array as
described in the kit protocol (R&D Systems, ARY006). Representative images are shown
from a 5-10-minute exposure to the X-ray film. The pixel intensity of dots on X-ray film

was evaluated by FIJI Software (version 1.51n) (173).
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3.10. Restimulation of lymph node cells (passive CHS model)

The hind paw of FIt4-CreER?, iDTR"" mice were injected with PBS or DT once daily
for three days after tamoxifen treatment. Eight days after the first diphtheria toxin
injection the hind paw skin was treated with 100 ul acetone or 3% TNCB in acetone for
the sensitization. Five days after sensitization, the regional lymph nodes were collected,
and single-cell suspension was prepared by homogenizing the lymph nodes through a 70
um cell strainer using the hard end of a syringe plunger. For activation, the cells were
incubated with PBS as a control or 3 mM solution of TNBS (2,4,6-trinitrobenzenesulfonic
acid - water soluble form of TNCB; Sigma, P2297) for 7 min at 37°C in the dark. After
washing, 108 cells were incubated in RPMI medium (contains glutamine, 10% FBS,
Penicillin, Streptavidin) in a 96-well plate for 48 hours. After that, the supernatant was
collected and IFN-y production was measured by ELISA (Thermo Fisher Scientific,
BMS606TWO) according to the manufacturer’s protocol.

3.11. Presentation of data and statistical analysis

Microscopic image processing and analysis were performed using Nikon NIS-
Elements Imaging Software, Adobe Illustrator and Adobe Photoshop. Flow cytometry
data was evaluated using FCS express or CytExpert software. Experiments were
performed the number of times indicated in the figure legends. Bar graphs show the mean
and SEM of all mice or samples from indicated number of independent experiments. The
effect of the second antigen exposure in ear thickness/immune cell infiltration/cytokine
expression is calculated by subtracting the mean of the corresponding control group after
single antigen exposure from the individual data points after repeated exposure, indicated
by purple coloring in the graphs. Statistical analysis was performed in GraphPad Prism
7.0 and Excel 2018. Normal distribution of all datasets was assessed using the Shapiro-
Wilk test. The significance of difference between groups was assessed by paired or
unpaired Student’s t-test, Mann-Whitney U test, Wilcoxon signed-rank test or two-way
ANOVA. An 0<0.05 was considered statistically significant, showing *P<0.05;
**p<0.01; ***P<0.001; ****P<0.0001.

All figures in the introduction are created with BioRender.com.
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4. Results

4.1. Characterization of the genetic mouse models used for studying the role of

lymphatics in the two distinct phases of CHS

We utilized multiple mouse strains to explore the function of lymphatics in the two
distinct phases of CHS. The Vegfr3¥* mouse line carries a heterozygous mutation in the
tyrosine kinase domain of VEGFR3, crucial for lymphatic vessel development and
maintenance. VEGFR3 is predominantly expressed by lymphatic endothelial cells in
adults (66, 174, 175). This mutation disrupts normal lymphangiogenesis, resulting in the
absence of skin lymphatics in these mice. Crossbreeding Vegfr3 ¥+ animals with the
Prox1©FP lymphatic reporter mouse strain facilitated the visualization of lymphatic
structures (165). Histological analysis confirmed the lack of lymphatics in the ear and
back skin of Vegfr3“¥* mice (Figure 5a), while other tissues such as the lungs and small
intestine remained unaffected. Notably, blood vessels in all tissues of Vegfr3</* mice
were unchanged. Moreover, no significant increase in immune cell infiltration was
observed in the ears of Vegfr3 Y+ mice compared to wild type controls (Figure 5b). These
observations establish the Vegfr3“¥* mouse strain as a reliable model for studying
lymphatic involvement in both phases of CHS. Subsequently, we will refer to Vegfra<d/+
mice as "lymphatic-deficient in both phases."

Subsequently, we assessed the inflammation induced by single versus repeated
antigen treatments in the NMRI genetic background mouse model with intact lymphatics.
The findings showed a notable elevation in ear thickness following repeated antigen
exposure compared to single antigen treatment (Figure 5c). Histological analysis using
HE staining illustrated significant cell infiltration into the ear tissue after repeated antigen
exposure (Figure 5d). Additionally, flow cytometry characterization confirmed a
substantial increase in leukocyte infiltration, particularly neutrophils and T cells (Figure
5e).

To examine the distinct roles of lymphatics in each phase of CHS, we employed an
alternative method to selectively eliminate lymphatic vessels with spatial and temporal
precision. For this purpose, we utilized Flt4-CreER™; iDTR"* mice, crossed with the
Prox1©FP lymphatic reporter strain for visualizing lymphatics, wherein the diphtheria

toxin receptor expression in lymphatic endothelial cells can be induced by tamoxifen
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administration, and local diphtheria toxin (DT) injection prompts the deletion of
lymphatics at specific sites (162, 163, 165). To validate the model, DT was injected into
the ears of tamoxifen-treated Flt4-CreER'%; iDTR™* mice. Eight days post-injection,
lymphatic vessels were assessed using the Prox1C7" signal and anti-LYVE1
immunostaining, confirming successful deletion in the ears without affecting the
contralateral side injected with PBS as a control or other organs including back skin,
lungs, and the small intestine (Figure 5f). DT injection did not affect local blood vessels
or induce proliferation. Additionally, moderate immune cell infiltration, primarily CD3-
positive cells, was observed in the ears, accompanied by edema development (Figure 5g).
These results demonstrate the applicability of the FIt4-CreER™2; iDTR"* mouse strain for
locally deleting lymphatics in specific tissues, thereby mimicking their absence in either
the sensitization or elicitation phase of CHS. The diphtheria toxin-injected mice will be
referred to as "lymphatic-deficient in sensitization phase™ or "lymphatic-deficient in
elicitation phase," respectively.

To evaluate the extent of inflammation relative to another mouse strain, we
investigated the CHS model on the C57BI/6 genetic background in ears with intact
lymphatics, injected with PBS. Following repeated antigen treatment, ear thickness
showed a notable increase compared to single antigen exposure (Figure 5h). Histological
examination confirmed heightened immune cell infiltration (Figure 5i), a finding further
corroborated by flow cytometry analysis, revealing a significant rise in leukocyte
infiltration, particularly neutrophils and T cells, akin to the other mouse strain (Figure 5j).

