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Abstract: We have previously shown that Vα14 TCR Tg (Vα14Tg) NC/Nga (NC) mice contain
increased numbers of double-negative (DN) invariant natural killer T (iNKT) cells that protect
against spontaneous development of atopic dermatitis (AD). iNKT cells can regulate immune re-
sponses by producing various cytokines such as IFNγ and IL4 rapidly upon stimulation with
α-galactosylceramide (α-GalCer), a prototypical iNKT cell agonist. However, the precise role of
α-GalCer-activated iNKT cells in AD development remains unclear. Therefore, we examined whether
repeated activation of iNKT cells with α-GalCer can regulate the pathogenesis of AD in Vα14Tg NC
mice. We found that Vα14Tg NC mice injected repeatedly with α-GalCer display exacerbated AD
symptoms (e.g., a higher clinical score, IgE hyperproduction, and increased numbers of splenic mast
cells and neutrophils) compared with vehicle-injected Vα14Tg NC mice. Moreover, the severity of AD
pathogenesis in α-GalCer-injected Vα14Tg NC mice correlated with increased Th2 cells but reduced
Th1 and Foxp3+ Treg cells. Furthermore, the resulting alterations in the Th1/Th2 and Treg/Th2
balance were strongly associated with a biased expansion of type 2 cytokine-deviated iNKT cells in
α-GalCer-treated Vα14Tg NC mice. Collectively, our results have demonstrated the adverse effect of
repeated α-GalCer treatment on skin inflammation mediated by type 2 immunity.

Keywords: atopic dermatitis; NC/Nga mice; iNKT cells; Vα14 TCR transgenic mice; α-GalCer

1. Introduction

Atopic dermatitis (AD) is an incurable, inflammatory skin disorder characterized by
T helper 2 (Th2) cell predominance and IgE hyperproduction [1,2]. Interleukin 4 (IL4)
is considered a critical cytokine in the pathogenesis of AD because it induces Th2 cell
differentiation, IgE production, and increased Th2 type chemokines such as CCL17 and
CCL22 during AD development [3]. IFNγ-mediated Th1 immune responses induced by
dendritic cell (DCs)-derived interleukin 12 (IL12) play an important role in regulating Th2-
mediated AD [4]. A sustained supply of exogenous IFNγ is effective in preventing the onset
of AD in both murine AD models and human patients through modulation of the Th1/Th2
balance [5], implicating IFNγ as a critical target for therapeutic intervention in AD [1].
NC/Nga (NC) mice are widely used to investigate the pathogenesis of AD because these
animals exhibit AD-like skin inflammation. NC mice spontaneously develop AD when
housed under conventional, but not barrier, conditions. When kept under conventional
housing conditions, these animals scratch themselves starting from around eight weeks
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of age. Consequently, their skin becomes dry, scaly, or flaky, and becomes sensitive to
allergens present in conventional housing conditions. The resulting increases in serum IgE
and Th2 cells contribute to the pathogenesis of AD [6–8].

Invariant natural killer T (iNKT) cells are innate-like T cells that react with glycolipid
antigens bound by the major histocompatibility complex (MHC) class I-related protein
CD1d. These cells are capable of rapidly producing either anti-inflammatory cytokines
(e.g., IL4, IL13, and IL10) or pro-inflammatory cytokines (e.g., IFNγ, TNFα, and IL17)
upon stimulation with various stimuli (e.g., cytokines, Toll-like receptor (TLR) ligands, and
glycolipids) [9,10]. iNKT cells consist of two subsets (CD4+ iNKT or DN iNKT subset),
depending on the expression of co-receptors (CD4 and CD8) [11]. While CD4+ iNKT cells
mainly produce IL4, DN iNKT subset can rapidly produce high amounts of IFNγ, but not
IL17, IL4, or IL13 [12]. Since activated iNKT cells interact with various innate/adaptive
immune cells (e.g., DCs, macrophages, type 3 innate lymphoid cells (ILC3s), CD4+ T
cells, CD8+ T cells, and regulatory T (Treg) cells), these cells play a pivotal role in either
protecting or worsening immune-related diseases even in the absence of exogenous gly-
colipids [13–15]. In addition, interactions between iNKT cells and Treg cells have been
implicated in controlling autoimmune diseases [9,15]. Moreover, iNKT cells can enhance
the in vivo expansion of Treg cells in the lung and skin, consequently affecting the outcome
of type 2 immune diseases such as asthma and AD [13,16].

