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higher and stable levels of PPARG and reactivation strongly up-regulated 
PPARG in “TH9”-primed, but not TH2- or TH0-primed, cells (Fig. 5J 
and fig. S5A). We concluded that the addition of TGF- to TH2 prim-
ing with IL-4 induces activation-dependent expression of both IL-9 
and PPAR- in TH2 cells.

Further genes that highly correlated with IL9 in our correlation 
analysis included the cytokine receptors IL7R and IL6R, as well as 
TH2-associated genes such as the homing receptors CCR4 and PTGDR2 
(CRTh2) and the chemokines CCL17 and CCL22 (Fig. 5D; Rmean ≥ 
0.758). To further investigate our dataset, we confirmed high ex-
pression of IL-7R at the protein level on IL-9+ TH2 clones (fig. S6, 
A and B). Activation of in vitro–primed “TH9” cells or IL-9+ TH2 
clones in the presence of IL-7 did not increase IL-9 expression (fig. 
S6, C and D). Because the IL-7R chain forms the thymic stromal 
lymphopoietin receptor (TSLP-R) together with the TSLP-R chain 
(CRLF2) and TSLP is a tissue alarmin involved in epithelial type 2 
responses, we investigated whether IL-9+ TH2 cells are responsive to 
TSLP. TSLP-R expression was enriched on CCR4+/CCR8+ TH cells 
and on IL-9+ TH2 clones (fig. S6, E and F), and activation of IL-9+ 
TH2 cells in the presence of TSLP did enhance IL-9 expression (fig. 
S6G). High expression of IL-6R was also confirmed at the protein 
level on CCR4+/CCR8+ TH cells (fig. S7, A and B). IL-6 increased 
early IL-9 production in differentiating “TH9” cells (fig. S7C). To-
gether, these data indicate that both in vitro–primed and ex vivo–​
isolated IL-9+ TH2 cells express the transcription factor PPAR- and 
functional receptors for tissue alarmins.

Blocking PPAR- inhibits expression of IL-9 in TH2 cells
To address the functional importance of PPAR- in TH cells, we 
analyzed the effect of the PPAR- antagonist GW9662 on cytokine 
production of in vitro–primed TH cells, TH cell clones, and CCR4+/
CCR8+ memory TH cells, respectively (Fig. 6 and fig. S8) (20). Cyto-
kine profiles were determined in both resting and activated TH cells 
after 48-hour preincubation with the antagonist (Fig. 6, A to C). 
IL-9 was consistently down-regulated in a dose-dependent manner 
by PPAR- antagonism in all TH cell populations tested. IL-5 and 
IL-13 expression was not affected by GW9662 in primed TH2 cells 
and in TH2 clones, whereas weak inhibition of IL-4 was observed in 
in vitro–primed TH2 cells (Fig. 6A). PPARG gene silencing in IL-9+ 
TH2 clones and CCR4+/CCR8+ memory TH cells by endoribonucle-
ase prepared mixtures of small interfering RNA (siRNA) confirmed 
the results obtained with GW9662 (Fig. 6, D and E, and fig. S8, G 
and H). Production of IFN- in TH1 cells or IL-17 in TH17 clones 
was unaffected by PPAR- antagonism (Fig. 6, A and B, and fig. S8, 
A and C). Viability of TH cells was not affected by GW9662 (fig. S8B).

To investigate the differential effects of GW9662 on TH2 cyto-
kine production in TH cell clones, in vitro–primed cells, and ex vivo–
​activated TH cells, we compared the relative levels of PPARG in 
these cell types and analyzed cytokine-specific dose responses to 
GW9662. TH cell clones expressed higher levels of PPARG than in 
vitro–primed or ex vivo–isolated TH cells (fig. S8E), whereas TH2 
cytokines IL-4, IL-5, and IL-13 were inhibited at higher concentra-
tions of GW9662 (fig. S8G). As a consequence, inhibitory effects of 

Fig. 3. Activation-dependent expression of IL-9 and TH2 cytokines gives rise 
to transient “TH9” phenotype. (A to C) Freshly isolated PBMCs (A) or IL-9+ TH2 
clones (B and C) were stimulated with CD3, CD3/CD28, or CD3/CD2/CD28 
beads. IL-9 expression and viability were analyzed by flow cytometry 2 days after 
activation in TH cells (A) or in TH cell clones (B and C). (D) TH cell clones were 
stimulated at different bead/T cell ratios and analyzed by flow cytometry 2 days 
after activation. (E) Example of activation-dependent IL-9, IL-4, IL-5, and IL-13 
expression in a representative IL-9+ TH2 clone before and at different time points 
after activation with CD3/CD2/CD28. (F) Aggregate data of cytokine produc-

tion by IL-9+ TH2 clones before and at different time points after activation with CD3/CD2/CD28 beads. Analysis as in (B). (G and H) IL-9 and TH2 cytokine expression ki-
netics after repeated activation of a representative IL-9+ TH2 clone, as analyzed at the indicated time points by flow cytometry (G) or in cell culture supernatants (H). Data 
are representative of independent experiments with clones from four donors (A to F) or one representative clone (G and H) and presented as means ± SD. *P < 0.05, 
**P < 0.01, ****P < 0.0001. Statistics: One-way ANOVA, followed by Tukey multiple comparison test.
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GW9662 are dose and cell type dependent and affect individual cyto-
kines differentially. Overall, however, antagonism of PPAR- pref-
erentially down-regulated IL-9 in TH2 cells.

