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SUMMARY

Naive CD4+ T cells differentiate into functionally
diverse T helper (Th) cell subsets. Th2 cells play a
pathogenic role in asthma, yet a clear picture of their
transcriptional profile is lacking. We performed sin-
gle-cell RNA sequencing (scRNA-seq) of T helper
cells from lymph node, lung, and airways in the house
dust mite (HDM) model of allergic airway disease.
scRNA-seq resolved transcriptional profiles of naive
CD4+ T, Th1, Th2, regulatory T (Treg) cells, and a
CD4+ T cell population responsive to type I inter-
ferons. Th2 cells in the airways were enriched for
transcription of many genes, including Cd200r1, Il6,
Plac8, and Igfbp7, and their mRNA profile was sup-
ported by analysis of chromatin accessibility and
flow cytometry. Pathways associated with lipid
metabolism were enriched in Th2 cells, and experi-
mentswith inhibitors of keymetabolic pathways sup-
ported roles for glucose and lipid metabolism. These
findings provide insight into the differentiation of
pathogenic Th2 cells in the context of allergy.

INTRODUCTION

CD4+ T cells are a major arm of cell-mediated immunity, respon-

sible for orchestrating immune responses to pathogens, promot-

ing cancer surveillance, and tolerance to ‘‘self’’ antigens and

environmental allergens. To achieve these broad outcomes,

activated CD4+ T cells have been shown to differentiate into

T helper cells with specialized functions. Mosmann and Coffman

first depicted the presence of two functionally distinct T helper

cell subsets: T helper (Th) 1 cells that produced interferon-g

(IFN-g) and interleukin 2 (IL-2) and Th2 cells that produced

IL-4, postulating that these cell subsets played distinct immuno-

logical roles (Mosmann et al., 1986). Subsequent studies

showed that Th1 and Th2 cells were dependent on the transcrip-

tion factors (TFs) T-bet and GATA-3, respectively, and that they

played distinct roles in immunity: Th1 cells are involved in intra-

cellular bacterial clearance and cancer surveillance, whereas

Th2 cells are prevalent in helminth infections (Zhu et al., 2010).

Since these initial observations, many other T helper cell popula-

tions have been postulated, including regulatory T (Treg), follic-

ular T helper (Tfh), Tr1, Th3, Th17, Th22, Th9 cells, and others

(Nograles et al., 2009; Zhu and Paul, 2010). For Treg, Tfh, and

Th17 cells, the elucidation of TFs that are of critical importance

for cell identity and biological functions has clarified their status

as distinct cell types. However, confirming the existence of other

postulated T helper cell subsets has been problematic.

Gene expression profiling has the capacity to identify unique

traits of putative T helper cell populations. Classical popula-

tion-based gene expression analysis has been contingent on

knowing exactly what cells should be profiled, being able to

purify the target population and obtaining sufficient material.

These requirements have made gene profiling of physiologically

relevant populations difficult. Extensive profiling of in-vitro-

differentiated human and mouse T helper cells has been per-

formed. While informative, these T helper cells generally receive

nonphysiological cues, including strong signals through the

T cell receptor and only a limited number of cytokine and

co-stimulatory inputs (Zhu et al., 2010). Surrogate surface

markers and TF and cytokine reporter mice have also helped

to profile T helper cell populations in humans and mouse models

of disease; however, the known plasticity of T helper cells makes

isolating pure populations of these cells difficult. For instance,

Treg cells can express TFs associated with Th1, Th2, Tfh, and

Th17 cells. Cells that can produce Th2- and Th17-cell-associ-

ated cytokines or Th1- and Th17-cell-associated cytokines

have been reported on numerous occasions, and Tfh cells can

express cytokines and TFs associated with all other T helper

cell lineages (Zhu and Paul, 2010). Given this inherent plasticity,

it has been difficult to assign gene expression signatures to T

helper cell populations with much confidence.
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Figure 1. Unbiased Analysis of T Helper Cells by scRNA-Seq Identifies Several Transcriptionally Distinct Subsets

(A) 6- to 8-week old C57BL6/J mice were administered HDM as depicted in Figure S1. The number of CD4+ T cells at day 15 was measured in the mLN, lung, and

BAL. Fold increase of CD4+ T cells in mice administered HDM relative to PBS is indicated (n = 3mice per group, mean ± SEM is shown). One representative of two

experiments is shown.

(legend continued on next page)
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Single-cell RNA sequencing (scRNA-seq) examines gene

expression at the single-cell level (Picelli et al., 2013). In theory,

gene profiling in single cells allows for unbiased characterization

of cell diversity in organisms and the elucidation of transcrip-

tional profiles for multiple cell populations at once. This is espe-

cially useful for cell types that are difficult to isolate with cell

surface markers or that exhibit considerable plasticity, such as

T helper cells. A small number of studies have used scRNA-

seq to profile T helper cells, with a view to identifying factors of

importance in differentiation. Profiling of T helper cells from

mouse models of multiple sclerosis (MS) and malaria have

helped to identify factors that regulate Th17 cell pathogenicity

and the bifurcation of Th1 and Tfh cells. scRNA-seq of in-vitro-

differentiated Th2 cells has revealed various cell states and

potentially regulatory subpopulations (Gaublomme et al., 2015;

Lönnberg et al., 2017; Mahata et al., 2014; Proserpio et al.,

2016; Stubbington et al., 2015; Wang et al., 2015).

Asthma is a complex disease characterized by T-helper-cell-

mediated airway inflammation leading to bronchoconstriction,

goblet cell metaplasia, and airway remodeling. Although T helper

cells responses are known to be diverse in asthmatics, the main

T helper cells implicated in the pathogenesis of asthma are Th2

cells (Lambrecht and Hammad, 2015). SNPs in GATA3 and the

Th2-cell-derived cytokine genes IL4, IL5, and IL13 have been

repeatedly associated with asthma, and Th2 cells are known to

mediate many of the classical pathologies associated with

asthma (Olin and Wechsler, 2014). Despite the known impor-

tance of Th2 cells to this disease, a clear picture of gene expres-

sion by Th2 cells in this setting is lacking.

