2240

ORIGINAL ARTICLE

L)

Check for
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Allergic contact dermatitis is a common inflammatory skin disease comprising 2 phases. During sensitization,
immune cells are activated by exposure to various allergens, whereas repeated antigen exposure induces local
inflammation during elicitation. In this study, we utilized mouse models lacking lymphatics in different skin
regions to characterize the role of lymphatics separately in the 2 phases, using contact hypersensitivity as a
model of human allergic inflammatory skin diseases. Lymphatic-deficient mice exhibited no major difference to
single antigen exposure compared to controls. However, mice lacking lymphatics in both phases displayed
reduced inflammation after repeated antigen exposure. Similarly, diminished immune response was observed
in mice lacking lymphatics only in sensitization, whereas the absence of lymphatics only in the elicitation phase
resulted in a more pronounced inflammatory immune response. This exaggerated inflammation is driven by
neutrophils impacting regulatory T cell number. Collectively, our results demonstrate that skin lymphatics play
an important but distinct role in the 2 phases of contact hypersensitivity. During sensitization, lymphatics
contribute to the development of the antigen-specific immunization, whereas in elicitation, they moderate the
inflammatory response and leukocyte infiltration in a neutrophil-dependent manner. These findings under-
score the need for novel therapeutic strategies targeting the lymphatics in the context of allergic skin diseases.
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INTRODUCTION

The skin functions as a protective barrier organ, shielding the
body from external factors, such as pathogens, physical, or
chemical agents (Kabashima et al, 2019). Allergic contact
dermatitis represents a common inflammatory skin disease
characterized by a type IV delayed-type hypersensitivity re-
action initiated through repeated exposure to contact aller-
gens (Kaplan et al, 2012; Scheinman et al, 2021). This T
cell-mediated immune response manifests as red, dry, itchy
skin with papules and vesicles (Kaplan et al, 2012; Martin,
2015; Martin et al, 2011; Novak-Bili¢ et al, 2018;
Scheinman et al, 2021; Vocanson et al, 2009). Contact hy-
persensitivity (CHS) serves as a well-characterized mouse
model for human allergic inflammatory skin diseases,
induced by repeated exposure of reactive chemicals con-
taining specific haptens such as oxazolone, 2,4-dinitro-1-
fluorobenzene (DNFB), or 2-chloro-1,3,5-trinitrobenzene
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(TNCB) (Honda et al, 2013; Kaplan et al, 2012; Manresa,
2021). Similarly to the human diseases, the pathogenesis of
CHS is divided into 2 phases. First, in the sensitization phase,
epidermal Langerhans cells or dermal dendritic cells initiate
the immune response in the local lymph nodes by presenting
the antigen to naive T cells. Subsequently, during the elici-
tation phase, re-exposure to the same antigen triggers a
cascade of events resulting in the infiltration of effector im-
mune cells, including neutrophils and monocytes, to the site
of antigen challenge. This process triggers an inflammatory
reaction and tissue damage (Azeem et al, 2020; Honda et al,
2019, 2013). Neutrophils play a crucial role not only in
inducing tissue damage during the elicitation phase but are
also involved in initiating the sensitization phase of the dis-
ease (Strzepa et al, 2020; Weber et al, 2015).

Lymphatics have several well-established roles in regu-
lating immune functions in various contexts, including in-
fectious diseases and lymphedema (Kataru et al, 2019; Oliver
et al, 2020; Tammela and Alitalo, 2010). These structures are
also involved in maintaining skin homeostasis upon inflam-
matory challenges (Huggenberger and Detmar, 2011).
Although lymphatics have been implicated in dendritic cell
trafficking to local lymph nodes, their specific function in
initiating the sensitization phase of CHS model has not been
thoroughly investigated (Collado-Diaz et al, 2022; Worbs
et al, 2017). Previous studies indicated that stimulating
lymphangiogenic VEGF-C signaling pathway resulted in
reduced inflammatory responses. In these experiments, the
administration of recombinant VEGF-C in the keratin 14
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VEGF-A—transgenic mouse model or inducing adenovirus
mediated expression of VEGF-C led to the inhibition of
chronic  skin inflammation (Hagura et al, 2014;
Huggenberger et al, 2010). In addition, keratin 14 VEGF-
C—overexpressing transgenic mice have significantly reduced
acute skin inflammation after allergen-induced delayed-type
hypersensitivity reactions (Huggenberger et al, 2011;
Schwager and Detmar, 2019). Moreover, some studies using
soluble VEGFR3 (the receptor of VEGF-C)-blocking anti-
bodies demonstrated an increased inflammatory response in
chronic cutaneous inflammation (Hagura et al, 2014;
Huggenberger et al.,, 2010). These findings suggest the
complex and context-dependent roles of lymphatics in
modulating inflammatory processes.

The studies mentioned earlier also indicated a crucial role
for the VEGF-C—VEGFR3 signaling axis in reducing local skin
inflammation in CHS by promoting lymphatic growth.
However, limitations in previous methodologies, such as
uncontrollable expression of VEGF-C or VEGFR3 ligands and
potential nonspecific effects of blocking antibodies, promp-
ted the need for a more specific investigation. In addition,
these experimental models have not been studied in a com-
parable way to characterize the role of lymphatics separately
in the 2 phases of CHS and mostly focused on the acute effect
of VEGF-C—VEGFR3 axis stimulation or inhibition in the
pathogenesis of skin diseases.

In this study, our primary objective was to characterize the
importance of local lymphatic structures in TNCB-induced
CHS development. First, we rigorously tested the possible
involvement of local skin lymphatics in the CHS pathogen-
esis using a genetic mouse model with a complete absence of
lymphatics throughout the skin. Then, to dissect the role of
the lymphatics separately in the sensitization and elicitation
phases, we employed a strategy to delete lymphatics with
spatial and temporal specificity. Our results indicate the
diverse and critical roles of lymphatics in the 2 phases of
CHS. Specifically, lymphatics contribute to the development
of antigen-induced immunization during the sensitization
phase, whereas in the elicitation phase, they regulate the
inflammatory response and immune cell infiltration, depen-
dent on neutrophils. These findings highlight the necessity for
refined therapeutic approaches targeting lymphatics in the
context of allergic skin diseases.

RESULTS

Characterization of the genetic mouse models used for
studying the role of lymphatics in the 2 distinct phases of
CHS

We employed multiple mouse strains to investigate the role of
lymphatics in the 2 distinct phases of CHS. The Vegfr3*¥*
mouse is carrying a kinase-dead allele of the Fit4 gene
encoding VEGFR3, which is a key factor in the development
and maintenance of lymphatic vessels and is primarily
expressed by lymphatic endothelial cells in adults (Kaipainen
et al, 1995; Karkkainen et al, 2001; Rauniyar et al, 2018).
This mutation causes abnormal lymphangiogenesis, resulting
in the absence of skin lymphatics in these mice (Christ and
Jakus, 2023; Karkkainen et al, 2001). To confirm the suit-
ability of the Vegfr3*¥* mouse strain as a model for lymphatic
deficiency, we conducted a detailed histological analysis.
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Crossbreeding Vegfr3*¥* mice with the Prox71°" lymphatic
reporter mouse strain facilitated the visualization of lymphatic
structures (Choi et al, 2011). We observed the lack of lym-
phatics in the ear (Figure 1a and Supplementary Figure STh—d)
and back skin but not in other tissues, including the lungs and
the small intestine (Supplementary Figure STa and c). Impor-
tantly, the blood vessels in all the tissues of Vegfr3*¥* mice
remained unaffected (Supplementary Figure S1c and d). In
addition, increased immune cell infiltration was not observed
in the ears of Vegfr3*¥* mice compared with that in the wild-
type controls (Figure 1b and Supplementary Figure STe and f).
These findings indicate that the Vegfr3*/" mouse strain can
serve as a reliable model to study the role of lymphatics in both
phases of CHS. In subsequent sections, we will refer to
Vegfr3 ¥+ mice as lymphatic-deficient in both phases.

Next, we compared the inflammation after single and
repeated antigen treatments to induce CHS in the previously
introduced mouse model with intact lymphatics on a NMRI
genetic background. The results revealed a substantial increase
in ear thickness after repeated antigen treatment compared with
that observed after a single antigen exposure (Figure 1c). His-
tological examination using H&E staining demonstrated signif-
icant cell infiltration into the ear tissue after repeated antigen
exposure (Figure 1d). Further characterization through flow
cytometry confirmed a marked increase in leukocyte infiltra-
tion, particularly neutrophils and T cells (Figure Te).