To determine whether PPAR- agonists conversely promote IL-9 
production, we tested endogenous ligands [prostaglandin D2 (PGD2) 
and 15-deoxy--12,14-prostaglandin J2 (15d-PGJ2)] and synthetic 
agonists (pioglitazone and troglitazone) for their ability to induce 
IL-9. We did not observe any induction of IL-9 or other TH2 cyto-
kines in IL-9+ TH2 clones or in vitro–primed “TH9” cells (fig. S9). 
These findings are in line with those from murine TH2 cells, where 
PPAR- agonism did not promote TH2 cytokine production (21).

IL-9+ TH2 cells expressing PPAR- are present in acute 
allergic skin disease
On the basis of previous observations suggesting the presence of 
“TH9” cells in inflammatory skin disease, we sought to validate our 
findings in primary TH cells isolated from skin of patients with 
T cell–driven skin disease. Because TH cells from blood only express 
IL-9 after TCR activation, we hypothesized that IL-9 is up-regulated 
in acute, antigen-driven inflammatory skin disease. To test this, we 
measured IL9 expression in normal skin (NS), chronic plaque pso-
riasis (cPS), and chronic atopic dermatitis (cAD) and compared it 
with acute guttate psoriasis (aPS), house dust mite–induced atopy 
test reactions (aAD), and acute contact dermatitis reactions to nickel 
(aACD) (Fig. 7A). IL9 was consistently up-regulated in acute skin 
inflammation when compared with chronic disease and showed the 
highest induction in aACD. In both cAD and aACD, levels of IL9 in 
the skin correlated positively with severity of disease (Fig. 7B).

In aACD, skin T cells are activated through the TCR by allergen, 
after which they mediate acute skin inflammation (22). Because IL9 
induction was highest in aACD, and aACD can be elicited in a con-
trolled manner by skin patch testing, we used this model to study 
IL-9 production in TH cells that were activated in vivo: IL9 was 
up-regulated 48 hours after elicitation of aACD and almost com-
pletely down-regulated by 120 hours, whereas IFNG was expressed 
in a more stable fashion, suggesting that IL-9 is transiently expressed 
by in vivo–activated T cells (Fig. 7C).

We next investigated whether IL-9–producing TH cells in skin 
disease are a subpopulation of TH2 cells by characterizing the cyto-
kine profiles of TH cells isolated from inflammatory skin disease. 
We found the highest numbers of IL-9+ TH cells in aACD when 
compared with other inflammatory skin disease (Fig. 7D). Of these 
IL-9+ TH cells, the majority (≥82%) either was IL-9single+ (lacking 
IFN-, IL-17, and IL-13 expression) or coexpressed IL-13 alone 
(Fig. 7E and fig. S10, A and C). Only a minor proportion of IL-9+ TH 
cells coexpressed IL-17 (≤23%) or IFN- (≤8%). Many of these IL-9+/
IFN-+ or IL-9+/IL-17+ TH cells were polyfunctional TH cells that 
also expressed IL-13, IFN-, or both (fig. S10B). In contrast, IL-9+/
IL-13+ TH cells did not express IL-17 or IFN-. Thus, in agreement 
with our findings in circulating TH cells, most IL-9+ TH cells in in-
flammatory skin disease show a TH2 or a “TH9” phenotype. These 
“TH9” cell lines were found to up-regulate TH2 cytokines at later 
time points after activation (Fig. 7, F and G, and fig. S10D), suggest-
ing that IL-9single+ cells from skin adopt a TH2 phenotype later after 
activation. To substantiate these findings, we generated TH cell lines 
and clones from blister fluid of aACD reactions. All TH cell lines 

Fig. 4. “ TH9” priming of naïve CD4+ T cells in vitro induces a transient “TH9” phenotype in TH2 cells. 
(A and B) Naïve CD4+ T cells isolated from PBMCs of healthy donors were primed under “TH9”-polarizing con-
ditions (IL-4 + TGF-) and analyzed for the expression of IFN-, IL-17, IL-13, and IL-9 by flow cytometry at the 
indicated time points after initiation of polarization. Aggregate data are shown in (A), and representative exam-
ples of IL-9, IL-13, and IL-5 expression under initial “TH9” priming are shown in (B). (C) Naïve CD4+ T cells were 
subjected to three rounds of in vitro priming under continuous “TH9” priming conditions. Expression of cytokines 
was measured during the third round of priming at the indicated time points by flow cytometry. (D to F) Naïve 