In this study, we employed a mouse model of allergic airway

disease with the clinically relevant allergen house dust mite

(HDM), which is known to induce T-helper-cell-mediated airway

inflammation reminiscent of human asthma (Lambrecht and

Hammad, 2015). We performed scRNA-seq of T helper cells to

probe their functional diversity and to obtain objectively pure

transcription profiles for T helper cell subsets. Our analysis eluci-

dates gene expression signatures and chromatin landscapes of

several T helper cell subpopulations concomitantly and suggests

that Th2 cells have distinct metabolic requirements.

RESULTS

scRNA-Seq on T Helper Cells from the Bronchoalveolar
Lavage (BAL) Identifies Several Distinct T Helper Cell
Clusters
Instillation of HDM into the airways of mice stimulates T helper

cell responses that induce allergic airway disease, typified by

airway eosinophilia, goblet cell metaplasia, and bronchocon-

striction (Coquet et al., 2015b). We used this allergic airway dis-

ease model to probe T helper cell diversity. Mice were sensitized

on day 0 with 1 mg HDM intranasally and subsequently chal-

lenged daily between days 7 and 11 with 10 mg HDM (Figure S1).

On day 15, CD4+ T cell responses in the mediastinal lymph node

(mLN), lung tissue, and airways were evaluated. A massive in-

crease was observed in the airways, with a >120-fold expansion

of CD4+ T cells observed in mice administered HDM (Figure 1A).

CD4+ T cells in BAL were almost exclusively expressing the

marker CD44, a sign that cells had responded to antigen (Fig-

ure S1). The BAL contained large populations of Foxp3+ Treg

cells (30%), as well as sizeable frequencies of cells expressing

cytokines associated with Th1 (5%–10%), Th2 (30%), and

Th17 (5%–10%) cells (Figure 1B). In contrast, the frequency of

cells expressing T-helper-cell-associated cytokines in the mLN

and lung was typically below 6% (Figure S1).

We performed scRNA-seq using the SMART-Seq2 platform

(Picelli et al., 2013) on T helper cells from BAL, since this

compartment contained large frequencies of activated cyto-

kine-producing T helper cells. Single CD3+CD4+CD44+ cells

from the BAL of mice administered HDM were sort purified into

wells of a 384-well plate in two independent experiments. The

majority of cells passed quality control, and �2,000 and 2,500

genes were detected per cell in the first and second experi-

ments, respectively. Over 12,000 different genes were detected

overall, with 1,971 found to be variably expressed. Outliers ex-

pressing too few or too many genes were omitted from each

experiment, and principal-component analysis was performed

on cells after normalizing for the number of genes detected in

each experiment (Figure S1). Unsupervised hierarchical clus-

tering and visualization with t-distributed stochastic neighbor

embedding (t-SNE) identified six clusters of T helper cells (Fig-

ures 1C and 1D). Cells in all clusters expressed transcripts for

Cd4, Cd3e, Cd3g, Cd3d, and Cd44, while very few cells ex-

pressed Sell (CD62L) mRNA (Figure S1), in line with their acti-

vated phenotype.

scRNA-Seq Pinpoints a Distinct Gene Expression
Signature in Th2 Cells Characterized by High
Expression of Igfbp7, Plac8, and Pparg

Violin plots of six characteristic genes in four subsets is shown in

Figures 1E–1H. Table S1 depicts the significantly overexpressed

genes in each cluster (genes needed to be detected inR10% of

cells within a population to be included). Cells in cluster 1 most

resembled classical Treg cells, since they expressed Foxp3,

Ctla4, Il10, Folr4, Il2ra, and Klrg1 mRNA (Figure 1E). Cluster 4

cells were highly enriched for Il1rl1 (ST2), Gata3, Il13, Il5,

Il17rb, Ltb4r1, and Ccr8, indicative of a Th2 cell phenotype (Fig-

ures 1F and S2). Il4 mRNA was enriched in the Th2 cell cluster

(p = 2.1e�10) (Figure S2), although cells expressing Il4 message

were also detected in most other clusters. Pparg, which was

recently shown to be required for Th2-cell-mediated immune re-

sponses to HDM and H. polygyrus, was highly specific to Th2

cells (Figure S2) (Angela et al., 2016; Chen et al., 2017; Nobs

(B) A representative dot plot of CD44 versus Foxp3 on gated total CD4+ cells (left-hand plot) is shown. IL-13 versus IL-5 (middle plot) and IFN-g versus IL-17 (right-

hand plot) expression in gated effector CD44+CD4+Foxp3� cells is also shown.

(C and D) Single T helper cells were purified from the BAL of two independent mice administered HDM and analyzed by SMART-Seq2. After quality control,

695 T helper cells were used for clustering. (C) t-SNE representation of 695 single T helper cells. (D) Heatmap of top 10 differentially expressed (DE) genes in each

cluster. Numbers indicate total number of DE genes specific to each cluster, based on adjusted p value.

(E–H) Violin plots of key significant genes for clusters 1 (E), 4 (F), 5 (G) and 2 (H).

See also Figure S1.

Immunity 51, 1–16, July 16, 2019 3

Please cite this article in press as: Tibbitt et al., Single-Cell RNA Sequencing of the T Helper Cell Response to House Dust Mites Defines a Distinct
Gene Expression Signature in Airway Th2 Cells, Immunity (2019), https://doi.org/10.1016/j.immuni.2019.05.014



et al., 2017). A number of other highly expressed genes not pre-

viously associated with Th2-cell-mediated immunity were found

to be expressed by cells of this cluster, including Igfbp7, Plac8

(Figure 1F), Gclc, Serpinb6a, Fgl2, Vdr, Hlf, and many more (Fig-

ure S2; Table S1).