Alpha-galactosylceramide (α-GalCer), a glycolipid antigen derived from the marine
sponge Agelas mauritianus, can selectively activate iNKT cells in a CD1d-dependent man-
ner [17]. Thus, activation of iNKT cells by a single injection of α-GalCer at early time points
of a disease process can contribute to the onset of inflammatory diseases [18,19]. Moreover,
repeated stimulation of iNKT cells with α-GalCer affects the outcome of a variety of dis-
eases. For example, repeated α-GalCer treatment of R6/2 Tg mice accelerates the severity
of Huntington’s disease pathogenesis via increased infiltration of CD69+ iNKT cells into
the brain [20]. In addition, repeated in vivo α-GalCer stimulation plays a pro-tumorigenic
role by inducing anti-inflammatory IL10-producing iNKT cells [20–22]. Furthermore, such
stimulation can promote a substantial increase in anergic (i.e., hyporesponsive) iNKT cells,
thereby alleviating symptoms of experimental lupus nephritis [20–22].

We have previously demonstrated that overexpression of iNKT cells in Vα14Tg NC
mice effectively prevents the development of AD via a concurrent increase in Th1 and
Treg cells [13]. In this study, we investigated whether repeated α-GalCer administration
affects the pathogenesis of AD in Vα14Tg NC mice. Further, we examined the effects of this
repeated iNKT cell activation on CD4+ T cell polarization during AD development.

2. Materials and Methods
2.1. Study Design

This study was designed to determine the effect of α-GalCer on the pathogenesis of
AD in Vα14Tg NC mice. To address this issue, Vα14Tg NC mice were intraperitoneally (i.p.)
injected with α-GalCer. Subsequently, splenocytes and serum were harvested and further
analyzed by flow cytometry and ELISA.

2.2. Mice

Wild-type (WT) B6 and NC mice were purchased from Jung Ang Lab Animal Inc.
Vα14Tg mice were provided by Dr. A. Bendelac (University of Chicago, Chicago, IL, USA).
Vα14Tg B6 mice were backcrossed to NC mice for more than eleven generations to obtain
Vα14Tg NC mice. These mice were maintained at Sejong University and were used for
experiments at 6–12 weeks of age. They were maintained on a 12 h light/12 h dark cycle
in a temperature-controlled barrier facility with free access to food and water. Mice were
fed a γ-irradiated sterile diet and provided with autoclaved tap water. For monitoring
spontaneous AD development, mice were transferred at six weeks of age from the barrier
facility to the conventional animal facility. Age- and sex-matched mice were used for all
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experiments. The animal experiments were approved by the Institutional Animal Care and
Use Committee of Sejong University (SJ-20190301E1).

2.3. Cell Isolation and Culture

Splenic CD4+ T cells were isolated from Vα14Tg NC mice using a magnetically acti-
vated cell sorting (MACS) system (Miltenyi Biotec, Bergisch Gladbach, Germany), follow-
ing the manufacturer’s instructions [23]. CD4+ T cells were enriched >96% after MACS.
Primary cells were cultured in RPMI 1640 (Gibco BRL, Grand Island, NY, USA) culture
media supplemented with 10% FBS, 10 mM HEPES, 2 mM L-glutamine, 100 units/mL
penicillin-streptomycin, and 5 µM 2-mercaptoethanol.