CD4+ T cells were primed under TH0, TH2 (IL-4), or “TH9” (IL-4 + TGF-) priming conditions, and expression of cytokines (D) or transcription factors (E and F) was measured by 
RT-PCR on days 3 and 7 (D and E) or by flow cytometry on day 7 (F). Data are representative of independent experiments with two (C), three (F), or at least five (A, B, D, and E) 
donors and presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistics: One-way ANOVA, followed by Tukey multiple comparison test (D), or 
paired two-tailed t test (E).
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and clones that up-regulated IL-9 after activation expressed high 
levels of IL-13 and IL-5, but not IFN- or IL-17, in the resting state 
(Fig. 7H and fig. S11, C and D). Together, the results obtained using 
aACD as in vivo model supported our previous findings by replicat-
ing that IL-9 is predominantly expressed by TH2 cells in an activation-
dependent and transient manner.

On the basis of the importance of PPAR- in driving IL-9 ex-
pression in TH2 cells from the circulation, we examined the expres-
sion of PPAR- in AD and aACD (Fig. 7, I to N). PPARG expression 
was moderately up-regulated in AD and strongly up-regulated in 
aACD (Fig. 7I), thus reflecting the expression pattern found for IL-9 
in the same skin samples (Fig. 7, A and D). Immunohistochemistry 

Fig. 5. TGF- and IL-4 induce the expression of the transcription factor PPAR- in IL-9+ TH2 cells. (A to C) TH1, TH17, TH2, and IL-9+ TH2 clones were subjected to RNA-
seq analysis in resting state. (A) Clones were selected on the basis of cytokine secretion, as measured by bead-based immunoassay 2 days after activation. (B) Transcription 
factor expression at resting state in TH1, TH17, TH2, and IL-9+ TH2 clones, as determined by RNA-seq. (C) Principal components (PC) analysis of transcriptomes of clones. 
(D to G) Representative TH1, TH2, and IL-9+ TH2 clones were subjected to RNA-seq analysis in resting state and at different time points after activation. (D) Gene expression 
in resting state was correlated with IL9 expression after activation for all clones and for every gene. A ranked list of the top correlating genes (Pearson’s linear correlation 
coefficient) is shown. TH2-related genes are highlighted. (E) Correlation of PPARG expression at resting state (0 hours) and IL9 at 4 and 12 hours after activation. (F) PPARG 
expression at resting state (0 hours) in TH1, TH17, TH2, and IL-9+ TH2 clones. (G) Expression time course of PPARG and IL9 in IL-9+ TH2 clones as measured by RNA-seq. 
(H) PPARG expression was measured in ex vivo–isolated TH1 (CXCR3+), TH2 (CCR4+/CCR8−), and IL-9+ TH2 (CCR4+/CCR8+) memory TH cells in the resting state and at 4 hours 
after activation with CD3/CD2/CD28 by RT-PCR. (I and J) Naïve TH cells were primed under TH0-, TH2-, or “TH9”-polarizing conditions. PPARG expression was analyzed 
during (I) initial priming or (J) at day 10 (resting) and 12 hours after activation with CD3/CD2/CD28. Data are representative of independent experiments with one (A to G), 
six (H), or five (I and J) donors and presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistics: One-way ANOVA, followed by pairwise compari-
son using Tukey multiple comparison test (A, B, F, and H to J), or Pearson’s linear correlation coefficients (D and E).
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confirmed that PPAR-+ cells are significantly enriched in the inflam-
matory infiltrate of AD and aACD (Fig. 7J and fig. S11A). Simul-
taneous immunofluorescence staining for PPAR-, CD3, and CD4 
showed that a proportion of these PPAR-+ cells are TH cells 
(Fig. 7, K and L). PPARG was also highly expressed in representa-
tive IL-9+ TH2 clones but not in TH1 or TH17 clones that were gen-
erated from blister fluid cells of aACD (Fig. 7M). Last, we confirmed in 
TH2 cell lines generated from lesion skin of aACD that antagonism 
of PPAR- with GW9662 reduces IL-9 production in a dose-dependent 
manner while leaving IL-5 and IL-13 expression unaffected (Fig. 7N 
and fig. S11B). On the basis of these findings, we propose that in 
acute allergic skin inflammation, IL-9 is predominantly expressed 
by TH2 cells in a PPAR-–dependent manner.

DISCUSSION
On the basis of a systematic characterization of human IL-9–
expressing TH cells, we propose that “TH9” cells are a transient activation–

induced subpopulation of TH2 cells rather than a bona fide TH cell 
lineage. Most IL-9+ TH cells are CCR4+/CCR8+; express canonical 
TH2 cytokines, transcription factors, and chemokine receptors in 
the resting state; and infiltrate the skin during acute skin inflamma-
tion. In these IL-9+ TH2 cells, IL-9 production is positively regulated 
by the transcription factor PPAR-, which, in turn, is induced in 
naïve T cells by priming with IL-4 and TGF-, just as IL-9 itself.

