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A large proportion of human T cells are autoreactive to group 1CD1 proteins, which include CD1a, CD1b, and CD1c. However,
the physiological role of the CD1 proteins remains poorly defined. Here, we have generated a double-transgenic mouse model
that expresses human CD1b and CD1c molecules (hCD1Tg) as well as a CD1b-autoreactive TCR (H)1Tg) in the ApoE-deficient
background (hCD1Tg H)1Tg Apoe™- mice) to determine the role of CD1-autoreactive T cells in hyperlipidemia-associated
inflammatory diseases. We found that hCD1Tg HJ1Tg Apoe™~ mice spontaneously developed psoriasiform skin inflammation
characterized by T cell and neutrophil infiltration and a Th17-biased cytokine response. Anti-IL-17A treatment ameliorated
skin inflammation in vivo. Additionally, phospholipids and cholesterol preferentially accumulated in diseased skin and these
autoantigens directly activated CD1b-autoreactive H)J1T cells. Furthermore, hyperlipidemic serum enhanced IL-6 secretion by
CD1b* DCs and increased IL-17A production by HJ1T cells. In psoriatic patients, the frequency of CD1b-autoreactive T cells was
increased compared with that in healthy controls. Thus, this study has demonstrated the pathogenic role of CD1b-autoreactive
T cells under hyperlipidemic conditions in a mouse model of spontaneous skin inflammation. As a large proportion of
psoriatic patients are dyslipidemic, this finding is of clinical significance and indicates that self-lipid-reactive T cells might
serve as a possible link between hyperlipidemia and psoriasis.

Introduction

Hyperlipidemia is a condition characterized by elevated plasma
lipid levels. LDL and triglycerides contribute to human disease in
many organs. Approximately one-third of Americans show signs
of hyperlipidemia or obesity (1). Excess plasma lipids have been
associated with several chronic inflammatory conditions, such as
cardiovascular diseases, including atherosclerosis (2). Interest-
ingly, elevated serum lipid levels have also been reported in pso-
riasis patients, who have an increased risk of developing obesity
and cardiovascular ailments (3-6). Even though the mechanisms
that underlie the links among psoriasis, hyperlipidemia, and ath-
erosclerosis remain unclear, systemic inflammation is a hallmark
of patients with all these conditions (5). Psoriasis, a primarily T
cell-driven autoimmune disease, affects approximately 1% to 3%
of humans (3, 7). Activation and subsequent cytokine secretion by
self-peptide-reactive T cells contribute to disease maintenance (8,
9). Further, T cell responses in psoriasis patients are largely Th17
and Th1 biased (8, 9). In fact, anti-TNF is a mainstay of therapy
for psoriasis, and anti-IL-17A therapy was recently approved as
a first-line systemic treatment (10, 11). While the involvement of
peptide-reactive T cells has been well defined (12-15), the role
of lipid-reactive T cells in psoriasis remains largely unknown.
Since psoriasis and cardiovascular disease are correlated with
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hyperlipidemia and recent studies have identified CD1-restricted
self-lipid-reactive T cells in the blood or skin of humans (16-19),
we developed a new mouse model for the study of human CD1-
restricted T cell responses to self-lipids in vivo.

CD1 molecules are divided into group 1 (CDla, CD1b, and
CD1c¢) and group 2 (CD1d) based on sequence homology (20).
The role of CD1d-restricted NKT cells under homeostatic and
inflammatory conditions has been extensively studied in mice
(21). Since mice express only CD1d, very little is known about the
in vivo function of group 1 CD1-restricted T cells (22). All 4 types
of CD1 molecules are expressed on double-positive (CD4*CD8*)
thymocytes (23, 24). While CD1d is expressed on both hemato-
poietic and nonhematopoietic cells in the periphery, group 1 CD1
expression is restricted to antigen-presenting cells (23, 24). Over
the years, it has become apparent that autoreactivity is a common
feature of CD1-restricted T cells (16, 25-29). Further, T cells that
are measurably autoreactive to group 1 CD1 proteins are abun-
dant in human blood (16, 18). CD1a autoreactive T cells have been
shown to recognize apolar “headless” skin-derived lipid antigens
(17). A recent study also demonstrated that CDla-restricted T
cells responded to neolipid antigens generated by phospholipase
A, activity in psoriasis patients (30). CD1b-autoreactive T cells can
recognize phospholipids (17, 19), and a higher frequency of sulfa-
tide and monosialotetrahexosylganglioside-specific (GM1-spe-
cific) T cells was detected in multiple sclerosis patients compared
with normal controls (26). Moreover, CD1c-restricted T cells spe-
cific for cholesteryl esters have recently been identified (31). Final-
ly, most CD1d-restricted NKT cells also exhibit autoreactivity and
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secrete both Thl- and Th2-type cytokines following activation
(29). Together, these studies have provided rapid progress in iden-
tifying lipid autoantigens as well as proof of principle that human
T cells recognize self-lipids in vivo, raising the possibility that they
play pathogenic roles in autoimmune diseases.

NKT cells contribute to psoriasis in both mice and humans
(32) via IFN-y secretion upon interaction with CD1d-expressing
keratinocytes (33, 34). However, group 1 CD1 proteins have not
been investigated in this regard owing to lack of tractable animal
models and lack of information about CD1 expression in human
disease. Interestingly, a recent study showed that group 1 CDI
mRNA is increased in human psoriatic lesions (35) and that
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CD1a blockade ameliorates imiquimod-induced skin inflamma-
tion in a CDIA transgenic mouse model (36), indicating a role
for CD1la-autoreactive T cells in promoting skin inflammation.
However, the role of CD1b- and CD1c-autoreactive T cells in
inflammatory diseases remains unknown.

Thus, to study the physiological relevance of autoreactive
CD1b-restricted T cells in vivo, we used a double-transgenic
mouse model that expresses human CD1b and CD1c molecules
(37) and HJ1, a CD1b-autoreactive T cell receptor (hCD1Tg
HJ1Tg mice) (38). Since the presence of these T cells did not
lead to overt autoimmunity, we explored the role of CD1b-auto-
reactive T cells under conditions of hyperlipidemia by cross-
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Figure 2. Diseased skin in hCD1Tg
HJ1Tg Apoe™~ mice is characterized

by T cell and neutrophil infiltrates.
Indicated organs were harvested from
mice at about 25 weeks of age when
hCD1Tg H)1Tg Apoe”- mice exhibited
fulminant disease. (A and B) Immuno-
fluorescence staining of skin sections
from indicated mice with anti-CD3

(A) and anti-Gr-1(B). Scale bars: 100
um. (C) Bar graph depicts the absolute
number of various leukocyte subsets
in the dermis of mice, performed using
flow cytometry (n = 3-5). (D) mRNA
analysis of HJ1 T cells in the skin of the
mice using HJ1 TCR-specific prim-

ers. (E-G) hCD1Tg H)1Tg Apoe™- mice
have systemic neutrophil infiltra-
tion. Quantification of neutrophils
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ing hCD1Tg HJ1Tg mice onto the ApoE-deficient background
(hCD1Tg HJ1Tg Apoe””). ApoE-deficient mice, which have ele-
vated levels of serum triglyceride and cholesterol, provided a
useful tool for studying the role of CD1b-autoreactive T cells in
hyperlipidemia-associated inflammatory diseases, such as ath-
erosclerosis and psoriasis.

