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INT ROD UCT ION
Psoriasis is a chronic in�ammatory skin disease a�ecting up 

to 2–3% of the population worldwide (Gelfand et al., 2005). 

Psoriasis immunopathology is characterized by an in�ltration 

of CD4+ and CD8+ T cells, neutrophils, NK cells, NKT cells, 

mast cells, macrophages, and innate lymphoid cells (Valdi-

marsson et al., 1995; Vissers et al., 2004; Gri�ths and Barker, 

2007; Lin et al., 2011; Dyring-Andersen et al., 2014; Keijsers 

et al., 2014; Schön, 2014; Teunissen et al., 2014; Villanova et 

al., 2014). Initially, psoriasis was regarded as being dominated 

by a T helper 1 (Th1) response because of highly expressed 

Th1 cytokines including IFN-γ, IL-1, and IL-12 in psoriatic 

lesions (Austin et al., 1999). This was consistent with relatively 

lower expression of Th2 cytokines such as IL-4 (Henseler and 

Christophers, 1995; Landgren et al., 2006). However, the dis-

covery of increased numbers of IL-17–secreting T cells and 

elevated levels of the Th17-polarizing cytokine IL-23 in pso-

riatic lesions suggested a central role for the Th17 response in 

psoriasis pathogenesis (Lowes et al., 2008; Kagami et al., 2010; 

Res et al., 2010). This has signi�cant therapeutic implications 

as anti–IL-23p19, anti–IL-17A, and anti–IL-17RA showed 

signi�cant clinical e�cacy and therefore support the role of 

the Th17 response (Papp et al., 2008, 2012, 2015; Hueber et 

al., 2010; Kimball et al., 2013; Vitiello et al., 2013; Gottlieb et 

al., 2015; Lebwohl et al., 2015). However, despite important 

and extensive investigations suggesting reactivity to bacterial, 

keratin, LL37, and melanocyte peptide antigens (Kobayashi 

et al., 2002; Johnston et al., 2004; Lande et al., 2014; Arakawa 

et al., 2015), the identity of peptide-based antigens for pso-

riatic T cells has proved elusive in multiple cohorts, raising 

the possibility of a role for nonpeptide antigens. In addition, 

activation and degranulation of mast cells is thought to con-

tribute to the pathology of psoriasis skin lesions (Brody, 1984; 

Schubert and Christophers, 1985), and production of proin-

�ammatory cytokines from mast cells is thought to be in-

volved in the development of the disease (Balato et al., 2012; 

She�er et al., 2014). IFN-α produced by plasmacytoid DCs is 

also involved in the early development of psoriasis, as expres-

sion of IFN-α and in�ltration of plasmacytoid DCs have been 

observed in psoriasis skin lesions, and blocking of the IFN-α 

signaling pathway was shown to inhibit the development of 

disease in a psoriasis model (Nestle et al., 2005).

Psoriasis is a chronic in�ammatory skin disease associated with a T helper 17 response. Yet, it has proved challenging to iden-

tify relevant peptide-based T cell antigens. Antigen-presenting Langerhans cells show a differential migration phenotype in 

psoriatic lesions and express constitutively high levels of CD1a, which presents lipid antigens to T cells. In addition, phospho-

lipase A2 (PLA2) is highly expressed in psoriatic lesions and is known to generate neolipid skin antigens for recognition by 

CD1a-reactive T cells. In this study, we observed expression of a cytoplasmic PLA2 (PLA2G4D) in psoriatic mast cells but, un-

expectedly, also found PLA2G4D activity to be extracellular. This was explained by IFN-α–induced mast cell release of exo-

somes, which transferred cytoplasmic PLA2 activity to neighboring CD1a-expressing cells. This led to the generation of neolipid 

antigens and subsequent recognition by lipid-speci�c CD1a-reactive T cells inducing production of IL-22 and IL-17A. Circu-

lating and skin-derived T cells from patients with psoriasis showed elevated PLA2G4D responsiveness compared with healthy 

controls. Overall, these data present an alternative model of psoriasis pathogenesis in which lipid-speci�c CD1a-reactive T cells 

contribute to psoriatic in�ammation. The �ndings suggest that PLA2 inhibition or CD1a blockade may have therapeutic poten-

tial for psoriasis.
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The CD1 family of proteins presents lipid antigens to T 

cells (Mori and De Libero, 2008). Sharing structural similarities 

with MHC class I molecules, they possess hydrophobic anti-

gen-binding pockets and noncovalently associate with β2 mi-

croglobulin. However, contrary to MHC, CD1 molecules have 

limited polymorphism and are encoded outside the MHC 

gene cluster (Gumperz, 2006). CD1a molecules have been re-

ported to present a range of lipid antigens to T cells, including 

the self-lipid sulfatide and foreign lipids such as the mycobacte-

rial lipopeptide dideoxymycobactin (Zajonc et al., 2003, 2005). 

Recent studies have shown that CD1a can also present headless 

lipid antigens such as fatty acids, wax esters, and squalene (de 

Jong et al., 2010, 2014), with the TCR binding to CD1a with-

out direct contact with the lipid cargo (Birkinshaw et al., 2015).

CD1a is expressed by thymocytes and subsets of DCs 

including some dermal DCs and specialized DCs at muco-

sal sites. Importantly, CD1a is also constitutively expressed at 

high levels by Langerhans cells (LCs) of the epidermis (Dou-

gan et al., 2007; Yakimchuk et al., 2011). Interestingly LCs 

show impaired migration in patients with psoriasis, consistent 

with a role in disease pathogenesis (Cumberbatch et al., 2006; 

Eaton et al., 2014; Shaw et al., 2014).