Whether IL-9–producing TH cells constitute an epigenetically 
and functionally distinct subset of TH cells is a contentious issue. 
This is likely related to their transient nature and the lack of a clear 
physiological context in which they have been documented. Many 
characteristics of “TH9” cells could also be reconciled with their 
identity as a subpopulation of IL-9–expressing TH2 cells: First, “TH9” 
cells have been proposed as a distinct subset because they produce 
IL-9 in the absence of expression of other lineage-defining cyto-
kines (4). Our results suggest that this is the result of partly reciprocal 
expression kinetics of IL-9 and signature TH2-cytokines after activa-
tion. Second, characterization of “TH9” cells has strongly depended 

Fig. 6. PPAR- regulates IL-9 expression in TH2 cells. (A) In vitro–primed TH1, TH2, and “TH9” cells or (B) TH1, TH17, TH2, and IL-9+ TH2 clones were incubated for 48 hours 
with either the PPAR- antagonist GW9662 or solvent (DMF) as control. Cytokine production was then measured by flow cytometry in resting cells or in cells activated with 
CD3/CD2/CD28 for 18 hours (as indicated). (C) IL-9+ TH2 clones were pretreated and activated as in (B), and cytokine production was measured by flow cytometry at the 
indicated time points after activation. (D and E) IL-9+ TH2 clones were transfected with PPARG or control siRNA and activated with CD3/CD2/CD28. After 1 day, cytokines 
were measured by flow cytometry. Aggregate data in (D) and example FACS plots in (E). Data are representative of independent experiments with at least two (A, D, and 
E), three (C), or five donors (B) and presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Statistics: One-way ANOVA, followed by Tukey multiple comparison test 
(A and B), or paired two-tailed t test (C and D).
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on cells primed in vitro. We found that “TH9” priming with IL-4 
and TGF- induces transient IL-9 production in TH2 cells eventually 
expressing high levels of IL-5, IL-13, and GATA3. These in vitro–
primed cells bear close resemblance to IL-9+ TH2 cells isolated from 
CCR4+/CCR8+ memory TH cells. Third, the proposed transcrip-
tional network of “TH9” cells shows major overlap with that of TH2 

cells (19). TH cells lacking previously proclaimed “TH9”-specific tran-
scription factors such as BATF or IRF4 not only fail to produce IL-9 
but also show defective TH2 differentiation and TH2 effector func-
tions (23, 24). Conversely, T cells lacking classical TH2 transcription 
factors such as GATA3 and STAT6 (signal transducer and activator 
of transcription 6) fail to adopt the “TH9” phenotype and lack 

Fig. 7. IL-9–expressing PPAR-+ TH2 cells infiltrate acute allergic skin inflammation. (A) IL9 expression was analyzed by RT-PCR in NS and in lesional skin of acute or 
chronic psoriasis (aPS and cPS), acute or chronic atopic dermatitis (aAD and cAD), and acute allergic contact dermatitis (aACD). (B) IL9 levels were determined in lesional 
skin of AD and aACD by RT-PCR and correlated with severity of disease. PGA, physician global assessment. (C) IL9 levels in aACD skin before and at indicated time points 
after elicitation. (D and E) T cells were isolated from lesional skin of cPS, cAD, and aACD. TH cell expression of IL-9, IFN-, IL-17, and IL-13 was simultaneously determined 
by flow cytometry. (F) TH cells were isolated from aACD, and cytokine profiles were determined as in (D) either directly or 5 days after in vitro culture. (G) IL-9+ TH2 cell lines 
were generated from aACD by short-term ex vivo culture, reactivated with CD3/CD2/CD28, and subjected to time course analysis of cytokine profiles by flow cytometry. 
(H) TH cell clones were generated from aACD, and cytokine profiles were analyzed in the resting state or at 18 hours after activation by flow cytometry. Each dot represents 
a TH cell clone. (I) PPARG expression in NS and in lesional skin of AD and aACD. (J) Skin sections from NS, AD, and aACD were immunohistochemically stained for PPAR-, 
and infiltrating PPAR-+ cells were quantified by digital image analysis. (K and L) Representative pictures of immunofluorescence for PPAR- and CD3 (K) or CD4 (L) in le-
sional skin of aACD. Scale bars, 50 m. Open arrows, PPAR-+/CD3+ cells (K) or PPAR-+/CD4+ cells (L). Closed arrows, PPAR-+/CD3− cells (K) or PPAR-+/CD4− cells (L). DAPI, 
4′,6-diamidino-2-phenylindole. (M) PPARG expression in representative TH cell clones generated as in (H). (N) IL-9+ TH2 cell lines generated from aACD were incubated for 
48 hours with the PPAR- antagonist GW9662 or solvent (DMF) as control. Cells were then activated with CD3/CD2/CD28 for 18 hours, and cytokine production was 
measured by flow cytometry. Data are representative of independent experiments with at least two (H and M), three (B, F, and G), four (C to E, K, and L), five (A), or seven 
(I, J, and N) donors and presented as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistics: One-way ANOVA, followed by Tukey multiple comparison test.
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pathogenicity in IL-9–dependent disease models (19, 25–27). In ac-
cordance with these findings, we observed that IL-9–producing cells 
under “TH9” priming conditions express GATA3 and produce TH2 
cytokines later after activation. Fourth, there is a significant overlap 
in the reported functions of TH2 and “TH9” cells, including media-
tion of parasite immunity, allergic inflammation (16, 28, 29), and 
ulcerative colitis (30). Last, evidence for the identity of IL-9–
expressing TH cells as TH2 cells further includes the location of the 
human IL9 gene within the cluster of TH2 cytokines on chromo-
some 5, the promotion of “TH9” cells by the type 2 alarmins TSLP 
(31) and IL-25 (32), and the almost identical activation-dependent 
and transient IL-9 expression in type 2 innate lymphoid cells (ILC2), 
the putative evolutionary precursors of TH2 cells (33, 34). Together, 
our suggestion that IL-9–expressing TH cells represent a subpopula-
tion of TH2 cells is in agreement with the current literature. It is thus 
intriguing that single-cell fate mapping in conjunction with TH2 
cytokine analysis has so far not been reported for murine TH cells 
despite the availability of IL-9 reporter mice (27, 34). For example, 
IL-9–fluorescent reporter mice have shown an essential role for 
IL-9 in immunity against parasitic worm infection (10). In these 
mice, expression of IL-9 is transient after infection and precedes the 
up-regulation of IL-4, IL-5, and IL-13, thereby resembling the cyto-
kine expression kinetics of IL-9+ TH2 cells described here. How our 
findings from human IL-9+ TH2 cells compare with those from these 
animal models, particularly in the setting of acute allergic skin in-
flammation, will have to be addressed in future studies.