To dissect the role of lymphatics separately in the 2 phases
of CHS, we also performed an alternative strategy to selec-
tively eliminate lymphatic vessels with spatial—temporal
specificity. To this end, we used Flt4-CreER™; iDTR"*
mice (crossed with the Prox1°"" lymphatic reporter strain for
the visualization of lymphatics), in which the expression of
the diphtheria toxin (DT) receptor in the lymphatic endo-
thelial cells can be induced by tamoxifen administration, and
local DT injection triggers the deletion of lymphatics at
designated sites (Buch et al, 2005; Choi et al, 2011;
Gardenier et al, 2016; Martinez-Corral et al, 2016). First, to
characterize the model, we injected DT into the ear of
tamoxifen-treated Flt4-CreER™; iDTR”" mice. Fight days
after injection, the lymphatic vessels were visualized using
the Prox1“"" signal and anti-LYVET immunostaining. The
lymphatic vessels were successfully deleted in the ear
(Figure 1f and Supplementary Figure S2b—d), with no effect
on the contralateral side injected with PBS as a control nor in
other organs, including back skin, lungs, and the small in-
testine (Figure 1f and Supplementary Figure S2a and c). We
also demonstrated that DT injection into the mouse ear does
not result in local blood vessel deletion or proliferation
(Supplementary Figure S2c and d). Moreover, moderated
immune cell infiltration, primarily CD3-positive cells, was
detected in the ear (Figure 1g and Supplementary
Figure S2e). H&E staining showed the development of
edema in the ear but not in the other tissues (Supplementary
Figure S2f). The data presented before show that the Flt4-
CreER™; iDTR™* mouse line can be used to delete the
lymphatics in specific tissues locally to generate the absence
of lymphatics either in the sensitization or the elicitation
phase of CHS. We will refer to the DT-injected mice as
lymphatic-deficient in sensitization phase or lymphatic-
deficient in elicitation phase, respectively.
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Figure 1. Characterization of contact hypersensitivity in 2 different mouse models. (a) Anti-GFP and anti-LYVET 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 cytometry data for
immune cells (P=.8754 for CD45" cells, P=.0925 for Ly6G™ cells, P=.1332 for CD3 " cells, and P=.0654 for B220" cells; 2-tailed, unpaired t-test; mean =+
SEM; n = 6 mouse ears for each group). (c) The increase in ear thickness of mice with intact lymphatics (Vegfr3''*) (P = 4.4721 x 10~?%; 2-tailed, unpaired
test; mean & SEM; n = 20 and n = 26 for the groups after single and repeated antigen exposure, respectively). (d) H&E histology of ear sections. Bars = 100 um;
n = 8 and n = 12 for the groups with single and repeated antigen exposure, respectively. (e) Quantitative data for immune cells from ear skin by flow cytometry
(P=.0013 for CD45" cells, P=4.2370 x 107> for Ly6G" cells, and P = .0460 for CD3™ cells; 2-tailed, unpaired t-test; mean + SEM; P = .4817 for B220™ cells;
Mann—Whitney U test; mean + SEM; n = 8 and n = 9 for the groups with single and repeated antigen exposure, respectively). (f) Anti-GFP and anti-LYVE1
fluorescent immunostaining of Prox1" lymphatic reporter Flt4-CreER™; iDTR"* mouse ear 8 days after the first PBS or DT injection. Bars = 50 um; n = 3 for
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To assess the severity of the inflammation in comparison
with that in the other mouse strain, we examined the CHS
model on the C57BI/6 genetic background in ears with intact
lymphatics, injected with PBS. The ear thickness exhibited an
increase after repeated antigen treatment in contrast to single
antigen exposure (Figure Th). H&E staining verified the
elevated infiltration of immune cells (Figure 1i), which phe-
nomenon was further quantified by flow cytometry. Similar to
the other mouse strain, there was a significant increase in
leukocyte infiltration, particularly in neutrophils and T cells
(Figure T1j).

[t is important to note that there was no difference in the
inflammatory response between the 2 genetic backgrounds
(NMRI and C57BIl/6) without any prior injection after
repeated antigen exposure, showing that the 2 mouse strains
are comparable (Supplementary Figure S3a and b). Further-
more, we studied the antigen specificity, and our results
indicated that TNCB-sensitized mice challenged with a
different antigen, namely DNFB, did not show a significant
difference in ear thickness and immune cell infiltration from
the control group (Supplementary Figure S3c¢ and d), indi-
cating the importance of the exposure to the same antigen for
the development of CHS, whereas repeated DNFB treatment
effectively induced CHS, as described previously in rats (Prop
et al, 1986).

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 pheno-
types upon the repeated antigen exposure and responded
similarly to antigen treatment. Therefore, these data support
that the results of the subsequent experiments are
comparable.

Single antigen exposure does not induce a pronounced
inflammatory reaction in mouse models with lymphatic
deficiency

Next, we investigated whether the absence of lymphatics
influences the skin response to the single antigen exposure in
our mouse models. The ear thickness of mice with lymphatic
deficiency in both phases and only in elicitation phase was
significantly increased compared with the ears with intact
lymphatics (Supplementary Figures S4a and b and S5a and b).
Notably, this increase was not accompanied by a marked
immune cell infiltration, as revealed by anti-CD45 and anti-
GR1 immunostainings (Supplementary Figures S4c and
S5c¢). Of note, acetone treatment of the ear as a vehicle
control (labeled as no exposure) did not affect ear thickness
significantly (Supplementary Figures S4a and b and S5a and
b). Whole-mount and anti-LYVE1 immunostainings demon-
strated the absence of lymphatics after single antigen chal-
lenge in mice with lymphatic deficiency in both phases and

<
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only in elicitation phase. However, the single antigen expo-
sure did not affect the structure of lymphatic vessels in the
control ears with intact lymphatics (Supplementary
Figures S4d—f and S5d—f).

In addition, we quantified the immune cells by flow
cytometry from digested single-treated ear samples. Apart
from an increase in T cell numbers observed only in mice
lacking lymphatic vessels in the elicitation phase (consistent
with our previous data shown in Figure 1g), no significant
changes were detected in the numbers of various immune
cell populations (Supplementary Figures S4g and S5g). Then,
we measured cytokine levels in the supernatant of the
digested ear samples using cytokine array. The results indi-
cated no significant differences in cytokine levels in
lymphatic-deficient mice after single antigen exposure
compared with those in the controls with intact lymphatics
(Supplementary Figures S4h and i and S5h and i).

In conclusion, lymphatic deficiency does not significantly
alter immune cell composition or cytokine levels in response
to single antigen exposure in mouse models.

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

We utilized the Vegfr3¥* mice lacking lymphatics in skin
during both sensitization and elicitation phases of the antigen
exposures to investigate the pathogenesis of CHS (Figure 2a).
These mice showed a less dramatic increase in ear thickness
after repeated antigen exposure compared with mice with
intact lymphatics (Figure 2b). The effect of the second antigen
exposure in inflammatory responses is calculated by sub-
tracting the mean of the corresponding control group after
single antigen exposure from the individual data points after
repeated exposure, colored purple in the subsequent sections
(Figure 2b). In addition, mice lacking lymphatics had a much
less pronounced immune cell infiltration, as shown by H&E
staining (Figure 2c) and anti-CD45 and anti-GR1 immunos-
tainings (Figure 2d and e). To characterize the infiltrating
immune cell populations more comprehensively, flow
cytometry was performed. Mice lacking lymphatics in both
phases showed a significant reduction in the infiltration of
CD45-positive leukocytes and Ly6G-positive cells represent-
ing neutrophils, whereas no significant difference was
detected in the number of T cells and B cells (Figure 2f). In
mice with intact lymphatics, repeated antigen treatment
induced several proinflammatory cytokines (including IFN-v,
IL-1PB) and chemokines (including IP-10, JE, MCP-5, MIP1a/,
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 2g and h). Even after repeated antigen exposure,
lymphatic vessels remained absent in the ear with lymphatic
deficiency (Supplementary Figure S6a, b, and d). However,

each group. (g) Immune cells quantified by flow cytometry after the digestion of ears 8 days after the first PBS and DT injection (P = .0254 for CD45™" cells, P =
.2432 for Ly6G™ cells, P=.0073 for CD3" cells, and P = .4028 for B220" cells; 2-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=.0174; 2-tailed, unpaired t-test; mean + SEM; n =11 and n =
13 for the groups after single and repeated antigen exposure, respectively). (i) H&E staining of ear sections with intact lymphatics. Bars = 100 pm; n = 11 and
n = 13 for the groups with single and repeated antigen exposure, respectively. (j) Quantitative data for immune cell numbers (P=.0011 for CD45™" cells, P=
.0088 for CD3™ cells, and P=.0950 for B220" cells; 2-tailed, unpaired t-test; mean £+ SEM; n = 6 and n = 9 for the groups with single and repeated antigen
exposure, respectively; P = .0101 for Ly6G™" cells; Mann—Whitney U test; mean =+ SEM; n = 9 and n = 10 for the groups with single and repeated antigen