Recently phospholipase A2 (PLA2) activity has been 

linked to lipid-speci�c T cell in�ammatory skin responses. It 

has been shown that exogenous PLA2 from bee venom and 

house dust mite generates neolipid fatty acid and lysophos-

pholipid antigens for CD1a presentation to T cells (Bourgeois 

et al., 2015; Jarrett et al., 2016), and elevated CD1a-reactive 

T cell responses were described in bee and wasp venom al-

lergic individuals (Subramaniam et al., 2016). Furthermore, 

elevated levels of PLA2 products, including prostaglandin E2 

(PGE2), PGF2α, and 12-HETE (12-hydroxyeicosatetraenoic 

acid), were found in the epidermis of psoriatic lesions (Ham-

marström et al., 1975; Ryborg et al., 1995). Several studies 

also revealed raised PLA2 activity in epidermal samples from 

psoriasis patients (Forster et al., 1983a,b, 1985; Verhagen et 

al., 1984). Endogenous human PLA2 can be broadly classi-

�ed into secretory and cytosolic subsets. The latter are further 

subdivided into tissue-speci�c forms with substrate and con-

dition preferences. In particular, expression of a novel cyto-

solic PLA2, namely cPLA2δ or PLA2G4D, was observed in 

psoriatic lesions, yet was absent in healthy normal skin (Chiba 

et al., 2004), which was further supported by a recent study 

showing psoriasis-speci�c gene expression of PLA2 (Quaranta 

et al., 2014). Cytosolic PLA2 hydrolyzes membrane phospho-

lipids at the sn-2 position and produces fatty acids such as ar-

achidonic acid (Leslie, 2004; Leslie and Gelb, 2004). Di�erent 

subtypes of cytosolic PLA2 have enzymatic properties, sub-

strate preferences, tissue expression patterns, and subcellular 

localization particular to their specialized functions (Ohto et 

al., 2005; Ghosh et al., 2006). Elevated levels of systemic PLA2 

activity in patients with psoriasis have been described and 

proposed to contribute to the associated metabolic syndrome 

(Izaki et al., 1996). Despite all these studies, the role of PLA2 

in the pathogenesis of psoriasis has not been fully elucidated.

Given the colocalization of CD1a-expressing LCs and 

T cells as well as elevated PLA2 in psoriasis, we hypothesized 

that CD1a-reactive T cells may be relevant to the patho-

genesis of this disease.

RES ULTS
CD1a-autoreactive responses in 
healthy and psoriasis cohorts
To investigate the potential role of CD1a in psoriasis, we �rst 

isolated CD3+ polyclonal T cells from the blood of individ-

uals with or without psoriasis and incubated the T cells ex 

vivo with K562 cells transfected with CD1a (K562-CD1a) 

or empty vector (K562-EV). HLAlow K562 cells expressing 

CD1a have the advantage of being a universal lipid antigen–

presenting population to compare responses between un-

related individuals (de Jong et al., 2010, 2014; Bourgeois et 

al., 2015). We observed that T cells from healthy individuals 

responded to K562-CD1a cells detected through secretion 

of IFN-γ (Fig. 1 A), compatible with our previous �ndings 

and others’ �ndings (de Jong et al., 2010, 2014; Bourgeois 

et al., 2015). Furthermore, a signi�cantly higher frequency 

of T cells from psoriasis patients responded to K562-CD1a 

cells but not to mock-transfected K562 cells. The CD1a au-

toreactivity could be blocked by anti-CD1a antibody but 

not by control IgG antibody, con�rming CD1a dependence 

(Fig. 1 A). To con�rm whether CD1a-expressing DCs could 

also present antigen, we generated autologous monocyte-de-

rived DCs (mDCs) and observed a greater CD1a-autore-

active T cell response in psoriatic patients than in healthy 

individuals (Fig.  1  B). These data are compatible with the 

presence of elevated frequencies of circulating lipid-speci�c 

CD1a-reactive T cells in individuals with psoriasis. Moreover, 

polyclonal T cells from psoriatic donors that were expanded 

with autologous mDCs responded to a hierarchy of lipids in a 

CD1a-dependent manner, including fatty acids and lysophos-

pholipids, all of which are enzymatic products of PLA2 activ-

ity (Fig. 1 C) and are consistent with previous �ndings which 

show broad classes of permissive CD1a ligands (de Jong et al., 

2014; Birkinshaw et al., 2015; Bourgeois et al., 2015). Fur-

thermore, it is of interest that the polyclonal T cells respond-

ing to arachidonic acid or its derivatives were potentiated by 

indomethacin, a cyclooxygenase inhibitor that diverts PLA2 

products down the lipoxygenase pathway (Fig. 1 D), and re-

sponses were reduced by baicalein, a lipoxygenase inhibitor 

(Fig. 1 D). It is well known that nonsteroidal antiin�amma-

tory drugs such as indomethacin can exacerbate psoriasis.

PLA2G4D in psoriatic lesions activates 
CD1a-restricted T cells
Based on the prior knowledge that the increased expression 

of PLA2G4D, a cytosolic PLA2, was associated with psoriasis 

(Chiba et al., 2004; Quaranta et al., 2014), a possible role for 

PLA2G4D in the generation of CD1a ligands was investigated. 

From the Gene Expression Omnibus (GEO), we collected 

the results of three gene expression studies between nonle-
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sional and lesional skin from psoriasis patients (Fig. S1 A). Ex-

pression levels of relevant genes were analyzed and compared 

across the groups using GEO2R. High expression levels of 

PLA2G4D were detected in psoriatic lesional skin (Fig. S1 B).

Based on these �ndings, we then investigated the source 

of PLA2G4D protein in psoriatic lesional skin. Although no 

detectable PLA2G4D protein expression was found in nor-

mal healthy skin using immuno�uorescence, expression of 

PLA2G4D was unexpectedly observed in the dermis and 

to a lesser extent in keratinocytes of psoriatic lesional skin 

(Fig. 2 A). Intriguingly, PLA2G4D expression in the dermis 

colocalized with the expression of tryptase, which is a spe-

ci�c marker for mast cells, hence indicating that mast cells 

are a source of PLA2G4D in psoriatic lesions (Fig. 2 A). To 

con�rm this and to proceed to functional investigations, we 

went on to study the expression of PLA2G4D in the LAD2 

human mast cell–like line. LAD2 cells were found to express 

PLA2G4D as well as mast cell tryptase (Fig. 2 B). We isolated 

PLA2G4D protein from LAD2 cell lysate by column puri�-

cation using PLA2G4D-capturing antibody. Both lysate- and 

binding protein fraction–derived PLA2G4D showed cytoso-

lic PLA2 activity (Fig. 2 C).

After the protein preparation, we investigated the ability 

of PLA2G4D to activate a CD1a-reactive T cell response. Based 

on our previous data (Bourgeois et al., 2015), we hypothesized 

that PLA2G4D will generate CD1a ligands by cleaving phos-

Figure 1. Circulating CD1a-autoreative T cells are enriched in psoriasis patients. (A and B) T cells from healthy (n = 8) or psoriatic (n = 8) donors 

were isolated by CD3 magnetic-activated cell-sorting separation from peripheral blood and incubated with K562-CD1a or mock-transfected K562 cells 

(K562-EV; A) or mDCs (B) overnight, and IFN-γ production was measured by ELI SPOT in the presence or absence of anti-CD1a antibody. Data are mean 

± SEM and were analyzed using a one-tailed Wilcoxon matched-pairs signed rank test. (C) T cells from psoriatic donors were expanded for 10–14 d with 

autologous mDCs that were pulsed with 10 µg/ml of the following antigens separately: fatty acid (FA) 20:4 (arachidonic acid), FA 18:1 (oleic acid), FA 16:0 