Cells in cluster 5 were characterized by expression of Cxcr3,

Ccl5, and Ms4a4b mRNA and were also enriched for Tbx21 and

Ifng (Figure 1G), indicative of Th1 cells. It was noted that Ifng

mRNA was not highly expressed, potentially due to an absence

of innate cytokine signals or antagonism by Th2-cell-associated

cytokines. Cells of an activated or memory phenotype (cluster 2)

were also observed, characterized by the expression of Tcf7,

S1pr1, Tmem176a, and Tmem176b (Figure 1H). Moreover, cells

in cluster 3 lacked a clear set of differentially expressed genes,

potentially indicative of cells of mixed phenotypes.

Although IL-17+ cells could be discerned following PMA (phor-

bol 12-myristate 13-acetate) and ionomycin stimulation, we did

not observe a transcriptionally distinct Th17 cell population.

Transcription of Il17a, Il17f, and Il23r was very weak in BAL

T helper cells, although Rorc and Ccr6 mRNA was detected

(Figure S2). The mRNA for these genes was detected almost

exclusively in clusters 1–3, indicating that these clusters may

be enriched for Th17 cells.

scRNA-Seq Identifies a T Helper Cell Population
Responding to Type I Interferons
Cells in cluster 6 were characterized by the expression of Ifit3,

Isg15, Isg20,Mx1 (Figure 2A), Stat1, and Stat2 (Table S1), indic-

ative of cells responding to type I interferons (IFNs). This was

confirmed by gene set enrichment analysis (GSEA) (Figure 2B).

Notably, cluster 6 cells did not preferentially express the type I

IFN receptors Ifnar1 and Ifnar2 (Figure 2C), suggesting that these

cells were not predisposed to respond to this class of cytokines.

We hypothesized that the type I IFN responsemay be induced by

the presence of Toll-like receptor (TLR) ligands in HDM extracts

(Hammad et al., 2009). Wild-type (WT), Tlr4�/�, and Myd88�/�

mice were administered HDM, and on day 15, total lung CD4+

T cells were sort purified and analyzed for Isg20 and Mx1

mRNA expression. CD4+ T cells from mice administered HDM

expressed both target transcripts more highly than CD4+

T cells from Myd88�/� mice or control mice administered PBS

(Figure 2D). Tlr4�/� CD4+ T cells appeared to express intermedi-

ate amounts of both transcripts, suggesting that HDM induces

type I IFN production through several pattern recognition recep-

tors. To verify that induction of Isg20 and Mx1 gene expression

was due to type I IFN signaling, mice administered HDM

were treated with IFN-a receptor blocking antibody (MAR1-

5A3) or isotype control (MOPC-21) and CD4+ T cells were sort

purified from whole lung. Isg20 andMx1mRNA was significantly

reduced in CD4+ T cells from mice administered the IFN-a

receptor antibody (Figure 2E). We noted that IFN-a

receptor blockade reducedMx1 gene expression in both purified

CD44+CD25�ST2+ and CD44+CD25�ST2� effector cells (Fig-

ure 2F), suggesting that the ability to respond to type I IFNs

was not limited to specific T helper cell subpopulations.

Altogether, scRNA-seq of T helper cells from the BAL robustly

distinguishes several T helper cell subsets in mice, identifying a

population of cells responding to type I IFNs and clearly defining

a distinct gene expression profile for Th2 cells in the airways.

Kinetic Analysis of Single T Helper Cell Profiles from
mLN and Lung Tissue Identifies a Putative Th2 Cell
Population in the mLN
scRNA-seq discerned substantial differences in gene expres-

sion between Th2 cells and other subsets in the airways of

mice. We next aimed to characterize gene expression changes

in differentiating Th2 cells over time. Cytokine production was

analyzed at days 0, 8, 10, and 15 in the HDM model. Small

numbers of IL-4+ and IL-13+ T helper cells became evident in

the mLN at day 8 after sensitization and increased considerably

until day 10, whereupon their number plateaued (Figures 3A

and 3B). In the lung and airspace, Th2 cells became evident at

day 10 and expanded considerably until day 15. Since Th2 cells

comprise only 1%–2% of CD44+CD4+ T cells, we explored

whether ST2 (Il1rl1 gene) could be used as a marker to enrich

for Th2 cells, since this marker was highly expressed on day

15BAL Th2 cells. Indeed, a high proportion of Th2 cytokine+ cells

in day 10 mLN expressed ST2 and the trend in numbers of ST2+

T helper cells over time mirrored the kinetics of Th2 cytokine+

cells (Figure S3).

We reasoned that by sort purifying ST2+ cells from the mLN

and lung at day 10, we would capture a gene transcription profile

for Th2 cells in this compartment and delineate factors of impor-

tance in early Th2 cell differentiation. To this end, we purified sin-

gle ST2+CD44+CD25� CD4+ T cells from the mLN (n = 200) and

lung (n = 82) at day 10 after HDM sensitization. We also purified

naive CD4+ T and Treg cells (n = 50 cells each) from day 0 mLN

(Figure S3).

Single-cell transcriptomes of day 0 and 10 T helper cells were

analyzed, and six transcriptionally distinct cell clusters were

identified (Figures 3 and S3). Upon inspection, we noted that

cluster 5 was comprised of a sub-cluster of proliferating cells,

which were subsequently designated as cluster 7 (Figures 3C

and 3D). A feature of the day 0 and 10 scRNA-seq profiles was

the segregation of clusters on the basis of tissue of origin and

time-point (Figure 3E). By coupling differential gene expression

analysis and accounting for the original source of cells, identities

were assigned to many clusters (Figures 3F and S3; Table S2).

Treg cells (Foxp3+) were present across several clusters from

naive, day 10 mLN, and day 10 lung, while naive CD4+ T cells

(cluster 2) and Th2 cells (cluster 5) appeared largely confined

to single clusters (Figures 3F and S3). A cluster with a type I

IFN signature was again detected and contained Treg (Foxp3+)

and non-Treg (Foxp3�) cells primarily from day 10 lung tissue

(Figures 3F and S3). Th2 cells (cluster 5) were characterized by

the expression of Il4, Pparg, Igfbp7, Pdcd1, and Vdr, in line

with their day 15 counterparts (Figure 3G). We noted that Il13

mRNA was not a feature of mLN Th2 cells at day 10, in line

with findings in the N. brasiliensis model that Th2 cells acquire

the ability to produce IL-13 only after migration into the lung

compartment (Liang et al., 2011; Van Dyken et al., 2016). This

indicates that at day 10, ex vivomitogen stimulation may induce

IL-13 production in cells that, under physiological conditions,

produce very little of this cytokine.