2.4. Flow Cytometry

The following monoclonal antibodies (mAbs) were obtained from BD Biosciences (San
Jose, CA, USA): fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-Cy7- or allophyco-
cyanin (APC)-conjugated anti-CD3ε (clone 145-2C11); FITC-, PE-Cy7, or APC-conjugated
anti-CD4 (clone RM4–5); PE-conjugated anti-CD103 (clone M290); PE-Cy7-conjugated
anti-GITR (clone DTA-1); PE-Cy7-conjugated anti-CD11b (clone M1/70); APC-conjugated
anti-CD25 (clone PC61); PE-conjugated anti-IL10 (clone JES5-16E3); PE-Cy7-conjugated
anti-CD117 (c-kit) (clone 2B8); FITC- or PE-conjugated anti-Foxp3 (clone NRRF-30); PE-
conjugated anti-IL17A (clone eBio17B7). The following mAbs from Thermo Fisher Scientific
were used: FITC- or APC-conjugated anti-CD19 (clone ID3); FITC- or APC-conjugated anti-
Ly-6G (Gr-1) (clone RB6-8C5). FITC- or PE-conjugated anti-IL4 (clone BVD6-24G2); FITC-
or APC-conjugated anti-FcεRI (clone MAR-1); PE-conjugated anti-IFNγ (clone XMG1.2).
Cells were harvested and washed twice with cold 0.5% BSA-containing PBS (FACS buffer)
for staining surface markers. For blocking Fc receptors, the cells were incubated with
anti-CD16/CD32 mAbs (clone 2.4G2) on ice for 10 min and subsequently stained with
fluorescently labeled mAbs. Flow cytometric data were acquired using a FACSCalibur flow
cytometer (Becton Dickson, San Jose, CA, USA) and analyzed using FlowJo software (Tree
Star Inc., Ashland, OR, USA).

2.5. Intracellular Cytokine Staining

For intracellular staining, splenocytes were incubated with brefeldin A, an intracellular
protein transport inhibitor (10 µg/mL), in RPMI medium for 2 h at 37 ◦C. The cells were
stained for cell surface markers, fixed with 1% paraformaldehyde, washed once with
cold FACS buffer, and permeabilized with 0.5% saponin. The permeabilized cells were
then stained for an additional 30 min at room temperature with the indicated mAbs (PE-
conjugated anti-IFNγ, anti-IL4, anti-IL17, anti-IL10, or PE-conjugated isotype control rat
IgG mAbs). Fixation and permeabilization were performed using a Foxp3 staining kit
(eBioscience, San Diego, CA, USA) with the indicated mAbs (PE-conjugated anti-Foxp3,
or isotype control rat IgG mAbs). More than 5000 cells per sample were acquired using a
FACSCalibur, and the data were analyzed using the FlowJo software package (Tree Star Inc.,
Ashland, OR, USA).

2.6. ELISA

Serum IgE levels were measured with a sandwich ELISA (clone R35-72 for capturing
IgE and R35-118 for detecting IgE; BD PharMingen, San Jose, CA, USA). The optical density
was measured at 450 nm with an immunoreader (Bio-Tek ELX-800, Winooski, VT, USA).

2.7. Analysis of Skin Sections

The dorsal skins were fixed in 4% paraformaldehyde, embedded in paraffin, and cut
into 6 µm sections using a microtome (RM 2235, Leica, Wetzlar, Germany). The sections
were then stained with hematoxylin and eosin (H&E) to analyze histological changes. The
cells were counted with a microscope at a magnification of 400 times. The cell density was
expressed as the total number of cells in ten high-power fields (400×) for each section.
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2.8. Scoring the Severity of Skin Lesions

Skin lesions were scored at the indicated time points. The scoring was based on
the severity of lichenification, edema, erosion/excoriation, scarring/dryness, and ery-
thema/hemorrhage. The total clinical skin severity score was defined as the sum of the
five signs (none = 0; mild = 1; moderate = 2; and severe = 3).

2.9. Intraperitoneal Injection of α-GalCer into Mice

Alpha-GalCer was purchased from Enzo Life Sciences (Farmingdale, NY, USA).
Vα14Tg NC mice were transferred to conventional housing conditions at six weeks of
age to develop AD spontaneously, and these mice were i.p. injected with α-GalCer (2 µg)
dissolved in PBS once per week from 6 weeks of age for a total of 12 weeks. Littermate
Vα14Tg NC mice injected with PBS were used as negative controls. These mice were
measured for clinical AD signs once a week from 6 weeks of age for a total of 12 weeks.

2.10. Statistical Analysis

Statistical significance was determined using Excel (Microsoft, Redmond, WA, USA).
Student’s t-test was performed for the comparison of two groups (* p < 0.05, ** p < 0.01, and
*** p < 0.001 were considered significant in the Student’s t-test). Two-way ANOVA analysis
was carried out using VassarStats (http://vassarstats.net/anova2u.html) (accessed on
11 January 2021) (# p < 0.05, ## p < 0.01, and ### p < 0.001 were considered to be significant
in the two-way ANOVA).