(palmitic acid), lysophosphatidylcholine (LPC) 18:1 (oleoyl-LPC), and LPC 16:0 (palmitoyl-LPC). Next, the corresponding lipids and T cells were co-incubated 

with K562-CD1a cells in the presence or absence of anti-CD1a antibody. IFN-γ production was measured by ELI SPOT. Results represent one donor and are a 

typical representation from at least three individual experiments. Data are mean ± SEM and were analyzed using two-way ANO VA. (D) T cells from psoriatic 

donors were expanded for 10–14 d with autologous mDCs that were pulsed with 10 µg/ml of FA 20:4 (arachidonic acid). The corresponding lipids and T cells 

were next co-incubated with K562-CD1a cells in the presence or absence of 10 µM indomethacin, 10 µM baicalein, or anti-CD1a antibody. IFN-γ production 

was measured by ELI SPOT. Results represent one donor and are a typical representation of at least three individual experiments. Data are mean ± SEM and 

were analyzed using two-way ANO VA. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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pholipids in self-cellular plasma membranes and producing 

neolipid antigens for presentation to CD1a-reactive T cells. 

Polyclonal T cells from either healthy or psoriatic individuals 

were isolated from blood ex vivo. In the experiments, both 

mock-transfected K562 cells and K562-CD1a cells were pulsed 

with PLA2G4D protein overnight. The T cells were co-incu-

bated with K562/K562-CD1a cells, and IFN-γ secretion was 

determined. The ELI SPOT results using PLA2G4D-pulsed 

K562-CD1a cells, compared with unpulsed K562-CD1a cells, 

revealed increased IFN-γ responsiveness of T cells from psori-

asis patients (P < 0.001; Fig. 3 A). There was also a signi�cant 

increase in IFN-γ secretion compared with pulsed mock-trans-

fected K562 cells (P < 0.001). In contrast, T cells from healthy 

individuals demonstrated a signi�cantly lower CD1a-reactive 

PLA2G4D response. Low IFN-γ secretion levels were found in 

the absence of PLA2G4D and/or CD1a (Fig. 3 A). The CD1a 

reactivity was blocked by anti-CD1a antibody but not con-

trol IgG antibody, con�rming CD1a dependence (Fig. 3 B). 

The reactivity of T cells from both healthy and psoriatic in-

dividuals varied with the amount of PLA2G4D, con�rming 

a dose dependence (Fig. 3 C). To con�rm speci�city, we also 

tested the inhibition of PLA2G4D-responsive CD1a reactiv-

ity by arachidonoyl tri�uoromethyl ketone (ATK), a cytosolic 

PLA2 inhibitor. Although the reactivity of T cells from healthy 

donors remained low throughout, reactivity of T cells from 

psoriasis patients declined with increasing concentrations of 

ATK (Fig. 3 D). Because no reduction of CD1a-autoreactive 

responses to T cells from healthy donors and psoriatics was ob-

served, nonspeci�c toxicity of ATK on K562 cells was ruled 

out (Fig. 3 D). In addition to IFN-γ secretion, the T cells from 

psoriasis patients also produced large amounts of IL-17A and 

IL-22, consistent with their contribution toward elevated IL-

17A and IL-22 found in psoriatic lesions (Fig. 3 E).

We further examined the PLA2G4D-responsive CD1a 

reactivity of T cells using autologous mDCs as APCs. Here, 

we detected a signi�cantly greater PLA2G4D-dependent 

CD1a-reactive T cell response from psoriasis patients com-

pared with healthy donors (Fig. 3 F). Similarly, the responses 

were blocked by anti-CD1a antibody but not IgG isotype 

control antibody. As expected, the CD1a reactivity was re-

duced in the presence of ATK (Fig. 3 F). We also observed 

the CD1a reactivity of T cells from psoriatic patients using 

PLA2G4D, which was isolated from mast cells di�erentiated 

from cord blood from healthy donors, as an antigen source 

(Fig. 3 G). Moreover, T cells from psoriasis donors expanded 

in the presence of autologous mDCs not only could recognize 

PLA2G4D-derived lipids, but also showed cross-reactivity 

with bee venom PLA2 suggesting shared substrate speci�cities 

and products (P < 0.01 and P < 0.05, respectively; Fig. 3 H). 

Overall, these data demonstrated that the generation of neo-

lipid antigens by PLA2G4D contributes to the CD1a-reactive 

response in T cells from psoriasis patients.

Figure 2. Cytosolic PLA2G4D protein expression in mast cells 
in psoriatic lesions and in the LAD2 mast cell–like line. (A) 

PLA2G4D (red) and mast cell tryptase (green) expression in healthy 

control and psoriatic lesional skin was determined by immuno�u-

orescence. Results represent one donor of each group and are a 

typical representation of at least three individual experiments. Bars, 

60 µm. (B) Immuno�uorescence staining of LAD2 mast cells for ex-

pression of PLA2G4D (red), with concomitant Western blot staining 

intensity, was evaluated by ImageJ (National Institutes of Health). 

Mast cell tryptase and GAP DH were used as positive control pro-

teins. Results represent responses of one sample and are a typical 

representation of at least three individual experiments. Data are 

mean ± SEM. Bar, 100 µm. (C) PLA2G4D protein was prepared from 

cell lysate and eluent of the LAD2 mast cell–like line using immu-

noprecipitation and Coomassie blue–stained SDS-PAGE. The PLA2 

was collected in the binding protein fraction, whereas the nonbind-

ing protein fraction contained any proteins that were not captured 

in immunoprecipitation. The cytosolic PLA2 activity was measured 

using detection of free thiol release from arachidonoyl thio-PC, 

where elute refers to the protein-binding material. Results repre-

sent one sample and are a typical representation of at least three 

individual experiments. Data are mean ± SEM and were analyzed 

using two-way ANO VA. ***, P < 0.001; ****, P < 0.0001. Ab, antibody.
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Figure 3. Cytosolic PLA2G4D from the LAD2 mast 
cell–like line activates CD1a-restricted T cells in 
blood of psoriasis patients. (A) K562-EV/K562-CD1a 

cells were incubated with 1 µg/ml PLA2G4D and then 

incubated with T cells from psoriasis patients (n = 15) 

or controls (n = 6). IFN-γ production was measured 

by ELI SPOT, showing cumulative and example ELI SPOT 

data. Data were analyzed using a one-tailed Wilcoxon 

matched-pairs signed rank test. (B) K562/K562-CD1a 

cells were incubated with 1 µg/ml PLA2G4D and then 

incubated with T cells from one psoriatic patient and 

one healthy donor in the presence or absence of an-

ti-CD1a antibody or isotype control. Results represent 

one donor of each group and are representative of 15 

patients with psoriasis and 6 controls. Data are mean 

± SEM and were analyzed using two-way ANO VA. (C) 