In this study, we found that hCD1Tg HJ1Tg Apoe”~ mice spon-
taneously developed psoriasis-like skin inflammation starting at

Tgfb  Gmcsf
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25 to 30 weeks of age. These mice also developed atherosclerotic
lesions. Atherosclerotic plaque burden in hCD1Tg HJ1Tg Apoe””
mice was comparable to that of Apoe”~ mice at 30 weeks of age.
HJ1 T cells in hCD1Tg HJ1Tg Apoe”~ mice were phenotypically
more activated and produced elevated levels of IL-17A. Interest-
ingly, an increased frequency of IL-17A-producing T cells was
also detected in hCD1Tg Apoe”~ mice, which harbor polyclonal
CD1b- and CDlc-restricted T cells. We found that hyperlipidemia
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enhanced IL-6 secretion by CD1b* DCs and augmented IL-17A
production by HJ1 T cells. Furthermore, phospholipid and cho-
lesterol species, which preferentially accumulated in the diseased
skin of hCD1Tg HJ1Tg Apoe”~ mice, activated CD1b-autoreactive
HJ1 T cells. In parallel, we studied human patients and found that
CD1b expression and CD1b-autoreactive T cells were increased in
psoriatic individuals compared with healthy controls. Thus, this
study demonstrates a link between hyperlipidemia and psoriasis,
pointing to a specific and unexpected role of autoreactive CD1b-
restricted T cells in inflammatory skin diseases.

Results

hCDI1Tg HJ1Tg Apoe”~ mice spontaneously develop psoriasiform der-
matitis. hCD1Tg HJ1Tg mice, which expressed human CD1b and
CDlc as well as the CD1b-autoreactive T cell receptor (TCR)
(HJ1) were crossed to the Apoe” background. hCD1Tg HJ1Tg
Apoe”~ mice progressively lost weight starting at about 16 weeks
of age (Figure 1A). By 25 weeks of age, 95% of hCD1Tg HJ1Tg
Apoe”~mice also developed severe dermatitis. This was in contrast
to hCD1Tg HJ1Tg Apoe*”* and Apoe”~ mice, neither of which lost
weight or developed skin lesions at such a high frequency (Figure
1B). Interestingly, we also observed an increased incidence of der-
matitis in hCD1Tg Apoe”~ mice (~50%) compared with Apoe”~mice
(~20%). This suggests that polyclonal autoreactive CD1b- and
CDlc-restricted T cells naturally present in hCD1Tg Apoe”~ mice
may contribute to skin inflammation in response to hyperlipid-
emic conditions. Additionally, only 28% of HJ1Tg Apoe”~ mice
(CD1b" and CD1c¢") developed disease, suggesting that both CD1
and CD1-reactive T cells were required for high rates of disease
development (Figure 1B). Skin sections obtained from diseased
hCD1Tg HJ1Tg Apoe”- mice showed epidermal hyperplasia (Fig-
ure 1B), increased leukocytic infiltration, and hyperkeratosis (Fig-
ure 1C), which are histologic features also found in psoriatic skin.
Disease incidence was not different in male versus female mice.
Keratinocytes, which are key effectors in the pathogenesis of pso-
riasis, proliferated more in the diseased skin, as indicated by Ki67
staining (Figure 1D).

Since the histopathology observed in diseased skin of hCD1Tg
HJ1Tg Apoe”- mice resembled key aspects of psoriatic lesions, we
examined the levels of S100a proteins, which are known to be ele-
vated in psoriasis patients. Indeed, S10047 and S100a8 mRNA lev-
els were higher in diseased hCD1Tg HJ1Tg ApoE”~ mice compared
with hCD1Tg HJ1Tg Apoe** and Apoe”- mice (Figure 1E). Because
ApoE”~ mice are characterized by hyperlipidemia and formation
of atherosclerotic plaques, we also examined the effect of Hj1 T
cells on plaque formation in the aortic root region. Upon staining
of aortic root sections from hCD1Tg HJ1Tg Apoe”~ and Apoe” mice
with oil red O, we observed plaque in both groups of animals at
30 weeks. However, there was no significant difference in plaque
burden between these 2 mouse strains (Figure 1F). Additionally,
we examined the colon of diseased hCD1Tg HJ1Tg Apoe”~ mice
for any obvious pathology by H&E staining. As depicted in Supple-
mental Figure 1 (supplemental material available online with this
article; https://doi.org/10.1172/JC192217DS1), no significant dif-
ferences were observed between hCD1Tg HJ1Tg Apoe”*, hCD1Tg
HJ1Tg Apoe”-, and Apoe”~ mice. Thus, Apoe deletion caused the
expected development of atherosclerotic plaque, but we did not
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detect a measurable effect of HJ1 T cells on plaque formation at
the time point examined. However, we found a marked, highly
penetrant skin disease that was dependent on the presence of
CD1b-autoreactive HJ1 T cells and the absence of ApoE.

Skin inflammation is characterized by T cell and neutrophil infil-
tration along with a Thil7-biased cytokine response. To character-
ize the leukocyte populations in the skin lesions, we stained skin
sections from hCD1Tg HJ1Tg Apoe*”*, hCD1Tg HJ1Tg Apoe””, and
Apoe”~ mice with Abs against CD3 and Gr-1. Skin sections from
hCD1Tg HJ1Tg Apoe”~ mice had the highest presence of both T
cells (Figure 2A) and Gr-1* granulocytes (Figure 2B), especially in
the dermis. Flow cytometric analysis of skin cell suspensions con-
firmed an increased frequency of T cells and CD11b*Ly6G* neu-
trophils in hCD1Tg HJ1Tg Apoe”~ mice, while no significant differ-
ences in the percentages of B cells, macrophages, and DCs were
detected among these 3 strains of mice (Figure 2C). To confirm
that infiltrating T cells in diseased skin were indeed HJ1 T cells,
HJ1 VB chain-specific primers were used to detect the mRNA lev-
els of these T cells. As expected, there were more HJ1 T cells in the
skin of hCD1Tg HJ1Tg Apoe” mice compared with hCD1Tg HJ1Tg
Apoe”* mice and no HJ1 T cells were detected in Apoe”~ mice (Fig-
ure 2D). Interestingly, increased numbers of neutrophils were also
detected in the cervical LNs (Figure 2E), spleen (Figure 2F), and
liver (Figure 2G) of hCD1Tg HJ1Tg Apoe”~ mice, demonstrating
systemic inflammation at sites outside the skin.

To determine the cytokine milieu in the skin of diseased and
healthy mice, mRNA levels of different cytokines were detected in
hCD1Tg HJ1Tg Apoe*, hCD1Tg HJ1Tg Apoe”-, and Apoe”~ mice.
We found that the expression of I/6- and Thl7-related cytokines,
including Il17a, Il17f, 1122, and II23, was substantially higher in the
diseased hCD1Tg HJ1Tg Apoe”~ mice compared with Apoe”~ and
hCD1Tg HJ1Tg Apoe”* mice. However, there was no difference in
Ifng, Il4, Tgfb, and GMCSF levels among the 3 groups (Figure 2H).
These data suggest that skininflammationinhCD1Tg HJ1Tg Apoe”~
mice was correlated with an increased Th17 response.