The idea that IL-9+ TH cells are potentially a subpopulation of 
TH2 cells raises the question to what extent these cells differ from 
TH2 cells, which lack the ability to produce IL-9. Our comparative 
analysis identified PPAR- to be preferentially expressed by IL-9+ 
TH2 cells, and functional analysis revealed that PPAR- is a positive 
regulator of IL-9 expression in TH cells. PPAR- has recently been 
shown to drive TH2-mediated immunity and immunopathology in 
murine models (20, 21). In humans, PPARG has been shown to be 
expressed in “pathogenic” TH2 cells (termed “TH2A” cells) as com-
pared with conventional TH2 cells (35). However, the regulation of 
IL-9 by PPAR- has not been addressed, and the factors that induce 
PPAR- expression in differentiating TH cells remains unknown. 
We find that TGF- is able to induce high levels of PPAR- in po-
larizing TH2 cells and thus uncover a putative differentiation step 
toward pathogenic TH2 cells. PPAR- also mediates the persistence 
of skin-resident T cells (skin TRM), which depend on TGF- for 
their development (16, 36). TGF- might thus represent a central 
mediator of both pathogenic TH2 and TRM cells via the induction of 
PPAR-. Consistent with such a scenario, we found increased num-
bers of IL-9+ TH2 and PPAR-–expressing TH cells in skin-homing 
CCR4+/CCR8+ TH2 cells and in TH2 cells isolated from acute ACD, 
a prototypical TRM cell–mediated disease (22).

Our study has a number of limitations and raises intriguing 
questions that remain to be addressed. For example, it remains un-
known whether other TH cell subsets can acquire the ability to pro-
duce IL-9 under different physiologic or pathologic environments 
or whether a more stable “TH9” phenotype can be adopted in an 
environment not reproduced in our study. It is possible that such 
inflammatory environments supporting “TH9” cells are present in 
other tissues than the skin. Furthermore, the mechanisms that regu-
late transient cytokine profiles after activation that give rise to the 
“TH9” phenotype remain to be elucidated. Previous studies in TH17 
cells suggest that such changes can be regulated via transient expres-

sion changes of transcription factors and signaling molecules (37). 
Last, the mechanisms that link PPAR- to IL-9 expression in TH2 
cells remain unknown. In our hands, activation of PPAR- by ago-
nists did not increase IL-9 or TH2 cytokine production. Similarly, 
PPAR- activation had only a minor effect on production of classical 
TH2 cytokines in murine TH cells (21, 38). PPAR- might thus indi-
rectly regulate IL-9 production in TH2 cells or in a ligand-independent 
manner, because ligand-independent functions of PPAR- have been 
observed (39–42). In view of its well-established role in regulating 
metabolism, one might further speculate that PPAR- controls cy-
tokine production in IL-9+ TH2 cells by promoting a metabolic state 
that supports this phenotype (21, 43).