K562-EV/K562-CD1a cells were incubated with increas-

ing concentrations of PLA2G4D and then incubated with 

T cells from psoriasis patients (n = 5) or controls (n = 

3). IFN-γ production was measured by ELI SPOT. Data are 

mean ± SEM. (D) K562-EV/K562-CD1a cells were incu-

bated with 1 µg/ml PLA2G4D and then incubated with T 

cells from psoriatic patients (n = 3) or controls (n = 3) in 

the presence or absence of ATK, a speci�c cytosolic PLA2 

inhibitor. IFN-γ production was measured by ELI SPOT. No 

toxicity or nonspeci�c inhibition of IFN-γ production of 

ATK on K562-CD1a cells was observed. Data are mean ± 

SEM. (E) K562-EV/K562-CD1a cells were incubated with 

PLA2G4D and then incubated with T cells from psoriatic 

patients (n = 9) or controls (n = 6). IL-17A and IL-22 

production was measured using ELI SA. Data are mean 

± SEM and were analyzed using two-way ANO VA. (F) 

Autologous mDCs were incubated with PLA2G4D and 

then incubated with T cells from psoriatic patients (n 

= 10) or controls (n = 6) with anti–HLA-ABC (W6/32)– 

and anti–HLA-DR–blocking antibodies (L243) and in 

the presence or absence of anti-CD1a antibody, isotype 

control, or ATK. Data were analyzed using a one-tailed 

Wilcoxon matched-pairs signed rank test. (G) K562-EV/

K562-CD1a cells were incubated with 1 µg/ml PLA2G4D 

isolated from mast cells derived from healthy human 

cord blood (CBMC-PLA2G4D) and then incubated with T 

cells from a psoriatic patient and a healthy donor in the 

presence or absence of anti-CD1a antibody or isotype 

control. Results represent one donor of each group and 

are representative of four patients with psoriasis and 

�ve controls. Data are mean ± SEM and were analyzed 

using two-way ANO VA. (H) T cells from psoriatic donors 

were expanded for 10–14 d before the assay using autol-

ogous mDCs that were pulsed with 1 µg/ml PLA2G4D or 

bee PLA2 protein. Next, the corresponding PLA and T cells 

were co-incubated with K562-CD1a cells in the presence 

or absence of anti-CD1a antibody. IFN-γ production was 

measured by ELI SPOT. Results represent one donor and 

are a typical representation of at least three individual 

experiments. Data are mean ± SEM and were analyzed 

using two-way ANO VA. *, P < 0.05; **, P < 0.01; ***, P < 

0.001; ****, P < 0.0001.
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Mast cell exosomes are the source of cytosolic 
PLA2 contributing to a CD1a-reactive T cell 
response in psoriasis patients
Having observed PLA2G4D in dermal mast cells within 

psoriatic lesional skin, we sought to determine how 

PLA2G4D as a cytosolic PLA2 generates neolipid antigens 

for CD1a lipid presentation to T cells by neighboring APC. 

Using K562-CD1a as presenting cells, we screened a panel 

of various antigen sources, namely puri�ed PLA2G4D, 

LAD2 cell lysate, LAD2 medium control, and LAD2 cell 

supernatant, by ELI SPOT (Fig. 4 A). We observed CD1a 

reactivity to the LAD2 cell lysate, which was expected be-

cause the lysate contained cytosolic PLA2 as well as rel-

evant lipids that might also be CD1a ligands. However, 

unexpectedly, we observed that the LAD2 supernatant also 

generated a T cell response (Fig. 4 A). This counterintui-

tive result was explained by showing the reactivity associ-

ated with LAD2-derived exosomes (Fig. 4 A) and further 

supported by the biochemical activity and protein expres-

sion of cytosolic PLA2 found in the exosome fraction of 

LAD2 cells (Fig. 4, B and C).

We next sought to understand how exosomes de-

liver their content to the APC. First, we stained LAD2 cells 

with anti-CD63–PE antibody and calcein-acetoxymethyl 

(calcein-AM; Fig. 5 A). The CD63 antibody binds to sur-

face of exosomes, while calcein-AM enters the cells and 

remains in the cytosol and can thus also enter exosomes. 

After 24-h incubation of the cells with anti-CD63–PE and 

calcein-AM, exosomes were isolated from LAD2 superna-

tant and transferred to K562 cells. After 4 h, we observed 

detectable �uorescence of K562 cells indicating uptake 

of exosomes (Fig.  5  A). This experiment demonstrated 

the docking, internalization, and loading of the exosomal 

content into K562 cells.

To determine the antigenic potential of mast cell–de-

rived exosomes in patients with psoriasis, we performed IFN-γ 

ELI SPOT experiments, stimulating T cells with LAD2-de-

rived exosomes. Although T cells from healthy individuals had 

low exosome-responsive CD1a reactivity, T cells from psoriasis 

patients showed increased CD1a responses in the presence of 

LAD2-derived exosomes (P < 0.001; Fig. 5 B), which could 

be blocked by anti-CD1a antibody but not control IgG anti-

body (Fig. 5 C). Di�erent concentrations of LAD2 exosome 

determined the level of CD1a reactivity (Fig. 5 D). In con-

trast, the reactivity of T cells from healthy donors remained 

low regardless of the amount of LAD2-derived exosome 

added (Fig.  5  D). The exosome-responsive CD1a-reactive 

T cells also produced large amounts of IL-17A and IL-22 

(Fig. 5 E). Notably, the CD1a reactivity in T cells from pso-

riasis patients was potentiated by IFN-α. When K562-CD1a 

cells pulsed with LAD2-derived exosomes were pretreated 

with IFN-α overnight, the T cell IFN-γ response was signi�-

cantly enhanced (Fig. 5 F).

A similar set of IFN-γ ELI SPOT experiments was per-

formed using mDCs as APCs. Again, T cells from psoriasis 

patients, but not from healthy donors, demonstrated strong 

LAD2 exosome–responsive CD1a reactivity that could be 

blocked by ATK or anti-CD1a antibody but not control IgG 

antibody (Fig. 5 G). Furthermore, the exosome-responsive 

CD1a reactivity of T cells that were expanded with autologous 

mDCs was also demonstrated (Fig. 5 H). These data show that 

psoriatic patients have elevated frequencies of LAD2-derived 

exosome-responsive CD1a-reactive T cells compared with 

healthy individuals and that this is inhibited by cPLA2 blockade.

Figure 4. PLA2G4D protein expression in exosomes of the LAD mast cell–like line. (A) K562-CD1a cells were pulsed with PLA2G4D (1 µg/ml), LAD2 

lysate (10 µg/ml protein content), LAD2 culture medium control (1 ml per 106 cells), LAD2 supernatant (1 ml per 106 cells), or LAD2 exosome (10 µg/ml protein 

content). Then, the cells were incubated with T cells from patients with psoriasis (n = 3) and controls (n = 3). IFN-γ production was measured by ELI SPOT. 