These results highlight that, in contrast to single antigen exposure, repeated
antigen treatments lead to robust inflammation in the CHS model. Moreover, both mouse
strains showed specific and dramatic inflammatory phenotypes upon repeated antigen
exposure and responded similarly to antigen treatment. Therefore, these data support that

the results of the subsequent experiments are comparable.
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Figure 5. Characterization of contact hypersensitivity in two different mouse models

(@) Anti-GFP and anti-LYVE1 fluorescent immunostaining of paraffin-based sections of ear of Prox1¢™
lymphatic reporter Vegfr3** and Vegfr3“/* mice. Bars: 50 um; n=4 for each group. (b) Quantitative flow
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cytometry data for immune cells (P=0.8754 for CD45" cells, P=0.0925 for Ly6G™* cells, P=0.1332 for
CD3" cells and P=0.0654 for B220* cells; two-tailed, unpaired t-test; mean + SEM; n=6 mouse ears for
each group). (¢) The increase in ear thickness of mice with intact lymphatics (Vegfr3*'*) (P=4,4721x10?;
two-tailed, unpaired t-test; mean = SEM; n=20 and n=26 for group after single and repeated antigen
exposure, respectively). (d) HE histology of ear sections. Bars: 100 um; n=8 and n=12 for groups with
single and repeated antigen exposure, respectively. (e) Quantitative data for immune cells from ear skin by
flow cytometry (P=0.0013 for CD45* cells, P=4.2370x 10 for Ly6G* cells, P=0.0460 for CD3* cells; two-
tailed, unpaired t-test; mean + SEM; P=0.4817 for B220* cells; Mann-Whitney U test; mean + SEM; n=8
and n=9 for group with single and repeated antigen exposure, respectively). (f) Anti-GFP and anti-LYVE1
fluorescent immunostaining of Prox1¢F? lymphatic reporter Flt4-CreER™; iDTR"" mouse ear 8 days after
the first PBS or diphtheria toxin (DT) injection. Bars: 50 um; n=3 for each group. (g) Immune cells
quantified by flow cytometry following the digestion of ears 8 days after the first PBS and DT injection
(P=0.0254 for CD45* cells, P=0.2432 for Ly6G™ cells, P=0.0073 for CD3* cells and P=0.4028 for B220"
cells; two-tailed, paired t-test; mean £ SEM; n=6 mouse ear for each group). (h) The increase in ear
thickness of mice with intact lymphatics (PBS-injected, Flt4-CreER™; iDTR"") (P=0.0174; two-tailed,
unpaired t-test; mean = SEM; n=11 and n=13 for group after single and repeated antigen exposure,
respectively). () HE of ear sections with intact lymphatics. Bars: 100 um; n=11 and n=13 for group with
single and repeated antigen exposure, respectively. (j) Quantitative data for immune cell numbers
(P=0.0011 for CD45* cells, P=0.0088 for CD3* cells, P=0.0950 for B220" cells; two-tailed, unpaired t-
test; mean = SEM; n=6 and n=9 for groups with single and repeated antigen exposure, respectively,
P=0.0101 for Ly6G™* cells; Mann-Whitney U test; mean = SEM; n=9 and n=10 for groups with single and
repeated antigen exposure, respectively) [I].

4.2. Single antigen exposure does not induce a pronounced inflammatory

reaction in cases of lymphatic deficiency

We then examined whether the absence of lymphatics affects the skin's response to
single antigen exposure in our mouse models. Mice lacking lymphatics in both phases
and only in the elicitation phase displayed a significant increase in ear thickness compared
to those with intact lymphatics. Importantly, this increase was not accompanied by
notable immune cell infiltration, as observed through anti-CD45 and anti-Grl
immunostaining. Notably, acetone treatment of the ear as a vehicle control (labelled "no
exposure™) did not significantly affect ear thickness. Whole-mount and anti-LYVE1
immunostaining revealed the absence of lymphatics after single antigen challenge in mice
lacking lymphatic vessels in both phases and only in the elicitation phase (data not shown)
[1.

Furthermore, we analyzed immune cell populations by flow cytometry in digested
single-treated ear samples. Except for an increase in T cell numbers observed solely in
mice without lymphatic vessels in the elicitation phase, no significant changes were
detected in various immune cell populations. Additionally, cytokine levels in the
supernatant of digested ear samples were measured using a cytokine array, indicating no
significant differences in cytokine levels in lymphatic-deficient animals after single

antigen exposure compared to controls with intact lymphatics (data not shown) [I].
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In summary, lymphatic deficiency does not significantly alter immune cell

composition or cytokine levels in response to single antigen exposure in mouse models.

4.3. Decreased inflammation after repeated antigen treatment in mice lacking
lymphatics in both phases of CHS

We employed Vegfr3“¥* mice lacking lymphatics in the skin during both the
sensitization and elicitation phases of antigen exposure to investigate the pathogenesis of
CHS (Figure 6a). These mice exhibited a less pronounced increase in ear thickness after
repeated antigen exposure compared to mice with intact lymphatics (Figure 6b). The
impact of the second antigen exposure on inflammatory responses was calculated by
subtracting the mean of the corresponding control group after single antigen exposure
from the individual data points after repeated exposure, as highlighted in purple in the
subsequent sections. Additionally, mice lacking lymphatics showed significantly less
immune cell infiltration, as demonstrated by HE staining (Figure 6¢), and anti-CD45 and
anti-Grl immunostainings (Figure 6d, e). To comprehensively characterize the
infiltrating immune cell populations, flow cytometry was performed. Mice lacking
lymphatics in both phases exhibited a significant reduction in the infiltration of CD45-
positive leukocytes and Ly6G-positive cells representing neutrophils, while no significant
difference was detected in the number of T cells and B cells (Figure 6f). In mice with
intact lymphatics, repeated antigen treatment induced several proinflammatory cytokines
(including IFN-y, IL-1B) and chemokines (including IP-10, JE, MCP-5, MIP1lao/p,
RANTES), contributing to the recruitment of T cells, dendritic cells, and monocytes.
However, the levels of most of these cytokines were significantly lower in mice lacking
lymphatics (Figure 6g, h). Even after repeated antigen exposure, lymphatic vessels
remained absent in the ear with lymphatic deficiency. However, the lymphatic structure
in the control ear exhibited significant alterations compared to ears treated with a single
application, showing an increased number and dilation under inflammatory conditions
(data not shown) [I].