Trajectory Analysis Identifies Several Modules of Gene
Expression over the Course of Th2 Cell Differentiation
To analyze Th2 cell differentiation over time, we combined all sin-

gle-cell transcriptomes across the day 0, 10, and 15 time points
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Figure 2. scRNA-Seq Identifies a Cell Population Responding to Type I IFNs

(A) Violin plots of Ifit3, Isg15, Isg20, and Mx1 across T helper cell subsets.

(B) GSEA plot comparing cluster 6 to all other T helper cells for genes involved in the type I IFN response.

(C) Violin and feature plots for expression of Ifnar1 and Ifnar2. On feature plots, gray dots indicate no gene expression, and blue intensity is augmented with

increasing expression.

(D) Graphs of Isg20 and Mx1 mRNA expression in lung CD4+ T cells purified from WT mice administered PBS and HDM-sensitized and HDM-challenged WT,

Tlr4�/�, or Myd88�/� mice (n = 4–5 mice per group from one experiment).

(E) Isg20 andMx1mRNA expression in lung CD4+ T cells frommice sensitized and challenged to HDMand administered either MOPC-21 isotype control (n = 9) or

MAR1-5A3 IFNAR1 blocking antibody (n = 9). Lung CD4+ T cells from mice administered PBS (n = 7, pooled from two independent experiments).

(F) Mx1 expression in ST2+ and ST2� effector cells (CD4+CD44+CD25�) (n = 3–5 mice per group).

In (D)–(F), mean ± SEM is shown.

See also Figure S2.
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and across all compartments into one analysis. Clustering and

differential gene expression analysis identified clusters 8, 6,

and 3 as those most closely resembling naive, day 10 Th2, and

day 15 Th2 cells, respectively (Figures 4A and S4; Table S3).

For trajectory analysis with Scorpius (Cannoodt et al., 2016),

clusters were cleaned to ensure that cluster 8 contained only

Figure 3. Elucidation of a Gene Signature for Th2 Cells in the mLN at Day 10

(A and B)Micewere sensitized and challenged with HDMand sacrificed at various time points. (A) Representative plots of IL-13 versus IL-4 expression by effector

CD4+ T cells (CD4+CD44+Foxp3�) from mLN restimulated with PMA, ionomycin, and brefeldin A (BFA) for 3 h (n = 3–4 mice per time point from one experiment).

(B) Total numbers of Th2-cytokine-secreting cells (IL-4+ and/or IL-13+) are graphed at each time point in mLN, lung, and BAL. Mean ± SEM is shown.

(C–E) Single T helper cells were purified fromday 0mLN (50 naive CD4+CD25�CD62L+CD44low, 50 CD25+CD4+ cells), day 10mLN (200 CD4+CD44+ST2+CD25�).
and day 10 lung (82 CD4+CD44+ST2+CD25�). After quality control, 360 T helper cells were used for clustering. (C) t-SNE representation of single T helper cells.

(D) Heatmap of top 10 differentially expressed (DE) genes in each cluster. Numbers indicate total number of DE genes specific to each cluster, based on adjusted

p value. (E) t-SNE of single T helper cells based on source and time-point of cells.

(F) Expression of several key genes across all clusters in ‘‘dot plot’’ format.

(G) Feature plot of key significant genes in cluster 5 with adjusted p value.

See also Figure S3.
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Figure 4. Identification of a Trajectory for Th2 Cell Differentiation

Single-cell transcriptomes across all experiments were combined into a single analysis.

(A) t-SNE representation of all single-cell transcriptomes.

(legend continued on next page)
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cells from naive mLN, cluster 6 contained only day 10 cells, and

cluster 3 had only day 15 cells. Scorpius defined a trajectory for

Th2 cell differentiation between naive and day 15 Th2 cells and

passing through the day 10 Th2 cell state (Figure 4B). Four mod-

ules of gene expression were identified: (1) genes increased in

early Th2 cells and maintained, including Gata3, Nfkb1, and

members of the S100 family; (2) genes present primarily only

on day 15 Th2 cells, including Ctla2a, Ahnak, Rbpj, and Bhlhe40;

(3) genes that were high in naive cells and maintained with

reduced expression over time, including Pfn1 and Gimap3; and

(4) genes lost from naive CD4+ T cells, such as Lef1 and Igfbp4

(Figure 4C).

We also performed differential gene expression analysis be-

tween naive, day 10, and day 15 Th2 cells (Table S4) and noted

that Il4 gene expression was considerably more prominent in day

10 Th2 cells compared with day 15 BAL Th2 cells (Figure 4D).

This indicates that IL-4 may play a dominant role in the mLN

compartment, while IL-5 and IL-13 play more prominent roles

in the tissue setting. A number of genes associated with Tfh cells,

including Il6st, Tox, Cd200, Slamf6, Rilpl2, and Plekho1 (Choi

et al., 2015), were also transiently upregulated in day 10 Th2 cells

(Figure 4D). Indeed, GSEA suggested that day 10 Th2 cells were

significantly enriched for genes found in germinal center (GC) Tfh

cells (Figure 4E). Notably, some Tfh-cell-associated genes,

including Bcl6 and Cxcr5, were not significantly differentially ex-

pressed at day 10. Flow cytometry confirmed that Tfh-cell-asso-

ciated activationmarkers such as CD200, CD352 (SLAMF6), and

ICOS were highly expressed by day 10 Th2 cells, while CXCR5

and Bcl6 were not expressed by a high frequency of day 10

Th2 cells (Figures 4F and S4).