Data are mean ± SEM and were analyzed using two-way ANO VA. (B) Cytosolic PLA2 activity was measured in exosome fraction, culture supernatant, and cul-

ture medium of the LAD2 mast cell–like line using biochemical activity assay. Results represent one sample and are a typical representation of at least three 

individual experiments. Data are mean ± SEM and were analyzed using two-way ANO VA. (A and B) *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 

(C) Protein expression of PLAG4D by LAD2 exosomes was detected using Western blotting, and intensity was evaluated by ImageJ and compared with CD63, 

a known exosomal marker. Results represent one sample and are a typical representation of at least three individual experiments. Data are mean ± SEM.
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Figure 5. CD1a-reactivity of T cells from pso-
riasis patients in response to PLA2G4D-con-
taining exosomes from mast cells. (A) The LAD2 

mast cell–like line was stained with anti-CD63–PE 

(representing membrane) and calcein-AM (cytoso-

lic) for 30 min and then washed and cultured over-

night to allow the production of exosomes, which 

were stained with both �uorochromes. The next 

day, culture supernatants were collected, and the 

exosome fraction was obtained using total exosome 

extraction reagent. K562 cells were incubated with 

the double-stained exosomes for 4 h. Fluorescence 

from both �uorochromes was detected using �uo-

rescence microscopy. Results represent one sample 

and are a typical representative of at least three 

individual experiments. Bar, 100 µm. (B) K562-EV/

K562-CD1a cells were incubated with 10 µg/ml 

LAD2 exosomes and then incubated with T cells from 

psoriatic patients (n = 18) and healthy donors (n = 

12). IFN-γ was measured by ELI SPOT. Data were an-

alyzed using a one-tailed Wilcoxon matched-pairs 

signed rank test. (C) K562-EV/K562-CD1a cells were 

incubated with 10 µg/ml LAD2 exosomes and then 

incubated with T cells from one healthy donor and 

one psoriatic patient in the presence or absence of 

anti-CD1a antibody or isotype control. Results are a 

typical representation of at least three individual ex-

periments. Data are mean ± SEM and were analyzed 

using two-way ANO VA. (D) K562-EV/K562-CD1a 

cells were incubated with varying concentrations 

of LAD2 exosomes and then incubated with T cells 

from psoriatic patients (n = 3) or controls (n = 3). 

IFN-γ production was measured by ELI SPOT. Data 

are mean ± SEM. (E) K562-EV/K562-CD1a cells were 

incubated with 10 µg/ml LAD2 exosomes and then 

incubated with T cells from one healthy donor and 

one psoriatic patient. IL-17A and IL-22 production 

were measured by ELI SA. Results are a typical rep-

resentation of at least three individual experiments. 

Data are mean ± SEM and were analyzed using two-

way ANO VA. (F) K562-CD1a cells were either incu-

bated with exosomes from untreated LAD2 cells or 

exosomes from IFN-α (4 U/ml)–treated LAD2 cells 

and then incubated with T cells from one healthy 

donor and one psoriatic patient in the presence or 

absence of anti-CD1a antibody or isotype control. 

Results are representative of four patients with pso-

riasis and �ve controls. Data are mean ± SEM and 

were analyzed using two-way ANO VA. (G) mDCs 

were incubated with 10 µg/ml LAD2 exosomes and 

then incubated with T cells from psoriasis patients 

(n = 5) and healthy donors (n = 6) with anti–HLA-

ABC (W6/32)– and anti–HLA-DR–blocking anti-

bodies (L243) and in the presence or absence of 

anti-CD1a antibody or isotype control. Data were 

analyzed using a one-tailed Wilcoxon matched-

pairs signed rank test. (H) T cells from psoriatic do-

nors were expanded for 10–14 d before the assay 

using autologous mDCs that were pulsed with LAD2 exosomes (10 µg/ml of protein content). Next, the exosomes and T cells were co-incubated with K562-CD1a 

cells in the presence or absence of anti-CD1a antibody. IFN-γ production was measured by ELI SPOT. Results represent one donor and are a typical representation 

of at least three individual experiments. Data are mean ± SEM and were analyzed using two-way ANO VA. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Inhibition of endocytic pathway reduces exosome-
responsive CD1a reactivity
We further investigated the mechanism of exosome in�uence 

on the CD1a reactivity of T cells. As we have shown that 

exosomes can be taken up and internalized by K562 cells, to 

study the endocytic mechanism, we investigated the e�ects of 

inhibitors of endocytosis on exosome-responsive CD1a reac-

tivity. We observed that a 30-min preincubation of autologous 

mDCs with 5 µg/ml cytochalasin D, which inhibits actin po-

lymerization, signi�cantly reduced the CD1a reactivity of T 

cells from psoriasis patients (P < 0.05). However, there was 

no inhibition of responses of T cells derived from healthy do-

nors, ruling out nonspeci�c toxicity of the cytochalasin D 

(Fig. 6 A). This was supported by the signi�cant reduction of 

CD1a reactivity by methyl-β-cyclodextrin (2%), an inhibitor 

of endocytosis that depletes membrane cholesterol (P < 0.01; 

Fig. 6 B). Inhibition of clathrin-mediated endocytosis by 10 

µg/ml chlorpromazine also decreased the CD1a reactivity  

(P < 0.01; Fig. 6 C), indicating clathrin dependency for exo-

some entry to mDCs. CD1a autoreactivity of mDCs was not 

reduced by the inhibition of the endocytic pathway (Fig. 6 D).

Exosome-responsive CD1a-reactive T cells are enriched in 
lesional skin of patients with psoriasis
Cutaneous T cells were isolated from lesional and nonlesional 

skin from psoriasis patients for the study of LAD2 exosome–

responsive CD1a reactivity ex vivo. Because of the limited 

number of T cells obtained from each biopsy, T cells were 

divided into three experimental conditions. Although T cells 

from nonlesional psoriatic skin had similar CD1a reactivity to 

K562 cells compared with those of healthy donors using the 

LAD2 exosome as an antigen source, lesional psoriatic skin 

had signi�cantly more IFN-γ–secreting CD1a-restricted T 

cells (Fig. 7 A). Compared with lesional skin, nonlesional skin 

had fewer LAD2 exosome–responsive CD1a-reactive T cells 

(Fig. 7 A). The CD1a reactivity was reduced by anti-CD1a 

antibody. For each donor of psoriatic skin, peripheral blood 

T cells were also isolated and tested for comparison. In gen-

eral, there was a larger proportion of exosome-responsive 

CD1a-reactive T cells in lesional psoriatic skin than in pe-

ripheral blood and nonlesional skin of psoriatics (Fig. 7 B). 