Therefore, our results indicate that the absence of lymphatics during both phases of

CHS leads to a reduced immune response after repeated antigen exposure.
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Figure 6. The effect of repeated antigen exposure in mice lacking lymphatic vessels

both in the sensitization and elicitation phases

(a) Mice with normal lymphatics or dermal lymphatic deficiency were treated with antigen on the
abdominal skin and 5 days after exposure, antigen treatment was repeated on the ear skin. (b) The increase
in ear thickness of mice with intact lymphatics and lymphatic-deficient in both phases (two-way ANOVA
with Tukey’s multiple comparisons test; mean = SEM; n=20 and n=26 for group after single and repeated
antigen exposure, respectively; normal vs lymphatic deficiency after single exposure: P<0.0001; normal
lymphatics after single vs repeated exposure: P<0.0001; normal vs lymphatic deficiency after repeated
exposure: P=0.4050; lymphatic deficiency after single vs repeated exposure: P<0.0001). The effect of the
repeated antigen exposure on ear thickness is calculated by subtracting the mean of the corresponding
control group values after single exposure (P=2.9813 107 two-tailed, unpaired t-test; mean + SEM; n=26
for each group). (¢) HE histology of ear skin sections. Bars: 100 um; n=12 for each group. (d) CD45
expressing immune cells in ear sections visualized by fluorescent microscopy. Bars: 50 um; CD45* cell
numbers (P = 7.8594x10°%; two-tailed, unpaired t-test; mean £ SEM; n=9 and n=8 for the group with
intact and lymphatic deficiency in both phases, respectively). (e) same as (d) for Grl expressing cells
(P=0.0018; two-tailed, unpaired t-test; mean + SEM; n=6 and n=35 for group with intact lymphatics and
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lymphatic-deficient in both phases, respectively). (f) Quantitative flow cytometry data for immune cell
numbers from ears (P=0.0071 for CD45™* cells, P=0.0467 for Ly6G™ cells, and P=0.5720 for CD3" cells;
two-tailed, unpaired t-test; mean + SEM; n=9 for each group, P=0.6048 for B220" cells; Mann-Whitney
U test; mean + SEM; n=9 for each group). (g) Cytokine array to detect cytokine expression in ear tissue
lysates. The representative images show the arrangement of the cytokines in duplicates (RS: Reference
Spot; n=3). Data are shown from a 5-minute exposure to the X-ray film. (h) Summary graph of the
quantification of the cytokine array demonstrating the effect of the second antigen exposure over the first
(two-tailed, unpaired t-test; mean += SEM; n=3 for each group) [I].

4.4 Lacking lymphatics only in the sensitization phase of CHS leads to reduced

inflammation after repeated antigen treatment

While previous data suggest the significant contribution of the lymphatic system to
inflammation during CHS (110, 147, 150, 151), it remains unclear whether lymphatics
play an equally important role during both phases of CHS. To investigate the role of
lymphatics in the sensitization phase of CHS, we induced local lymphatic deletion in the
hind paw of Flt4-CreER™2; iDTR" mice using diphtheria toxin treatment. Specifically,
we targeted lymphatic ablation in the hind limbs during the sensitization phase, followed
by elicitation in the ear skin (Figure 7a). Confirmation of lymphatic deletion was obtained
through anti-LYVE1 and anti-PDPN immunostainings, which induced edema formation
in the hind limb (data not shown) [I]. Compared to controls, mice lacking lymphatics
displayed a less pronounced increase in ear thickness and cell infiltration after repeated
antigen exposure in the ear (Figure 7b, c), consistent with findings from our previous
mouse model. Notably, these mice also exhibited lower CD45" and Grl* immune cell
infiltration (Figure 7d, €). Flow cytometry further confirmed the reduced infiltration of
CD45" and Ly6G" cells in mice with lymphatic deficiency compared to mice with intact
lymphatics, while CD3" and B220" cell populations showed no significant difference
between these groups (Figure 7f).

Subsequently, we aimed to characterize the regional lymph nodes of the hind limbs
where the sensitization phase was induced. The size of the inguinal lymph nodes on the
treated side of lymphatic-deficient mice significantly decreased after repeated antigen
exposure compared to mice with intact lymphatics (Figure 7g), indicating a diminished
immune response in the absence of lymphatic vessels. However, this effect was not
detectable on the other, untreated side of the same mouse. No major alterations in the
structure of lymphatic and blood vessels could be detected by staining histological slides
with anti-LYVE1 and anti-CD31 in the inguinal lymph node (Figure 7g), demonstrating
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that despite the DT injection, the lymphatic and blood vessel structures within the lymph
node remained intact.
Overall, these findings suggest that skin lymphatics contribute to immunization

against antigens during the sensitization phase in the development of CHS.
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Figure 7. The effect of repeated antigen exposure in mice lacking lymphatic vessels in

the sensitization phase

(a) FIt4-CreERT™?; iDTR"* mice were injected with DT into the hind paw skin for 3 days. As a control, PBS
was administered to a littermate. Mice with normal lymphatics or local lymphatic deficiency in the hind
paw were treated with vehicle or antigen on the hind paw skin and 5 days after exposure, antigen treatment
was repeated on ear skin. (b) The increase in ear thickness (two-way ANOVA with Tukey’s multiple
comparisons test; mean = SEM; n=14 and n=18 for the group after single and repeated exposure; normal

41



DOI:10.14753/SE.2024.3072

lymphatics vs lymphatic deficiency after single exposure: P=0.1755; normal lymphatics after single vs
repeated exposure: P<0.0001; normal lymphatics vs lymphatic deficiency after repeated exposure:
P<0.0001; lymphatic deficiency after single vs repeated exposure: P<0.0001). The effect of the second
antigen exposure on ear thickness (P=0.0015; two-tailed, unpaired t-test; mean + SEM; n=18 and n=20
for the group with intact lymphatics and lymphatic deficiency only in sensitization). (¢) HE histology of ear
skin sections. Bars: 100 um; n=8 for each group. (d) CD45 expressing cells in ear sections. Bars: 50 um;
n=4 for each group. Number of CD45* cells in ear quantified based on fluorescent immunohistology
(P=0.0003; two-tailed, unpaired t-test, mean + SEM; n=4 for each group). (e) Same as (d) for Grl
expressing cells. Bars: 50 um,; n=4 for each group. Number of Gr1* cells in ear (P=0.0084; two-tailed,
unpaired t-test; mean £ SEM; n=4 for each group). (f) The effect of the second antigen exposure to the
CD45*, Ly6G™*, CD3" and B220" immune cells (P=0.0489 for CD45* cells; P=0.0279 for Ly6G™ cells and
P=0.6934 for CD3" cells; two-tailed, unpaired t-test; mean + SEM; P=0.2012 for B220" cells; Mann-
Whitney U test; mean + SEM; n=11 for group with intact lymphatics and n=15 for group with lymphatic
deficiency only in elicitation). (g) Mice with normal lymphatics or local lymphatic deficiency in the hind
paw were treated with antigen on the hind paw and 5 days after exposure antigen treatment was repeated
on ear skin. HE histology of inguinal lymph nodes from the untreated and the treated side of mice with
intact lymphatics or lymphatic deficiency. Bars: 500 um,; n=38 for each group. Anti-LYVEL and anti-CD31
fluorescent immunostaining of the inguinal lymph nodes demonstrating the structure of blood and
lymphatic vessels. Bars: 100 um, n=8 for each group. The effect of repeated antigen exposure to the
perimeter of the inguinal lymph node (P=0.9612 for inguinal lymph nodes on untreated side, P=0.0136 for
inguinal lymph nodes on the treated side; two-tailed, unpaired t-test, mean = SEM; n=10 and n=9 for
groups with intact lymphatics and lymphatic-deficient, respectively) [1].