MATERIALS AND METHODS
All antibodies used in this study are listed in table S2. All gating 
strategies for flow cytometry analysis are described in fig. S12.

Study design/experimental design
This is an experimental laboratory study performed on human tis-
sue samples. All studies were performed in accordance with the 
Declaration of Helsinki. Human blood was obtained from healthy 
donors from the Swiss Blood Donation Center of Bern and used in 
compliance with the Federal Office of Public Health (authorization 
no. P_149). Skin was obtained from healthy patients undergoing 
cosmetic surgery procedures or from patients with psoriasis, atopic 
dermatitis, allergic contact dermatitis, or positive patch test reac-
tions to standard contact allergens. The study on human patient 
samples was approved by the Medical Ethics Committee of the Canton 
of Bern, Switzerland (#088/13). Written informed consent was ob-
tained from all patients. Mechanistic studies on cells derived from 
blood and human tissues were performed with in vitro assays with-
out blinding or randomization.

Isolation and purification of human T cell subsets from 
peripheral blood
Peripheral blood mononuclear cells (PBMCs) were isolated by 
Ficoll-Paque PLUS (GE Healthcare, UK) density gradient centrifu-
gation. Human CD4+ T cells were isolated from PBMCs using the 
EasySep Positive Selection Kit (STEMCELL Technologies) accord-
ing to the manufacturer’s instructions. Positively selected CD4+ 
T cells were washed with phosphate-buffered saline and stained for 
subsequent TH cell subset sorting. Memory TH cell subsets were 
sorted to more than 90% purity according to their expression of 
chemokine receptors from CD45RA−CD25−CD8−CD3+ cells: TH1 
(CXCR3+CCR8−CCR6−CCR4−), TH2 (CXCR3−CCR8−CCR6−CCR4+), 
TH17 (CXCR3−CCR8−CCR6+CCR4+), and “TH9” (CXCR3−CCR8+ 
CCR6−CCR4+). Naïve T cells were sorted as CD45RA+CCR7+CD25− 
CD8−CD3+ cells, TCM cells as CD45RA−CCR7+CD25−CD8−CD3+ cells, 
and TEM cells as CD45RA−CCR7−CD25−CD8−CD3+ cells. Sorting 
purity of T cell subsets was typically more than 95% post-sort analysis.

T cell culture, T cell activation, and cytokine  
expression kinetics
Culture medium consisted of RPMI 1640 with Hepes (Gibco) sup-
plemented with 5% heat-inactivated human serum (Swiss Red Cross, 
Basel, Switzerland), 2 mM l-glutamine (Biochrom), penicillin 
(50 U/ml) and streptomycin (50 g/ml) (BioConcept), and IL-2 
(50 IU/ml) (Roche). T cells were cultured at a density of 0.25 × 105 
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to 1 × 105 cells per well of a 96-well plate in a total volume of 200-l 
cell culture medium. For cytokine expression kinetics, T cells were 
polyclonally activated using beads coated with antibodies against 
CD3, CD2, and CD28 [T cell/bead = 2:1; Human T Cell Activation/
Expansion Kit (Miltenyi) or ImmunoCult Human CD3/CD28/CD2 
T Cell Activator (STEMCELL Technologies)]. Before activation and 
at different time points thereafter, T cells were additionally stimu-
lated for 4 hours with phorbol 12-myristate 13-acetate (PMA) 
(50 ng/ml) and ionomycin (1 M) in the presence of brefeldin A 
(10 g/ml) (Sigma Chemicals) and then intracellularly stained for 
later analysis by flow cytometry (see below). Supernatants were col-
lected at day 2 after polyclonal activation, and cytokines were mea-
sured as described below.

T cell cloning
Single memory TH cells from PBMCs were directly sorted into 96-
well plates according to their expression of chemokine receptors 
(see above). For cloning of skin T cells, infiltrating cells isolated 
from blister fluid of positive patch tests to nickel were cultured in 
cell culture medium supplemented with IL-2 (50 IU/ml) for 7 to 
14 days. CD4+ T cells were isolated from bulk cells using the EasySep 
Positive Selection Kit (STEMCELL Technologies) according to the 
manufacturer’s instructions. CD4+ T cells were seeded at 0.5 cell per 
well with irradiated allogeneic feeder cells (5 × 104 per well). There-
after, single cells were cloned by periodic activation with phyto-
hemagglutinin (1 g/ml; Sigma) and irradiated allogeneic feeder 
cells (5 × 104 per well) in culture medium. Half of the T cell culture 
medium was replaced by fresh medium every second day starting 
from day 2 after reactivation. TH cell clones were analyzed in the 
resting state (≥ 17 days after the last expansion) or at different time 
points after polyclonal activation as described above.