3. Results

3.1. Vα14Tg NC Mice Become Susceptible to AD upon Repeated α-GalCer Treatment

We have previously shown that overexpression of iNKT cells in Vα14Tg NC mice
protects these animals from AD by suppressing skin inflammation and IgE hyperproduc-
tion [13]. Moreover, the absence of CD1d-dependent iNKT cells unleashed AD in Vα14Tg

NC mice, supporting the protective role of iNKT cells in AD development [13]. Thus,
we wanted to determine whether activation of iNKT cells can impact the pathogenesis
of AD in Vα14Tg NC mice. The glycolipid α-GalCer, a well-known iNKT cell agonist,
was employed to assess this question. During spontaneous development of AD under
conventional animal housing conditions, Vα14Tg NC mice were in vivo administrated
with α-GalCer once a week starting from 7 weeks of age. At the same time, these mice
were monitored for clinical parameters, including clinical score, epidermal thickness, and
total serum IgE level compared with control groups of mice (Figure 1A). Consistent with
our previous study, we confirmed that vehicle (Veh)-injected Vα14Tg NC mice exhibited
significantly lower levels of skin inflammation compared with Veh-injected WT NC mice.
In contrast, α-GalCer-injected Vα14Tg NC mice showed progressive AD-like symptoms,
including increased clinical scores, epidermal thickness, and total IgE levels, compared
with Veh-injected Vα14Tg NC mice and WT NC mice (Figure 1B–F). However, when housed
under specific pathogen-free (SPF) conditions, repeated α-GalCer activation did not have
any influence on the outcome of AD pathogenesis in either WT NC or Vα14Tg NC mice
(Figure S1). This result implies that α-GalCer itself does not initiate allergic immune re-
sponses in the absence of AD-inducing environmental factors (i.e., allergens provided most
likely by the conventional housing conditions) in NC mice. Together, these results suggest
that repeated treatment with α-GalCer diminishes AD-preventive properties of iNKT cells
in Vα14Tg NC mice, resulting in aggravated AD pathogenesis.

http://vassarstats.net/anova2u.html
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spontaneously develop AD. All the samples were prepared from mice at 12 weeks post transfer to 
conventional housing conditions for AD development. (B,C) The clinical symptoms were measured 
once a week to monitor the onset of AD. (D,E) The skins were prepared from WT NC or Vα14Tg NC 
mice. (D) Skin lesions were sectioned and stained with H&E. (E) The epidermal thickness was 
measured in 10 random high-power fields (400×) per sampled lesion. (F) Serum IgE levels were 
measured by ELISA. The mean values ± SD (n = 4–5 in A, B, C, D, E, and F; per group in the 
experiment; Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001) are shown. Two-way ANOVA (Vα14 
TCR Tg × α-GalCer) showed an interaction between these two factors. One representative 
experiment of two experiments is shown (## p < 0.01 and ### p < 0.001). 

3.2. Repeated In Vivo α-GalCer Treatment Biases iNKT Cells of Vα14Tg NC Mice towards Type 
2 Cytokine Production 

It has been reported that activated iNKT cells can rapidly release large amounts of 
type 1 cytokines (IFNγ, IL2) and type 2 cytokines (IL4, IL10). Furthermore, IFNγ and IL4 
derived from iNKT cells are known to exert distinct effects on allergic disorders. For 
example, iNKT cell-derived IFNγ showed a protective effect against Th2-related diseases 
such as asthma, whereas iNKT cell-derived IL4 increased the pathogenicity of asthma 
[24,25]. Since a cytokine imbalance in the IFNγ/IL4 ratio from iNKT cells is associated with 

