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Abstract

Background: Natural killer T (NKT) cells are unconventional T cells that bridge innate and
adaptive immunity. NKT cells have been implicated in the development of atopic dermatitis (AD).

Objective: We aimed to investigate the role of NKT cells in AD development, especially in skin.

Methods: Global proteomic and transcriptomic analyses were performed using human healthy
controls (HC) and AD patients’ skin and blood. CXCR4 and CXCL12 expressions in skin NKT
cells were analyzed in human AD and mouse AD models. By using parabiosis and intravital
imaging, the role of skin CXCR4* NKT cells was further evaluated in AD mouse models using
CXCR conditionally deficient or CXCL12 transgenic mice.

Results: CXCR4 and its cognate ligand CXCL12 were significantly upregulated in human

AD skin by global transcriptomic and proteomic analyses. CXCR4* NKT cells were enriched

in AD skin and were consistently elevated in our AD mouse models. Allergen-induced NKT
cells participate in cutaneous allergic inflammation. Predominant skin NKT cells were CXCR4*
and CD69*, similar to tissue-resident memory T (Trnm) cells. Skin-resident NKT cells uniquely
expressed CXCR4, unlike NKT cells in liver, spleen and lymph nodes. Skin fibroblasts were the
main source of CXCL12. CXCR4* NKT cells preferentially trafficked to CXCL12-rich areas,
forming an enriched CXCR4* NKTgp/CXCL12* cell cluster, which developed in acute and
chronic allergic inflammation in our AD mouse models.

Conclusions: CXCR4* NKTgy cells may form a niche that contributes to atopic dermatitis,
where CXCL12 is highly expressed.

Capsule Summary

Skin-resident CXCR4* NKT cells have a role in atopic dermatitis.

Graphical Abstract
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INTRODUCTION

Atopic dermatitis (AD), a chronic inflammatory recurrent skin disease, is the most common
skin disease among children, and its incidence has recently been increasing in adults.}:2

AD is associated with a defective skin barrier that facilitates allergic sensitization to food
and environmental allergens, leading to pruritic, eczematous, and dry skin.34 Histologically,
AD is characterized by infiltration of adaptive immune cells (T cells) and innate immune
cells (eosinophils, mast cells, and natural killer T (NKT) cells) into skin, indicating that

a combination of adaptive and innate immunity are involved in AD development.® Innate
allergic immune cells, including NKT cells or mast cells, are considered a principal innate
immune axis and collaborate with several chemokines that are increased in AD.6-8 NKT
cells share many cell-surface proteins with conventional T cells and NK cells, and serve

as unconventional T cells bridging innate and adaptive immunity.® More than 80% of NKT
cells express invariant TCRa chain Va24-Ja.18 paired with V11 in humans (or Va 14-
Ja.18 paired with VB8, VB7, or VB2 in mice) and are referred to as invariant NKT cells.10.11
Upon activation, NKT cells secrete a broad range of cytokines, including interleukin(IL)-4,
interferon(IFN)-vy, and 1L-17.512.13

A broad range of chemokines, responsible for leukocyte trafficking and homing, are
produced when inflammation occurs.14 While NKT cells express several chemokine
receptors,1>-17 we found that skin-resident NKT cells express C-X-C chemokine receptor
type 4 (CXCR4), specifically in AD skin of human and mice. We further studied CXCR4
and its cognate ligand, CXCL12 (also known as stromal cell-derived factor-la, SDF-1a.)
axis in AD. CXCR4/CXCL12 interactions are involved in a variety of physiological
processes, such as hematopoiesis,18 organogenesis,19 leukocyte trafficking,2% and skin
inflammation.?! Recently, the CXCR4/CXCL12 axis was found to be involved in chronic
psoriasis-like skin inflammation.2! In this stdy, we characterized NKT cells in human AD
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skin and in the skin of experimental AD mouse models. These NKT cells showed properties
of skin residency. To further characterize these novel cells, we comprehensively explored
their trafficking/migration, residency, and pathogenic role in the development of AD by
intravital microscopy, KAEDE mice, parabiosis surgery, and CXCR4 deficient NKT cells.

Intravital multiphoton microscopy

Parabiosis

RESULTS

Mice were anaesthetized with ketamine and xylazine (10 ug/g) with repeated half doses as
required, and the ear was depilated. The mice were mounted on a heating plate (CU301,
Live Cell Instrument, Seoul, Korea) for ear imaging based on a customer designed chamber
referenced in a previous protocol.22 Images were acquired with an upright LSM 7 MP (Carl
Zeiss Microimaging). Images were acquired with a 20X/1.0PA water immersion objective.
Fluorescence excitation fluorescence excitation was provided by a Mai Tai (690-1040 nm)
HD DeepSee tunable laser (Spectra Physics, Santa Clara, CA, USA). GFP, HSG, and DsRed
were excited at 880 nm using the Mai Tai laser. Raw imaging data were processed with
Image J software (NIH, Bethesda, MD, USA). Cell migration was analyzed by automatic
cell tracking aided by manual corrections. Data were used to plot graphs in Prism 5
(Graphpad, La Jolla, CA, USA). To generate videos, sequences exported from Zen (Carl
Zeiss) were analyzed with Image J software.