exposure, respectively). DT, diphtheria toxin; ns, not significant.
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Figure 2. Effect of repeated antigen exposure in mice lacking lymphatic vessels both in the sensitization phase and in the elicitation phase. (a) Mice with
normal lymphatics or dermal lymphatic deficiency (marked with pink color) 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 deficiency in both phases (2-way ANOVA
with Tukey’s multiple comparisons test; mean + SEM; n = 20 and n = 26 for the groups after single and repeated antigen exposure, respectively; normal vs
lymphatic deficiency after single exposure: P < .0001; normal lymphatics after single vs repeated exposure: P < .0001; normal vs lymphatic deficiency after
repeated exposure: P = .4050; lymphatic deficiency after single vs repeated exposure: P < .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 x 1077 2-tailed, unpaired t-test; mean + SEM;
n = 26 for each group). (c) H&E histology of ear skin sections. Bars = 100 um; n = 12 for each group. (d) CD45-expressing immune cells in ear sections
visualized by fluorescence microscopy. Bars = 50 pm; CD45* cell numbers (P = 7.8594 x 107%; 2-tailed, unpaired t-test; mean £ SEM; n = 9 and n = 8 for the
groups with intact and lymphatic deficiency in both phases, respectively). (e) Same as d for GR1-expressing cells (P = .0018; 2-tailed, unpaired t-test; mean =+
SEM; n = 6 and n = 5 for the groups with intact lymphatics and lymphatic-deficient group in both phases, respectively). (f) Quantitative flow cytometry data for
immune cell numbers from ears (P = .0071 for CD45" cells, P = .0467 for Ly6G™" cells, and P = .5720 for CD3™ cells; 2-tailed, unpaired t-test; mean & SEM;
n = 9 for each group; P=.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 supernatants. The representative images show the arrangement of the cytokines in duplicates (n = 3). Data are shown from a 5-minute exposure to the
X-ray film containing our experimental groups. (h) Summary graph of the quantification of the cytokine array demonstrating the effect of the second antigen
exposure over the first (2-tailed, unpaired t-test; mean = SEM; n = 3 for each group). ns, not significant; RS, reference spot.
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the lymphatic structure in the control ear exhibited significant
alterations compared with ears treated with a single appli-
cation, showing an increased number and dilation under
inflammatory conditions (Supplementary Figure S6a—c).

Therefore, our results indicate that the lack of lymphatics
during both phases of CHS leads to a reduced immune
response after repeated antigen exposure.

Lacking lymphatics only in the sensitization phase of CHS
leads to reduced inflammation after repeated antigen
treatment

Although previous data suggest that the lymphatic system is
an important contributor to inflammation during CHS
(Hagura et al, 2014; Huggenberger et al, 2011, 2010;
Schwager and Detmar, 2019), it remains elusive whether the
presence of lymphatics is equally important during the 2
phases of CHS. To study the role of lymphatics in the sensi-
tization phase of CHS, local deletion of lymphatics was
induced in the hind paw of Flt4-CreER"; iDTR"" mice with
DT treatment. To achieve this, we ablated the lymphatics in
the hind limbs during the sensitization phase, and elicitation
was performed in the ear skin (Figure 3a). The deletion of
lymphatics was confirmed by anti-LYVE1 and anti-PDPN
immunostainings (Supplementary Figure S7a), inducing
edema formation in hind limb (Supplementary Figure S7b).
Mice lacking lymphatics exhibited a less pronounced in-
crease in ear thickness and cell infiltration after repeated
antigen exposure in the ears than the control mice (Figure 3b
and c), consistent with findings from our previous mouse
model. Importantly, these mice had lower CD45" and GR1™"
immune cell infiltration (Figure 3d and e). Flow cytometry
confirmed the reduced infiltration of CD45" and Ly6G™ cells
in mice with lymphatic deficiency compared with that in
mice with intact lymphatics, whereas CD3™ and B220" cell
populations showed no significant difference between these
groups (Figure 3f).

Moving forward, we sought to characterize the regional
lymph node 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 was significantly
smaller after the repeated antigen exposure compared with
that in the mice with intact lymphatics (Figure 3g), indicating
a diminished immune response. However, this effect was not
detectable on the other untreated side of the same mouse,
showing a local effect of the antigen treatment. No major
alterations in the structure of lymphatic and blood vessels
could be detected upon staining histological slides with anti-
LYVET and anti-CD31 antibodies of the inguinal lymph node
(Figure 3g), showing that despite the DT injection, the lym-
phatics and blood vessel structures within the lymph node
remained intact.

Collectively, the data presented earlier suggest that skin
lymphatics contribute to the immunization against the anti-
gens in the sensitization phase during the development of
CHS.

Lack of lymphatics in the sensitization phase attenuates

naive T cell activation

Antigen-presenting cells play an important role in the sensi-
tization phase of CHS by presenting the contact antigen to
naive T cells in the lymph nodes, which is associated with
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elevated IFN-y secretion (Kabashima et al, 2019; Kaplan
et al, 2012). Therefore, we investigated whether lymphatic
deficiency in the sensitization phase would affect the acti-
vation of the naive T cell population in the regional lymph
node by monitoring the IFN-y production of these cells
ex vivo. After the first antigen exposure to the hind limb with
intact lymphatics or lymphatic deficiency, lymph nodes were
isolated, and cell suspension was produced. The second
exposure to the water-soluble antigen was performed on the
cell suspension in an in vitro restimulation assay (passive
CHS model). Cells from mice with intact lymphatics showed
significantly higher IFN-y production followed by subtracting
the control group than cells from mice lacking lymphatics in
the sensitization phase in the passive CHS model (Figure 4a).

Therefore, our findings indicate that besides regulating the
immunization in the sensitization phase after repeated anti-
gen exposures, the lymphatics also contribute to the T cell
activation in the inguinal lymph nodes.

Lacking lymphatics only in the elicitation phase of CHS leads

to augmented inflammation after repeated antigen

treatments

Next, we aimed to determine the role of lymphatics specif-
ically in the elicitation phase. In a repeated antigen exposure
regimen, sensitization was induced by treating the abdomen
with intact lymphatics, followed by induction of the elicita-
tion in the ear with intact lymphatics or with local lymphatic
deficiency induced by DT injection (Figure 5a). Surprisingly,
mice lacking lymphatics in the elicitation phase showed
increased swelling of the ear compared with that of contra-
lateral ears with intact lymphatics (Figure 5b), accompanied
by a higher number of infiltrating cells (Figure 5c). We
extended our observation period to 4 days after the challenge
to monitor the inflammation, revealing a constant increase in
ear thickness in both the groups with intact lymphatics and
lymphatic deficiency. However, the severity of inflammation
was notably elevated on each day in mice with lymphatic
deficiency (Figure 5d). Immunostaining of ear sections also
confirmed that mice lacking lymphatics in the elicitation
phase had increased CD45" and GR1" immune cell infil-
tration (Figure 5e and f). In addition, flow cytometry analysis
of digested ear samples showed a significantly increased
CD45" and Ly6G™" cell count in mice in which lymphatics
were deleted only in the elicitation phase, a significant dif-
ference that persisted up to 4 days after elicitation (day 9).
Moreover, no significant difference was observed in CD3™"
and B220™ cell populations after repeated antigen exposure
(Figure 5g). The increased inflammation in mice with no
lymphatics was also confirmed by a cytokine array (Figure 5h
and i) for ear tissue supernatants showing massively increased
chemokine (MCP-5, MIG, MIP-1a/B, MIP-2, RANTES) and
proinflammatory  cytokine (IFN-y, IL-1B) production.
Notably, after repeated antigen exposure, the lymphatics did
not re-emerge in lymphatic-deficient mice despite the
increased inflammation (Supplementary Figure S8a—d).

We further investigated antigen specificity in the CHS
mouse model by examining mice lacking lymphatics.
Augmented ear swelling was observed upon treatment with
the same antigen compared with when different haptens
were applied (Supplementary Figure S3c). Immune cell
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Figure 3. Effect of repeated antigen exposure in mice lacking lymphatic vessels in the sensitization phase. (a) Flt4-CreER™; 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
(marked with pink color) 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 (2-way ANOVA with Tukey’s multiple comparisons test; mean = SEM; n = 14 and n = 18 for the groups after single and repeated
exposure; normal lymphatics vs lymphatic deficiency after single exposure: P = .1755; normal lymphatics after single vs repeated exposure: P < .0001; normal
lymphatics vs lymphatic deficiency after repeated exposure: P < .0001; lymphatic deficiency after single vs repeated exposure: P < .0001). The effect of the
second antigen exposure on ear thickness (P = .0015; 2-tailed, unpaired t-test; mean + SEM; n = 18 and n = 20 for the groups with intact lymphatics and
lymphatic deficiency only in sensitization). (c) H&E histology of ear skin sections. Bars = 100 pm; 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 on the basis of fluorescent immunohistology (P = .0003; 2-tailed,
unpaired t-test; mean £ SEM; n = 4 for each group). (e) Same as d for GR1-expressing cells. Bars = 50 um; n = 4 for each group. Number of GR1% cells in ear
(P=.0084; 2-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=.0489 for CD45" cells; P=.0279 for Ly6G™ cells, and P = .6934 for CD3™" cells; 2-tailed, unpaired t-test; mean + SEM; P=.2012 for B220"
cells; Mann—Whitney U test; mean =+ SEM; n = 11 for the group with intact lymphatics and n = 15 for the 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. H&E histology of inguinal lymph nodes from the untreated and the treated side of mice with intact lymphatics or lymphatic
deficiency. Bars = 500 pm; n = 8 for each group. Shown is the anti-LYVET and anti-CD31 fluorescent immunostaining of the inguinal lymph nodes
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Figure 4. IFN-y production of the regional lymph node cells 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 (TNBS), 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 = .0205;
Mann—Whitney U test; mean + SEM; n = 7 and n = 8 for the groups with
intact lymphatics and lymphatic deficiency, respectively).

infiltration was also pronounced in the ears of lymphatic-
deficient mice in elicitation with repeated DNFB treatment
compared with that in the ears with intact lymphatics, similar
to repeated TNCB treatment, whereas repeated DNFB did not
significantly alter lymphatic-dependent changes in ear
thickness (Supplementary Figure S3c and d).