4.5 Lack of lymphatics only in the sensitization phase attenuates naive T cell

activation

Antigen-presenting cells play a crucial role in the sensitization phase of CHS by
presenting the contact antigen to naive T cells in the lymph nodes, which is associated
with increased IFN-y secretion (74, 176). Hence, we examined whether lymphatic
deficiency during the sensitization phase would impact the activation of naive T cells in
the regional lymph node by assessing the IFN-y production of these cells ex vivo.
Following the initial antigen exposure to hind limbs with intact lymphatics or lymphatic
deficiency, lymph nodes were isolated, and suspensions were generated. Subsequently,
the cell suspensions were restimulated in vitro with the water-soluble antigen in a
restimulation assay (passive CHS model). Cells from mice with intact lymphatics
exhibited significantly higher IFN-y production compared to cells from mice lacking
lymphatics in the sensitization phase in the passive CHS model (Figure 8).

Hence, our results suggest that besides regulating immunization in the sensitization
phase following repeated antigen exposures, lymphatics also contribute to T cell

activation in the inguinal lymph nodes.
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Figure 8. IFN-y production in the regional lymph nodes of mice lacking lymphatic

vessels in the sensitization phase after repeated antigen treatment

Mice with normal lymphatics or local lymphatic deficiency in the hind paw were treated with vehicle or
antigen on the hind paw and 5 days after exposure inguinal lymph nodes were collected and prepared into
cell cultures. Then the cell cultures were treated with vehicle or with water-soluble antigen and IFN-y
values in the supernatant were measured by ELISA. Normalized concentration of IFN-y in supernatants
after the repeated antigen treatment is shown in cell cultures containing T-cells, collected from lymph nodes
of mice with intact lymphatics or lymphatic deficiency in sensitization. The graph demonstrates the effect
of the second antigen exposure to the IFN-y levels calculated by subtracting the mean of corresponding
control groups after in vivo antigen exposure (P=0.0205; Mann-Whitney U test; mean + SEM; n=7 and
n=8 for groups of intact lymphatics and lymphatic-deficient, respectively) [I].

4.6 Lacking lymphatics only in the elicitation phase of CHS leads to augmented

inflammation after repeated antigen treatments

We then sought to delineate the specific role of lymphatics during the elicitation
phase. In a regimen involving repeated antigen exposure, sensitization was initiated by
treating the abdomen with intact lymphatics, followed by elicitation induction in the ear
with either intact lymphatics or local lymphatic deficiency induced by DT injection
(Figure 9a). Surprisingly, mice lacking lymphatics in the elicitation phase exhibited
increased ear swelling compared to contralateral ears with intact lymphatics (Figure 9b),
accompanied by a higher influx of infiltrating cells (Figure 9c). Extending our observation
period to four days after the challenge revealed a consistent increase in ear thickness in
both intact lymphatics and lymphatic-deficient groups. However, the severity of
inflammation notably escalated each day in mice with lymphatic deficiency (Figure 9d).
Immunostaining of ear sections also confirmed increased CD45" and Grl1* immune cell
infiltration in mice lacking lymphatics in the elicitation phase (Figure 9e, f). Furthermore,
flow cytometry analysis of digested ear samples demonstrated a significantly increased
CD45" and Ly6G™ cell count in mice where lymphatics were deleted only in the elicitation
phase, a trend that persisted up to day 9. Additionally, no significant difference was
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observed in CD3" and B220* cell populations after repeated antigen exposure (Figure 99).
The heightened inflammation in mice lacking lymphatics was further corroborated by a
cytokine array for ear lysates, showing markedly increased chemokine (MCP-5, MIG,
MIP-1a/B, MIP-2, RANTES) and pro-inflammatory cytokine (IFN-y, IL-1B) production
(Figure 9h, 1).

In summary, our findings suggest that skin lymphatics play an anti-inflammatory role
during the elicitation phase of CHS.
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Figure 9. The effect of repeated antigen exposure in mice lacking lymphatic vessels in

the elicitation phase

(a) FIt4-CreER™; iDTR™* mice were injected with DT into ear skin for 3 days. As a control, PBS was
administered into contralateral ear of the same animal. Mice with normal lymphatics or local lymphatic
deficiency in ear skin were treated with antigen on the abdominal skin and 5 days after exposure, antigen
treatment was repeated on ear skin. (b) The increase in ear thickness after antigen exposure (two-way
ANOVA with Tukey’s multiple comparisons test; mean + SEM; n=14 for group and n=13 for group after
single and repeated exposure respectively; normal lymphatics vs lymphatic deficiency after single
exposure: P=0.1339; normal lymphatics after single vs repeated exposure: P=0.0150; normal lymphatics
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vs lymphatic deficiency after repeated exposure: P<0.0001; lymphatic deficiency after single vs repeated
exposure: P<0.0001).The effect of the repeated antigen exposure on ear thickness (P=0.0024; Wilcoxon
signed-rank test; mean = SEM; n=13 for each group). (C) HE histology of ear sections. Bars: 100 um; n=13
for each group. (d) The effect of the repeated antigen exposure on ear thickness at different time points
(P=0.0469 for day 6, Wilcoxon signed-rank test; P=0.0053 for day 7, two-tailed, paired t-test; P=0.0026
for day 8, two-tailed, paired t-test; P=0.0313 for day 9, Wilcoxon signed-rank test; mean = SEM; n=7 for
each group). (e) CD45 expressing cells are shown in ear sections by fluorescent immunohistology. Bars:
50 um; n=6 for each group. Number of CD45* cells quantified based on fluorescent immunohistology.
(P=0.0156; two-tailed, paired t-test; mean + SEM; n=4 for each group). (f) Same as () for Grl expressing
cells. Bars: 50 um; n=6 for each group. Quantification of Grl* cell numbers based on fluorescent
immunohistology (P=0.0125, two-tailed, paired t-test;, mean + SEM; n=4 for each group). (g) The effect of
the second antigen exposure on immune cell counts from ears at day 6 and 9 (Day 6: P=0.0471 for CD45*
cells, and P=0.9574 for B220" cells; two-tailed, paired t-test; mean + SEM; n=9 and n=10 for the group
with intact lymphatics and lymphatic deficiency; P=0.0039 for Ly6G™* cells and P=0.1641 for CD3" cells;
Wilcoxon signed-rank test; mean £ SEM; n=9 for each group; Day 9 measured by CytoFLEX: P=0.0176
for CD45* cells, two-tailed, unpaired t-test; P=0.0317 for Ly6G™ cells, Mann-Whitney U test; mean = SEM;
n=5 for each group). (h) Cytokine array to detect cytokine expression in ear tissue lysates. The
representative images show the arrangement of the cytokines in duplicates (RS: Reference Spot; n=3 from
each group). Data are shown from a 10-minute exposure to the X-ray film. (i) Summary graph of the
quantification of the cytokine array demonstrating the effect of the second antigen exposure over the first
(two-tailed, paired t-test; mean + SEM; n=3 for each group) [1].