Parabiotic surgery was performed as described previously.23 Briefly, size- and age-matched
female CD45.1 and CD45.2 mice were intraperitoneally anaesthetized with ketamine and
xylazine (10 pg/g). Mice were shaved along corresponding lateral flanks and excess hair was
wiped off with an alcohol prep pad. After skin disinfection by wiping with 70% ethanol
followed by betadine solution, mirrored skin incisions were made from the olecranon to

the knee joint of each mouse, and the subcutaneous fascia was bluntly dissected to create
approximately 0.5 cm of free skin. A non-absorbable 5-0 VICRYL thread was placed
through the olecranon and knee joints to secure the legs, and the dorsal and ventral skins
were approximated by staples or continuous suture. Additional betadine solution was added
to cover the full length of the incision. The mice were then kept on heating pads until
recovery. Flunixin (2.5 pg/g) was subcutaneously injected as analgesic treatment by every
24 h for 48 h after surgery. Mice were then monitored everyday with gel supplied in the
cages. After 4 weeks, parabiotic mice were surgically separated by a reversal of the above
procedure before the next steps.

See supplementary methods.

Increased CXCR4* NKT cells/CXCL12 in AD skin

The epidermis of AD skin strongly expresses thymic stromal lymphopoietin(TSLP),24 and
NKT cells are increased in the lesional skin of AD patients.5 However, the mechanism of
how NKT cells are recruited into the lesional skin of AD and how TSLP interacts with
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NKT cells to migrate into the AD skin are unknown. To identify the factors involved

in TSLP-activated NKT cells, we performed novel quantitative proteome analysis using

a Tandem Mass Tag (TMT)-labeling method.2>26 Proteins extracted from NKT cells of
un-treated, TSLP 6 h-treated, and TSLP 24 h-treated groups were labeled with the TMT
isobaric tag individually, and then analyzed by 2D-liquid chromatography(LC)-tandem mass
spectrometry (MS/MS) (Fig E1, A). Initially, we identified 1,404 proteins in TSLP-treated
and un-treated NKT cells and performed Gene Ontology (GO) analysis (Fig E1, B). Among
the 24 proteins considered as differentially expressed (Gaussian fit ratio <-0.37 or =0.37),
only CXCR4 was found to be gradually upregulated in a time-dependent manner (Fig 1, A).

TSLP contributes to a unique microenvironment in AD skin compared to blood; therefore,
we further analyzed the global transcriptomes in skin and blood T cells from AD

patients and healthy controls (HCs). Hierarchical clustering showed that large offsets of
differentiated genes were transcriptionally unique between AD skin and HC skin (Fig

1, B). Principal component analysis also showed that AD skin(red) and HC skin(blue)
formed two distinct clusters, while peripheral blood T cells from AD patients and HCs were
poorly differentiated and formed a single cluster(green) (Fig 1, C). Va24Ja 18" NKT cell
populations were increased in lesional skin compared to in peripheral blood of AD patients
(Fig 1, D). We also detected higher cell frequency of Va24Ja18* NKT cells in AD skin
compared to HC skin (Fig 1, E). Interestingly, skin-resident NKT cells expressed higher
CXCR4 levels than NKT cells in the blood of AD patients (Fig 1, F). CXCR4" NKT cells
infiltrated into the AD skin in much greater numbers compared to HC skin (Fig 1, G and H).

Further transcriptomic analyses of AD and HC skin showed that CXCL12, the cognate
ligand for CXCR4, was significantly elevated in AD skin, alongside other chemokine genes,
CCL17, CCL18, and other AD-related genes including S100A7, S100A8, and S100A9 (Fig
1,  and Fig E1, C).27:28 Qur transcriptomic data were consistent with those of previous
studies of down-regulated and up-regulated genes typically observed in AD skin (Fig 1,
J).29:30 Taken together, these data demonstrate that CXCR4™Va24Ja 18+ NKT cells and
CXCL12 are greatly increased in AD skin, suggesting that the CXCR4/CXCL12 axis is
involved in recruiting NKT cells into AD skin.

CXCL12 expression in TSLP-activated fibroblasts and T cells

Because skin-resident NKT cells express high levels of CXCR4, we examined how
Va24Ja 18" NKT cells might interact with CXCL12, which was significantly elevated

in AD skin. We found that Va24Ja18" NKT cells did not express CXCL12; however,
skin NKT cells were in juxtaposition to other CXCL12-producing cells, suggesting

that CXCR4*Va24Ja 18" NKT cells might directly interact with surrounding CXCL12-
producing cells (Fig E2, A). We next observed that CXCL12-producing cells in AD skin
exhibited both elongated and round shapes. Thus, we stained these cells with anti-vimentin
and anti-CD3 antibodies to distinguish between dermal fibroblasts and T cells. Significant
CXCL12 production was observed in both fibroblasts (Fig E2, B) and T cells (Fig E2, D)
of AD skin compared to HC skin. A higher percentage of dermal fibroblasts expressed
CXCL12 (Fig E2, C) than T cells, though both produced CXCL12 in AD skin (Fig E2, E).