Altogether, this analysis sheds light on the gene expression

changes that occur over time in Th2 cells from the lymph node

and lung compartments following HDM sensitization and

challenge.

Th2 Cells Are Enriched for CD200R1, PD-1, RANKL, and
IL-6 Protein Expression
Several gene targets that were enriched in day 15 BAL Th2 cells

by scRNA-seq were validated by flow cytometry. The genes

highly expressed in BAL Th2 cells included Cd200r1, Pdcd1,

Tnfsf11, and Il6 (Figure 5A). Using the markers CD4, CD44,

Foxp3, and ST2, we resolved the naive, Th2, Treg, and non-

Th2 effector cell populations (Figure S5). This gating approach

validated that the bulk of IL-5-, IL-13-, and IL-4-secreting cells

resided in the ST2+ fraction of effector T helper cells. We applied

this gating strategy to analyze marker expression in BAL, lung

tissue, and mLN. A greater frequency of Th2 cells in the lung

and airways expressed CD200R1 and RANKL, and Th2 cells

had the highest mean fluorescence intensity (MFI) of PD-1 (Fig-

ure 5B). Similar trends were also observed in the mLN, although

the frequency of Th2 and non-Th2 effector cells expressing

RANKL was similar (Figure 5B). Intracellular cytokine staining

was performed, and IL-6 expression was analyzed in IL-5+IL-

13+ Th2, IFN-g+ Th1, or IL-17+ Th17 cells. This showed a clear

association of IL-6 production with Th2 cells, but not other

T helper cell subsets across all compartments analyzed (Fig-

ure 5B), pinpointing Th2 cells as a source of IL-6 in this model

of allergic airway disease.

We analyzed the samemarkers in themesenteric lymph nodes

(mesLN) of mice infected with H. polygyrus to determine if their

expression was conserved. A similar gating strategy was em-

ployed (Figure S5), since we previously showed that Il5 mRNA

was specific to ST2+ T helper cells in the H. polygyrus model

(Chen et al., 2017). CD200R1 and the cytokine IL-6 were again

found to be highly enriched in Th2 cells in this model (Figure 5C).

However, PD-1 and RANKL were not enriched in mesLN Th2

cells (Figure 5C). This suggests that CD200R1 and IL-6 expres-

sion are conserved features of Th2 cells, while PD-1 and RANKL

display organ- and model-specific patterns of expression on

T helper cell subsets.

Increased Locus Accessibility Is Observed at Genes
Expressed in Th2 Cells
scRNA-seq provides a snapshot of gene expression at a single

point in time. Analysis of chromatin status can provide insights

into the capabilities of a cell, the history of that cell, and the

TFs that shape subset specification. To gain further insights

into Th2 cells, we performed assay for transposase-accessible

chromatin using sequencing (ATAC-seq) (Buenrostro et al.,

2015) on naive CD4+ T cells from mLN and Treg, Th2, and non-

Th2 effector cells from the combined lung and airways of mice

in the HDM model. We devised a strategy incorporating the

marker CD30L to sort relatively pure T helper cell populations

(Figure S6). CD30L was specifically absent from Treg cells and

enriched in Th2 cells, which helped to minimize Treg contamina-

tion and maximize the proportion of cytokine+ cells in Th2 and

non-Th2 effector cells (Figure S6).

We performed peak calling and searched for distinct regions

of open chromatin using the AtaqC pipeline of the Kundaje lab-

oratory. Intervene (Khan and Mathelier, 2017) was used to gain

a global understanding of the chromatin landscape in our puri-

fied T helper cell subsets. Among 43,092 called peaks, > 50%

showed specific enrichments in only one subset, illustrating

the divergence in chromatin landscapes after activation of

CD4+ T cells (Figure 6A). At the Foxp3, Ifng, and Il4-Il13-Rad50

loci, subset-specific peaks were observed at gene promoters

and several regulatory regions. For instance, Treg cells showed

high accessibility across the Foxp3 locus, including at the

conserved non-coding sequence (CNS) 2 site, which preserves

Treg cell identity in the face of inflammation (Feng et al., 2014).

(B and C) Trajectory analysis by Scorpius on cleaned naive CD4+ T (cluster 8), day 10 Th2 (6), and day 15 Th2 (3) cell clusters. (B) Trajectory plot of Th2 cell

differentiation. (C) Heatmap of top 100 genes defining the trajectory, separated into four modules of gene expression. Feature plots of selected genes in each

module.

(D) Violin plots of selected genes in clusters 3, 6, and 8.

(E) GSEA plot comparing cluster 6 to clusters 3 and 8 for genes found to be highly expressed in germinal center (GC) Tfh cells (Choi et al., 2015).

(F) Graphs of CD200, CD352, ICOS, CXCR5, and Bcl6 expression on naive CD4+ T cells (CD4+CD44�Foxp3�) from unchallenged mice (n = 5), day 10 Th2

(CD4+CD44+Foxp3� ST2+ IL-4 and/or 13+), and day 15 Th2 (CD4+CD44+Foxp3�IL-5+13+) cells (n = 7–9) from mice administered HDM (pooled from two inde-

pendent experiments). N.D. denotes not determined.

Mean ± SEM is shown. See also Figure S4.
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Figure 5. CD200R1, PD-1, RANKL, and IL-6 Are Enriched in Th2 Cells in the HDM Model

(A) Violin plots of Cd200r1, Pdcd1, Tnfsf11, and Il6 mRNA expression from day 15 BAL T helper cell subsets.

(B) Histograms of CD200R1, PD-1, and RANKL expression by T helper cell subsets (gating outlined in Figure S5). Contour plots of IL-6 versus IL-13 expression

on the indicated cytokine-producing T helper cell population. Graphs of marker expression at day 15 as determined by flow cytometry of BAL, lung, and mLN

(n = 8–20 per group, pooled from three to five independent experiments).

(C) Mice were infected with 200 L3-stage H. polygyrus larvae. 14n days later, markers were analyzed on T helper cell subsets in the mesLN by flow cytometry

(n = 15 mice from one experiment).