Figure 1. Vα14Tg NC mice become susceptible to AD upon repeated α-GalCer treatment. (A) WT NC and Vα14Tg NC mice
were i.p. injected with either Veh (n = 4) or α-GalCer (2 µg; n = 4) once per week from 6 weeks of age for a total of 12 weeks
under conventional housing conditions to spontaneously develop AD. All the samples were prepared from mice at 12 weeks
post transfer to conventional housing conditions for AD development. (B,C) The clinical symptoms were measured once a
week to monitor the onset of AD. (D,E) The skins were prepared from WT NC or Vα14Tg NC mice. (D) Skin lesions were
sectioned and stained with H&E. (E) The epidermal thickness was measured in 10 random high-power fields (400×) per
sampled lesion. (F) Serum IgE levels were measured by ELISA. The mean values ± SD (n = 4–5 in A, B, C, D, E, and F; per
group in the experiment; Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001) are shown. Two-way ANOVA (Vα14 TCR
Tg × α-GalCer) showed an interaction between these two factors. One representative experiment of two experiments is
shown (## p < 0.01 and ### p < 0.001).

3.2. Repeated In Vivo α-GalCer Treatment Biases iNKT Cells of Vα14Tg NC Mice towards Type 2
Cytokine Production

It has been reported that activated iNKT cells can rapidly release large amounts of type
1 cytokines (IFNγ, IL2) and type 2 cytokines (IL4, IL10). Furthermore, IFNγ and IL4 derived
from iNKT cells are known to exert distinct effects on allergic disorders. For example,
iNKT cell-derived IFNγ showed a protective effect against Th2-related diseases such as
asthma, whereas iNKT cell-derived IL4 increased the pathogenicity of asthma [24,25].
Since a cytokine imbalance in the IFNγ/IL4 ratio from iNKT cells is associated with the
pathogenesis of allergic diseases, we determined whether repeated α-GalCer activation
alters the cytokine profiles of activated iNKT cells from Vα14Tg NC mice. To test this
issue, iNKT cell cytokine profiles were examined in the spleen from α-GalCer-treated
Vα14Tg and littermate WT NC mice after maintaining these animals for 12 weeks under
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conventional housing conditions where spontaneous AD develops. The ratio of IFNγ/IL4
cytokine production from splenic iNKT cells was markedly decreased by repeated α-GalCer
treatment in Vα14Tg NC mice (Figure 2A–C). Moreover, the IL4- and IL10-producing cell
frequency among iNKT cells in the spleen was significantly higher in α-GalCer-injected
Vα14Tg NC mice than in Veh-injected Vα14Tg NC mice (Figure 2C). However, we did
not find any significant differences in the number and cytokine production of splenic
iNKT cells between α-GalCer-injected and Veh-injected littermate WT NC mice, which
might be due to the relative paucity of iNKT cells in WT NC mice owing to a defect in
the Vβ8 TCR gene segment. Moreover, this altered cytokine profile of iNKT cells induced
following repeated α-GalCer injection was also seen when the animals were housed under
SPF conditions. Similar to the conventional housing conditions, we found an increase in
IL4- and IL10-producing iNKT cells but a decrease in IFNγ-producing iNKT cells in the
spleen of α-GalCer-injected Vα14Tg NC mice housed under SPF conditions (Figure S2).
Taken together, these results indicate that repeated in vivo injection of α-GalCer into
Vα14Tg NC mice biases the response of iNKT cells from a type 1 towards a type 2 cytokine
production profile.
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Figure 2. Repeated in vivo α-GalCer treatment changes the iNKT cell phenotype of
Vα14Tg NC mice towards type 2 cytokine production. (A–C) Spleens were prepared from
mice as shown in Figure 1. (A,B) The frequency and cell number of splenic iNKT cells
(α-GalCer/CD1d-dimer+CD3+) were determined by flow cytometry. (C) Intracellular
IFNγ, IL4, and IL10 were analyzed in splenic iNKT cells (α-GalCer/CD1d-dimer+CD3+).
The mean values ± SD (n = 4 in (A–C); per group in the experiment; Student’s t-test;
* p < 0.05 and *** p < 0.001) are shown. Two-way ANOVA (Vα14 TCR Tg × α-GalCer)
showed an interaction between these two factors. One representative experiment out of
two experiments is shown (## p < 0.01 and ### p < 0.001).
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3.3. Alpha-GalCer-Mediated Exacerbation of AD Pathogenesis Correlates with a Reduced Th1/Th2
Cytokine Ratio of CD4+ T Cells in Vα14Tg NC Mice