This was further supported by the results showing that T cells 

from lesional psoriatic skin secreted signi�cantly higher lev-

els of IL-17A and IL-22 compared with those from healthy 

skin and nonlesional psoriasis skin (P < 0.0001 and P < 0.05, 

respectively; Fig. 7 C). To summarize, we show that psoriatic 

lesional skin has a greater population of resident IFN-γ–, IL-

17A–, and IL-22–producing CD1a-restricted T cells that are 

responsive to exosomes likely derived from mast cells.

DIS CUS SION
Considerable evidence supports a role for T cells in the 

pathogenesis of psoriasis, including the presence of T cells 

within lesions, and the clinical response of patients to ther-

apeutics that target T cell–derived cytokines and function. 

Many studies have attempted to identify conventional pep-

tide-based T cell antigens that might be relevant to psoriasis, 

including cross-reactive epitopes between streptococcal and 

keratinocyte antigens (Kobayashi et al., 2002; Johnston et al., 

2004), as well as responses to self-peptide antigens including 

LL37 and melanocyte antigens (Lande et al., 2014; Arakawa 

et al., 2015). In the current study, we showed that PLA2-re-

sponsive CD1a-reactive T cells are elevated in the blood and 

skin of patients with psoriasis. We observed that endogenous 

cytosolic phospholipase PLA2G4D was expressed in mast 

cells and keratinocytes within psoriatic lesions. However, no-

Figure 6. Clathrin-mediated endocytosis is 
critical for exosome uptake by APCs. (A–C) 

Autologous mDCs were incubated with 10 µg/ml 

LAD2 exosomes in the presence of anti–HLA-ABC 

(W6/32)– and anti–HLA-DR–blocking antibodies 

(L243), with or without preincubation of inhibitors 

of the endocytosis pathway (5 µg/ml cytochalasin 

D, A; 2% methyl-β-cyclodextrin, B; 10 µg/ml chlor-

promazine, C) for 30 min, and were then incubated 

with T cells from psoriatic patients (n = 10) or 

healthy donors (n = 12). Data were analyzed using 

a one-tailed Wilcoxon matched-pairs signed rank 

test. *, P < 0.05; **, P < 0.01. (D) Autologous mDCs 

were preincubated with or without inhibitors (5 

µg/ml cytochalasin D, 2% methyl-β-cyclodextrin, 

or 10 µg/ml chlorpromazine) of the endocytosis 

pathway for 30 min and were then incubated with 

T cells from psoriasis patients or healthy donors. 

Results represent one donor of each group and are 

representative of 10 patients with psoriasis and 12 

controls. Data are mean ± SEM.
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tably cytoplasmic PLA2 activity was also found in the mast 

cell supernatant. This was explained by localization of cyto-

plasmic PLA2 activity within mast cell–derived exosomes, 

which could be transferred to CD1a-expressing target cells 

in a clathrin-dependent manner. These �ndings point to a 

broader model of psoriatic in�ammation, where nonpep-

tide antigens may also be important activators of lesional T 

cells, and show that exosomes can transport potential lipid 

ligands to neighboring APCs.

The role of PLA2 in the pathogenesis of psoriasis was 

initially suggested 30 yr ago, when elevated levels of products 

of the PLA2 pathway, such as PGE2 and PGF2α, were observed 

in the epidermis of psoriatic lesions (Hammarström et al., 

1975). Since then, additional studies have demonstrated in-

creased activity of PLA2, which included nonpancreatic PLA2 

and cytosolic PLA2, in the skin of psoriasis patients (Forster 

et al., 1983a,b, 1985; Verhagen et al., 1984; Andersen et al., 

1994). In particular, Chiba et al. (2004) reported the expres-

sion of PLA2G4D in psoriatic lesional skin but not in healthy 

skin, in line with the genome expression analysis revealing 

the up-regulation of PLA2G4D gene expression in psoriatic 

but not in healthy skin (Quaranta et al., 2014). Interestingly, 

as well as endogenous phospholipase, proposed microbial 

triggers of psoriasis such as infection with Streptococcus and 

Malassezia species, also contain secretory phospholipase ac-

tivity, which may be relevant to skin in�ammation (Leung et 

al., 1995; Cafarchia and Otranto, 2004; Amaya et al., 2007). 

Nonsteroidal antiin�ammatory drugs are known to have 

the capacity to exacerbate psoriasis clinically, and so it was 

of interest that indomethacin could potentiate the CD1a-re-

stricted T cell responses from psoriatics, raising the possibil-

ity that a di�erential modulation of this pathway may lead 

to therapeutic bene�t.

Exogenous PLA2 has recently been shown to generate 

neolipid antigens for recognition by CD1a-reactive T cells 

(Bourgeois et al., 2015; Subramaniam et al., 2016). CD1a is 

expressed at constitutively high levels by LCs of the epider-

mis, which are known to be functionally altered in patients 

with psoriasis (Dougan et al., 2007; Yakimchuk et al., 2011). It 

was unexpected to have found cytosolic PLA2G4D in the su-

pernatant from mast cells, but this was subsequently explained 

by exosomal transfer. Exosomes are membrane vesicles of 

40–100 nm in diameter and secreted by many di�erent cells 

including B cells, T cells, and tumor cells (Denzer et al., 2000; 

Keller et al., 2006; Simpson et al., 2009). Their composition 

depends on their cellular source and can be complex. For 

instance, exosomes can contain proteins or enzymes includ-

ing heat shock proteins and tetraspanins (CD63, CD9, and 

CD81; Stoorvogel et al., 2002; Simons and Raposo, 2009), 

lipids such as cholesterol and sphingolipids (Krishnamoorthy 

et al., 2009), and nucleic acids such as micro-RNA (Schorey 

and Bhatnagar, 2008). Many studies have shown that exo-

somes are involved in intercellular transfer of proteins and 

RNA (Katzmann et al., 2001; van Niel et al., 2006; Schorey 

Figure 7. Skin-resident CD1a-autoreac-
tive and exosome-responsive CD1a-reac-
tive T cells in psoriatic lesions. (A) K562-EV/