Mean ± SEM is shown. See also Figure S5.
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Figure 6. Diverse Chromatin Landscapes in T Helper Cell Subsets Pinpoint TFs Associated with Th2 Cells

Th2, non-Th2 effector, and Treg cells from day 15 lungs (including airways) and naive CD4+ T cells frommLNwere purified and chromatin accessibility determined

by ATAC-seq (n = 3 per group from one experiment).

(legend continued on next page)
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Th2 cells were also more accessible at several regions across

the Il4-Il13-Rad50 locus, including at CNS1 and CNS2 as well

as the locus control region-B (LCR-B) (Ansel et al., 2006).

Increased accessibility was also noted at the Ifng locus in non-

Th2 effector cells, in particular at the promoter and at a CNS 6

kb upstream of the promoter (Shih et al., 2016), but not at other

known regulatory regions (Figure 6B). A number of genes linked

to day 15 Th2 cells through scRNA-seq including Vdr, Il6, Lgals3,

Plac8,Cd200r1, Zcchc10, Tagln2, and Igfbp7 also showedmore

accessibility at various positions (Lee et al., 2015) in purified Th2

cells (Figures 6C and S6). The Ccr7, Slc16a5, and Atp1b1 gene

loci were highly accessible in naive CD4+ T cells, in line with their

high mRNA expression (Figure S6).

ATAC-Seq Identifies Distinct Th2-Cell-Specific
TF-Binding Motifs
To gain further biological insights into T helper cell differentiation,

we analyzed the TF-binding motifs of DNA sequences specif-

ically enriched in distinct T helper cell subsets using HOMER

(Heinz et al., 2010). Enriched loci in the non-Th2 effector cell pop-

ulation were variable, which made identification of enriched

motifs in this population troublesome. However, many motifs

were found to be significantly enriched in naive, Th2 and Treg

cells (Figure 6D; Table S5). As expected, naive CD4+ T cells

were enriched for motifs associated with Tcf3 and Tcf7 binding.

TF motifs that were common to Th2 and Treg cells included

those related to nuclear factor kB (NF-kB), AP-1, STAT, and

GATA3 activity. Some motifs were more enriched in Treg cells,

such as RORgt and Nur77, while PU.1, IRFs, CEBP, Mef2d,

and PPAR-g binding motifs were highly enriched in Th2 cells

(Figure 6D; Table S5). In line with the high expression of Pparg

in Th2 cells, increased accessibility at the promoter and inter-

genic regions of this gene was observed specifically in Th2 cells

(Figure 6E). Modifications at the promoter of Cebpa and Spi1

(PU.1) and upstream of the Spi1 promoter were also observed,

despite thesemRNAs not being specifically detected in Th2 cells

at either day 10 or day 15.

Th2 Cells Are Enriched for Lipid Metabolism Pathways
Gene Ontology (GO) analysis (The Gene Ontology Consortium,

2017) using day 15 gene expression profiles identified several

enriched molecular processes in Th2 cells related to apoptosis,

leukocyte differentiation, and cytokine production. Enrich-

ment in processes related to cellular metabolism was also

observed (Figure 7A; Table S6). As such, we used the Seahorse

XF analyzer to probe cellular metabolism in T helper cells. These

assays require hundreds of thousands to millions of cells, which

are difficult to isolate from the airways or lung tissue of mice;

thus, we differentiated Th1, Th2, and Treg cells in vitro and

analyzed rates of extracellular acidification (ECAR, a measure

of glycolysis) and oxygen consumption (OCR, oxidative phos-

phorylation). Th2 cells were the most glycolytic subset and

Treg cells underwent the least glycolysis (Figure 7B), in line

with previous observations (Michalek et al., 2011). Rates of

oxidative phosphorylation were also highest in Th2 cells and

lowest in Treg cells (Figure 7B). Since glucose availability and

the glycolytic machinery directly affect IFN-g production by

Th1 cells (Chang et al., 2013), we asked whether perturbations

in glycolysis would also affect Th2 cell cytokine production. To

test this, 2-deoxy-D-glucose (2-DG) was added to cell culture

on the last day to block glucose metabolism. Alternatively,

glucose was replaced by galactose on the last day to force cells

into oxidative phosphorylation (Chang et al., 2013). Both 2-DG

and galactose reduced IL-13 production by Th2 cells, suggest-

ing that like Th1 cells, Th2 cells rely on glycolysis for effector

cytokine production (Figure 7C). Hence, in-vitro-differentiated

Th2 cells are critically dependent on glycolysis for their effector

functions.

To determine whether glycolysis was also a feature of BAL Th2

cells in the HDMmodel, we performedGSEA. BAL Th2 cells were

not enriched for genes involved in glucose metabolism (GO:

0006006). This was supported by analysis of Glut1 protein

expression on T helper cell subsets and visualization of Slca2a1

and Slc2a3mRNA (Glut1 and Glut3, respectively) on day 15 BAL

T helper cells (Figure S7). Instead, fatty acid oxidation (GO:

0019395) and fatty acid synthesis (GO: 0006633) pathways

were highly enriched in airway Th2 cells (Figure 7D). We noted

that lipid and cholesterol synthesis were also prevalent in GO

pathway analysis and using the DAVID Bioinformatics resource

(Huang da et al., 2009) (Table S6). Furthermore, genes involved

in fatty acid oxidation, synthesis, and cholesterol synthesis,

including Cpt1a, Adipor1, Aldh2, Cd36, Pdk4, Lpl, and Apo

family members, were highly accessible in Th2 cells (Figure S7),

suggesting that lipid metabolism is a feature of Th2 cells in the

airways.