4.7 Neutrophil granulocytes contribute to the exaggerated inflammation in

lymphatic deficiency during the elicitation phase

During the elicitation phase, an exacerbated inflammation was observed in the mouse
ear lacking lymphatics. Subsequently, we delved into the role of neutrophil granulocytes
in this heightened inflammatory response. To address this, we employed an anti-Ly6G
antibody to deplete neutrophil granulocytes just prior to the elicitation phase, using an
isotype antibody as a control treatment. The CHS model was then induced as previously
outlined (Figure 10a). To validate the efficacy of neutrophil depletion, we assessed
immune cell counts in peripheral blood before and after antibody administration at three
different time points. Neutrophil numbers, which were identified as Ly6G*, CD45" and
CD11b" cells were significantly reduced approaching zero (Figure 10b), while other
immune cells such as B cells remained unaffected (data not shown) [I], indicating
successful neutrophil depletion. Although a diminished inclination toward inflammatory
response was observed in the absence of neutrophils following single antigen exposure,
this did not result in a significant reduction in ear thickness or CD45* and CD25* immune
cell infiltration, despite clear neutrophil depletion (Figure 10c, d).

After the induction of inflammatory skin disease, the increase in ear thickness was
markedly attenuated in ears with lymphatic deficiency due to neutrophil absence,

reaching levels comparable to ears with intact lymphatics (Figure 10e). This observation
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was supported by flow cytometry measurements, which, compared to the lymphatic-
deficient isotype control-treated group, showed decreased CD45" immune cell infiltration
in the lymphatic-deficient and Ly6G-depleted group, while neutrophils were clearly
depleted (Figure 10f). Additionally, the number of CD25" regulatory T cells (Treg)
notably increased after repeated antigen exposure, particularly in ears with lymphatic
deficiency. Notably, regulatory T cell numbers were substantially reduced after
neutrophil depletion in the absence of lymphatic vessels, suggesting that their recruitment
was influenced by neutrophils (Figure 10f).

In conclusion, these findings indicate that neutrophils play a significant role in the
development of exaggerated inflammation in lymphatic deficiency during the elicitation
phase. Moreover, these cells also impact regulatory T cells during inflammatory

conditions.
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Figure 10. The effect of neutrophil granulocyte depletion in elicitation phase of CHS
in the absence of lymphatic vessels

(a) Flt4-CreER™; iDTR™* mice were injected with PBS or DT into ear skin for 3 days. Three days after the
first injection, mice with intact lymphatics or local lymphatic deficiency in ear were treated with vehicle or
antigen on the abdominal skin. Five days after exposure, antigen treatment was repeated on ear skin. Two
days before the elicitation, the mice received anti-Ly6G injection to eliminate neutrophil granulocytes. (b)
Ly6G* and B220™ immune cell numbers in peripheral blood before and after neutrophil depletion measured
by CytoFLEX (Ly6G: P=0.90135 for day 3; P<0.00001 for day 5; P<0.00001 for day 6; B220: P=0.38774
for day 3; P=0.55165 for day 5; P=0.46292 for day 6; two-tailed, unpaired t-test;, mean + SEM, n=8 and
n=7 for groups of isotype control and anti-Ly6G, respectively). (c) The increase in ear thickness of mice
with intact lymphatics and lymphatic-deficient in elicitation phase followed by neutrophil depletion after
single exposure (two-way ANOVA with Tukey’s multiple comparisons test; mean + SEM; n=8 for group
with lymphatic deficiency after neutrophil depletion and n=7 for the remaining group; normal lymphatics
with isotype injection vs neutrophil depletion: P=0.1022; lymphatics deficiency with isotype injection vs
neutrophil depletion: P=0.0690). (d) Ly6G*, CD45* and CD25" immune cell numbers after single antigen
exposure measured by CytoFLEX (two-way ANOVA with Tukey’s multiple comparisons test; mean £ SEM;
n=7 for each group; Ly6G: normal lymphatics with isotype injection vs neutrophil depletion: P=0.1195;
lymphatics deficiency with isotype injection vs neutrophil depletion: P<0.0001; normal lymphatics vs
lymphatics deficiency with isotype injection: P=0.0199;CD45: normal lymphatics with isotype injection vs
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neutrophil depletion: P=0.8285; lymphatics deficiency after single exposure with isotype injection vs
neutrophil depletion: P=0.5319; normal lymphatics vs lymphatics deficiency with isotype injection:
P=0.0002; CD25*: normal lymphatics with isotype injection vs neutrophil depletion: P>0.9999; normal
lymphatics vs lymphatic deficiency with isotype injection: P=0.0053; lymphatics deficiency with isotype
injection vs neutrophil depletion: P=0.9849; normal lymphatics vs lymphatic deficiency with isotype
injection: P=0.0081). (e) The increase in ear thickness of mice with intact lymphatics and lymphatic-
deficient in elicitation phase followed by neutrophil depletion after repeated exposure (two-way ANOVA
with Tukey’s multiple comparisons test; mean + SEM; n=7 and n=6 for group with isotype injection and
neutrophil depletion respectively; normal lymphatics with isotype injection vs neutrophil depletion:
P=0.8482; lymphatics deficiency with isotype injection vs neutrophil depletion: P=0.0042; normal
lymphatics with isotype injection vs lymphatics deficiency with neutrophil depletion: P=0.3472; normal
lymphatics vs lymphatics deficiency with isotype injection: P<0.0001). (f) Ly6G*, CD45* and CD25*
immune cell numbers after single repeated exposure measured by CytoFLEX (two-way ANOVA with
Tukey’s multiple comparisons test; mean £ SEM; n=7 for each group, Ly6G: normal lymphatics with
isotype injection vs neutrophil depletion: P=0.0431; lymphatics deficiency with isotype injection vs
neutrophil depletion: P=0.0004; normal lymphatics with isotype injection vs lymphatics deficiency with
neutrophil depletion after repeated exposure: P=0.0433; CD45: normal lymphatics with isotype injection
vs neutrophil depletion: P=0.2583; lymphatics deficiency with isotype injection vs neutrophil depletion:
P=0.0186; normal lymphatics vs lymphatic deficiency with isotype injection: P=0.0213; normal lymphatics
with isotype injection vs lymphatics deficiency with neutrophil depletion after repeated exposure:
P=0.9977; CD25: normal lymphatics with isotype injection vs neutrophil depletion: P=0.6791; lymphatics
deficiency with isotype injection vs neutrophil depletion: P=0.0103; normal lymphatics vs lymphatic
deficiency with isotype injection: P=0.0001; normal lymphatics with isotype injection vs lymphatics
deficiency with neutrophil depletion after repeated exposure: P=0.3332) [1].