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 July 11.
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We further examined whether TSLP could induce T cells and fibroblasts to produce
CXCL12, as both T cells and fibroblasts have TSLP receptors.31:32 TSLP-activated T cells
produced more CXCL12 than non-activated T cells (Fig E3, A and B), and extracellular
(secreted) CXCL12 was produced at high levels in the TSLP 24 h-treated group (Fig E3,
C). In addition, fibroblasts produced more CXCL12 following TSLP treatment for 24 h,
both intracellularly and extracellularly, compared to the non-treated group (Fig E3, D). To
determine if CXCL12 affects the trafficking/migration properties of CXCR4* NKT cells,
we performed Transwell migration assays. NKT cells and T cells were sorted from human
peripheral blood mononuclear cells (PBMCs) and pretreated with TSLP for 24 h. Following
exposure to CXCL12, NKT cell migration was significantly increased compared to that

of CXCL12 non-treated NKT cells, but not T cells (Fig E3, E), suggesting that CXCR4
expressing NKT cells may migrate into a CXCL12-rich area in AD skin.

CXCR4* NKT and CXCR12" cells in acute allergic inflammation mice

Next, we further questioned how CXCR4 expressing NKT cells interact with CXCL12*
cells /n vivoin an acute allergic inflammation mouse model. CXCL12-DsRed transgenic
mice were sensitized at the abdomen with dinitrofluorobenzene(DNFB) 5 days before

ear challenge (Fig 2, A). We observed that only mice receiving DNFB-sensitization and
challenged with DNFB showed significant ear swelling, whereas DNFB-sensitized mice
challenged with fluorescein isothiocyanate(FITC) failed to develop ear swelling (Fig 2, B).
Moreover, to confirm the allergen-induced NKT cells develop skin allergic inflammation
specifically, we used the different purification strategies of NKT cells and transferred
DNFB or oxazolone (OXA\) sensitized TCRB*/a-Galcer CD1d* NKT cells into Ragl~/~

(T and B cells deficient) recipients and cross challenged with different allergens. We
observed that only recipients received DNFB or OXA sensitized NKTs and challenged
with the corresponding allergen confer ear inflammation, otherwise failed to respond to un-
experienced allergens (Fig E4). Taken together, these results indicate that those NKT cells,
which have the memory of experienced antigen, may trigger skin allergic inflammation.
Furthermore, Ja18~/~ NKT deficient mice showed less ear swelling after challenging with
DNFB compared with wild-type mice (Fig E5, A and B), highlighting the role of NKT cells
in acute allergic inflammation.

CXCL12-DsRed cells were induced from 6 to 72 h after DNFB challenge (Fig 2, C). We
found that CXCL12* cells were significantly induced at 72 h after DNFB challenge (Fig 2,
D), and the major CXCL12-expressing cells were dermal fibroblasts (Fig 2, E) along with
CXCL12* CD3 T cells, which were also significantly increased (Fig 2, F). This is consistent
with our results from human AD skin. We also observed that CXCL12* fibroblasts and T
cells were clustered and enriched at the same site in DNFB-challenged skin, indicating that
both CXCL12* cells concurrently interacted with CXCR4 expressing NKT cells (Fig 2, G).
We next examined whether CXCR4* NKT cells could be detected in DNFB-challenged skin.
On day 3 after DNFB challenge, there was a large increase in the number of NKT cells in
DNFB-treated skin, but we observed only a marginal increase in the number of NKT cells

in DNFB-treated lymph nodes (LN) compared to in DNFB-untreated mice (Fig 2, H). NKT
cells in DNFB-challenged skin expressed significantly higher levels of CXCR4 than those in
the LN (Fig 2, 1), consistent with our results in human. These CXCR4 expressing NKT cells

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 July 11.
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produced significantly increased amounts of IL-4, IFN-y, and IL-17 in DNFB-challenged
skin (Fig E5, C), suggesting a pathogenic role for skin-resident NKT cells in our model.

To verify the pathogenic role of NKT cells in acute allergic inflammation, we adoptively
transferred DNFB-sensitized splenic NKT cells (5 x 10°) (Fig E6, A) into naive recipient
mice (CXCL12-DsRed) (Fig E6, B). Twenty-four hours after adoptive transfer, the right
ears of recipient mice were challenged with DNFB, while vehicle was applied to the left
ears, and then the amount of ear swelling was measured at different times (12, 24, 48, and
72 h) (Fig E6, C). We observed that recipient mice receiving DNFB-sensitized NKT cells
and challenged with DNFB showed significant ear swelling comparable to positive control
mice (sensitized, then challenged with DNFB). DNFB-sensitized mice without challenge,
naive mice challenged with DNFB, or recipient mice receiving DNFB-sensitized NKT cells
without challenge were unresponsive. These results suggest that allergen-induced NKT cells
can develop cutaneous inflammation in our acute allergic mouse model.