In Vivo Blockade of Glycolysis and Lipid Metabolism
Dampens T Helper Cell Differentiation and the
Development of Airway Inflammation
Type 2 innate lymphoid cells (ILCs) have been shown to be

dependent on fatty acid metabolism for their expansion and

function (Wilhelm et al., 2016), while HIF-1a-mediated induction

of glycolysis was recently shown to impair ILC2 differentiation

(Li et al., 2018). We hypothesized that a similar requirement for

fatty acids may also be at play in Th2 cells. We tested the impor-

tance of glycolysis and lipid metabolism in vivo by administering

2-DG (an inhibitor of glycolysis), etomoxir (a blocker of fatty acid

oxidation), and orlistat (a blocker of fatty acid synthesis and

(A) The Venn diagram depicts the percentage of peaks that were common or specific to each subset. Selected genes that were associated with peaks specific to

the indicated T helper cell subset are indicated.

(B) ATAC-seq signal profiles for lineage specific factors in Th2, non-Th2 effector, and Treg cell subsets using Integrative Genomics Viewer (IGV). Peaks at

promoters and non-promoter regions are indicated in blue and red, respectively. Known regulatory regions are marked with a green triangle, and their common

nomenclature is stated.

(C) ATAC-Seq signal profiles for Il6, Vdr, and Lgals3.

(D) Heatmap showing relative motif frequency (Z scores) for TF motifs enriched specifically in naive, Treg, and Th2 cell subsets.

(E) ATAC-seq signal profiles for Pparg, Spi1, and Cebpa.

See also Figure S6.
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Figure 7. Glucose and Lipid Metabolism Promote Th2-Cell-Mediated Responses
(A) A graph of p value for selected molecular processes identified as enriched in BAL Th2 cells using GO analysis. Numbers next to bars represent the number of

genes in the pathway.

(B) Graphs of extracellular acidification and oxygen consumption rates of in vitro differentiated Th1, Th2, and Treg cells using the Seahorse Glycolysis and Mito

Stress tests, respectively (n = 6 replicate wells; one representative experiment of two is shown).

(C) Th1 and Th2 cells were differentiated in vitro for 4 days. For the last day of culture, 2-DGwas added tomedium containing glucose, or glucosewas replaced by

galactose. IFN-g and IL-13 expression was evaluated by flow cytometry after restimulation in the presence of PMA, ionomycin, and BFA. Graphs depict the

percentage of cytokine-producing cells (n = 3; one representative of two independent experiments is shown).

(D) GSEA plots comparing day 15 cluster 4 (Th2) to all other BAL T helper cells for genes involved in glucose metabolism, fatty acid oxidation, and fatty acid

synthesis.

(E–H) Schematic of drug administration in the HDM model. Mice were intraperitoneally (i.p.) administered 2-DG (1 g/kg), etomoxir (15 mg/kg), or orlistat

(200 mg/kg) and DMSO. (E) Graphs of the numbers of eosinophils and T cells in the BAL are shown. (F) Muc5ac mRNA was quantified by qPCR on whole lung

(legend continued on next page)
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uptake) (Kridel et al., 2004; Padwal and Majumdar, 2007; Qu

et al., 2016) from days 7–14 in the HDM model (Figure 7E). All

drugs significantly reduced eosinophil and T cell numbers in

the airways compared to mice treated with DMSO alone (Fig-

ure 7E). To determine the effects of drug treatment on goblet

cell metaplasia,Muc5acmRNA was measured in whole lung tis-

sue and appeared reduced in all groups compared to DMSO

(Figure 7F). A similar reduction was observed when periodic

acid-Schiff staining was performed on lung sections (Figure 7F).

Lymphocyte subsets were then quantified in the mLN and air-

ways to determine the effect of metabolic blockade on Treg,

Th1, and Th2 cells. Overall, 2-DG had the strongest effects,

with significantly reduced frequencies of Th1 and Th2 cells in

the mLN and an increased frequency of Treg cells in the lavage

(Figure 7G). Etomoxir and orlistat had the greatest impact on

Th2 cells, which were reduced in frequency in both the BAL

and mLN, although the effect was more modest than that

observed with 2-DG (Figure 7G). In line with these results, the

quantity of total immunoglobulin E (IgE) was significantly

reduced in mice administered 2-DG, and modest reductions

were also observed in mice treated with etomoxir and orlistat

(Figure 7H). No difference was observed in the antigen-specific

IgG1 (Figure 7H), while antigen-specific IgE could not be de-

tected (not shown). Thus, while lipid metabolism pathways are

highly enriched in day 15 BAL Th2 cells and appear to play a

role in Th2-cell-mediated pathology, glycolysis also promotes

Th2 cell differentiation and function.

Altogether, our study elucidates distinct T helper cell states, a

specific gene expression signature and chromatin profile for Th2

cells, and a requirement for glucose and lipid metabolism in

Th2 cells.

DISCUSSION

scRNA-seq is being increasingly used to explore cell diversity in

whole organisms and uncover genes that regulate cell function.

Early scRNA-seq studies of T helper cells cautioned that their

small cell size, bursts in gene transcription, and biases intro-

duced, for instance, during PCR could make it difficult to explore

T helper cell diversity in a truly unbiased fashion (Fang et al.,

2013; Picelli et al., 2013). Our data demonstrate that distinct

T helper cell subsets and states can be robustly detected using

scRNA-seq, in line with recent studies of ILCs (Björklund et al.,

2016; Gury-BenAri et al., 2016).

Herein, we elucidated gene transcription profiles for classical

populations of CD4+ T cells, including naive CD4+ T, Th1, Th2,

and Treg cells. In addition, we also detected T helper cells of

an activated phenotype, cells in cycle, and cells expressing

genes associated with a type I IFN response signature. Dendritic

cells and monocytes with a type I IFN signature have been de-

tected in scRNA-seq experiments (Jin et al., 2017; Villani et al.,

2017), but this has not been observed in T cells to our knowl-

edge. The response to type I IFNs appeared to dominate other

cell signatures, since clusters of type-I-IFN-responsive cells

appeared to contain both Treg and non-Treg cells at days 10

and 15. In asthma, the impact of type I IFNs on T helper cell dif-

ferentiation and function is still somewhat unclear. Although type

I IFN signaling into dendritic cells is important for promoting Th2

cell responses (Marichal et al., 2010; Webb et al., 2017), the

impact of type-I IFN signaling directly into Th2 cells is less clear.