Dermal T cells in hCD1Tg HJ1Tg Apoe”~ mice have a more acti-
vated phenotype and produce elevated levels of IL-17A. Since HJ1 T
cells were markedly increased in the skin of hCD1Tg HJ1Tg Apoe”~
mice, we next sought to compare the phenotype and function of
these T cells with that of dermal T cells in hCD1Tg HJ1Tg Apoe**
and Apoe”~ mice. Dermal T cells from hCD1Tg HJ1Tg Apoe”~ mice
had the highest percentage of CD69*CD44" double-positive
cells (Figure 3, A and B). A similar trend of T cell activation was
also observed in the skin-draining cervical LNs (Figure 3, C and
D). Interestingly, CD5 expression, a marker for T cell signal-
ing strength, was highest in T cells isolated from hCD1Tg HJ1Tg
Apoe”- mice (Figure 3, E and F), consistent with their heightened
activation status. To determine whether an altered Treg popula-
tion could contribute to the phenotype observed in hCD1Tg HJ1Tg
Apoe”~ mice, we stained both dermal and cervical LN T cells for
CD4 and FoxP3 to detect canonical Tregs. There was no differ-
ence in the CD4'FoxP3* population in either the cervical LNs
(Supplemental Figure 2A) or the dermis (Supplemental Figure 2B)
of hCD1Tg HJ1Tg Apoe”*, hCD1Tg HJ1Tg Apoe”-, and Apoe” mice.
Using phorbol 12-myristate 13-acetate (PMA) and ionomycin to
evaluate function ex vivo, we found that T cells isolated from the
skin (Figure 4, A and B) as well as cervical LNs (Figure 4, A and
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C) of hCD1Tg HJ1Tg Apoe”~ mice had the highest percentage of
IL-17A-producing cells. However, no significant difference in the
percentages of IFN-y-producing T cells was detected in these 3
strains of mice (Figure 4, D-F). Overall, dermal T cells from dis-
eased hCD1Tg HJ1Tg Apoe”~ mice were more activated and pro-
duced more IL-17A.

T cells in hCD1Tg HJ1Tg Apoe”~ and hCDITg Apoe”~ mice produce
more IL-17A compared with their counterparts on an ApoE-sufficient
background. To test whether enhanced Th17 response detected in
hCD1Tg HJ1Tg Apoe”- mice reflected CD1b-dependent cytokine
production by HJ1 T cells, purified T cells from either hCD1Tg
HJ1Tg Apoe”* or hCD1Tg HJ1Tg Apoe”’~ mice were cocultured
with WT (CD1b") or hCD1Tg (CD1b*) BM-derived DCs (BMDCs).
Indeed, cytokine secretion was dependent on CD1b expression.
hCD1Tg HJ1Tg Apoe”~ mice produced more IL-17A, but similar
levels of IFN-y, upon stimulation with hCD1Tg DCs compared
with T cells from hCD1Tg HJ1Tg Apoe”* mice (Figure 4G).

To determine whether enhanced IL-17A production by CD1b-
autoreactive HJ1 T cells in the context of ApoE deficiency could be
detected at the polyclonal T cell level, T cells were isolated from
hCD1Tg and hCD1Tg Apoe”~ mice and incubated with either WT
(CD1b) or hCD1Tg (CD1b*) BMDCs. Interestingly, a higher fre-
quency of polyclonal group 1 CD1-restricted IL-17A-producing
cells was detected in hCD1Tg Apoe” mice compared with hCD1Tg
mice (Figure 4H).

In vivo IL-17A neutralization ameliorates dermatitis. Since an
elevated Th17 response was observed in diseased hCD1Tg HJ1Tg
Apoe”~ mice, we sought to determine whether systemic in vivo

neutralization of IL-17A could ameliorate disease. Indeed, anti-IL-
17A treatment resulted in reduced leukocytic infiltration and epi-
dermal hyperplasia in the skin of hCD1Tg HJ1Tg Apoe”” mice, as
shown by H&E staining, compared with mice treated with isotype
control Abs (Figure 5A). Flow cytometric analysis showed that the
percentages of dermal neutrophils were decreased significantly in
IL-17A-neutralized mice compared with isotype Ab-treated mice
(Figure 5B). Dermal T cells from anti-IL-17A-treated hCD1Tg
HJ1Tg Apoe”~ mice had similar CD69 and CD44 expression pro-
files compared with healthy hCD1Tg HJ1Tg Apoe”* mice (Figure
5C). Furthermore, IL-17A neutralization also led to decreased IL-
17A production by dermal T cells of hCD1Tg HJ1Tg Apoe”" mice,
but had no effect on IFN-y production (Figure 5, D-F). These data
indicated that IL-17A plays an important role in skin inflammation
observed in hCD1Tg HJ1Tg Apoe”~ mice.

Hyperlipidemic serum enhanced IL-6 secretion by DCs and
increased IL-17A production by HJ1 T cells. It has been demonstrated
that hyperlipidemia can change DC maturation and thus function
(39-41). To test the possibility that alterations in DC function can
lead to the heightened production of IL-17A by HJ1 T cells, we iso-
lated DCs from the LNs of hCD1Tg, hCD1Tg Apoe”-, and Apoe””
mice and incubated them with either normal mouse serum from
C57BL/6 mice or hyperlipidemic serum from Apoe”- mice. Inter-
estingly, incubation of all 3 DC types in hyperlipidemic serum
resulted in increased IL-6 production (Figure 6A). Since IL-6 can
promote the production of Th17-type cytokines, we cocultured HJ1
T cells from hCD1Tg HJ1Tg Rag”~ mice with DCs from hCD1Tg,
hCD1Tg Apoe”-, and Apoe”~ mice in normal and hyperlipidemic
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serum. Indeed, IL-17A production was the highest in the presence
of hyperlipidemic serum with either hCD1Tg or hCDITg Apoe””
DCs (Figure 6B). A low level of IL-17A was detected when HJ1 T
cells were cultured with Apoe”~ DCs (CD1b) in hyperlipidemic
serum, suggesting that elevated levels of cytokines such as IL-6
may activate HJ1 T cells in a CD1b-independent manner. In con-
trast, there was no significant difference in the amount of IFN-y
present in the cocultures under different conditions and DC types
(Figure 6B). These data suggest that hyperlipidemic serum could
alter DC function, polarizing HJ1 T cells.