To further evaluate whether allergen-induced NKT cells proliferate, we stained the donor
NKT cells with CSFE before adoptive transfer (Fig E6, B). We found that adoptively
transferred DNFB-sensitized NKT cells quickly migrated into skin at day 1 after DNFB
challenge and proliferated fully at day 3 compared to those without DNFB challenge

(Fig E6, D). Interestingly, DNFB-sensitized NKT cells in skin-draining LN (dLN) began
proliferating at day 1 even without DNFB challenge and proliferated fully at day 3 (with or
without DNFB challenge), whereas DNFB-sensitized NKT cells in non-draining LN (non-
dLN) showed minimal proliferation. These results indicate that these NKT cells induced
by DNFB have skin homing property and maintain their proliferative potential for at least
10 days even without secondary challenge. We next observed that CXCR4 expressing NKT
cells were significantly induced in DNFB-challenged skin time-dependently compared to
non-challenged skin (Fig E6, E), suggesting that CXCR4* NKT cell infiltration into acute
allergic skin can be accelerated in a time-dependent manner by secondary DNFB challenge.

To address how allergen-induced NKT cells traffic to the skin /7 vivo in acute allergic
inflammation, we adoptively transferred GFP* DNFB-sensitized NKT cells into CXCL12-
DsRed recipients, and then challenged with DNFB (Fig E7, A). By intravital imaging at 6 h
after DNFB challenge, NKT cells infiltrated into the skin (Fig E7, B) and randomly migrated
with a high velocity (Fig E6, E and F, and Video E1), at which time CXCR4 expression was
not induced in NKT cells. At 24 h after DNFB challenge, we observed that GFP* NKT cells
showed reduced motility and began to localize to CXCL12-DsRed™ cells (Fig E7, E and F,
and Video E2). At 72 h, GFP* NKT cells exhibited a greater reduction in motility and more
restricted migration, residing in a CXCL12-rich area, followed by formation of a green-red
cell cluster (Fig E7, B and E and F, and Video E3), showing a unique pattern of CXCR4*
NKT cells clustering with CXCL12-expressing fibroblasts and T cells (Fig E7, C). We also
found that GFP* NKT cells infiltrated into the skin in a time-dependent fashion (Fig E7,

D); at 72 h, GFP* NKT cells expressed CXCR4, while NKT cells in LNs did not express
CXCR4 (Fig E7, G). Taken together, our results suggest that CXCR4 expressing NKT cells
traffic to a CXCL12-rich area and form a CXCR4* NKT/CXCL12* cell cluster, which is
associated with acute allergic inflammation.

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 July 11.
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Allergen-induced NKT cells mediated cutaneous inflammation in AD mouse model

Next, to investigate the pathogenic role of allergen-induced NKT cells in a chronic AD
mouse model, we adoptively transferred ovalbumin (OVA)-sensitized GFP* NKT cells (5

x 10) into naive B6 wild-type (WT) recipients 24 h before OVA plus cholera toxin (CT)
challenge (Fig 3, A). The recipients showed slow but substantive ear swelling at day 7
comparable to the positive control group with OVA sensitization and challenge, while
recipients administered OVA-sensitized NKT cells without challenge or mice with OVA
sensitization alone did not respond (Fig 3, B), suggesting that NKT cells induced by chronic
allergen exposure also mediate skin inflammation in the AD mouse model. To exclude

the effect of conventional T cells, we conducted the same process but transferred OVA-
sensitized NKT cells into Ragl™~ recipients. Our data showed that NKT cells mediated skin
inflammation induced by OVA in absence of adaptive immunity, but the intensity of the skin
inflammation was lower (Fig E8) when compared to the results shown in Fig 3, B, indicating
that endogenous conventional T cells also participate in skin inflammation induced by OVA
(Fig 3, B; Fig E8).

By intravital microscopy, we found slowly migratory NKT cells in OVA-challenged ears

at day 1 (Video E4). At day 7, we observed that a significant number of GFP* NKT cells
migrated into OVA-challenged ears compared to OVA-unchallenged ears (CT only) (Fig 3, C
and D); clusters of GFP* NKT cells were sessile and showed restricted motility, indicating
that OVA-induced NKT cells can also form clusters (Video E5). This is consistent with

our results in acute allergic inflammation. We also found that OVA-induced NKT cells in
OVA-challenged skin expressed more CXCR4 than in unchallenged skin (Fig 3, E). These
CXCR4 expressing NKT cells produced significantly higher levels of IL-4 and IFN--y than
CXCR4- NKT cells (Fig 3, F-1), supporting that chronically induced skin-resident NKT
cells contribute to chronic AD development.