4.8 The essential role of FcRy ITAM tyrosines in neutrophil activation

The previously shown experiment underscored the crucial role of neutrophils in
driving exacerbated skin inflammation when lymphatics are absent. However, the precise
molecular mechanisms underlying these processes remain elusive. To gain deeper
insights into neutrophil mediated tissue damage in another disease model, we employed
a genetic approach to delineate the potential involvement of FcRy ITAM tyrosines in
neutrophils and autoimmune arthritis in vivo.

The functional significance of FcRy ITAM tyrosines in neutrophils and neutrophil-
dependent autoimmune diseases has not been directly assessed previously. For our in vivo
investigations, we generated bone marrow irradiated chimeras alongside intact mice to
explore the contribution of FcRy ITAM tyrosines in the myeloid compartment. Utilizing
FcRy-deficient mice expressing either wild type (WT vy) or ITAM tyrosine mutant FcRy
(YF v; where tyrosine at positions 65 and 76 were substituted with phenylalanine), we
crossed these animals with FcRy KO mice (y”), yielding y”" WT y Tg and y"" YF y Tg
animals. To enhance the expression of the transgenic wild type and mutant FcRy chain,

we further crossed mice to generate homozygous, double transgenic animals.
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Overall, we observed no substantial differences in the arthritic phenotypes between
intact animals and bone marrow chimeras. Upon administration of K/BxN serum, y”WT
vy Tg mice displayed a discernible but modest inflammation on the hind limbs, a response
notably absent in y”- YF y Tg animals (data not shown) [11].

However, we did not observe any changes in ankle thickness in the y"" WT y Tg mice
as seen similarly in vy mice, even though they exhibited an increase in clinical score (data
not shown) [I1]. Upon histological examination, we observed a significant influx of
leukocytes into the joints of the y” WT y Tg mice, confirming the presence of
inflammation externally. Despite the substantial infiltration of immune cells and joint
damage observed in wild type mice following arthritis serum administration, the ankle

tissue of y"-and y”- YF y Tg mice remained intact and healthy (Figure 11).

Co

Arth

Figure 11. Massive leukocyte infiltration was detected in y”- WT y transgenic mice in
contrast to y”- YF y transgenic mice

Leukocyte infiltration was visualized by microscopy after HE staining (scale bars: 100 um; asterisks
point at infiltrating leukocytes) [I1].

Taken together, these findings underscore the critical role of FcRy ITAM tyrosines in
driving neutrophil effector responses and the initiation and progression of autoantibody-
induced experimental arthritis in vivo. This suggests a signaling function of the molecule
beyond its role in receptor stabilization.
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5. Discussion

The above detailed literature underscores the importance of lymphatic- and
neutrophil-dependent processes in inflammatory diseases. First, in this investigation, we
delineated the immunomodulatory impacts of local lymphatics during the sensitization
and elicitation phases of TNCB-induced contact hypersensitivity. To achieve this, we
utilized genetic mouse models characterized by the absence and inducible elimination of
local skin lymphatics. The Vegfr3“¥* model displayed a complete absence of lymphatics
in the skin, as evidenced by observations in the ear and back skin (Figure 5a, b; (data not
shown) [1]), consistent with previous reports (66, 177). Although conventional paraffin-
based histology did not unveil alterations in the lymphatic structures of internal organs,
including the lungs and small intestine (data not shown) [1], a more intricate visualization
of lymphatic morphology was required in our recent study to detect changes in these
internal organs (177). In the Flt4-CreER'?; iDTR" model, localized administration of
diphtheria toxin effectively eradicated skin lymphatics in a site-dependent manner
compared to PBS-treated control animals (Figure 5; (data not shown) [I]), in line with
previous findings (163, 168), while other organs remained unaffected.

As previously noted (163), we observed a modest yet notable increase in the
infiltration of CD45" immune cells and CD3* T cells at the site of diphtheria toxin
injection, even without additional antigen treatments (Figure 5f-g). Interestingly, despite
the chronic contact hypersensitivity being characterized as a T cell-mediated
inflammatory skin disease, the heightened T cell count did not impact the progression of
CHS (Figure 9g). This elevation in T cell infiltration was not evident in the skin of
Vegfr3<9+ mice lacking lymphatics throughout the skin compared to Vegfr3** animals
(Figure 5b). It's noteworthy that neither single nor repeated antigen exposures induced
the regeneration of lymphatics in our lymphatic-deficient animal models. Conversely,
inflammation-driven morphological alterations in skin lymphatics were observable in
mice with intact lymphatics following repeated antigen treatment, including dilation and
an increased number of lymphatic vessels (data not shown) [I]. The two mouse strains
employed serve as optimal models for dissecting the distinct roles of lymphatic vessels in
the two phases of contact hypersensitivity. We verified that our CHS protocol, entailing
repeated antigen exposure, triggers ear thickening and immune cell infiltration in mice on
both the NMRI (Vegfr3**) and C57BI/6 (FIt4-CreER'?; iDTR™M treated with PBS)
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genetic backgrounds (Figures 5c-e and 5h-j), indicating the robustness, stability, and
comparability of the applied disease model, as outlined in the previously described
protocol (142).

The impact of lymphatic deficiency following a single antigen exposure has not been
extensively elucidated previously. Upon administering single antigen treatment, we
observed increased thickening of the lymphatic-deficient ears compared to ears with
intact lymphatics, yet no significant disparity in immune cell infiltration or local cytokine
release was evident (data not shown) [1]. This suggests a propensity toward local edema
formation in the treated skin of our models lacking skin lymphatics, which, however, did
not translate into a significant inflammatory response following single antigen exposure.

While it's well-established that lymphatics serve as conduits for immune cells,
including professional antigen-presenting cells, to migrate to local lymph nodes, their
importance in initiating the sensitization phase of CHS has not been thoroughly explored
(178). Our study demonstrates that the absence of lymphatics in the sensitization phase
leads to a less pronounced immune response, demonstrating reduced cytokine/chemokine
production and diminished immune cell infiltration. This indicates the critical role of
lymphatic-dependent mechanisms in effectively inducing CHS pathogenesis during this
phase (Figure 6, 7 and 8).