The expression of costimulatory molecule CD86 on CDIb-
expressing DCs is upregulated in hCDI1Tg HJ1Tg Apoe”~ mice. It has
been demonstrated that the expression pattern of group 1 CD1
moleculesin hCD1Tg mice closely resembles that of humans (37).
Indeed, CD1b expression in the skin of hCD1Tg mice is confined
to dermal DCs, as typically seen in normal human skin (24). On
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Figure 4. T cells in hCD1Tg H)1Tg Apoe™-
mice produce elevated levels of IL-17A. Der-
mal and LN cells from indicated mice were
stimulated with PMA/ionomycin to measure
intracellular cytokine secretion. Cells were
gated on CD45* and TCRPB* populations. (A)
Representative FACS plots of IL-177A-pro-
ducing T cells in the dermis (upper panels)
and cervical LNs (lower panels) in indicated
mice. (B and C) Bar graphs (mean + SEM)
depict the percentages of IL-17A-producing
T cells in the dermis (B) and cervical LNs (C).
(D) Representative FACS plots of IFN-y-pro-
ducing T cells in the dermis and cervical LNs.
(E and F) Quantification of IFN-y-producing
T cells in the dermis (E) and cervical LNs

(F) (n = 4-5). (G) WT (hCD1Tg") and hCD1Tg*
BMDCs were cocultured with enriched T cells
from either hCD1Tg H)1Tg Apoe*/ or hCD1Tg
HJ1Tg Apoe™~ mice for 48 hours. Amount of
IL-17A (left panel) and IFN-y (right panel)
was determined by ELISA. Data are repre-
sentative of 3 independent experiments.

(H) T cells were enriched from hCD1Tg and
hCD1Tg Apoe™- mice and cocultured with WT
or hCD1Tg* DCs for 24 hours. IL-177A-produc-
ing cells were quantified by ELISPOT assays.
Data are representative of 2 independent
experiments. ***P < 0.005; **P < 0.07;

*P < 0.05. Statistical analyses were per-
formed using 1-way ANOVA followed by
Bonferroni’s post-hoc test for 3-group com-
parisons and Student’s t test for 2-group
comparisons.
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the other hand, cytokine (42) or bacterially induced inflamma-
tion (43, 44) can promote group 1 CD1 expression on cells that do
not normally express CD1 proteins. To explore which DC subsets
expressed CD1b in inflamed transgenic mouse skin and evaluate
their maturation status, cells from the dermis of hCD1Tg HJ1Tg
Apoe”*, hCD1Tg HJ1Tg Apoe”~, and Apoe”~ mice were stained
with various surface markers and subjected to FACS analysis.
CD1b expression was mostly detected on CD11b*CD11c* dermal
DCs (Supplemental Figure 3A). However, there were no detect-
able differences in the percentages and total numbers of CD1b-
expressing cells between diseased and nondiseased mice (Figure
6, C and D). To verify that there was no CD1b expression on Lang-
erhans cells, which express high levels of CD1a, in the epidermis,
epidermal cells were stained with CD11c and CD207. However,
no CD1b expression was detected on Langerhans cells even in
diseased hCD1Tg HJ1Tg Apoe”~ mice (Supplemental Figure 3B).
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Figure 5. In vivo anti-IL-17A treatment
ameliorates skin inflammation in hCD1Tg
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Apoe4."+

Isotype

Anti-IL-17A

No treatment HJ1Tg Apoe™’~ mice. (A) Representative H&E

O Isotype
W Anti-IL-17A

6071 TS O hCD1Tg HJ1Tg Apoe

]
]

hCD1Tg HJ1Tg

Apoe"- Apoe**

hCD1Tg HJ1Tg

staining of skin sections from untreated
hCD1Tg/HJ1Tg mice and hCD1Tg Hj1Tg Apoe™~
mice treated with either anti-IL-17A mAbs
or isotype control Abs. Scale bars: 100 pm.
Cells from the dermis of mice were isolated,
stained with indicated Abs, and analyzed

by flow cytometry. (B) Bar graph depicts the
percentages of neutrophils (CD11b*Ly6G*)
within the CD45* gated population from dif-
ferent groups of mice. (C) Bar graph depicts
the percentages of CD69*CD44* cells within
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Interestingly, CD86 expression on CD1b* DCs was increased
in diseased hCD1Tg HJ1Tg Apoe”~ mice (Figure 6E). This sug-
gested that CD1b-expressing DCs were more mature in diseased
mice, possibly aiding the priming of HJ1 T cells in the skin. Fur-
thermore, to investigate the possibility that skin disease might
induce CD1b expression on nonhematopoietic cells, hair follicle
stem cells (CD45, integrin o, integrin p,*, CD34", Sca-1) and
keratinocytes (CD45, integrin o', integrin f,", CD34", Sca-1*)
from the epidermis of hCD1Tg HJ1Tg Apoe**, hCD1Tg HJ1Tg
Apoe”~, and Apoe”~ mice were stained with anti-CD1b. We found
no appreciable staining on either epidermal keratinocytes or hair
follicle stem cells, even in diseased hCD1Tg HJ1Tg Apoe”~ mice
(Supplemental Figure 3C).

Phospholipids and cholesterol preferentially accumulate in
the skin of hCDITg HJ1Tg Apoe”~ mice. To explore the possibility
that alteration of lipid composition and quantity in the skin of
hCD1Tg HJ1Tg Apoe”~ mice can lead to HJ1 T cell activation, we
first determined the lipid profiles of diseased and normal mice.
Total lipid was extracted from the skin and liver of hCD1Tg
HJ1Tg Apoe”* and hCD1Tg HJ1Tg Apoe” mice and analyzed by
mass spectrometry or gas chromatography. We found that phos-
pholipid species were present in much higher levels in the skin
of hCD1Tg HJ1Tg Apoe”~ mice compared with those in hCD1Tg
HJ1Tg Apoe”* mice (Figure 7A). Additionally, among apolar lip-
ids tested, cholesterol, cholesterol esters, and ceramides accu-
mulated in diseased skin of hCD1Tg HJ1Tg Apoe”" mice (Figure
7B). Furthermore, the ratio of phospholipids (Figure 7C) and
cholesterol (Figure 7D) between diseased and healthy mice
was substantially higher in the skin compared with the liver, an
organ that is involved in lipid metabolism. This suggested that

ApoE deficiency led to the preferential accumulation of lipids in
the skin. Interestingly, shorter chain fatty acids were more prev-
alent in healthy skin, while longer chain fatty acids were pres-
ent at higher quantities in diseased skin. However, there was no
difference in fatty acid accumulation in the skin versus the liver
(Supplemental Figure 4, A and B).