Taken together, our results suggest that skin lymphatics
play an anti-inflammatory role during the development of the
elicitation phase of CHS.

Neutrophil granulocytes contribute to the exaggerated
inflammation in lymphatic deficiency during elicitation

phase

An exaggerated inflammation was observed in mouse ears
lacking lymphatics during the elicitation phase. In the subse-
quent experiment, we explored the role of neutrophil gran-
ulocytes in this heightened inflammatory response. To answer
this question, neutrophil granulocytes were depleted using an
anti-Ly6G antibody just before the elicitation phase, with an
isotype antibody serving as a control treatment. The CHS
model was then induced as previously described (Figure 6a).
To confirm the success of neutrophil depletion, we measured
immune cell count in peripheral blood before and after the
antibody administration at 3 different time points. Neutrophil
numbers were indeed reduced, approaching zero, whereas

&
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other immune cells such as B cells remained unaffected
(Figure 6b), suggesting the success of neutrophil depletion in
our model system.

A reduced tendency for inflammatory response was noted
in the absence of neutrophils after single antigen exposure,
although this did not lead to a significant reduction in ear
thickness or CD45% and CD25% immune cell infiltration,
despite the clear depletion of neutrophils (Figure 6¢ and d).

After the induction of inflammatory skin disease with
repeated antigen exposure, the increase in ear thickness was
significantly attenuated in ears with lymphatic deficiency due
to the absence of neutrophils, reaching levels comparable
with those in ears with intact lymphatics (Figure 6e). This
observation was supported by the flow cytometry measure-
ment that compared with the lymphatic-deficient isotype,
control-treated group showed decreased CD45" immune cell
infiltration in the lymphatic-deficient and Ly6G-depleted
group, whereas the neutrophils were clearly depleted
(Figure 6f). Furthermore, the number of CD25" regulatory T
cells notably increased after the repeated antigen exposure,
which was significantly enhanced in ears with lymphatic
deficiency. Remarkably, the regulatory T cell number was
strongly diminished after neutrophil depletion in the absence
of lymphatic vessels, suggesting that their recruitment was
influenced by neutrophils (Figure 6f).

On the basis of these findings, we can conclude that
neutrophils play a significant role in the development of
exaggerated inflammation in the case of lymphatic deficiency
during elicitation phase. Moreover, these cells also have an
impact on the regulatory T cells during inflammatory
conditions.

DISCUSSION
In this study, we characterized the immunomodulatory effects
of local lymphatics in the sensitization and elicitation phases
of TNCB-induced CHS. For this purpose, we used genetic
mouse models with the absence and inducible elimination of
local skin lymphatics. The Vegfr3*/* model showed a
complete lack of lymphatics in the skin, demonstrated in the
ear and back skin (Figure Ta and b and Supplementary
Figure SlTa—d) and as described before (Christ and Jakus,
2023; Karkkainen et al, 2001). Although paraffin-based his-
tology did not reveal alterations in the lymphatic structures of
internal organs, including the lungs and the small intestine
(Supplementary Figure S1), a more detailed visualization of
the lymphatic morphology was needed in our recent study to
characterize the changes in these internal organs (Christ and
Jakus, 2023). In the Flt4-CreER™; iDTR™ model, local
administration of DT efficiently eliminated skin lymphatics in
a site-dependent manner compared with that in the PBS-
treated control mice (Figure 1 and Supplementary
Figure S2), consistent with previous findings (Gardenier
et al, 2016; Szbke et al, 2021), whereas the other organs
were not affected.

As described before (Gardenier et al, 2016), we detected a
significant but moderate increase in the infiltration of CD45™

il

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 = .9612 for inguinal lymph nodes on untreated side, P = .0136 for inguinal lymph nodes on the treated side; 2-tailed, unpaired t-test;
mean £ SEM; n = 10 and n = 9 for the groups with intact lymphatics and lymphatic-deficient, respectively). DT, diphtheria toxin; ns, not significant.
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Figure 5. Effect of repeated antigen exposure in mice lacking lymphatics in the elicitation phase. (a) Flt4-CreER"™; iDTR"" mice were injected with DT into ear
skin for 3 days. As a control, PBS was administered into the contralateral ear of the same mouse. Mice with normal lymphatics or local lymphatic deficiency in
ear skin (marked with pink color) 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 (2-way ANOVA with Tukey’s multiple comparisons test; mean + SEM; n = 14 and n = 13 for the groups after
single and repeated exposure, respectively; normal lymphatics vs lymphatic deficiency after single exposure: P = .1339; normal lymphatics after single vs

repeated exposure: P = .0150; normal lymphatics vs lymphatic deficiency after repeated exposure: P < .0001; lymphatic deficiency after single vs repeated
exposure: P < .0001).The effect of the repeated antigen exposure on ear thickness (P = .0024; Wilcoxon signed-rank test; mean + SEM; n = 13 for each group).
(c) H&E histology of ear sections. Bars = 100 pm; n = 13 for each group. (d) The effect of the repeated antigen exposure on ear thickness at different time points
(P = .0469 for day 6, Wilcoxon signed-rank test; P = .0053 for day 7, 2-tailed paired t-test; P = .0026 for day 8, 2-tailed paired ttest; P = .0313 for day 9,
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immune cells and CD3™ T cells at the site of the DT injection,
even in the absence of additional antigen treatments
(Figure 1f and g). Notably, despite CHS being a T
cell-mediated inflammatory skin disease, this modestly
increased T cell number did not escalate further with
repeated antigen exposure compared with that in ears with
intact lymphatics (Figure 5g). This rise in the infiltration of T
cells was not detectable in the skin of Vegfr3*¥* mice lacking
lymphatics in the entire skin compared with that in the
Vegfr3™" mice (Figure 1b and Supplementary Figure STe). It
should be noted that single and repeated antigen exposures
did not induce the regrowth of lymphatics in our animal
models with lack of lymphatics (Supplementary
Figures S4d—f; S5d—f; Séa, b, and d; and S8a, b, and d). In
parallel, inflammation-dependent morphological changes of
skin lymphatics were detectable in mice with intact lym-
phatics after repeated antigen treatment, including dilation
and increased number of lymphatic vessels (Supplementary
Figures Sba—c and S8a—c). The 2 mouse strains utilized are
ideal models for testing the role of the lymphatic vessels
separately in the 2 phases of CHS. We confirmed that our
CHS protocol, involving repeated antigen exposure, induces
ear thickening and immune cell infiltration in mice in the
same way either on the NMRI (Vegfr3™") or on the C57BI/6
(Flt4-CreER™; iDTR™ treated with PBS) genetic background
(Figure Tc—e and h—j and Supplementary Figure S3), indi-
cating that the applied disease model is robust, stable, and
comparable on the basis of the protocol described earlier
(Weber et al, 2015).

The effect of lymphatic deficiency after a single antigen
exposition has not been extensively characterized earlier.
When single antigen treatment was administered, we detec-
ted an increased thickening of the lymphatic-deficient ears
compared with that observed in the ears with intact lym-
phatics, but no significant difference in the immune cell
infiltration and local cytokine release was observed
(Supplementary Figures S4 and S5). This suggests a tendency
toward local edema formation in the treated skin in our
models lacking skin lymphatics, which however was not
followed by a considerable inflammatory response after sin-
gle antigen exposure.