Conversely, the inflammatory response was markedly enhanced when lymphatics
were absent during the elicitation phase, highlighting that after repeated antigen
challenge, the immunomodulatory effect of lymphatics is primarily discernible (Figure
9). Previous studies employing antibody-mediated blockade of VEGFR3 signaling in an
acute manner in CHS have also shown an accelerated immune response (147, 151).
Similarly, investigations using VEGFR3 blocking antibodies in inflammatory bowel
disease and transgenic TNF mouse models of rheumatoid arthritis have demonstrated
increased inflammation (147, 179-181). Further research is warranted to elucidate how
lymphatics and VEGFR3 signaling modulate the immune response in CHS and other
inflammatory diseases.

It's crucial to note that applying a VEGFR3 blocking antibody may not be directly
comparable to an experimental model where lymphatics are absent in the skin, as utilized
in our study. Although both strategies can modulate the immune response, their

mechanisms of action may differ significantly. Additionally, the acute and/or
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uncontrolled effects of VEGF-C — VEGFR3 axis stimulation in disease models using
adenovirus and transgenic strategies present inherent limitations. Moreover, these
approaches may influence not only lymphatics but also other cell types, including immune
cells. Notably, these strategies have been commonly employed in previous studies to
understand the role of skin lymphatics in CHS and other inflammatory diseases (110, 147,
151, 182).

In line with this, the VEGF-C — VEGFR3 axis serves as a crucial therapeutic target in
inflammatory diseases (183, 184). Our findings describing a more robust inflammatory
reaction in the elicitation phase of CHS in the absence of lymphatics are consistent with
previous reports indicating the challenges in managing patients with a combination of
allergic contact dermatitis and lymphedema (185).

Previously, the pivotal role of neutrophil granulocytes in both the sensitization and
elicitation phases of CHS was established (142). However, the precise mechanisms
underlying the interplay between neutrophils and lymphatics in inflammation remained
elusive. In vivo labeling technologies have enabled the tracking of neutrophils as they
migrate from the periphery to draining lymph nodes and interact with lymphatic vessels
in mice (186, 187). Neutrophils are rapidly recruited to inflamed skin in response to both
microbial and sterile challenges but migrate to draining lymph nodes via lymphatic
vessels only in the presence of an infectious stimulus, not a sterile one (186). This implies
that neutrophil egress from inflamed tissues may be influenced by neutrophil phenotype
and tissue environment. Further factors promoting neutrophil entry into lymphatic vessels
remain to be defined. Neutrophils penetrate the lymphatic endothelium through a process
called transmigration (188). Instead of migrating through established cellular junctions in
the lymphatic endothelium, neutrophils induce enzymatic degradation and retraction of
lymphatic endothelial cells (189). This creates large openings that allow rapid passage of
neutrophils through the endothelium, providing a route for further neutrophil migration.
This mechanism may explain the rapid kinetics of neutrophil recruitment in the lymph
nodes, peaking 4-6 hours after administration of an inflammatory stimulus (118). In our
experimental conditions, crosstalk between neutrophils and lymphatics in modulating
immune responses is hindered due to the absence of lymphatics, leading to accumulation
of neutrophils in the inflamed skin, exacerbating inflammation (Figure 9).

53



DOI:10.14753/SE.2024.3072

Regulatory T cells, a subpopulation of CD4" T cells, are integral to the adaptive
immune system, regulating immune responses and maintaining immune homeostasis
(190). Previous studies have demonstrated the crucial role of Tregs in controlling CHS
by suppressing CD8" T cells in both the sensitization and elicitation phases (132, 191). It
was also shown that Tregs can induce neutrophil recruitment by producing of CXCL8
(192). Additionally, Treg depletion and IL-10 neutralization have been shown to affect
the leukemia microenvironment, partially restoring neutrophil homeostasis (193). Our
findings now elucidate the crucial involvement of neutrophil granulocytes in driving the
exaggerated immune response in the absence of lymphatics, significantly affecting the
recruitment of regulatory T cells (Figure 10). While previous studies have revealed the
intricate crosstalk between regulatory T cells and neutrophils (194), further investigations
are warranted to elucidate their role within the context of the lymphatic system.
Regulatory T cell trafficking between lymph nodes and inflamed tissue is vital for optimal
immune suppression (195). However, impaired regulatory T cell homing and
recirculation may occur due to the lack of interaction with lymphatic endothelial cells
during acute inflammation (196) causing an increased number of Treg cells in the
inflamed tissue site (Figure 10f).

In summary, we delineated the contribution of the skin lymphatic density to the
progression of CHS using genetic mouse models lacking lymphatics in either the
sensitization, elicitation, or both phases of CHS. Our experimental evidence suggests that
lymphatics modulate both phases of CHS: during the sensitization phase, lymphatics
contribute to the development of antigen-induced immunization, whereas in the elicitation
phase, these structures moderate the inflammatory response and immune cell infiltration.
Our findings imply that distinct strategies are necessary during the two phases of CHS to

modulate the disease's progression.

As previously discussed, recent research has increasingly supported the notion of
neutrophils exerting both direct and indirect regulatory effects on adaptive immunity over
the past few decades, including their significant interaction with the lymphatic system
(116). At the same time, there is a growing recognition of the involvement of neutrophils
in various inflammatory conditions, such as rheumatoid arthritis, attributed to a better

understanding of their proinflammatory and immunomodulatory characteristics.
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Neutrophils are rapidly recruited from the bloodstream to sites of tissue damage,
exacerbating inflammation; however, the specific immunological mechanisms underlying
these effects remain poorly understood.

In vivo investigations utilizing murine wild type and ITAM tyrosine mutant
transgenes have indicated the involvement of ITAM tyrosines in various mast cell
functions, including degranulation, cytokine production, prostaglandin synthesis, and
passive systemic anaphylaxis (166). While initial in vivo studies on the NOTAM mouse
model carrying ITAM mutant FcRy suggested the ITAM-dependence of cytotoxicity,
immune complex uptake, and antigen cross-presentation in dendritic cells (197, 198),
recent research has shown that daratumumab-induced cancer cell death (via FcyRIIB
blockade) and splenic dendritic cell-mediated activation of CD4" and CD8" T cells occur
independently of FcRy ITAM signaling (199, 200). Our own in vivo investigations
corroborate the essential role of FcRy ITAM signaling in the initiation and progression of
autoimmune arthritis. However, further studies are warranted to explore whether,
similarly to dendritic cells, ITAM-independent signaling mechanisms are implicated in
other in vivo functions of neutrophils. Additionally, evaluating the role of FcRy ITAM
tyrosines in other autoantibody-mediated disease models in the future would further
bolster our findings with experimental arthritis.

Comparative analysis revealed that double transgenic wild type FcRy mice could
more effectively reverse the development of autoimmune arthritis on the FcRy-deficient
background compared to hemizygous animals, underscoring the significant impact of the
signaling molecule level on disease progression. This observation may elucidate why
ankle thickness remained largely unchanged, despite the substantial increase in the more
sensitive clinical score and robust immune cell infiltration observed in single y"WT y Tg
animals. Furthermore, to assess the degree of inflammation more effectively in arthritic
ankles and gain a deeper understanding of arthritis pathogenesis, it is essential to
overcome the challenge of preparing high-quality histology from bone-containing tissue
(Figure 11). In our laboratory, we have developed a reliable method for processing ankle
tissue while preserving its quality.