RNA sequencing
Total RNA was isolated from TH1, TH2, TH17, and IL-9+ TH2 clones 
with the RNAready Kit (AmpTec) according to the manufacturer’s 
instruction. Samples were submitted to the Next Generation Se-
quencing (NGS) Platform, Institute of Genetics, University of Bern. 
RNA integrity was analyzed using 2100 Bioanalyzer (Agilent Tech-
nologies). For all samples, RNA integrity number values were ≥8. 
Total RNA was converted into a library of template molecules with 
TruSeq Stranded mRNA Sample Preparation Kits (Illumina) using 
the robotic pipette system EpMotion 5075 (Eppendorf). Single-end 
100–base pair sequencing was performed with HiSeq 3000 (Illumina). 
RNA-sequencing (RNA-seq) reads were mapped to the human ref-
erence genome (GRCh38, build 81) using HISAT2 v. 2.0.4. We then 
used HTseq-count v. 0.6.1 to count the number of reads per gene, and 
DESeq2 v.1.4.5 to test for differential expression between groups 
of samples. RNA-seq data are deposited on ArrayExpress (accession 
no. E-MTAB-5739).

In vitro T cell differentiation
Sorted naïve T cells were stimulated with CD3/CD28/CD2 beads 
(T cell/bead = 2:1, Miltenyi) and primed into effector CD4+ T cell 
subsets without additional cytokine for TH0 cells, with IL-4 (50 ng/ml) 
(BioLegend) for TH2 cells, with IL-4 (50 ng/ml) and TGF- (5 ng/ml) 
(R&D Systems) for “TH9” cells, and with TGF- (5 ng/ml) (R&D 
Systems) for “iTreg.” From initiation of cell culture until time point 
of analysis, culture medium was resupplemented with the indicated 
cytokines every other day. Cells were harvested at different time points 

for real-time polymerase chain reaction (PCR) analysis or for intra-
cellular cytokine analysis by flow cytometry.

Functional analysis of PPAR- inhibition in T cells
Functional analysis of PPAR- in human T cells was performed us-
ing PPAR- agonists pioglitazone (Sigma) and troglitazone (Sigma), 
endogenous ligands PGD2 (Sigma) and 15d-PGJ2 (Sigma), and the 
PPAR- antagonist GW9662 (Sigma). GW9662 is a selective PPAR- 
antagonist with an EC50 (median effective concentration) of 3.3 nM 
in a cell-free assay. TH cell clones and in vitro–primed TH cells were 
preincubated for 48 hours with GW9662 (7.5 and 15 M) or solvent 
[N,N′-dimethylformamide (DMF)] as control. Thereafter, cells were 
washed and polyclonally activated for intracellular cytokine stain-
ing as described above or used for RNA isolation for later reverse 
transcription PCR (RT-PCR) analysis. For functional analysis of 
PPAR- in freshly isolated TH cells, T cells from PBMCs were poly-
clonally activated in the presence of GW9662 (15 and 30 M) or 
solvent (DMF) for 3 days before analysis of cytokine expression by 
flow cytometry.

For gene silencing of PPAR- by siRNA, TH cells were electroporated 
(4D-Nucleofector, Lonza: Buffer P3, pulse E0-115) for transfection with 
scrambled siRNA (sense, 5′-UUCUCCGAACGUGUCACGUdTdT-3′) 
or PPARG siRNA (sense, 5′-GUGGGAGUGGUCUUCCAUUdTdT-3′, 
both from Eurofins Genomics) for fig. S8G or with esiRNA human 
PPARG (Sigma EHU097711) for Fig. 6, D and E, and fig. S8H. 
Thereafter, transfected cells were activated with CD3/CD28/CD2 
(STEMCELL ImmunoCult T Cell Activator), after which cells were 
analyzed at different time points by RT-PCR or flow cytometry.

Measurement of cytokines by flow cytometry  
or bead-based immunoassay
All antibodies used in this study for flow cytometry are listed in 
table S2. For analysis of cytokine production, cells were stimulated 
with PMA (50 ng/ml), ionomycin (1 M), and brefeldin A (10 g/ml). 
After viability staining and surface staining, cells were fixed and 
permeabilized with Cytofix/Cytoperm kit (BD Biosciences) accord-
ing to the manufacturer’s instructions. Intracellular proteins were 
detected by fluorescence-labeled antibodies.

Proliferation assays were performed with carboxyfluorescein di-
acetate succinimidyl ester (CFSE) staining. Cells were labeled with 
CFSE (1:5000) and incubated at 37°C for 8 min, followed by incuba-
tion for 5 min with R9.

Supernatants were analyzed by the bead-based immunoassay 
from LEGENDplex Human Th Cytokine Panel (13-plex, BioLegend) 
according to the manufacturer’s instructions. Stained cells or bead-
based immunoassay were acquired on FACSCanto I (BD Biosciences) 
or CytoFLEX (Beckman Coulter), and data were analyzed using 
FACSDiva software (BD Biosciences) or CytExpert software 
(Beckman Coulter), respectively.