Low expression levels of the cytokine IL12 can profoundly bias immune responses
towards Th2 dominance, as seen in patients with AD [26,27]. Therefore, to test whether
iNKT cell polarization by repeated α-GalCer injection affects CD4+ T cell differentiation,
we measured the IFNγ and IL4 cytokine expression patterns of CD4+ T cells from α-GalCer-
treated Vα14Tg NC mice with advanced AD. Consistent with our previous report, CD4+

T cells from Veh-injected Vα14Tg NC mice produced high levels of Th1 but low levels of
Th2 cytokines compared with Veh-injected WT NC mice (Figure 3A,B). However, repeated
α-GalCer injection into Vα14Tg NC mice caused a decrease in Th1 cells but an increase in
Th2 cells, ultimately resulting in dramatically reduced Th1/Th2 ratios among splenic CD4+

T cells (Figure 3A,B). In contrast, such changes were not observed for the frequencies of
Th1 or Th2 populations among CD4+ T cells between Veh- and α-GalCer-injected WT NC
mice (Figure 3A,B).Biomedicines 2021, 9, 1619 8 of 13 
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Figure 3. α-GalCer-mediated exacerbation of AD pathogenesis correlates with reduced Th1/Th2
cytokine ratios and Treg cells in Vα14Tg NC mice. (A–E) Spleens were prepared from mice as shown
in Figure 1. (A,B) IFNγ- and IL4-producing populations in splenic CD4+ T cells were determined by
flow cytometry. (C,D) The percentage of Foxp3+CD25+ cells among CD4+ T cells was evaluated by
flow cytometry. (A,C) Representative FACS plots. (B,D) Summary of data. (E) Cell surface expression
of CD103 and GITR on splenic Foxp3+CD25+ Treg cells was analyzed by flow cytometry. The mean
values ± SD (n = 4 in (A–E); per group in the experiment; Student’s t-test; * p < 0.05, ** p < 0.01,
*** p < 0.001) are shown. Two-way ANOVA (Vα14 TCR Tg × α-GalCer) showed an interaction
between these two factors. One representative experiment of two experiments is shown (# p < 0.05,
## p < 0.01 and ### p < 0.001).



Biomedicines 2021, 9, 1619 8 of 13

3.4. Repeated α-GalCer Treatment Contracts Splenic Treg Cells in Vα14Tg NC Mice

Treg cells play essential roles in regulating immune responses. When Treg cells become
dysregulated, pathogenic Th2 cells and serum IgE levels are drastically elevated in allergic
diseases such as AD. In particular, a Treg/Th2 imbalance highly correlates with the severity
of AD pathogenesis [1,28,29]. Thus, we wondered whether repeated α-GalCer activation
might affect the generation of Treg cells in Vα14Tg and littermate WT NC mice during AD
development. To address this issue, we measured the frequency of Treg cells in the spleen
after repeated α-GalCer treatment. We found that splenic Treg cells in Veh-injected Vα14Tg

NC mice were approximately 200% higher than in Veh-injected WT NC mice. However,
repeated α-GalCer-injection into Vα14Tg NC mice statistically decreased the prevalence
of splenic Treg cells by 40% compared with Veh-injected Vα14Tg NC mice, indicating that
the ratio of Treg cells to Th2 cells was markedly reduced in α-GalCer-injected Vα14Tg

NC mice (Figure 3C,D). We next examined the effect of repeated α-GalCer treatment on
Treg-associated molecules (CD103 and GITR) of the splenic Treg populations in Vα14Tg

NC mice. Alpha-GalCer injection resulted in a modest decrease in CD103 expression but
a significant decline in GITR expression among splenic Treg cells in Vα14Tg NC mice
(Figure 3E), which implies that repeated α-GalCer injection may downregulate Treg cell
function as well as its frequency. However, in WT NC mice, neither Treg cell number
nor Treg-associated molecule expression were significantly affected by α-GalCer injection.
These findings collectively suggest that α-GalCer-stimulated iNKT cells downregulate Treg
cells quantitatively and qualitatively in Vα14Tg NC mice, which likely contributes to the
spontaneous development of AD.