Recent studies that identified lipid autoantigens in vitro
pointed to candidate self-lipids that might function in this in
vivo disease, including cholesterol (31), fatty acids (17), and
membrane phospholipids (19, 45). To identify self-lipids pre-
sented by CD1b to HJ1 T cells, CD1b plate-bound assays were
performed. In a previous study, we have shown that HJ1 T cells
cannot be activated by different species of ceramides (46). Com-
mercially purchased polar lipid extract, cholesterol, and fatty
acid mixtures were loaded onto purified CD1b protein, coated
onto 96-well plates, and cultured with HJ1 hybridoma cells.
IL-2 secretion was measured as a read-out for HJ1 T cell acti-
vation. Polar lipid extract (comprising mostly phospholipids)
stimulated HJ1 T cell hybridoma most strongly; cholesterol also
activated the hybridoma cells, but to a lesser extent compared
with polar lipids. However, neither saturated plus monounsatu-
rated fatty acids (FA1) nor polyunsaturated (FA2) fatty acids had
any HJ1 T cell stimulatory capacity (Figure 7E). This suggested
that CD1b could present some lipids that preferentially accu-
mulated in the skin of hCD1Tg HJ1Tg Apoe”~ mice and activated
HJ1 T cells. Additionally, another CD1b-autoreactive mouse T
cell hybridoma, LN1-7, showed reactivity similar to that of HJ1.
While LN1-7 responded more strongly to polar lipids, they were
less potently activated by cholesterol compared with HJ1 hybrid-
oma cells (Supplemental Figure 4C).
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Figure 6. DC function and phenotype under hyperlipidemic conditions. (A) Pam_Cys-treated hCD1Tg, hCD1Tg Apoe™”, and Apoe”~ LN-derived DCs were
cultured in Apoe** and Apoe™- mouse serum. IL-6 was measured by cytometric bead array (CBA) after 48 hours. (B) hCD1Tg, hCD1Tg Apoe™-, and Apoe™~
DCs were cocultured with hepatic HJ1 T cells from hCD1Tg H)1Tg Rag”- mice in Apoe*’* and Apoe”- serum for 48 hours. ELISA was used to measure IFN-y
and IL-17A secretion. Data are representative of at least 2 independent experiments. (C-E) Cells from the dermis were isolated, stained with various Abs,
and gated on CD45 and CD11b*CD11c* DCs. Percentages (C) and numbers (D) of CD1b-positive cells in the skin were quantified. (E) CD1b*DCs (gated on
CD11b*CD11c* population) were examined for their expression of costimulatory molecule CD86 (n = 4). ***P < 0.005; **P < 0.01; *P < 0.05. Statistical analy-
ses were performed using 1-way ANOVA followed by Bonferroni’s post-hoc test for 3 group comparisons and Student’s t test for 2 group comparisons.

Next, we considered whether human T cells exist that have sim-
ilar molecular targets compared with HJ1 T cells. Previously pub-
lished screens of peripheral blood lymphocytes have found higher
rates of autoreactive response to CD1a and CD1c as compared with
CD1b (16, 18), so evidence for CD1b autoreactivity is limited (26).
However, a recent study used human CD1b tetramers to identify T
celllines and clones, including A25Salmonella (A25) and BC8Staphy-
lococcus (BC8), which were autoreactive to CD1b and specifically
recognized membrane phospholipids (19). This recent work pro-
vides clear evidence for the existence of T cell autoreactivity to
CD1b and phospholipids in humans. Based on this information, we
loaded phospholipid antigens identified in the HJ1 system, includ-
ing phosphatidylglycerol (PG) and phosphatidylethanolamine (PE),
onto human CD1b tetramers. We observed bright, lipid-dependent
staining of A25 and BC8 (Figure 7F), confirming that antigens for
the HJ1 TCR are recognized by other TCRs from human blood.

CD1b-autoreactive T cell frequency is increased in patients with
psoriasis. To determine whether group 1 CD1 expression in skin
from psoriatic patients with hyperlipidemia was altered compared
with normal skin, we stained skin sections with mAbs against CD1a,
CD1b, and CDl1c. As expected, compared with anti-CD1b and anti-
CDlc, anti-CD1a stained the largest number of cells in control skin,
which are likely Langerhans cells. The number of cells stained for
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CD1b was dramatically increased in psoriasis patients, an effect
that was most clearly seen in the dermis and was not seen for CD1a
or CDI1c (Figure 8, A and B). To evaluate group 1 CD1-restricted
T cell frequency and function in psoriatic patients, blood samples
were collected from psoriasis patients and healthy donors. A signif-
icantly higher frequency of CDla- and CD1b-reactive T cells was
detected in the peripheral blood mononuclear cells (PBMCs) of
psoriatic patients compared with healthy individuals (Figure 8C).
However, CD1c-autoreactive T cells could not be detected in either
psoriatic or healthy individuals (Figure 8C).

To compare the frequency of CD1b-autoreactive T cells in
the peripheral blood of normal and psoriatic patients, we took
advantage of recently validated tetramers that were untreated or
loaded with known phospholipid autoantigens PG and PE (19). It
is known that untreated CD1b tetramers harbor endogenous lipid
antigens (19); thus, it is not surprising that some CD1b-autoreac-
tive T cells were detected by untreated CD1b tetramers. Psoriatic
patients had statistically higher percentages of CD1b tetramer-
positive T cells compared with healthy controls (Figure 8, D and
E). Thus, our study demonstrated that group 1 CD1-restricted T
cells not only play a role in our mouse model of hyperlipidemia-
induced spontaneous skin inflammation, but also are increased
in frequency in human psoriatic patients.
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Figure 7. Phospholipid and cholesterol species, which preferentially accumulate in the skin of hCD1Tg HJ1Tg Apoe”~ mice, can activate HJ1T cells.

Total lipid was extracted from skin and liver tissues of mice, weighed, and analyzed by mass spectrometry and gas chromatography. (A) Comparison of
phospholipid accumulation in the skin of diseased hCD1Tg HJ1Tg Apoe™- and healthy hCD1Tg H)1Tg Apoe*/* mice. (B) Ratio of phospholipids from diseased
over healthy mice in the skin and liver. PC, phosphatidylcholine; SM, sphingomyelin; DSM, dihydro-sphingomyelin; ePC, ether-linked phosphatidylcholine;
PS, phosphatidylserine; PI, phosphatidylinositol; ePE, ether-linked phosphatidylethanolamine; ePS, ether-linked phosphatidylserine; PA, phosphatidic
acid. (C) Comparison of apolar lipid accumulation in the skin of diseased hCD1Tg HJ1Tg Apoe~- and healthy hCD1Tg H)1Tg Apoe*/* mice. (D) Ratio of apolar
lipids from diseased over healthy mice in the skin and liver (n = 3). (E) Polar lipid extract (PL), cholesterol (Chol), and fatty acid mixtures (FA1and FA2) were
loaded onto CD1b protein and incubated with HJ1 T cell hybridoma for 24 hours. IL-2 in the supernatant was measured by ELISA. (F) CD1b-autoreactive
human T cell clones were stained with mock-loaded CD1b tetramers or PG- or PE-loaded CD1b tetramers. Data are representative of at least 3 experiments.

**¥*P < 0.005; **P < 0.01; *P < 0.05, Student’s t test.

Discussion

Using a transgenic mouse model expressing human CD1b and
CDlc, we observed severe, highly penetrant skin disease that
appears when ApoE is absent and when CD1b and CD1b-autore-
active T cells are present. Further, we showed that skin, which is
disproportionally a site of lipid accumulation, is also the site where
substantial inflammation developed starting at 25 weeks of age. In
contrast, no apparent pathology was observed in the colon (Supple-
mental Figure 1), kidneys, and pancreas of these mice (data not

shown). Our data also demonstrate that CD1b-expressing DCs
mediated a T cell response and provided a specific basis for candi-
date mechanisms by which hyperlipidemia lead to lipid accumula-
tion in skin, expression of CD1 proteins, and presentation of self-
lipids to CD1b-autoreactive T cells, leading to a Th17 phenotype.
The skin inflammation observed here was characterized by T cell
infiltration as well as typical secondary features of Th17 inflamma-
tion, including granulocytosis. Finally, the syndrome was substan-
tially reversed by anti-IL-17A, demonstrating a critical role of IL-17
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in this skin disease. Thus, these data unequivocally establish a new
mouse model of lipid- and CD1b-driven T cell response that causes
an autoimmune skin disease and signs of systemic neutrophilia.
We believe these findings are among the first to demonstrate a spe-
cific role for human CD1b in inflammatory disease in vivo.