Skin-resident NKT cells expressed CXCR4 and CD69 resemble Ty cells

Our results for the skin and blood transcriptomes revealed the difference between skin and
blood T cells (Fig 1, C), and our mouse model showed differences in CXCR4 expression in
NKT cells in the skin compared to LN. To further evaluate these results, we compared the
phenotype of NKT cells among the skin, liver, LN, and spleen from normal WT B6 mice.
We found that the numbers of CD3*NK1.1" NKT cells or CD1d restricted NKT cells were
highest in the liver, followed by in the skin, spleen, and LN (Fig 4, A and Fig E9, A). When
we measured CXCR4 expression in NKT cells, only skin NKT cells expressed CXCR4
(Fig 4, A, and Fig E9, B and C). In contrast, another marker for NKT cells, CXCR6, was
highly expressed in all tissues including the liver and skin but was not skin-specific (Fig
E9, D), indicating that CXCR4 may be a specific marker of skin-resident NKT cells. We
also confirmed two purification strategies of NKT cells and there is no significant difference
between the CD3*NK1.1* NKT cells and TCRB*a-Galcer CD1d* NKT cells (Fig.E10

A and B). Recently, many different types of tissue-resident memory (Trpm) T cells have
been identified including skin-resident T cells23 and y8T cells.33 Thus, we evaluated the
expression of CD69, a widely appreciated marker for TRM,34 in NKT cells from different
tissues. CD69™ NKT cells were most abundant in the liver and skin, followed by the spleen
and LN (Fig 4, A). In normal mouse skin, the predominant NKT cells were CD69", and

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 July 11.
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all CXCR4 expressing NKT cells were also CD69*(Fig 4, A), suggesting that CXCR4
expressing NKT cells represent a type of Trp in skin. Consistent with our mouse results,
we observed that CXCR4*CD69*Va24Ja18* NKT cells could be identified in human AD
skin compared to HC skin (Fig. 4, B and C), and skin-resident NKT cells expressed higher
levels of CD69 than circulating NKT cells from AD patients (Fig 4, D). This indicates that
CXCR4*CD69* NKT cells are a type of Ty that contribute to AD development by forming
clusters enriched for NKT cells in human AD skin (Fig 4, B).

To further verify the tissue-residency of skin NKT cells, CD45.1 and CD45.2 congenic mice
were joined by parabiosis surgery. In this setting, re-circulating cells equilibrate between
each parabiont 3, whereas tissue resident cells do not (Fig 4, E). At 4 weeks after parabiosis
surgery, substantial chimerism of LN leukocytes was observed, while CD45* cells from

the skin and liver were dis-equilibrated between each parabiont (Fig 4, F). For NKT cells,
drastic disequilibrium of NKT cells was maintained in the liver, and more CD45.2* tissue-
resident NKT cells were observed in the skin, whereas NKT cells of either CD45.1* or
CD45.2* origin in the LN were present in a similar ratio (Fig 4, G). Host tissue-resident
NKT cells in the liver expressed higher CD69 levels than NKT cells that had migrated

from the partner (Fig 4, H). Skin-resident NKT cells also expressed higher levels of CD69
compared to migratory NKT cells, while LN NKT cells from both the host and partner
showed low levels of CD69. Furthermore, skin-resident NKT cells expressed higher levels
of CXCR4 than migratory NKT cells from the parabiotic partner (Fig 4, H), supporting the
tissue-residency of CXCR4*CD69* NKT cells in skin.

To further examine the different expression of CXCR4 between skin-resident and migrating
NKT cells, we used KAEDE mice, which contain a photoconvertible green-fluorescent
protein that irreversibly changes appears as red upon violet light exposure3®. Immediately
after exposure (After), all KAEDE™ skin cells red (Fig 5, A and B, and Video E6 and

E7). At 24 h after exposure, we identified a population of rapidly moving KAEDE-green
cells in the photoconverted ear, indicating their recent entry into the skin (Fig 5, A and

B, and Video EB8). Consistent with these results, we observed that KAEDE-red NKT cells
expressed higher levels of CD69 and CXCR4 than KAEDE-green NKT cells (Fig. 5, C and
D), confirming non-migratory CXCR4*CD69* KAEDE-red NKT cells as a type of Trum
cells in the skin.

To characterize the migratory patterns of skin NKT cells, we adoptively transferred DNFB-
sensitized KAEDE NKT cells via intradermal injection (half) and intravenous injection
(half) into B6 mice (Fig 5, E). The ears were exposed to violet light immediately, and then
challenged with DNFB at 6 h after photo-conversion (Fig 5, E). We found both KAEDE-red
and green NKT cells in DNFB-challenged ears at 24 h after violet light exposure (Fig

6, F), supporting the recent recruitment of KAEDE-green NKT cells from the circulation.
Moreover, most KAEDE-red NKT cells were sessile, while KAEDE-green NKT cells were
mobile (Fig 5, G and H, and Video E9). Consistent with our data above, most KAEDE-red
NKT cells retained high CXCR4, a phenotype associated with skin-resident NKT cells, and
distinct from KAEDE-green NKT cells that expressed lower levels of CXCR4, a phenotype
of skin-migrated NKT cells (Fig 5, I).