Given that the absence of FcRy was not necessary for neutrophil migration in
experimental arthritis, it can be inferred that FcRy ITAM tyrosines likely do not

participate in neutrophil accumulation at the site of inflammation (201). Instead, these
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tyrosines may play a role in mediating immune complex-triggered responses at the site of
tissue damage, as evidenced by our findings in conjunction with several other molecules
involved in neutrophil Fcy receptor signaling (157, 202, 203).

To sum up, our studies unveil the critical role of FcRy ITAM tyrosines in immune
complex-mediated activation of neutrophils and the development and progression of
autoantibody-induced autoimmune arthritis. Importantly, our research furnishes the first
direct in vivo evidence for the involvement of FcRy ITAM tyrosines in a neutrophil-
dependent arthritis model. Understanding these molecular mechanisms may pave the way
for novel therapeutic targets in the treatment of certain autoimmune diseases in the future,

such as the development of molecules capable of masking the ITAM tyrosines of FcRy.
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6. Conclusions

Inflammation is a complex response to predominantly local tissue alteration
underlying a wide variety of physiological and pathological processes. However, the
events that lead to localized chronic inflammation are partly understood. Chronic
inflammatory diseases have been identified as the most significant cause of death
worldwide today (204). Therefore, our aim was to extensively investigate the lymphatics-
and neutrophil-dependent processes in inflammatory conditions using different disease
models, like allergic skin disease or autoimmune arthritis.

Firstly, we characterized various genetic mouse models to elucidate the role of
lymphatics in different phases of contact hypersensitivity. Our findings provide valuable
insights into the complex interplay between lymphatics and immune responses during the
sensitization and elicitation phases of CHS. Using different mouse strains and
experimental strategies, we demonstrated distinct inflammatory responses to single and
repeated antigen exposures in the presence or absence of lymphatics. Our results showed
that single antigen exposure did not induce significant inflammation in mice lacking
lymphatics, indicating that lymphatic vessels play a minor role in the immune response
under these conditions.

Furthermore, our study revealed that lymphatic deficiency during both phases of CHS
resulted in reduced inflammation after repeated antigen exposure. This suggests that
lymphatics contribute to the initiation and progression of inflammation during CHS.
Corresponding with the previous results, when lymphatics were absent only during the
sensitization phase, we observed diminished inflammation following repeated antigen
exposure as well. This indicates that lymphatics play a crucial role in mediating the
immune response during the sensitization phase of CHS. Interestingly, when the
lymphatic vessels were lacking only during the elicitation phase, an augmented
inflammation was measured after the second antigen treatment, indicating that the skin
lymphatics play an anti-inflammatory role during the elicitation phase of CHS.

Additionally, we investigated the impact of neutrophil granulocytes on inflammation
in the absence of lymphatics during the elicitation phase. Our results showed that
neutrophils significantly contribute to exaggerated inflammation in lymphatic-deficient
mice during this phase, highlighting the intricate crosstalk between neutrophils and

lymphatics in modulating immune responses.
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Besides the neutrophils’ crucial role in inflammatory skin conditions, they are also

involved in the pathogenesis of various autoimmune diseases. Our research elucidates the

pivotal function of FcRy ITAM tyrosines in activating neutrophils in response to immune

complexes, as well as in the pathogenesis and advancement of autoantibody-triggered

autoimmune arthritis. Importantly, our findings represent the initial direct in vivo

demonstration of the involvement of FcRy ITAM tyrosines in a model of neutrophil-

dependent arthritis.

As a conclusion, our new findings are the followings:

1.

We characterized reliable mouse models in which the two phases of CHS could
be investigated separately.

Skin lymphatics have distinct but important roles in the two phases of contact
hypersensitivity: during the sensitization phase, they aid in the sensitization
process of immune cells.

In contrast, during the elicitation phase, they downregulate the inflammatory
response and the infiltration of immune cells.

Neutrophils are crucial to create exaggerated inflammation in the absence of
lymphatics in the elicitation phase influencing the regulatory T cell numbers.
FcRy ITAM tyrosines play a critical role in the induction of neutrophil effector

responses.

In conclusion, our studies underscore the importance of lymphatic vessels in immune

responses during cutaneous inflammation and provide comprehensive insights into the

important role of neutrophils in autoimmune pathologic conditions. Exploring the role of

lymphatics in CHS pathogenesis and understanding the detailed molecular pathways of

neutrophils may offer valuable insights for developing innovative therapeutic strategies

in the future.
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7. Summary

Inflammation is a crucial part of the body’s defense process, by which the immune
system recognizes and eliminates the harmful stimuli followed by the healing process.
Inflammation involves a coordinated interaction between immune cells, blood and
lymphatic vessels, and molecular mediators to restore tissue homeostasis. However, shifts
in the inflammatory response from short- to long-lived can disrupt immune tolerance and
result in significant changes across all tissues and organs elevating the susceptibility to
various non-communicable diseases. Chronic inflammatory conditions, such as diabetes,
autoimmune diseases, or allergy represent the most substantial risk to human health
according to the World Health Organization.

Our study aimed to better understand the neutrophil- and lymphatic-dependent
processes in tissue injury of different inflammatory diseases such as autoimmune
rheumatoid arthritis and contact hypersensitivity.

In our study, we were able to investigate the lymphatic vessels separately during the
two distinct phases of contact hypersensitivity using various mouse models. Our findings
showed reduced inflammation and neutrophil infiltration in mice lacking lymphatics
during both sensitization and elicitation phases, with a similar attenuated phenotype with
lymphatic deficiency only during sensitization. Conversely, mice deficient in lymphatics
only during elicitation exhibited heightened inflammation driven by increased neutrophil
infiltration.

Moreover, re-expression of wild-type and ITAM tyrosine mutant (Y65F/Y76F) FcRy
restored activating Fcy receptor expression in FcRy-deficient neutrophils. However, only
the wild-type transgenic form mediated Fcy receptor-dependent effector functions,
leading to autoimmune arthritis in mice.

In conclusion, skin lymphatics play a crucial but distinct role in CHS's sensitization
and elicitation phases. They contribute to immune cell sensitization during the first phase
while they can moderate the inflammation and immune cell infiltration during elicitation.
Additionally, our findings underscore the critical role of FcRy ITAM tyrosines in
inducing neutrophil effector responses and driving the initiation and progression of
autoantibody-induced experimental arthritis in vivo, suggesting a signaling function

beyond receptor stabilization.
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