3.5. Repeated α-GalCer-Injection Expands Splenic Mast Cells and Neutrophils in
Vα14Tg NC Mice

An increase in mast cells and their capacity to be activated by IgE antibodies con-
tributes to the pathogenesis of AD [1]. In addition, neutrophil accumulation is essential
for turning skin inflammation into a chronic condition [30]. Moreover, mast cell-derived
histamine and neutrophil-derived CXCL10 stimulate histamine receptors and chemokine
receptor CXCR3, respectively, on sensory neurons to drive itch in AD skin lesions [31,32].
Thus, we explored whether repeated α-GalCer injection induces phenotypic changes in
splenic mast cells and neutrophils in Vα14Tg NC mice during spontaneous AD progres-
sion. We found that α-GalCer treatment induces a significant increase in mast cells and
neutrophils in Vα14Tg NC mice (Figure 4A–D). Furthermore, consistent with our previous
report, Vα14Tg NC mice displayed substantially lower splenic mast cells and neutrophils
than WT littermate NC mice (Figure 4A–D).
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Figure 4. Repeated α-GalCer-injection expands splenic mast cells and neutrophils in Vα14Tg NC
mice. Spleens were prepared from mice as shown in Figure 1. (A,B) The frequency (A) and cell
number (B) of mast cells (FcεRI+c-kit+CD3−CD19−) were determined by flow cytometry. (C,D) The
frequency (C) and cell number (D) of neutrophils (CD11b+Gr-1+ CD3−CD19−) were determined
by flow cytometry. The mean values ± SD (n = 4 in (A–D); per group in the experiment; Student’s
t-test; ** p < 0.01, *** p < 0.001) are shown. Two-way ANOVA (Vα14 TCR Tg × α-GalCer) showed an
interaction between these two factors. One representative experiment of two experiments is shown
(## p < 0.01, and ### p < 0.001).

4. Discussion

The present study has demonstrated that repeated α-GalCer treatment enhances
allergic immune responses in Vα14Tg NC mice. Furthermore, repeated α-GalCer treatment
polarizes iNKT cells towards type 2 cytokine production in Vα14Tg NC mice, resulting in
enhanced Th2 immune responses followed by expansion of mast cells and neutrophils, a
hallmark of AD progression.

Previous studies are consistent with the possibility that exposure to endogenous
or exogenous glycolipids can play either protective or pathogenic roles in AD devel-
opment through phenotypic changes in iNKT cells. For example, endogenous lipids
(e.g., β-D-glucopyranosylceramide and iGb3) can accumulate in DCs during bacterial in-
fection and subsequently be interpreted as innate danger signals to activate both mouse
and human iNKT cells [33,34]. These studies indicate that TLR stimulation mediated by
microbial infection (e.g., Staphylococcus aureus) can affect inflammatory immune responses
by activating iNKT cells. In addition, emerging evidence suggests a role of foreign glycol-
ipids in the regulation of immune response via iNKT cell stimulation. For example, house
dust extracts and the fungus (Aspergillus fumigatus)-derived glycosphingolipid, asperamide
B, directly activate iNKT cells in a CD1d-dependent manner, ultimately resulting in asthma
exacerbation [35,36]. These studies indicate that repeated exposure to AD-inducing en-
vironmental factors (e.g., microbial glycolipids) can induce either anergic (IL10high) or
type 2 cytokine-deviated iNKT cells (IL4high and IFNγlow) in a CD1d-dependent manner.
However, glycolipids derived from Helicobacter pylori affect the expansion and activation
of type 1 cytokine-biased iNKT cells, which consequently promote Th1-biased cytokine
responses [16]. In addition, glycolipids derived from commensal bacteria can activate hep-
atic iNKT cells to produce inflammatory cytokines such as IFNγ, resulting in concanavalin
A-induced liver injury [37]. Furthermore, intestinal bacteria such as Sphingomonas species
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carrying iNKT cell antigens induce the full maturation of iNKT cells, indicating that
intestinal microbes affect the phenotype and functions of iNKT cells in mice through TCR-
dependent and TLR-independent mechanisms [38]. Interestingly, it has been reported
that treatment with CD1d-binding lipid antagonists (e.g., α-lactosylceramide (α-LacCer)
and di-palmitoyl-phosphatidylethanolamine polyethylene glycol (DPPE-PEG)) can protect
against α-GalCer-induced airway hyperreactivity [39,40]. These previous studies suggest
that accelerated AD development by exposure to glycolipid antigens could be blocked by
CD1d-binding lipid antagonists. In this regard, it will be worthwhile to further investigate
whether iNKT antagonist treatment can regulate the progression of AD in α-GalCer-treated
Vα14Tg NC mice.