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal. Page 10

CXCRA4 deficient NKT cells failed to mediate cutaneous allergic inflammation

To evaluate the function of CXCR4 in NKT cells, we crossed CXCR4-flox and ZBTB16-
GFP/Cre mice to generate offspring (CXCR4T/f-ZBTB16¢*) in which the CXCR4 gene
is selectively deleted (CXCR4 KO) in NKT cells (Fig 6, A and B). Next, we sorted
DNFB-sensitized splenic NKT cells from CXCRA4f/fl (Control) and CXCR4f/fl-zBTB16CTe/
(CXCR4 KO) mice, and adoptively transferred these NKT cells into CXCR12-DsRed
recipients after CFSE staining Fig 6, A). We observed that recipients administered DNFB-
sensitized CXCR4 KO NKT cells did not demonstrate ear swelling between 12 h and 72

h after DNFB challenge compared to the WT control group (Fig 6, C). We also found

that CXCR4 deficient NKT cells showed a significantly compromised ability to infiltrate
the DNFB-challenged ear (Fig 6, D), while a much larger number of WT NKT cells
(green) resided in the CXCL12-rich area (red), forming an enriched green-red cluster in
DNFB-challenged ears at day 3 (Fig 6, D and E). We confirmed that CXCR4* NKT

cells migrated into DNFB-challenged skin of recipients that received WT NKT cells (Fig
6, F), but as expected most skin NKT cells did not express CXCR4 in the CXCR4 KO
group administered DNFB-sensitized CXCR4 deficient NKT cells (Fig 6, F and G). WT
NKT cells in DNFB-challenged skin of control group produced significantly higher levels
of IFN-y compared to CXCR4 deficient NKT cells (Fig 6, H). Furthermore, in the WT
control group, CXCR4* NKT cells were the major producers of IFN-y, while CXCR4~
NKT cells produced very low levels of IFN-y in DNFB-challenged skin (Fig 6, 1), strongly
supporting a pathogenic role for CXCR4 expressing skin-resident NKT cells in the induction
of cutaneous inflammation in AD.

DISCUSSION

CXCR4 is a 7-transmembrane domain and G-protein-coupled cell surface receptor,3’ and
was initially identified as a co-receptor for entry of T-tropic(X4) HIV viruses into CD4 T
cells.38 CXCR4 was reported to be essential for developmental organogenesis,18:19 cancer
metastasis,3° and immune cell trafficking.22 While CXCR4 mediated chemotaxis of NK
cells has already been reported,*0 our proteomics data suggested TSLP induced CXCR4
expression in NKT cells, suggesting a plausible mechanism for CXCR4 mediated NKT
cell trafficking to AD skin enriched with TSLP. We demonstrated that CXCR4* NKT cells
infiltrated AD skin in greater numbers than in normal human skin. Interestingly, circulating
NKT cells from AD patients expressed lower levels of CXCR4 compared to AD skin NKT
cells (Fig 1, F), suggesting that CXCR4* NKT cells have a skin-specific role in allergic
inflammation. Furthermore, in parabiosis studies and in KAEDE mice, CXCR4* NKT cells
also expressed CD69*, an accepted marker of Try in the skin, confirming the specific role
of CXCR4* NKTgp cells in the skin.

The migration of pathogenic T cells to the affected skin in inflammatory skin diseases is

a pivotal event?! in the development of cutaneous manifestations in AD. T cell trafficking
to inflamed skin has been widely studied.#? Cutaneous lymphocyte antigen and CCR4

are essential for skin homing T cells.#344 In contrast to conventional T cells, however,

the migration properties of NKT cells into the skin have not been thoroughly evaluated.
Human NKT cells have different migration properties depending on their anatomic location
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and disease state. Liver NKT cells highly express CXCR®6 and respond to CXCL16,
accumulating in the liver and providing immune surveillance, anti-tumor activity, or
promotion of inflammation and liver fibrosis.*>46 Kidney NKT cells expressing CXCR6
also attenuated severe nephritis in a murine model.#” CXCR6 was also expressed in skin
NKT cells, but NKT cells in all tissues including the liver, LN, and spleen expressed high
levels of CXCR6; thus, CXCR6 expression is a general property for NKT and is not skin-
specific. In contrast, we found that CXCR4* NKT cells were found predominantly in skin
and were rarely present in the liver, LN, and spleen. Notably, all NKT cells in the liver, LN,
and spleen were CXCR4™. Additionally, after adoptive transfer of allergen-induced NKT
cells, CXCR4* NKT cells migrated preferentially to the skin rather than the liver, LN, or
spleen. Furthermore, KAEDE photo-conversion studies demonstrated that the KAEDE-red
skin-resident NKT cells expressed higher levels of CXCR4 than migratory KAEDE-green
NKT cells. This suggests that CXCR4 is a skin-specific chemokine receptor for NKTrp
and that it contributes to pathogenic events by inducing infiltration of NKT cells into the
inflamed CXCL12-enriched skin of AD.