Quantitative real-time RT-PCR
Total RNA was isolated from cultured T cells or FACS (fluorescence-
activated cell sorting)–sorted T cells at different time points after 
polyclonal activation (as described above) with the RNAready Kit 
(AmpTec) according to the manufacturer’s instructions. RNA from 
snap-frozen skin biopsies was isolated using the RNeasy Lipid Tissue 
Kit (Qiagen) according to the manufacturer’s instructions. Total mRNA 
quality was measured with the ND-1000 Spectrophotometer (Thermo 
Fisher Scientific) or 2100 Bioanalyzer (Agilent). Complementary DNA 
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was generated using Omniscript reverse transcriptase (Qiagen). Real-
time PCR was performed with TaqMan probe-based assays and 
measured with the 7300 Real Time PCR System (Applied Biosystems). 
Expression of each ligand transcript was determined relatively to the 
reference gene transcript (HPRT-1, -actin, 2M) and normalized to 
the target gene expression by 2−∆∆Ct. Data are represented as arbitrary 
relative units. All primers used to detect the transcripts were pur-
chased from Life Technologies Europe B.V. and are listed in table S3.

Isolation and activation of skin-resident T cells from  
skin biopsies
Punch biopsy samples were obtained from healthy patients under-
going cosmetic surgery or from patients with psoriasis, atopic der-
matitis, allergic contact dermatitis, or positive patch test reactions 
to standard contact allergens. Patch testing for the diagnosis of con-
tact allergy was performed and graded according to the European 
Society of Contact Dermatitis guideline for diagnostic patch testing 
(44). After biopsy, subcutaneous fat was removed, and tissue was 
minced and transferred into a 24-well plate with culture medium 
supplemented with IL-2 (100 IU/ml). After 3 to 5 days of culture, 
cells were isolated and filtered through 70- and 35-m cell strainers. 
Cytokine production by lymphocytes was analyzed by flow cytom-
etry (as described above).

Immunohistochemical staining
All antibodies used for immunohistochemical stainings are listed in 
table S2. Immunohistochemistry for PPAR- was performed using 
a BOND-III fully automated immunohistochemistry and in situ hy-
bridization stainer (Leica Biosystems) according to the manufacturer’s 
instructions. In brief, paraffin-embedded tissue sections were first 
dewaxed and rehydrated, followed by epitope retrieval (Epitope 
Retrieval Solution 2, Leica). They were then incubated with the pri-
mary antibody or an isotype-matched control antibody for 15 min, 
followed by a post-primary immunoglobulin G (IgG) linker and a 
Poly-AP IgG reagent (Bond Polymer Refine Red Detection System, 
Leica). Sections were then developed in Fast Red substrate chromogen 
(Leica). Stained slides were scanned using the panoramic Digital 
Slide Scanner (3DHISTECH). For quantitative analysis, three fields 
(0.33 mm2 each field) containing infiltrating cells in the reticular 
dermis were selected, and the density of cells with nuclear expres-
sion of PPAR- per square millimeter was quantified using a QuPath 
(Queen’s University Belfast) digital image analysis system.

Statistical analysis
Statistical analysis was performed by using GraphPad Prism 7.03 
software. For comparison of two groups, two-tailed Student’s t test 
or paired Student’s t test was used. For comparisons of multiple 
groups, one-way analysis of variance (ANOVA) was used, followed 
by pairwise comparison of each group and correction for multiple 
comparison using the Tukey test. For matched samples, paired t test 
or repeated-measures ANOVA was used. Values of P < 0.05 were 
considered statistically significant.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/4/31/eaat5943/DC1
Fig. S1. Identification of human TH cell subsets by chemokine receptor expression.
Fig. S2. Activation-dependent expression of cytokines in TH2 clones.
Fig. S3. Cytokine profile after reactivation of in vitro–primed “TH9” cells.
Fig. S4. Correlation values of all genes with IL-9 in TH1, TH2, and IL-9+ TH2 clones.
Fig. S5. PPARG levels during first and second rounds of in vitro priming of naïve TH cells.

Fig. S6. IL-7R and CRLF2 form a functional TSLP-R on IL-9+ TH2 cells.
Fig. S7. IL-6R is highly expressed on IL-9+ TH2 cells, and IL-6 promotes IL-9 expression in 
polarizing “TH9” cells.
Fig. S8. Effect of PPAR- inhibition by GW9662 or RNA interference on cytokine production in 
human TH cells.
Fig. S9. PPAR- agonists do not promote IL-9 or TH2 cytokine expression in IL-9+ TH2 cells.
Fig. S10. Cytokine profiles of TH cells from human inflammatory skin disease.
Fig. S11. PPAR- immunohistochemistry in AD and aACD and PPAR- antagonism in skin TH 
cell lines.
Fig. S12. Gating strategies for flow cytometry analysis.
Table S1. Raw data file.
Table S2. Antibodies used in this study.
Table S3. RT-PCR primers used in this study.
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