It has been well-characterized earlier that lymphatics serve
as a highway for immune cells, including professional
antigen-presenting cells, to migrate to the local lymph nodes.
However, the importance of the lymphatics in the initiation of
the sensitization phase of CHS has not been extensively
studied (Collado-Diaz et al, 2022). In this study, we showed
that the absence of lymphatics in the sensitization phase re-
sults in a less pronounced immune response, suggesting that
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the lymphatics-dependent mechanisms are critical for effec-
tive induction of the pathogenesis of CHS during the sensi-
tization phase (Figures 2—4). In contrast, the inflammatory
response was much more robust when lymphatics were ab-
sent in the elicitation phase, showing that the immunomod-
ulatory effect of lymphatics is primarily detectable after the
repeated antigen challenge (Figure 5). Blockade of VEGFR3
signaling using an antibody-mediated strategy in an acute
manner in CHS also resulted in an accelerated immune
response (Huggenberger et al, 2010; Schwager and Detmar,
2019). Other findings using similar experimental strategies
with  VEGFR3-blocking antibodies indicated increased
inflammation in inflammatory bowel disease and transgenic
TNF mouse model of rheumatoid arthritis (D’Alessio et al,
2014; Guo et al, 2009; Jurisic et al, 2013; Schwager and
Detmar, 2019). It is important to note that the application
of a VEGFR3-blocking antibody is not directly comparable
with an experimental model in which lymphatics are absent
in the skin, as utilized in this study. Even though both stra-
tegies can modulate the immune response, the mechanism of
their effect may be quite different. In addition, acute and/or
uncontrolled effects of the VEGF-C—VEGFR3 axis stimulation
in disease models with adenovirus and transgenic strategies
also have inherent limitations. Moreover, not only lymphatics
but other cell types, including immune cells, can be influ-
enced by these strategies. Of note, mostly, these approaches
were used before to understand the role of skin lymphatics in
CHS and other inflammatory diseases (Huggenberger and
Detmar, 2011; Huggenberger et al, 2011, 2010; Kataru
et al, 2009; Schwager and Detmar, 2019). In connection,
the VEGF-C—VEGFR3 axis acts as an important therapeutic
target in inflammatory diseases (Cousin et al, 2022; Schwager
et al, 2018). Because our results describe a more robust in-
flammatory reaction in the elicitation phase of CHS in the
absence of lymphatics, they align with previous reports
indicating a more challenging management of patients with
the combination of allergic contact dermatitis and lymphe-
dema (Dyring-Andersen et al, 2011).

Both TNCB and DNFB were effective to induce CHS; how-
ever, the more pronounced swelling of the ear of the lymphatic-
deficient mice compared to the mice with intact lymphatics was
not present when repeated DNFB was used (Supplementary
Figure S3c), whereas an increased CD45" cell infiltration was
observed still, suggesting that the local inflammatory processes
are hapten dependent (Supplementary Figure S3d).

It has been known that the neutrophil granulocytes are key
players both in the sensitization and elicitation phases of CHS
(Weber et al, 2015), but the exact mechanisms of how neu-
trophils influence inflammation in collaboration with

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
pm; n = 6 for each group. Number of CD45™ cells quantified on the basis of fluorescent immunohistology (P = .0156; 2-tailed, paired t-test; mean & SEM; n = 4
for each group). (f) Same as e for GR1-expressing cells. Bars = 50 pim; n = 6 for each group. Quantification of GR1" cell numbers based on fluorescent

immunohistology (P = .0125, 2-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 days 6 and 9 (day 6: P=.0471 for CD45™ cells, and P = .9574 for B220™ cells; 2-tailed, paired ttest; mean £ SEM; n = 9 and n = 10 for the groups
with intact lymphatics and lymphatic deficiency; P = .0039 for Ly6G" cells and P = .1641 for CD3™ cells; Wilcoxon signed-rank test; mean & SEM; n = 9 for
each group; day 9 measured by CytoFLEX: P=.0176 for CD45" cells, 2-tailed, unpaired t-test; P=.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 supernatants. The representative images show the arrangement of the

cytokines in duplicates (n = 3 from each group). Data are shown from a 10-minute exposure to the X-ray film containing our experimental groups. (i) Summary
graph of the quantification of the cytokine array demonstrating the effect of the second antigen exposure over the first (2-tailed, paired t-test; mean & SEM; n =3

for each group). DT, diphtheria toxin; ns, not significant; RS reference spot.
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Figure 6. The effect of neutrophil granulocyte depletion in elicitation phase of CHS in the absence of lymphatics. (a) Flt4-CreER"; iDTR™" mice were injected
with PBS or DT into the ear skin for 3 days. Three days after the first injection, mice with intact lymphatics or local lymphatic deficiency in ear (marked with pink
color) 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 or IgG isotype injection as a control. (b) Ly6G* and B220" immune cell
numbers in peripheral blood before and after neutrophil depletion measured by CytoFLEX (Ly6G: P=.90135 for day 3; P < .00001 for day 5; P < .00001 for day
6; B220: P = .38774 for day 3; P=.55165 for day 5; P=.46292 for day 6; 2-tailed, unpaired t-test; mean + SEM; n = 8 and n = 7 for the groups with isotype
control and anti-Ly6G injection, respectively). (c) The increase in ear thickness of mice with intact lymphatics and lymphatic-deficient mice in elicitation phase
followed by neutrophil depletion after single exposure (2-way ANOVA with Tukey’s multiple comparisons test; mean + SEM; n = 8 for the group with lymphatic
deficiency after neutrophil depletion and n = 7 for the remaining group; normal lymphatics with isotype injection vs neutrophil depletion: P=.1022; lymphatic
deficiency with isotype injection vs neutrophil depletion: P = .0690). (d) Ly6G*, CD45", and CD25"* immune cell numbers after single antigen exposure
measured by CytoFLEX (2-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 = .1195; lymphatic deficiency with isotype injection vs neutrophil depletion: P < .0001; normal lymphatics vs lymphatic
deficiency with isotype injection: P = .0199; CD45: normal lymphatics with isotype injection vs neutrophil depletion: P = .8285; lymphatic deficiency after
single exposure with isotype injection vs neutrophil depletion: P =.5319; normal lymphatics vs lymphatic deficiency with isotype injection: P=.0002; CD25:
normal lymphatics with isotype injection vs neutrophil depletion: P > .9999; normal lymphatics vs lymphatic deficiency with isotype injection: P = .0053;
lymphatic deficiency with isotype injection vs neutrophil depletion: P = .9849; normal lymphatics vs lymphatic deficiency with isotype injection: P = .0081).
(e) The increase in ear thickness of mice with intact lymphatics and lymphatic-deficient mice in elicitation phase followed by neutrophil depletion after repeated
exposure (2-way ANOVA with Tukey’s multiple comparisons test; mean &= SEM; n = 7 and n = 6 for the groups with isotype injection and neutrophil depletion,
respectively; normal lymphatics with isotype injection vs neutrophil depletion: P = .8482; lymphatic deficiency with isotype injection vs neutrophil depletion:
P =.0042; normal lymphatics with isotype injection vs lymphatic deficiency with neutrophil depletion: P = .3472; normal lymphatics vs lymphatic deficiency
with isotype injection: P < .0001). (f) LyeG", CD45", and CD25" immune cell numbers after single repeated exposure measured by CytoFLEX (2-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=.0431;
lymphatic deficiency with isotype injection vs neutrophil depletion: P = .0004; normal lymphatics with isotype injection vs lymphatic deficiency with
neutrophil depletion after repeated exposure: P = .0433; CD45: normal lymphatics with isotype injection vs neutrophil depletion: P = .2583; lymphatic
deficiency with isotype injection vs neutrophil depletion: P = .0186; normal lymphatics vs lymphatic deficiency with isotype injection: P = .0213; normal
lymphatics with isotype injection vs lymphatic deficiency with neutrophil depletion after repeated exposure: P =.9977; CD25: normal lymphatics with isotype
injection vs neutrophil depletion: P = .6791; lymphatic deficiency with isotype injection vs neutrophil depletion: P = .0103; normal lymphatics vs lymphatic
deficiency with isotype injection: P = .0001; normal lymphatics with isotype injection vs lymphatic deficiency with neutrophil depletion after repeated
exposure: P = .3332). CHS, contact hypersensitivity; DT, diphtheria toxin; ns, not significant.
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lymphatics remained unclear. Our results now demonstrate
the critical involvement of neutrophil granulocytes in driving
the exaggerated immune response in the absence of lym-
phatics, significantly impacting the recruitment of regulatory
T cells (Figure 6). Regulatory T cell trafficking between lymph
nodes and the inflamed tissue is essential for optimal immune
suppression (Rudensky and Campbell, 2006). However, the
regulatory T cell-homing and recirculation may be impaired
owing to the lack of interaction with lymphatic endothelial
cells during acute inflammation (Piao et al, 2020). Previous
studies have shown that regulatory T cells engage in complex
crosstalk with neutrophils (Ou et al, 2023), but further in-
vestigations are needed to better understand their role in the
context of the lymphatic system.

In summary, we described the involvement of skin
lymphatic density in the progression of CHS using genetic
mouse models lacking lymphatics in only the sensitization or
elicitation or in both phases of CHS. Our experimental data
suggest that lymphatics modulate both phases of CHS: in the
sensitization phase, lymphatics contribute to the develop-
ment of the antigen-induced immunization, whereas in the
elicitation phase, these structures moderate the inflammatory
response and immune cell infiltration. Our results indicate
that different strategies are needed during the 2 phases of
CHS to modulate the progression of the disease.