CXCL12, a cognate ligand for CXCR4, plays a crucial role in the migration of various cell
types, including immune cells, to sites of inflammation.1448 CXCL12 is produced by bone
marrow stromal cells,*9 endothelial cells,? and dermal fibroblasts.>! We demonstrated that
vimentin* dermal fibroblasts in AD skin expressed significantly higher levels of CXCL12
compared to normal human skin. Interestingly, T cells also contributed to the production
of CXCL12 in AD skin. The tissue microenvironment of AD, which contains high levels
of TSLP, may affect the production of CXCL12 in skin. TSLP strongly induced CXCL12
in dermal fibroblasts and T cells 24 h after TSLP treatment and was consistently elevated
in our AD mouse model. Furthermore, /n vivoimaging studies demonstrated that under the
influence of CXCL12, CXCR4* NKT cells patrolled and attached to CXCL12-expressing
cells, forming a CXCR4* NKT/CXCL12* cell clusters in AD skin. This is consistent with
previous /7 vivo imaging studies.> Additionally, conditional deletion of CXCR4 in NKT
cells significantly reduced the infiltration of NKT cells into the inflamed skin of our mouse
model, further supporting an essential role for the CXCR4/CXCL12 axis in skin-resident
NKT cells in AD.

Recently, various phenotypes of tissue-resident memory T cells have been identified in
non-barrier and barrier tissues including the skin.34:5253 T\1 in the skin play a role in
protective immunity against infection23:36:54.55 and a critical role in the development of
chronic inflammatory skin diseases including psoriasis®®-5” and AD.58 This is the first
study to identify skin-resident NKT cells expressing CXCR4 and CD69 as a phenotype

of Trm in AD. We further confirmed that CXCR4 expressing skin-resident NKT cells are
pathogenic Trps that contribute to the development of cutaneous allergic inflammation in
AD. We confirmed this by several experiments using adoptive transfer of allergen-induced
CXCR4* and CXCR™ CD3*NK1.1* NKT cells and TCRB*a-Galcer CD1d* NKT cells®® in
acute and chronic allergic inflammation using our AD model. CXCR4*CD69* NKTgp cells
and CXCL12" cells in AD skin were increased and formed clusters, and we suggest that,
CXCR4/CXCL12 inhibition can represent a therapeutic alternative for AD patients.
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Key Messages

. CXCR4 and CXCL12 levels are consistently elevated in human and mouse
AD skin.

. Skin-resident CXCR4™ NKT cells form a cluster with CXCL12" cells and are
associated with allergic inflammation in AD.
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Fig 1. CXCR4* NKT cells were increased in the lesional skin of AD patients.
(A) Experimental scheme. NKT cells were sorted from HC blood by using this gating

strategy: Live cells/CD45%/CD3*/Va24Ja18*. The purified NKT cells (>90%) were treated
with TSLP for indicated times and proteins were extracted and analyzed by proteomics. Heat
map showing 21 down-regulated and 3 up-regulated proteins identified using TMT labeling
method. Microarray (B) and dot plot (C) analysis of AD patients and healthy controls (HC).
Representative population (D) and CXCR4 expression (F) of NKT cells in AD PBMCs and
AD skin. (E) Quantitative distribution of NKT cells in PBMCs and skin of HC and AD
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patients. Immunofluorescence staining (G) and quantification (H) of CXCR4" NKT cells
in AD and HC skin. Scatter plot (1) and heat map (J) showing selected genes up- and
down-regulated in AD and HC skin (***p < 0.001). Scale bar = 20 pum.
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Fig 2. CXCR4* NKT and CXCR12* cells in acute allergic inflammation mice.
(A) Experimental scheme. CXCL12-DsRed mice were sensitized with DNFB 5 days

before challenge at the ear. Ear thickness was measured for 3 consecutive days. (B)
DNFB-induced cutaneous allergic inflammation in CXCL12-DsRed mice (***p < 0.001).
(C) Representative intravital images of CXCL12-DsRed mice ear at 6, 24, and 72 h after
DNFB challenge. (D) The CXCL12 expression in ear skin cells with or without DNFB
challenge for 72 h. The frequency (E) and number (F) of fibroblasts and CD3 T cells

in CXCL12-expressing ear skin cells with or without DNFB challenge for 72 h (***p <
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0.001). (G) IF staining of DNFB-untreated normal (NL) and DNFB-challenged ear skin

for 72 h. Yellow arrows represent merging of CD3 (yellow) and CXCL12 (red); white
arrows represent merging of fibroblasts (green) and CXCL12 (red). (H) Proportion of CD3*
and NK1.1* NKT cells in skin and LN of NL and DNFB-challenged mice. (1) CXCR4
expression of CD3* and NK1.1* NKT cells in LN and skin of DNFB-challenged mice. Data
are representative of three experiments with n =5 mice per group. Scale bar = 20 pm.
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Fig 3. NKT cells developed cutaneous inflammation in chronic AD mouse model.
(A) Experimental scheme. B6 or GFP mice were intraperitoneally administered 50 ug of