K562-CD1a cells were incubated with LAD2 

exosomes and then incubated with T cells 

from skin biopsies from psoriasis patients (n 

= 5) or controls (n = 6) in the presence or ab-

sence of anti-CD1a or isotype control. IFN-γ 

production was measured by ELI SPOT, showing 

cumulative and example ELI SPOT data. Data 

are mean ± SEM and were analyzed using a 

one-tailed Wilcoxon matched-pairs signed 

rank test. (B) K562-EV/K562-CD1a cells were 

incubated with LAD2 exosomes and then in-

cubated with T cells from blood, nonlesional 

skin, and lesional skin biopsies from psoriatic 

patients (n = 5). IFN-γ production was mea-

sured by ELI SPOT. (C) K562-EV/K562-CD1a cells 

were incubated with LAD2 exosomes and then 

incubated with T cells from skin biopsies from 

psoriatic patients (n = 5) or controls (n = 6) in 

the presence or absence of anti-CD1a or iso-

type control. IL-17A and IL-22 production in 

the supernatant was measured by ELI SA. Data 

are mean ± SEM and were analyzed using a 

one-tailed Wilcoxon matched-pairs signed 

rank test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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and Bhatnagar, 2008). Clathrin-mediated endocytosis of exo-

somes by DCs has been previously described (Morelli et al., 

2004). It remains possible that lipid products of PLA2G4D are 

also being transferred alongside PLA2G4D within the exo-

somes, but the ability of cytoplasmic PLA2 inhibition to block 

the T cell recognition of exosome-pulsed CD1a-expressing 

target cells con�rms the requirement for enzymatically active 

PLA2. The release of exosomes was enhanced in the presence 

of IFN-α, which is known to be important in the initiation 

of psoriasis. Package and transfer of PLA2 in exosomes would 

help ensure their safe transit to relevant CD1-expressing cell 

types. Mast cells have long been known to be enriched in 

psoriatic lesions, but the mechanisms underlying their in-

volvement have been unclear. The current study provides a 

unifying link between mast cells, IFN-α, PLA2, and T cells in 

the pathogenesis of psoriasis, which points to an alternative 

model where T cells recognizing lipids may play a role in 

disease. The data also have therapeutic implications. As well 

as supporting approaches to inhibit T cell–derived and in-

nate cell–derived cytokines, such as IL-17, the �ndings would 

support the development of approaches to inhibit PLA2G4D 

or CD1a. It is of interest that topical corticosteroids, which 

are e�ective in psoriasis, have probable PLA2 inhibitory ac-

tivity. However PLA2 inhibition by corticosteroids is broad, 

a�ecting diverse PLA2 with roles in homeostasis as well as 

in�ammation, and so, it is likely that inhibition of speci�c 

PLA2 forms will be required.

MAT ERI ALS AND MET HODS
Cell culture
K562 cells were maintained in K562 medium, which com-

prises of RPMI 1640 medium with 10% fetal bovine serum, 

100 IU/ml penicillin, 100 µg/ml streptomycin (Sigma-Al-

drich), 2  mM l-glutamine, 1× nonessential amino acids 

(NEAAs), 1 mM sodium pyruvate, 10 mM Hepes, 500 µM 

2-mercaptoethanol, and 50 µg/ml G418 antibiotic (Thermo 

Fisher Scienti�c). The LAD2 mast cell line was provided by D. 

Metcalfe and A. Kirshenbaum (National Institutes of Health, 

Bethesda, MD) and cultured in StemPro-34 serum-free me-

dium (Thermo Fisher Scienti�c) supplemented with 100 

µg/ml human stem cell factor (PeproTech). Human mast 

cells were cultured and di�erentiated from CD34+ progen-

itor cells isolated from human cord blood in the presence 

of IMDM containing 10% human serum, 100 IU/ml pen-

icillin, 100 µg/ml streptomycin (Sigma-Aldrich), 0.55 µM 

2-mercaptoethanol (Thermo Fisher Scienti�c), 100 ng/ml 

human recombinant stem cell factor, and 50 ng/ml human 

rIL-6 (PeproTech) in 5% CO2 at 37°C for 10–12 wk.

Isolation and preparation of human T cells and 
mDCs from peripheral blood
PBMCs were isolated from healthy adult donors and psoria-

sis patients with moderate-severe disease but not on systemic 

therapy. Local ethical approval was given by the Oxford Eth-

ics Committee (09/H0606/71). T cells were puri�ed from 

PBMCs using Lymphoprep medium (STE MCE LL Tech-

nologies) and magnetic-activated cell-sorting separation of 

CD3-positive cells (Miltenyi Biotec) and maintained in T cell 

culture medium comprising of RPMI 1640 medium supple-

mented with 5% human serum (Sigma-Aldrich), 100 IU/

ml penicillin, 100 µg/ml streptomycin, 2 mM l-glutamine, 

1× NEAA, 10 mM Hepes, 500 µM 2-mercaptoethanol, and 

2 nM IL-2 (PeproTech). mDCs were prepared by di�eren-

tiating CD14-positive monocytes after magnetic separation 

from PBMCs for 3–4 d in complete medium, which com-

prised of RPMI 1640 medium with 10% fetal bovine serum, 

100 IU/ml penicillin, 100 µg/ml streptomycin (Sigma- 

Aldrich), 2 mM l-glutamine, 1× NEAA, 1 mM sodium py-

ruvate, 10 mM Hepes, and 500 µM 2-mercaptoethanol, and 

supplemented with 300 U/ml GM-CSF and 200 U/ml IL-4 

(PeproTech). mDCs were harvested at day 4, and CD1a ex-

pression was veri�ed by �ow cytometry.

Isolation of human T cells from skin
After removing subcutaneous fat, skin sections were cut into 

1-mm pieces and incubated in RPMI 1640 medium with 

10% fetal bovine serum, glutamine, and penicillin and in the 

presence of 1 mg/ml collagenase P (Roche) at 37°C over-

night at 5% CO2. The skin pieces were then washed with 

cold PBS with 10 mM EDTA to quench the collagenase di-

gestion, and CD3-positive cells were isolated using Lymph-

oprep medium (STE MCE LL Technologies), followed by 

magnetic-activated cell-sorting separation (Miltenyi Biotec). 

CD3-positive T cells were then cultured in T cell medium 

for further experiments.

Immuno�uorescence microscopy
Para�n-embedded skin sections were dewaxed using Citro-

clear, rehydrated in a series of descending gradient of etha-

nol-water solutions, and then boiled in 1× Target Retrieval 

bu�er (Dako) for 15 min for antigen retrieval, followed by 

cooling down in PBS. Blocking was done with blocking solu-

tion (1% BSA in PBS) for 1  h at room temperature. Skin 

sections were then ready for incubation with primary and sec-

ondary antibodies, accordingly. Coverslips were mounted in 

Fluoroshield mounting medium (Sigma-Aldrich). For LAD2 

mast cell imaging, cells were plated on culture slides (BD) 

pretreated with poly-d-lysine, �xed and permeabilized with 

acetone for 10 min, and then blocked with blocking solu-

tion for 1 h at room temperature, followed by staining with 

primary and secondary antibodies. Primary antibodies were: 

rabbit anti-PLA2G4D (1:50; Abcam) and mouse anti–mast 

cell tryptase (1:1,000; Abcam). Secondary antibodies were: 

goat anti–rabbit IgG–Alexa Fluor 488 (1:500; Thermo Fisher 

Scienti�c) and goat anti–mouse IgG–Alexa Fluor 568 (1:500; 

Thermo Fisher Scienti�c). Images were acquired on an Axio-

vert S100 microscope (ZEI SS) coupled with a digital camera 

(ORCA-ER C4742-80; Hamamatsu Photonics). Laser inten-

sity and ampli�er gains were adjusted to avoid pixel satura-

tion. Detection of �uorescence was performed independently 
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and sequentially on each �uorophore. Images were processed 

by ZEN imaging software (Blue edition; ZEI SS).