Unlike humans, commonly used laboratory animal models
such as mice do not develop psoriasis-like skin inflammation.
Therefore, numerous mouse models for studying psoriasis have
been developed by genetic engineering, expressing psoriasis sus-
ceptibility genes on a transgene, xenografting human skin onto
immunodeficient mice, or applying skin irritants (47, 48). How-
ever, spontaneously occurring psoriasis-like skin inflammation
syndromes in mice are rare. This study describes a spontane-
ous and robust model of disease that not only recapitulates key
features of psoriasis-like hyperkeratosis, parakeratosis, epider-
mal hyperplasia, and T cell and neutrophil infiltration, but also
unearths an important role for ap self-lipid-specific T cells in
skin inflammation upon conditions of hyperlipidemia. A major
limitation of existing mouse models of T cell-mediated skin dis-
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ease is that mouse skin has abundant populations of y3 T cells
known as dendritic epidermal T cells (DETC), which have no
counterpart in humans (49). Conversely, normal human skin is
dominated by off T cells, including those that recognize human
targets, including CD1a, CD1b, and CD1c. Here we have identi-
fied a new in vivo dermatitis model that arises due to transfer
of key parts of the human immune response to mice, specifically
CD1b proteins and the responding af T cells.

Human epidemiological studies have identified links among
psoriasis, hyperlipidemia, and atherosclerotic heart disease, but
the precise causal nature of these interrelated factors is not well
established (3, 5, 6). For example, psoriasis patients are known to
have increased plasma lipid levels (4). Most models of pathogen-
esis posit that dermal and systemic inflammation are the causes of
skin changes and that hyperlipidemia, along with inflammation,
promotes atherosclerosis. This syndrome appears after chronic,
organ-specific lipid accumulation and requires a lipid-specific
T cell response. Thus, these data potentially support new views
about the complex relationships among hyperlipidemia, inflam-
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mation, and organ damage. Even though almost all of the hCD1Tg
HJ1Tg Apoe”~ mice developed psoriasiform dermatitis and aortic
root plaques, plaque size was not different from that of Apoe””
mice. This suggests that the presence of the CD1b-autoreactive
HJ1 T cells does not detectably aggravate atherosclerotic plaque
formation, at least at the time point examined. Whether HJ1 T
cells might play an important role in plaque formation at later time
points could not be determined, as mice needed to be euthanized
by about 30 weeks of age due to weight loss and skin inflamma-
tion. Given the strong influence of invariant NKT (iNKT) cells in
several models of atherosclerosis (50-53), our finding that HJ1
T cells do not affect plaque formation was initially surprising. It
can be speculated that such differences may arise due to func-
tional disparities between iNKT cells and HJ1 T cells, such as the
strong Th17 polarization observed for HJ1 cells as well as tissue-
specific differences in the location of lipid deposits and expression
of CD1d and CD1b proteins. In addition, our mice showed weight
loss, so that their depleted nutritional status might have partially
reversed the effects of ApoE deletion. While iNKT cells are known
to secrete IFN-y during atherosclerosis, HJ1 T cells predominantly
secrete IL-17A in hCD1Tg HJ1Tg Apoe”- mice. Interestingly, IL-17A
has been known to impart both atherogenic and antiatherogenic
effects on plaque formation (54).

Although psoriasis is a complex disease of unknown causes,
key aspects of this new model do mimic human psoriasis. Mice
show skin-predominant but systemic inflammation as well as the
prominent neutrophilia and T cell-derived IL-17 and reversal of
disease with anti-IL-17, all of which have been observed in human
psoriasis (7). A hallmark of human psoriatic skin is a Thl- and
Th17-biased cytokine milieu (8, 9). Recently the importance of IL-
17A as a key driver of psoriasis has become clear, based on IL-17-
directed therapies. In this study, we show that hCD1Tg HJ1Tg
Apoe”~ mice also have heightened Th17 response, which reflects
the cytokine secretion pattern of HJ1 T cells. It is noteworthy that
HJ1T cells represent only 1 CD1b-autoreactive TCR; thus, caution
must be observed when generalizing these findings to other group
1 CD1-restricted T cells. However, based on the identification of
human CD1b-autoreactive T cells that recognize the same lipid
antigens defined here (19), it is plausible to suggest that a phos-
pholipid-specific T cell response could exist in humans. Addition-
ally, CD1b is expressed on a very specific subset of dermal DCs;
other antigen-presenting cells (APCs) might respond differently
to hyperlipidemia, which could elicit a more Thl-biased response
from T cells. Furthermore, it is known that dermal DCs in the skin
are capable of skewing T cell responses to both the Th17 and Thl
lineages as a result of IL-23 and IL-12 secretion (55). Nonetheless,
since phospholipids infiltrate skin and IL-17A-producing group 1
CD1l-autoreactive T cells were increased in hyperlipidemic mice
that contained polyclonal CD1b- and CDIc-autoreactive T cells
(hCD1Tg Apoe” mice), we envision that IL-17A-producing group
1 CD1l-autoreactive T cells might play a role in hyperlipidemia-
induced skin inflammation.

Our findings demonstrate that lack of ApoE leads to the
accumulation of phospholipids and cholesterol species in the
skin. This result is in agreement with both human hyperlip-
idemia syndromes and a previous study, which reported that
Apoe”~ mice develop cutaneous xanthomas (deposits of cho-
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lesterol-rich material in the skin) (56). Since ApoE is expressed
at appreciable levels in the skin, it can be speculated that its
absence can lead to the accumulation of lipids, which would
otherwise be exported to the liver by ApoE through the pro-
cess of reverse cholesterol transport. It has been demonstrated
that hyperlipidemia can affect DC maturation while retaining
DC antigen processing and presentation capacity to prime T
cells (39-41). Indeed, the expression of CD86 is increased in
dermal DCs of hCD1Tg HJ1Tg Apoe” mice. Additionally, our
results show that hyperlipidemic serum causes DCs to produce
more IL-6, which subsequently enhances IL-17A production by
HJ1 T cells. ApoE has been shown to facilitate the uptake and
delivery of exogenous lipid antigens for presentation by CD1b
(57). However, since there is no difference in the ability of HJ1 T
cells to produce IL-17A when cocultured with either hCD1Tg or
hCD1Tg Apoe”~- DCs, we speculate that alternative antigen inter-
nalization pathways, such as scavenger receptor-mediated lipid
uptake, compensate for the lack of ApoE. Indeed, hyperlipid-
emia has been demonstrated to cause upregulation of scavenger
receptors on DCs.