OVA or saline with alum once per week for 2 weeks. Mouse dorsal skin was tape-stripped
and EC-sensitized with OVA three times per week at 2-week intervals 3 times. Three weeks
later, the actin-GFP mice splenic NKT cells were sorted by Live cells/CD45*/CD3*/NK1.1*,
and then intravenously injected into naive B6 mice. Positive control B6 mice and recipient
B6 mice were challenged 1 day later with 100 pg of OVA + CT. Ear thickness was analyzed
ondays 1, 3,5, and 7. (B) Ear swelling of recipients (***p < 0.001, ###p < 0.001). (C)
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Representative intravital images of GFP™ NKT cells located in the ear with or without OVA
challenge on day 7. Cell count (D), CXCR4 (E), IL-4 (F), and IFN-y (G) expressions of
GFP* NKT cells in the ears with or without OVA challenge on day 7 (*p < 0.05, **p <
0.01, ***p < 0.001). Populations of 1L-4 (H) and IFN-y (1) in skin CXCR4" and CXCR4~
GFP* NKT cells with OVA challenge on day 7 (**p < 0.01). Data are representative of two
experiments with n = 8 mice per group. Scale bar = 20 pm.
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Fig 4. Skin-resident NKT cells expressed CXCR4 and CD#69.
(A) Frequency of CD3 and NK1.1 double-positive NKT cells (UP), and their CXCR4 and

CD69 expression (down) in skin, liver, LN, and spleen (n =5 mice/group, three repeats).
(***p < 0.001). (B) Expression of CXCR4 and CD69 in the Va.24Ja18* NKT cells of
human HC and AD skin. Merged staining of Va24Ja 18* (red), CXCR4 (yellow), and
CD69 (green) were observed in the lesional skin of AD patients marked with white arrow.
Nuclei were stained with DAPI (blue). Original magnification X200. Scale bar = 20 pm.
(C) Percentage of CXCR4*CD69" NKT cells in HC and AD patient skin. (**p < 0.01).
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(D) Expression of CD69 in the skin and PBMC NKT cells of AD patient. (E) Parabiosis
experimental scheme. CD45.1 and CD45.2 congenic mice were joined by parabiosis surgery.
In CD45.2 host mice, CD45.1* and CD45.2* cells were considered as migrating cells and
resident cells, respectively. (n = 5 pairs/ group, three repeats). (F) The CD45.1*/CD45.2*
cells from each parabiont distributed in skin, liver, and LN of CD45.2 host mice at week 4.
(G) The frequency of CD45.1*/CD45.2* CD3*NK1.1* NKT cells in the skin, liver, and LN
of CD45.2 parabiont. (H) CXCR4 and CD69 expression of CD45.1*/CD45.2* CD3*NK1.1*
NKT cells pooled from the skin, liver and LN of CD45.2 parabiont.
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Fig 5. Skin-resident NKT cells after photoconversion of KAEDE mice.
(A) Representative intravital images of KAEDE mice ear at indicated times after violet light

exposure. (B) Proportion of KAEDE-red and green CD3*NK1.1* NKT cells at indicated
times. (C) CXCR4 and CD69 expression in KAEDE-red and green NKT cells. (D) Relative
percentage of CD69* and CXCR4" NKT cells in KAEDE-red and green NKT cells (*p

< 0.05, **p < 0.01). (E) Experimental scheme. DNFB-sensitized KAEDE mice were used
as donors for adoptive transfer of NKT cells into naive B6 recipients, half by intravenous
injection and half by intradermal injection into the right ears. Next, the right ears were

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sunetal.

Page 27

exposed to violet light for 20 min. After photoconversion for 6 h, the right ears were
challenged with DNFB, while vehicle was applied to the left ones, and then live images were
acquired at 24 h after photoconversion. (F) Representative intravital images of ear at 24 h
after violet light exposure. Mean velocity (G) and arrest coefficients (H) of KAEDE-red and
green NKT cells in DNFB-challenged ear at 24 h after violet light exposure. Points represent
individual cells, and lines indicate means (**p < 0.01, ***p < 0.001). (I) CXCR4 expression
in KAEDE-red and green NKT cells. Data are representative of three experiments withn =5
mice per group. Scale bar = 20 pm.
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Fig 6. CXCR4* NKT cells developed cutaneous allergic inflammation.
(A) Experimental scheme. CXCR4-flox and ZBTB16-GFP/Cre mice were crossed to

generate pups (CXCR4/fl-zZBTB16¢"¢/*) that were CXCR4 deficient in NKT cells. DNFB-
sensitized splenic CD3*NK1.1* NKT cells from CXCRA4M/ (Control) and CXCR4/fl-
ZBTB16%¢"* mice spleen were adoptively transferred into CXCR12-DsRed recipients after
CFSE staining. After 24 h, the right ears of recipients were challenged with DNFB, while
vehicle was applied to the left ears, and then ear swelling was measured at 12, 24, 48, and 72
h. (B) RT-PCR results of splenic NKT cells sorted from control and CXCR4 KO mice. (*p
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< 0.05). (C) Ear swelling of CXCL12-DsRed recipients at indicated times (***p < 0.001).
Representative intravital images (D) and cell count (E) of control NKT cells and CXCR4
KO NKT cells in the ears challenged by DNFB for 72 h. (**p < 0.01). Expression (F) and
percentage (G) of CXCR4" NKT cells and IFN-y expression (H) in adoptively transferred
control and CXCR4 KO NKT cells in the skin (*p < 0.05, **p < 0.01). (1) IFN-y expression
of CXCR4* and CXCR4~ NKT cells in adoptively transferred control NKT cells pooled
from ears (***p < 0.001). Data are representative of three experiments with n =5 mice per
group. Scale bar = 20 ym.
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