MATHERIALS AND METHODS

Experimental animals

Wild-type mice and mice carrying an Flt4 kinase-dead allele on
NMRI genetic background aged 8—16 weeks were used for the ex-
periments (Flt4kd/+, also named as Vegfr}kd/+; MRC Harwell)
(Karkkainen et al, 2001). The mice were genotyped by allele-specific
PCR reaction from tail DNA samples using 5" — CTA GCT GAG TCC
CTA ACT CG — 3’ forward and 5" — CGG GGT CTT TGT AGATGT
CC — 3’ reverse primers. To detect the mutation of the kinase-dead
allele, the PCR product was digested by BGL Il enzyme (Life
Technologies).

To delete lymphatics locally in the skin of a transgenic inducible
lymphatic vessel elimination model, the Flt4-CreER™, iDTR™ strain
(on C57Bl/6 background) was used (Buch et al, 2005; Gardenier
et al, 2016; Martinez-Corral et al, 2016). The strain was main-
tained in homozygous form. Allele-specific PCR using Flt4-CreER™
knock-in—specific forward (5" — GGC TGG ACC AAT GTA AAT ATT
G — 3’) and reverse (5" — CAT CAT CGA AGC TTCA CTG — 3'), Flt4
wild-type specific forward (5" — CAC TAT GCT CCG TGT CTT G -3')
and reverse (5" — GTG ACT CTC AGA CAT ATG — 3'), and iDTR™"
allele—specific reverse (5’— CAT CAA GGA AAC CCT GGA CTA
CTG — 3’) and common forward (5" — AAA GTC GCT CTG AGT
TGT TAT — 3') and wild-type site specific reverse (5 — GGA GCG
GGA GAA ATG GAT ATG — 3') primers were used to confirm
genotypes.

To visualize the lymphatic vessels in FIt4“*and the Flt4-CreER"?;
iDTR™* mice, these strains were crossed with the Prox1°™
lymphatic reporter mice (Choi et al, 2011) (maintained on C57BI/6
background). The allele-specific genotyping was based on the for-
ward 5 — GAT GTG CCA TAA ATC CCA GAG CCT AT — 3’ and
reverse 5'— GGT CGG GGT AGC GGC TGA A — 3’ primers.

All animal experiments were approved by the Animal Experi-
mentation Review Board of the Semmelweis University and the
Government Office for Pest County (license numbers of ethic votes:
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PE/EA/148-4/2018, PE/EA/1654-7/2018, PE/EA/00658-6/2023, and
PE/EA/00659-6/2023). 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 the water were supplied ad libitum.

Inducible lymphatic vessel elimination mouse model

The Flt4-CreER™; iDTR™™ transgenic mouse model was used to
eliminate the lymphatic vessels locally in a tamoxifen-dependent
manner as described before (Sz6ke et al, 2021). Tamoxifen (Sigma-
Aldrich) was dissolved at a concentration of 20 mg/ml in corn oil
(Sigma-Aldrich), and 4.5 mg/40 g body weight dose of tamoxifen
was injected intraperitoneally to adult Flt4-CreER™, iDTR™" and
Prox1™; Flt4-CreER"™; iDTR™* mice once daily for 5 consecutive
days. One week after the last tamoxifen treatment, 60 ng DT (Sigma-
Aldrich, D0564) dissolved in 30 pl PBS was injected once daily for 3
days either into the hind limb (to ablate the lymphatics specifically
during sensitization phase) or into the right ear (to ablate the lym-
phatics specifically during elicitation phase). As a control, PBS was
administered into the contralateral ear of the same mice or into the
hind paw of a littermate.

CHS model

Isoflurane (Baxter) was used to anaesthetize the mice during the
treatment. Mouse CHS model induction was based on the protocol
described before (Weber et al, 2015).

Single antigen exposure. In the sensitization phase, the mice
were treated with 100 pl acetone as a vehicle control on the shaved
abdominal skin of the Vegfr3*" and Vegfr3*¥* mice (lacking lym-
phatics both in the sensitization and the elicitation phases) and on
the shaved abdominal skin of Flt4-CreER™?, iDTR™" mice (after the
administration of PBS and DT into the ear of the mouse labeled as
lacking lymphatics in the elicitation phase) and on the hind paw skin
of Flt4-CreER™?, iDTR™ mice (after the administration of PBS or DT
into the hind paw of the mouse labeled as lacking lymphatics in the
sensitization phase). After 5 days, the initial ear thickness of mice
was measured using a caliper (Kdfer Messuhrenfabrik GmbH). For
elicitation, mice were treated on both ears by epicutaneous appli-
cation of 20 pl 1% TNCB (Sigma-Aldrich, 79874) diluted in acetone.
A total of 20 pl of acetone on ear skin was also applied as an ab-
solute control group. Twenty-four 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 or hind paw skin of mice was treated with 100 pl 3%
TNCB diluted in acetone as an antigen, as detailed earleir. Five days
after sensitization, the initial ear thickness was measured using a
caliper. For elicitation, mice were treated on both ears by epicuta-
neous application of 20 pul 1% TNCB diluted in acetone as a second
exposure of antigen. The ear swelling was determined as described
earlier, indicated by orange coloring in the graphs. To investigate the
specificity of the antigen, DNFB (Sigma-Aldrich, D1529) was used as
a different hapten during the CHS model.

Neutrophil depletion.  Flt4-CreER™, iDTR"" mice were treated
with tamoxifen followed by DT or PBS injection in the ear skin as
described ealier. The mice were then sensitized on abdominal skin
with 100 pl 3% TNCB diluted in acetone as an antigen or 100 ul of
acetone as a control, as detailed earlier. Three days after the
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sensitization, mice were intraperitoneally injected with 100 ug of
murinized anti-Ly6G antibody (Absolute Antibody, Ab00295-2.0) to
deplete neutrophil granulocytes or with 100 pg of functional grade
IgG2a kappa isotype antibody (Invitrogen, 16-4724-85) serving as
control. Elicitation on ear skin was performed 2 days after the in-
jection, as described earlier. The success of the depletion of neu-
trophils (labeled as Ly6G™ cells) was confirmed with flow cytometry
from peripheral blood samples using anti-Ly6G PerCP-Cy5.5 (BD
Biosciences, 560602), anti-CD11b-allophycocyanin (BD Bio-
sciences, 553312) and anti-CD45-FITC (Biolegend, 103108) stain-
ing, also considering the characteristic population in the forward
scatter-side scatter plot.

Restimulation of lymph node cells (passive CHS model)

The hind paw of Flt4-CreER ™, iDTR"" mice were injected with PBS or
DTonce daily for 3 days after tamoxifen treatment. Eight days after the
first DT injection, the hind paw skin was treated with 100 pl 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 inguinal lymph nodes through a
70-pum cell strainer using the hard end of a syringe plunger. For acti-
vation, the cells were incubated with PBS as a control or with 3 mM
solution of TNBS (2,4, 6-trinitrobenzenesulfonic acid — water soluble
form of TNCB; Sigma-Aldrich, P2297) for 7 minutes at 37 °C in the
dark. After washing steps, 10° cells were incubated in RPMI medium
(contains glutamine, 10% fetal bovine serum, 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
instructions.

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, and 100% concentra-
tion), and embedded into paraffin (Leica) using a Leica EG1150H
embedding station. A total of 7—8-um-thick sections were produced
using a Thermo Scientific microtome (HM340E) and were processed
for H&E (Leica) staining and different types of fluorescent immu-
nostainings. 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-GR1) (BD Biosciences, 550291,
clone RB6-8C5), anti-CD45 (clone IBL-5/25), anti-PDPN (Bio-
Legend, 127402), and anti-GFP (Life Technologies, A11122). The
secondary antibodies conjugated with fluorophores (Life Technolo-
gies) were diluted in 1:250, incubating at room temperature for 1
hour: Alexa Fluor 488 goat anti-rabbit 1gG (A11034), Alexa Fluor
488 donkey anti-goat IgG (A11055), Alexa Fluor 568 donkey anti-
goat 1gG (A11057), Alexa Fluor 488 donkey anti-rat IgG (A21208),
Alexa Fluor 594 donkey anti-rat IgG (A21209), and Alexa Fluor 594
donkey anti-hamster 1gG (A21113). As a nuclear staining, 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 collected from mice after injection with PBS or
DT and were fixed in 4% paraformaldehyde at 4 °C for 4 days. After
2-day-long PBS washing steps, samples were decalcified in Osteo-
moll (Merck) for 3 weeks. The samples were dehydrated, embedded,
and sectioned as described earlier.
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Lymphatic vessel number and area (mean of all visible lymphatic
vessels in 1 mouse ear section) were quantified in NIS-Elements
Imaging Software (Nikon) from anti-LYVE1 fluorescent immuno-
stained images taken with a x20 objective. Blood vessel numbers
(average of 3 fields of view per tissue section) were quantified in NIS-
Elements Imaging Software (Nikon) from anti-CD31 and anti-LYVET1
fluorescent immunostained images taken with a x20 objective.
Number of CD45" and GR1" immune cells were counted in FIjI
Software (version 1.53q) (Schindelin et al, 2012) using anti-CD45
and anti-GR1 fluorescent immunohistology images (average of 2
fields of view per tissue section).