We detected a higher frequency of CD1a- and CD1b-restrict-
ed T cells in the blood of psoriatic patients compared with nor-
mal individuals. Even though it is currently unknown whether
psoriasis leads to hyperlipidemia or the other way around, our
studies clearly indicate that both these conditions are interlinked
and that hyperlipidemia could be a risk factor for the develop-
ment of psoriasis. Our results are most consistent with a scenario
that, under conditions of hyperlipidemia, lipids accumulate in
the skin, activating CD1b-autoreactive T cells. Autoantigens
such as phospholipids and cholesterol species are likely present-
ed by CD1b to activate these T cells, resulting in the secretion
of Th17 cytokines, which contribute to skin pathology. Since H]J1
T cells exhibit a preactivated phenotype in naive mice, they can
be directly activated in the skin by CD1b-expressing DCs. Alter-
natively, they might be activated in the LNs by CD1b-expressing
DCs carrying lipids from the skin, or both these mechanisms
could be at play. Overall, this study not only sheds light on the
role of group 1 CD1-autoreactive T cells in a chronic inflamma-
tory disease, but also identifies a potential cause of the inflam-
matory process that could serve as a link among psoriasis, hyper-
lipidemia, and cardiovascular diseases.

Methods

Mice. Apoe”~ mice were purchased from the Jackson Laboratory.
hCD1Tg and hCD1Tg HJ1Tg mice have been described previously (37,
38) and were crossed with Apoe”~ mice to generate hCD1Tg Apoe”” and
hCD1Tg HJ1Tg Apoe”~ mice, respectively. All animals were housed in a
specific pathogen-free facility at Northwestern University.

Cell preparations. Hepatic leukocyte and LN cell suspensions were
prepared by manually grinding the organs in HBSS containing 2%
FBS and 1% HEPES. Liver suspensions were passed through a 37%
Percoll gradient to separate leukocytes from hepatocytes. Red blood
cells were lysed using Gey’s balanced salt solution. Dermal cells were
isolated from the skin by incubating skin sections in 2.5 U/ml dispase
II (STEMCELL Technologies) in a 37°C shaking incubator for 3 hours
and subsequently separated from the epidermis. Dermal layers were
then cut into small pieces and digested further with 1 mg/ml collage-
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nase IV (Thermo Fisher) and 167 pg/ml DNase I (Thermo Fisher) in a
37°C shaking incubator for 30 minutes.

In vivo anti-IL-17A treatment. For in vivo anti-IL-17A blocking
experiments, hCD1Tg HJ1Tg Apoe”~ mice were injected (i.v.) with
either 200 pg of anti-IL-17A (BioXcell) or an isotype control (BioXcell)
AD twice per week, once i.v. and once i.p. This injection protocol was
repeated for 3 weeks.

Flow cytometry. For cell-surface staining, cells were preincubated
with purified 2.4G2 mAbs and then stained with the appropriate com-
binations of mAbs. For intracellular cytokine staining, cells were stim-
ulated with PMA and ionomycin for 4 hours, followed by addition of
brefeldin A for 2 hours. Cells were surface stained and fixed with 4%
paraformaldehyde and permeabilized with 0.1% saponin, followed
by anti-cytokine mAb staining. Intracellular FoxP3 staining was per-
formed using the eBioscience FoxP3 Staining Buffer Set. Flow cytome-
try was performed with a FACSCanto II (BD Biosciences) and analyzed
using FlowJo software (Tree Star). Anti-CD45 (30-F11), integrin o,
(GoH3), integrin p, (HMp1-1), CD34 (HM34), Sca-1 (D7), TCR-B (H57-
597), VB2 (B20.6), CD69 (H1.2F3), CD44 (IM7), CD5 (53-7.3), CD11b
(M1/70), CD11c (N418), CD207 (4C7), Ly6G (1A8), B220 (RA3-6B2),
F4-80 (BMS), CD1b (SN-13), CD86 (GL-1), IFN-y (XMG1.2), IL-17A
(TC11-18H10.1), CD4 (GK1.5), CD8 (53-6.7), and FoxP3 (MF-14) Abs
were purchased from BioLegend. CD1b-loaded phospholipid tetra-
mers were made in the lab as previously described (19) from biotinyl-
ated CD1b protein provided by the NIH Tetramer Core Facility.

DC and T cell coculture assays. BMDCs were pretreated with Pam-
,Cys (100 ng/ml) overnight and washed thoroughly before cocultur-
ing with enriched T cells from indicated mouse strains. Hepatic T cells
were enriched using Miltenyi MACS magnetic separation. Briefly, cells
were incubated with biotinylated Abs against CD11b, MHC II, Ter119,
and B220, followed by incubation with streptavidin-coupled magnetic
beads according to the manufacturer’s protocol. 1 x 10 BMDCs and 2 to
4 x10° T cells were added to each well and cultured for 48 hours. IFN-y
and IL-17A in culture supernatants were measured by ELISA. mAb
pairs for ELISA were purchased from BD Biosciences — Pharmingen.
For ELISPOT assays, BMDC and T cell cocultures were incubated for
18 hours in anti-IL-17A-coated plates. The same capture and second-
ary anti-IL-17A mAbs were used for both ELISA and ELISPOT assays.
Cytokine-producing cells were quantified using an ImmunoSpot
reader (Cellular Technology Ltd.). For the assay with hyperlipidemic
serum, CD1b- and CD1c-expressing DCs were isolated from the LNs of
indicated mice after inoculating them with granulocyte-macrophage-
CSF-transfected (GM-CSF-transfected) B16 cells for 8 to 10 days to
increase the total number of DCs. These DCs were cocultured with 4 x
10° enriched hepatic HJ1 T cells from hCD1Tg HJ1Tg Rag”~ mice for 48
hours in the presence of either normal or hyperlipidemic mouse serum.
ELISA for IFN-y and IL-17A was subsequently performed.