PLA2G4D extraction
The LAD2 mast cell line or mast cells di�erentiated from 

healthy donor cord blood were lysed in radioimmunoprecipi-

tation assay bu�er (Sigma-Aldrich), the cell lysate was obtained 

in supernatant after centrifugation and removal of pellet, and 

PLA2G4D protein was prepared using a�nity column protein 

puri�cation. In brief, the cell lysate was run through a resin 

column (Thermo Fisher Scienti�c) precoated covalently with 

anti-PLA2G4D antibody (Abcam). After extensive washing 

of the column with PBS, PLA2G4D was eluted with elution 

bu�er (Thermo Fisher Scienti�c), and the PLA2G4D protein 

fraction was collected. Protein concentration was measured 

using the bicinchoninic acid assay method, and cytosolic PLA2 

activity was measured by biochemical activity assay.

Exosome preparation
Exosomes of the LAD2 mast cell line were prepared from the 

culture supernatant using Total Exosome Extraction reagent 

(Thermo Fisher Scienti�c), according to the manufacturer’s 

instructions. In brief, two parts of culture supernatant were 

mixed with one part of exosome extraction reagent, and the 

mixture was vortexed for 30 s, followed by incubating at 4°C 

on a roller shaker overnight. Next, the mixture was centri-

fuged at 10,000 g for 1 h, and exosome fractions were col-

lected as pellets. Pellets of exosomes were dissolved in PBS or 

other desired bu�er for further experiments.

PLA2 biochemical activity assays
PLA2 activities in culture medium, cell lysate, culture superna-

tant, and exosomes of the LAD2 mast cell line were measured 

using a cytosolic PLA2 kit (Cayman Chemicals) according to 

the manufacturer’s protocols. Arachidonoyl thio-PC is a sub-

strate for cPLA2 by virtue of the presence of arachidonic acid 

at the sn-2 position of the glycerophospholipid. Hydrolysis 

of the arachidonoyl thioester bond at the sn-2 position by 

cPLA2 releases a free thiol which can be detected by DTNB 

(5,5′-dithiobis[2-nitrobenzoic acid]).

ELI SPOT experiments
At day 1, ELI SPOT plates (EMD Millipore) were pretreated 

with 35% ethanol, washed six times with water, and then 

coated with anti–IFN-γ antibody (Mabtech) for overnight 

at 4°C. K562 cells or mDCs were washed three times with 

R-Hepes medium (RPMI 1640 medium with 10  mM 

Hepes), resuspended in resting medium (RPMI 1640 me-

dium, 5% human serum, 100 IU/ml penicillin, 100 µg/

ml streptomycin, and 2 mM l-glutamine), and pulsed with 

PLA2G4D protein or exosomes for overnight at 37°C and 

5% CO2. After isolation from blood or skin, polyclonal T 

cells were maintained in T cell medium, as described in the 

Isolation and preparation of human T cells and mDCs from 

peripheral blood section, for 2–3 d and further rested for 1 d 

in medium at 37°C and 5% CO2. On day 2, ELI SPOT plates 

were washed six times with RPMI 1640 medium, blocked 

with R10 medium (RPMI 1640 medium with 10% FCS, 

100 IU/ml penicillin, 100 µg/ml streptomycin, and 2 mM 

l-glutamine) for 30–60 min, and washed twice with RPMI 

1640 medium. 50,000 T cells and 25,000 K562 cells/mDCs 

were added to each well. Wells were set up in duplicates 

or triplicates. 10 ng/ml PMA and 500 ng/ml ionomycin 

were used as a positive control, whereas T cells alone served 

as the negative control. In some experiments, CD1a-trans-

fected or empty vector–transfected K562 cells (a gift from B. 

Moody, Brigham and Women’s Hospital, Harvard Medical 

School, Boston, MA) were incubated with 10 µg/ml anti- 

CD1a antibody (eBioscience) or 10 µg/ml mouse control 

IgG antibody (BD). For the mDC experiments, 10 µg/ml 

anti–HLA-ABC (W6/32) and anti–HLA-DR blocking anti-

bodies (L243) were added for 2 h before addition of T cells. 

Inhibitors were 10 µg/ml chlorpromazine, 2% methyl-β-cy-

clodextrin, 5 µg/ml cytochalasin D, or 10 µM ATK added 

for 30 min before K562-T cell co-incubation. Cells were 

then incubated overnight at 37°C and 5% CO2. On day 3, 

after collecting ELI SPOT supernatants for further experi-

ments, plates were �rst washed �ve times with 0.05% PBS–

Tween 20 and incubated with 1 µg/ml biotin-conjugated 

anti–IFN-γ monoclonal antibody (Mabtech) for 2–3  h 

at room temperature, followed by washing six times with 

PBS–Tween 20. Plates were then incubated with streptavi-

din–alkaline phosphatase solution (Mabtech) for 1–2 h and 

washed six times with PBS–Tween 20. Spots were devel-

oped and visualized using an alkaline phosphatase conjugate 

kit (Bio-Rad Laboratories) and detected and analyzed using 

an ELI SPOT plate reader (Autimmun Diagnostika gmbh 

ELISpot Reader Classic).

ELI SA
Supernatants were collected for measurements of IL-17A 

and IL-22 secretion using ELI SA kits (eBioscience) In 

brief, the supernatants were plated into 96-well ELI SA 

plates (Sigma-Aldrich) precoated with respective coating  

antibodies (eBioscience) for overnight at 4°C. The next day, 

plates were washed and developed according to the man-

ufacturer’s protocols, and absorbance at 415 nm was mea-

sured on a microplate reader (iMark Microplate Reader;  

Bio-Rad Laboratories).

Statistics
Cohorts of healthy and psoriasis individuals for CD1a- 

autoreactive, PLA2-speci�c, and exosome-speci�c CD1a- 

restricted responses were analyzed using one-tailed Wilcoxon 

matched-pairs signed rank tests. Other T cell responses were 

analyzed using two-way ANO VA.

Online supplemental material
Fig. S1 shows elevated PLA2G4D gene expression in psori-

atic skin in three gene expression studies retrieved from GEO.
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