Moreover, a previous study demonstrated that oral administration of α-GalCer selec-
tively activates IL4-producing iNKT cells through pSTAT6 upregulation in the MLN [41].
However, in contrast to conventional conditions, repeated α-GalCer treatment under
SPF conditions failed to induce AD in Vα14Tg NC mice (Figure S1). This result implies
that allergens responsible for initiating skin inflammation should be present. Thus, in
the SPF environment, even in the face of a type 2 cytokine bias in iNKT cells, Th2-type
skin inflammation fails to develop in the absence of antigens or foreign antigens that can
initiate dermatitis.

Although it is generally thought that mast cells contribute to the pathogenesis of
AD [42], inhibitory effects of mast cells on AD have also been reported [43,44]. For ex-
ample, the absence of mast cells exacerbates the spontaneous development of allergic
skin inflammation in constitutively active STAT6 Tg mice, which develop spontaneous
allergic inflammation [43]. In addition, mast cell-derived IL2 suppresses chronic allergic
dermatitis by increasing Treg cells [44]. Based on these previous studies, the role of mast
cells in the pathogenesis of AD is still controversial. Thus, in future studies, it will be
informative to further investigate whether mast cells are critical effectors in eliciting AD
pathogenesis through the generation of mast cell-deficient Vα14Tg NC mice, by backcross-
ing Sash−/− mice onto the NC genetic background.

It has been previously demonstrated that activated iNKT cells promote an increase
in Treg population through IL2-dependent mechanisms [45]. Moreover, activated iNKT
cells increased not only Foxp3 expression but also the suppressive functions on Treg cells
following recognition of glycolipids such as bacteria-derived diacylglycerols; consequently,
iNKT cell-primed Treg cells suppressed IL4 but not IFNγ production by iNKT cells [46].
Functional alterations in iNKT subpopulations have been reported in AD patients. For
example, there is a selective decrease in CD4− [47] and DN [48] iNKT cells, or an increase
in CD4+ iNKT cells [49] in AD patients. Moreover, our previous study demonstrated that
DN iNKT cells from Vα14Tg NC mice enhanced the frequency and functions of splenic
Treg cells in the skin, resulting in protection against the onset of AD [13]. Furthermore, DN
iNKT cells protect against airway hyperreactivity by expanding allergen-specific Foxp3+

Treg cells [12,16]. Our recent finding also demonstrated that high levels of IL2 production
by Vα14Tg NC-derived DN iNKT cells induce the expansion of Treg cells, resulting in
restraint of AD development [13]. However, we found that Foxp3+ Treg cells are signifi-
cantly reduced in the spleen of α-GalCer-treated Vα14Tg NC mice. Since it has previously
been reported that IL4 treatment inhibits TGFβ-mediated Treg cell differentiation in a
STAT6-dependent manner [50], enhanced IL4-producing iNKT cells in α-GalCer-injected
Vα14Tg NC mice may account for this decrease of Treg cells, ultimately contributing to
AD pathogenesis.

5. Conclusions

In conclusion, our results provide evidence that long-term exposure to glycolipids
such as α-GalCer is associated with an increased incidence of AD. Furthermore, the expan-
sion of IL4-producing iNKT cells contributes to an increased Th2-type immune response
in α-GalCer-injected Vα14Tg NC mice, resulting in Th1/Th2 imbalance under conven-
tional housing conditions. Therefore, long-term glycolipid administration regimens for
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immunotherapeutic purposes should consider phenotypic alterations in iNKT cells that
may cause undesired side effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9111619/s1, Figure S1: Repeated α-GalCer treatment fails to induce significant
AD pathogenesis in Vα14Tg NC mice under SPF conditions, Figure S2: Repeated α-GalCer treatment
polarizes Vα14Tg NC iNKT cells toward type 2 cytokine production under SPF conditions.
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