Whole mount immunostaining

The 4% paraformaldehyde—fixed ears were blocked and then were
incubated with anti-LYVET 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. Fluorescence stereo micro-
scopic images were taken using a Nikon SMZ25 microscope con-
nected to a Nikon DS-Ri2 camera.

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 r.p.m.
Alternatively, ear skin samples were digested in a solution of 2.5 mg/
ml Collagenase D (Roche, 1108888201) and 10 mg/ml DNase |
(Roche, 11284932001) dissolved in RPMI (containing glutamine,
10% fetal bovine serum, penicillin, streptavidin) in a microtube
Thermo-Shaker (BioSan TS-100) for 30 minutes at 37 °C and at 250
r.p.m. Single-cell suspension was prepared by passing through a 70-
um cell strainer (Falcon). The supernatant was collected for mouse
cytokine array.

Mouse cytokine array panel A

The tissue supernatants from the mouse ear samples were prepared
as described in the Digestion of skin samples section. A total of 500
ul of the supernatant was run on the array as described in the kit
protocol (R&D Systems, ARY006). Representative images are shown
of our experimental groups from a 5—10-minute exposure to the
same X-ray film. The pixel intensity of dots on X-ray film was eval-
uated by FIJI Software (version 1.51n) (Schindelin et al, 2012).

Flow cytometry

Single cell suspension prepared as described earlier was stained with
anti-CD45-phycoeryhtrin (BD Biosciences, 553081) and anti-Ly6G-
PerCP-Cy5.5 (BD Biosciences, 560602) or anti-CD45R/B220-
phycoeryhtrin (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. The conjugated primary antibody incubation was carried out
for 1 hour at 4 °C. After staining, the samples were analyzed by BD
Biosciences FACSCalibur cytometer.

Alternatively, the single-cell suspension was stained with anti-
CD45-FITC (BioLegend, 103108), anti-CD45R/B220-phycoeryhtrin
(BD Biosciences, 553090), anti-Ly6G-PerCP-Cy5.5 (BD Biosciences,
560602), anti-CD25-allophycocyanin (Invitrogen, 17-0251-82), anti-
CD279 (PD-T1)-allophycocyanin/Fire 750 (BioLegend, 135240), anti-
CD3-phycoeryhtrin/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 con-
taining 2% heparin and 5% heat-inactivated fetal bovine serum. The
conjugated primary antibody incubation was carried out for 1 hour at



4 °C. After washing, pellets were dissolved in PBS and were analyzed
by a Beckman Coulter CytoFLEX cytometer.

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 were 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. Sta-
tistical 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 2-way ANOVA. An a. < 0.05
was considered statistically significant, showing *P < .05, **P < .01,
***p <001, and ****P < .0001.
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Supplementary Figure S1. Characterization of the Vegfr3*¥* mouse strain. (a) Anti-GFP and anti-LYVE1 fluorescent immunostaining of Prox1°" lymphatic
reporter Vegfr3™+ and Vegfr3*¥* mice tissues. Bars =: 50 im; n = 4 for each group. (b) Morphology of LYVE1™ structures by fluorescence stereo microscopy
after whole-mount immunostaining. Bars = 500 pm; n = 3 for each group. (c) Anti-CD31 and anti-LYVET1 fluorescent immunohistology. Bars = 50 pm; n = 6 for
Vegfr3t* and n = 4 for Vegfr3*¥*. (d) Quantitative data for LYVE1™ lymphatic vessel number and total lymphatic area in ear samples (P=1.1713 x 107° for
lymphatic vessel number and P = 7.0627 x 107° for total lymphatic vessel area; 2-tailed, unpaired t-test; mean + SEM; n = 5 mice for each group) and
quantitative data for CD31% blood vessel number (P=.968788 for ear; P=.912469 for back skin; P=.96516 for small intestine; 2-tailed, unpaired t-test; mean
+ SEM; n = 3 mice for each group). (¢) CD45-expressing cells in ear sections by fluorescent immunostaining. Bars = 50 pm; n = 4 for each group.
Quantification of CD45™ cells in ear sections based on fluorescent immunohistology (P = .9072; 2-tailed, unpaired t-test; mean & SEM; n = 4 mouse ear for
each group). (f) H&E staining on tissue sections of Vegfr3*™* and Vegfr3*¥* mice. Bars = 100 um; n = 8 for each group. ns, not significant.
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Supplementary Figure S2. Characterization of the FIt4-CreER"; iDTR”* mouse strain after DT injection into ear. Prox1“™ lymphatic reporter Flt4-CreER™;
iDTR™* mice were injected with PBS or DT into ear skin, and 8 days after the first injection, different tissue samples were collected. (a) Anti-GFP and anti-LYVET
fluorescentimmunostaining. Bars = 50 pm; n = 3 for each group. (b) Morphology of LYVE1™ structures shown by fluorescence stereo microscopy after whole-mount
immunostaining. Bars = 500 pm; n = 4 for each group. (c) Anti-CD31 and anti-LYVE1 fluorescent immunohistology. Bars = 50 pum; n = 3 for each group. (d)
Quantitative data for LYVE1" lymphatic vessel number and total lymphatic area (P=.0002 for lymphatic vessel number and P = .0030 for total lymphatic vessel
area; 2-tailed, paired t-test; mean & SEM; n = 5 mice for each group) and quantitative data for CD31" blood vessel number (P=.70738 for ear; P= .84743 for back
skin; P=.904729 for small intestine; 2-tailed, unpaired t-test; mean + SEM; n = 3 mice for each group). (e) CD45-expressing cells in ear sections by fluorescent
immunohistology. Bars = 50 um; n = 5 for each group. Quantification of CD45™" cells based on fluorescent immunohistology (P = .0008; 2-tailed, paired t-test;
mean = SEM; n = 5 mouse ear for each group). (f) H&E histology on tissue sections. Bars = 100 pm; n = 3 for each group. DT, diphtheria toxin.

2254.e2 Journal of Investigative Dermatology (2024), Volume 144



P Aradi et al.

Lymphatics in the Two Phases of Contact Hypersensitivity

E ) Single antigen exposure Py Single antigen exposure
2 600 O Repeated antigen exposure _ 2 4 O Repeated antigen exposure
» T O
» ns S © ns
|- ns + S ns
__LE) 400 . KRXR 8 o % *
A Y
= 8%o Lo 26 2
= 200 [ 0© T 2 o
° ¢ 2 = g =+ .
2 | % %5 BE | B oo sam °°°
g 0 T r g 0 T - T
© N © N
< & & N \n
= \ \
& S & N
Single antigen exposure (DNFB) Single antigen exposure (DNFB)
Repeated antigen exposure with Repeated antigen exposure with
- different antigen (TNCB + DNFB) different antigen (TNCB + DNFB)
e ) Repeated antigen exposure with Repeated antigen exposure with
=2 same antigen (DNFB + DNFB) 7,;1 - same antigen (DNFB + DNFB)
800 ==
g o9 XXX
Q o O
£ 600 o e + T s s
e} ns ns ) Q10 ns ns o
£ o2 % 0 «w — = o
= 400 3 S 0% %
o c X
c = £T5 +*= F
‘o 2001 = E o + » 5 % o
.
§ u“j .g = .= U0
5 " ¢ 0 - q
3 .S e o
= X é\\o\e' ‘Q\\Q &\o\e
& S & S
"N N N NS
O AN o NG
@ N C &
& @ RS & oF
o e

Supplementary Figure S3. Antigen specificity of contact hypersensitivity response. (a) The increase in ear thickness of mice with intact lymphatics from C57/
BI6 and NMRI genetic background (2-way ANOVA with Tukey’s multiple comparisons test; mean & SEM; n = 8 for each group; P < .0001 for C57/BI6 after
single vs repeated antigen exposure; P < .0001 for NMRI after single vs repeated antigen exposure; P=.9972 for C57/Bl6 vs NMRI after single antigen exposure;
P =.9993 for C57/Bl6 vs NMRI after repeated antigen exposure). (b) Ly6G* immune cell numbers represented in ears with intact lymphatics of C57/Bl6 and
NMRI mice measured by CytoFLEX (2-way ANOVA with Tukey’s multiple comparisons test; mean £ SEM; n = 8 for each group; P = .0218 for C57/Bl6 after
single vs repeated antigen exposure; P = .0407 for NMRI after single vs repeated antigen exposure; P = .8566 C57/Bl6 vs NMRI after single antigen exposure;
P =.7136 for C57/Bl6 vs NMRI mice after repeated antigen exposure). (c) The increase in ear thickness of mice with intact lymphatics or lymphatic deficiency
after single (DNFB), repeated exposure with a different (TNCB and DNFB), or the same antigen (DNFB and DNFB) (2-way ANOVA with Tukey’s multiple
comparisons test; mean = SEM; n = 8 for each group; P = .7186 for intact lymphatics after single vs repeated with different antigen; P = .7081 for lymphatic
deficiency after single vs repeated with different antigen; P = .0058 for intact lymphatics after repeated with different vs same antigen; P = .0004 for lymphatic
deficiency after repeated with different vs same antigen). (d) CD45" immune cell numbers are represented in ears of mice with intact lymphatics or lymphatic
deficiency measured by CytoFLEX (2-way ANOVA with Tukey’s multiple comparisons test; mean + SEM; n = 8 for each group; P > .9999 for intact lymphatics
after single vs repeated with different antigen; P =.9947 for lymphatic deficiency after single vs repeated with different antigen; P = .8629 for intact lymphatics
after repeated with different vs same antigen; P = .0703 for lymphatic deficiency after repeated with different vs same antigen; P < .0001 for intact vs lymphatic
deficiency after repeated with same antigen). DNFB, 2,4-dinitro-1-fluorobenzene; ns, not significant; TNCB, 2-chloro-1,3,5-trinitrobenzene.
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Supplementary Figure S4. Effect of single antigen exposure in mice lacking lymphatics in the sensitization and elicitation phase of CHS. Mice with normal
lymphatics or dermal lymphatic deficiency in both phases were treated with acetone vehicle on the abdominal skin, and 5 days after exposure, acetone vehicle
or single antigen treatment was performed on ear skin. (@) The increase in ear thickness (P < .0001 for mice with normal lymphatics vs dermal lymphatic-