mRNA detection. Tissues were isolated and snap-frozen in lig-
uid nitrogen and stored at -80°C until use. Subsequently, tissues
were thawed, homogenized, and centrifuged at 10,000 g for 5 min-
utes. Lysates were collected and mRNA extracted using the QIA-
GEN RNeasy Mini Kit. Subsequently, RNA was reverse transcribed
into cDNA using Superscript III. Primers (primer sequences have
been listed in Supplemental Table 1) against targets of interest were
mixed together with ¢cDNA and iQ SYBR Green Supermix. Then
quantitative PCR was performed using a Bio-Rad iQ5 cycler for
detection of mRNA in tissue samples.
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Histological staining. For aortic root sections, mice were perfused
through the heart with PBS and then 4% paraformaldehyde plus 5%
sucrose solution for 10 minutes with each reagent. Subsequently, the
heart was excised with intact innominate, left, and right subclavian
arteries. Hearts were fixed further in 4% paraformaldehyde overnight
and frozen in OCT. Aortic root sections were obtained using a cryo-
stat. Each section was 10-um thick. The sections were then stained
with oil red O solution. The plaque area was quantified from 3 aor-
tic root sections as described previously (51) using Nikon-Elements
software. For colon sections, the organ was isolated as previously
described (58) and fixed in 10% formalin and laid out in Swiss rolls for
paraffin embedding. Paraffin sections were cut and stained with H&E
for examination of the tissue architecture. For histological analysis of
mouse skin, samples were fixed in 10% neutral buffered formalin and
embedded in paraffin. Sections of 5 um were acquired and deparaf-
finized. Sections were either stained with H&E or were blocked with
5% normal donkey serum and incubated with primary Abs (CD3, Gr-1,
Ki67; Abcam). Subsequently, sections were washed and stained with
secondary Abs conjugated to a fluorophore for immunofluorescence
or secondary Ab staining was followed by incubation with Vectastain
(Vector Laboratories). Finally, sections were incubated with biotin
tyramide working solution and streptavidin-HRP. For IHC staining of
human skin samples, sections were deparaffinized, followed by anti-
gen retrieval in citrate buffer. Subsequently, sections were blocked
and stained with primary Abs (CD1a, CD1b, or CD1c), then with sec-
ondary Abs (Dako Envision Labeled Polymer), and staining signal was
detected using Dako DAB substrate solution. The slides were scanned
using a TissueFAXS imaging system equipped with a Zeiss Axio micro-
scope (TissueGnostics GmbH). The number of CD1la-, CD1b-, and
CDlc-positive cells in the tissue sections was analyzed using Histo-
Quest Image Analysis software (TissueGnostics GmbH).

Lipid preparation and analysis. Lipids were either purchased from
commercial sources or extracted in the lab. Cholesterol and bovine
liver polar lipid extract were purchased from Avanti Polar Lipids. Fatty
acid mixtures (FA1 containing saturated and monounsaturated fatty
acids and FA2 containing polyunsaturated fatty acids) were purchased
from Cayman Chemicals. Alternatively, lipids were extracted from
mouse skin and liver tissues by homogenizing the samples in water,
followed by addition of 1:2 chloroform/methanol. After shaking, 1:1
chloroform/water was added and contents were centrifuged at 200 g
for 10 minutes. Subsequently, bottom layers were extracted with chlo-
roform twice. Finally, the lipid-containing fractions were washed with
a small volume of 1 M KCl and then water. The lipid phase was dried
under a nitrogen stream, and the weight of dried lipid was determined.
The composition of lipids was determined at the Kansas Lipidomics
Research Center (Kansas State University, Manhattan, Kansas, USA)
either by tandem mass spectrometry or gas chromatography.

Plate-bound activation assay. The HJ1 and LN1-7 T cell hybridoma
lines were generated as previously described (59). From 1.5 to 2 ug/
ml of soluble CD1b protein was incubated (in PBS) with 10 pg/ml lipid
antigens for 4 hours. Then, 96-well Immulon Plates (Thermo Fisher
Scientific) were coated for 2 hours at 37°C with 100 pl of CD1b protein
loaded with or without lipid. Subsequently, wells were washed 3 times
with RPMI-10 media, and 5 x 10* HJ1 or LN1-7 T cell hybridomas were
added per well. Twenty-four hours later, IL-2 in the culture superna-
tant was measured by ELISA. IL-2 mAb pair for ELISA was purchased
from BD Biosciences — Pharmingen.
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Human sample acquisition and processing. The Skin Disease
Research Center (SDRC) at Northwestern University provided deiden-
tified skin samples from psoriatic patients who were hyperlipidemic
and normal individuals for histological staining. PBMCs from psoriatic
patients were either acquired through the SDRC or from J.E. Gudjons-
son. PMBCs were isolated within 24 hours of blood draw. Samples from
both male and female subjects were used. Psoriatic patients were off
both topical and systemic treatments at the time of blood draw and
had moderate to severe disease. From 30 to 50 ml of whole blood was
obtained by venipuncture using heparinized blood collection tubes (BD
Biosciences), and PBMCs were isolated using Histopaque-1077 (Sig-
ma-Aldrich). Approximately 1 to 2 x 10¢ PBMCs/ml of blood were iso-
lated, as determined by counting using a hemocytometer. T cells from
PBMCs were enriched using biotinylated anti-CD3 Abs (eBioscience)
and subsequently by positive selection with Streptavidin MicroBeads
following the manufacturer’s protocol (Miltenyi Biotec). T cells were
then immediately frozen. Autologous monocyte-derived DCs (mo-
DCs) were allowed to adhere to the surfaces of 25-cm? flasks (Falcon)
for 90 minutes in RPMI-5 media (RPMI 1640 supplemented with 5%
human serum, 1% penicillin-streptomycin, 20 mM L-glutamine, and
50 puM 2-mercaptoethanol) and 20 ng/ml human GM-CSF (Shenan-
doah Biotechnology). Subsequently, nonadherent cells were removed
and adherent cells were cultured in RPMI-5 with 20 ng/ml of human
IL-4 (Shenandoah Biotechnology) and GM-CSF for 3 days. Autologous
mo-DCs (2 x 10° cells) were then cultured with thawed T cells (2 x 10°
cells) in 24-well tissue culture plates. After 7 days, cells were stimulated
again with mo-DCs. At day 14, T cells were used in ELISPOT assays.

Human T cell ELISPOT assays. Human T cells cultured for 14 days
with autologous mo-DCs were cocultured with K562 and K562-CD1
transfectants (K562-CD1a, K562-CD1b, and K562-CD1c) for 18 hours
(16). About 0.5 x 10° to 1 x 10° T cells were cultured with 2.5 x10*to 5
x 10* K562 cells in ELISPOT plates precoated with anti-IL-2 Abs (Mil-
lipore). Coating and detection Abs specific for human IL-2 were pur-
chased from Mabtech. Cytokine-producing cells were quantified using
an ImmunoSpot reader.

Human T cell clones and tetramer staining. The polyclonal human
T cell lines A25 and BC8 were originally derived from random blood
bank donors by selection for recognition of CD1b loaded with phos-
pholipids (19). For flow cytometry, CD1b tetramers were mock treated
or loaded with synthetic C16 C18:1 PE (Avanti 850757c) or synthetic
C18 C18:1 PG (Avanti 840503). A25 or BCS8 cells were incubated with
tetramers for 30 minutes at room temperature, washed, and analyzed
on an LSR Fortessa Flow Cytometer (BD).

Statistics. Statistical analysis was performed with unpaired Stu-
dent’s ¢ test for 2-group comparisons or 1-way ANOVA for more than
2 group comparisons, followed by Bonferroni’s post-hoc test. Group
1 CD1-restricted autoreactive T cell responses in cohorts of healthy
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individuals and patients with psoriasis were analyzed using the Mann-
Whitney U test. All statistical analyses were performed with Prism
software. P < 0.05 was considered significant. Statistically significant
differences are noted.

Study approval. All animal studies were reviewed and approved
by the Institutional Animal Care and Use Committee at Northwestern
University. Normal and psoriatic blood samples were acquired from
volunteers, and informed consent was obtained from participating
donors prior to their inclusion in this study. The institutional review
boards at Northwestern University and the University of Michigan
Medical School approved all human studies, which were conducted
according to the Declaration of Helsinki Principles.
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