deficient mice after single exposure, P =.0001 for mice with intact lymphatics with no exposure vs single exposure, P = 9.5617 x 1077 for mice with dermal
lymphatic deficiency with no exposure vs single exposure; 2-tailed, unpaired t-test, mean + SEM; n = 6 mouse ear for each group). (b) H&E histology on ear skin
sections. Bars = 100 um; n = 4 for each group. (c) CD45- and GR1-expressing immune cells visualized in ear sections by fluorescent immunostaining. Bars =
50 um; n = 5 for each group. Quantification of immune cells in ear sections based on fluorescent immunohistology (P = .3754 for CD45* cells and P =.4864
for GR1% cells; 2-tailed, unpaired t-test; mean £ SEM; n = 5 mouse ear for each group). (d) LYVET-expressing structures shown by stereo microscopy after

whole-mount immunostaining. Bars = 500 um; n = 3 for each group. (e) Anti-LYVET1 fluorescent immunohistology of ear sections. Bars = 50 pum; n=38and n =
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d

12 for the groups with intact lymphatics and lymphatic-deficient in both phases, respectively. (f) Number of lymphatic vessels and total lymphatic area in ear
sections (P = .0002 for lymphatic vessel number and P = .0001 for total lymphatic area; Mann—Whitney U test; mean = SEM; n = 6 for and n = 10 for the
groups with intact lymphatics and lymphatic deficiency, respectively). (g) Quantitative flow cytometry data for immune cell numbers in mouse ears (P = .8955
for CD45" cells, P=.2370 for Ly6G™" cells, P=.3779 for CD3* cells, and P=.9865 for B220™" cells; 2-tailed, unpaired t-test; mean 4+ SEM; n = 8 mouse ear for
each group). (h) Cytokine array to detect cytokine expression in ear tissue supernatants. Representative images showing the position of the cytokines in
duplicates (n = 3 for each group). Data shown are from a 5-minute exposure to the X-ray film. (i) Summary graph of the quantification of the cytokine array
representing the pixel density of images of mouse ears (2-tailed, unpaired t-test; mean + SEM; n = 3 mouse ear for each group). CHS, contact hypersensitivity;
ns, not significant; RS, reference spot.
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Supplementary Figure S5. Effect of single antigen exposure in mice lacking lymphatics in the elicitation phase of CHS. Mice with normal lymphatics or local
lymphatic deficiency in the elicitation phase were treated with acetone vehicle on the abdominal skin, and 5 days after exposure, acetone vehicle or single
antigen treatment was performed on ear skin. (a) The increase in ear thickness (P = .0187 for mice with normal lymphatics vs lymphatic deficiency after single
exposure, 2-tailed, paired t-test; P =.0013 for mice with intact lymphatics with no exposure vs single exposure, P = 0.0005 for mice with lymphatic deficiency
with no exposure vs single exposure; 2-tailed, unpaired t-test, mean = SEM; n = 4 mouse ear for each group). (b) H&E histology of ear skin sections. Bars = 100
um; n = 4 for each group. (c) CD45- and GR1-expressing immune cells in ear sections by fluorescent immunohistology. Bars = 50 pm; n = 3 for each group.
Quantification of immune cells in ear sections of mice with intact lymphatics or lymphatic-deficient mice in elicitation was calculated on the basis of

fluorescent immunohistology (P = .0207 for CD45%, P=.1592 for GR17 cells; 2-tailed, paired t-test; mean & SEM; n = 3 for each group). (d) LYVET-expressing
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Supplementary Figure S6. Lymphatic morphology shown in mouse ear lacking lymphatic vessels in both phases after repeated antigen treatment. 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. (a) LYVET-expressing structures detected by stereo microscopy after whole-mount immunostaining of ear samples. Bars = 500 pm; n = 3 for
each group. (b) Anti-LYVET fluorescent immunohistology of ear sections. Bars = 50 pm; n = 12 for each group. (c) Number of lymphatic vessels and total
lymphatic area in ear sections after single or repeated antigen exposure (P = .0068 for lymphatic vessel number; 2-tailed, unpaired t-test; mean + SEM; n = 6 for
and n = 8 for the groups with single and repeated antigen exposure, respectively; P=.0004 for total lymphatic area; Mann—Whitney U test; mean + SEM; n =6
and n = 9 for the groups with single and repeated antigen exposure). (d) The effects of the second antigen exposure to the lymphatic vessel number and area are
calculated by subtracting the mean of corresponding control group values after single exposure (P = .0017 for lymphatic vessel number; 2-tailed, unpaired t-test;
mean £ SEM; n = 8 and n = 11 for the groups with intact lymphatics and lymphatic deficiency in both phases; P = .0017 for total lymphatic area;
Mann—Whitney U test; mean + SEM; n = 8 and n = 11 for the groups with intact lymphatics and lymphatic deficiency, respectively).

o

s‘tructures detected by stereo microscopy after whole-mount immunostaining of ear samples. Bars = 500 pum; n = 6 for each group. (e) Anti-CD31 and anti-
LYVE1 fluorescent immunohistology of ear sections. Bars = 50 pm; n = 3 for each group. (f) Number of lymphatic vessels and total lymphatic area in ear
sections (P = 2.1607 x 107° for lymphatic vessel number and P= 7.1126 x 107" for total lymphatic area; 2-tailed, paired ttest; mean + SEM; n = 7 for each
group). (g) Quantitative flow cytometry data for immune cell numbers represented in ears (P = .0834 for CD45" cells, P=.1853 for Ly6G* cells, and P=.0144
for CD3™ cells, 2-tailed, paired t-test; P = .8438 for B220" cells, Wilcoxon signed-rank test; mean £ SEM; n = 9 and n = 10 for the groups with intact
lymphatics and lymphatic deficiency, respectively). (h) Cytokine array to detect cytokine expression in ear tissue supernatants. Representative images showing
the position of the cytokines in duplicates (n = 3 for each group). Data shown are from a 10-minute exposure to the X-ray film. (i) Summary graph of the
quantification of the cytokine array representing the pixel density of X-ray film in ears (2-tailed, paired t-test; mean + SEM; n = 3 mouse ear for each group).

CHS, contact hypersensitivity; ns, not significant; RS, reference spot. www.jidonline.org 2254.e7
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Supplementary Figure S7. Local deletion of lymphatic vessels in the hind
paw of Flt4-CreER™; iDTR™" mice by DT injection. (a) LYVE1- and PDPN-
expressing structures shown in hind paw. Bars = 50 pm; n = 8 for each group.
(b) H&E staining of hind paw sections of mice with intact lymphatics or
lymphatic deficiency only in sensitization 8 days after injection with PBS or
DT. Bars = 500 um; n = 6 for each group. DT, diphtheria toxin.
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Supplementary Figure S8. Lymphatic morphology shown in mouse ears lacking lymphatic vessels only in the elicitation phase after repeated antigen
treatment. Mice with normal lymphatics or local lymphatic deficiency in the ear were treated with antigen on the abdominal skin, and 5 days after exposure,
antigen treatment was repeated on the ear skin. (a) LYVE1-expressing structures detected by stereo microscopy after whole-mount immunostaining of ear
samples. Bars = 500 pm; n = 6 for each group. (b) Anti-CD31 and anti-LYVE1 fluorescent immunohistology of ear sections. Bars = 50 um; n = 3 for each group.
(c) Number of lymphatic vessels and total lymphatic area in ear sections (P = .0002 for lymphatic vessel number; P = .0082 for total lymphatic area; 2-tailed,
unpaired t-test; mean = SEM; n = 7 and n = 6 for the groups with single and repeated exposure). (d) The effect of the second antigen exposure is calculated by
subtracting the mean of the corresponding control group values after single antigen exposure (P = .0116 for lymphatic vessel number and P = .0322 for total
lymphatic area; 2-tailed, paired t-test; mean + SEM; n = 6 for each group).
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