One study of human Th2 cells depicted that type I IFNs reduced

GATA-3 and type 2 cytokine production directly (Huber et al.,

2010); however, whether the same holds true in mouse is un-

known. Since pulmonary infection with respiratory syncytial virus

(RSV) is one of the leading causes of asthma exacerbations and

has been implicated in promoting wheeze and asthma in children

(Holt and Sly, 2002), determining the direct impact of type I IFNs

on T helper cell function would be of interest.

In this study, we focused on gene expression by Th2 cells,

given the importance of this subset in asthma. Of the Th2-cell-

specific genes expressed in the BAL at day 15, many targets

had not previously been associated with Th2 cells. Igfbp7 and

Plac8 were two of the most highly expressed genes in Th2 cells;

yet, to our knowledge, these genes have not been specifically

linked to type 2 immune responses. Plac8 was shown to be

involved in DTH responses and bacterial clearance (Johnson

et al., 2012; Ledford et al., 2012), although its role in Th2 cells

has not been addressed. A number of other Th2-cell-specific

genes were of particular relevance to asthma. For instance,

IL-6 has been repeatedly linked to human asthma, and blockade

of IL-6 has been shown to alleviate airway inflammation in pre-

clinical studies of asthma (Rincon and Irvin, 2012). However,

the source of IL-6 was typically thought to derive from innate

lymphocytes such as dendritic cells or airway epithelial cells.

CD200R1, which has been observed on human Th2 cells previ-

ously (Blom et al., 2017), was another factor strongly expressed

by Th2 cells in both the allergic airway disease and H. polygyrus

models. It remains unclear what role CD200R1 plays on Th2

cells, but it was interesting that CD200 was highly expressed in

day 10 mLN Th2 cells, suggestive of an autoregulatory function

for this receptor-ligand pair in early Th2 cell differentiation. The

vitamin D receptor was also specifically expressed by Th2 cells

in the HDM model. Vitamin D and its metabolites are typically

thought to suppress inflammation, and vitamin D deficiency is

a strong predictor of severity (Bener et al., 2012). However,

Vdr-deficient mice have been shown to have reduced airway

hyper-responsiveness, despite elevations in serum IgE concen-

trations (James et al., 2017; Wittke et al., 2004). In light of the

large variability in vitamin D across the human population, under-

standing the direct impact of vitamin D on Th2 cell function is

important.

A feature of T helper cell differentiation in the HDMmodel was

the large difference in gene expression between Th2 cells in the

mLN and those in the airways. Il5 and Il13mRNA expression was

a feature of airway Th2 cells, but not Th2 cells from day 10 mLN,

despite the detection of IL-13+ cells following ex vivo PMA

tissue. Periodic acid-Schiff staining of lung sections. Scale bar represents 200 mM. (G) Graphs of the frequency of IFN-g+, Foxp3+, and IL-5+IL-13+ cells among

total CD4+ cells from BAL and mLN. Mean ± SEM is shown in all plots. (H) HDM-specific IgG1 and total IgE was quantified by ELISA.

(E and G) Drug groups (n = 14–20; four independent experiments) and PBS (n = 8 mice included in two experiments). (F and H) ForMuc5ac qPCR and antibody

ELISA, n = 4–6 from one experiment. For histological analysis, n = 3–4 from one experiment. N.D. denotes not determined. *p < 0.05, **p < 0.01, ***p < 0.001. See

also Figure S7.
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and ionomycin stimulation. This mirrors recent work in the

N. brasiliensis model (Van Dyken et al., 2016), where chromatin

and gene expression profiles of lung Th2 cells were found to

more closely approximate that of lung ILC2 rather than naive

CD4+ T cells or Th2 cells from the mLN (Shih et al., 2016; Van

Dyken et al., 2016). Indeed, our results support the notion that

Th2 cells undergo substantial programming in the lung tissue

and become highly distinct from Th2 cells in the mLN.

One limitation of the studies usingN. brasiliensiswas that gene

expression and chromatin profiles of lung Th2 cells were not

characterized side by side with other lung T helper cell subsets

(Shih et al., 2016; Van Dyken et al., 2016). Our results allow us

to dissect genes that are upregulated as a result of a change in

the tissue microenvironment from those specifically upregulated

in Th2 cells in the lung tissue and airways. This highlights that

Rora,Batf,Ahnak,Bcl11b,Cish, andCcr2 are factors that are tis-

sue, but not Th2 cell, specific, whereas Il5, Il13, Plac8, Il1rl1,

Ctla2a, Bhlhe40, and many other genes were upregulated in

the lung, specifically on Th2 cells. A recent study implicating

Bhlhe40 in human Th2 cell differentiation suggests that its role

in allergic airway inflammation warrants further investigation

(Henriksson et al., 2019).

Itwas noted that Th2cells in themLNacquiredsome traits of Tfh

cells but did not express bona fide Tfh cell markers such as Bcl6

and CXCR5 at day 10. A common differentiation trajectory for

Th1, Th2, and Tfh cells has previously been proposed (Balles-

teros-Tato et al., 2016; Coquet et al., 2015a; Hondowicz et al.,

2016; Nakayamada et al., 2011). What remains unclear is whether

fully differentiated Tfh cells are capable of becoming lung and

airway ST2+ Th2 cells. In previous studies, we found that IL-21+

Tfh cells did not differentiate efficiently intoST2+ Th2 cells (Coquet

etal., 2015b).However, another studyproposed that lungTh2cells

weredirect descendants of IL-21+Bcl6+ Tfh cells (Ballesteros-Tato

et al., 2016). Herein, our trajectory analysis suggests that differen-

tiating Th2 cells acquire many features of Tfh cells, although they

did not appear to express Bcl6 or CXCR5 at day 10, suggesting

thatTh2cellsdidnot transit througha trueGCTfhcell intermediate.

It is possible that Th2 cells localize to the GC at other time points,

since we only thoroughly examined day 10.

Studies showing that lipid metabolism promotes normal ILC2

responses (Wilhelm et al., 2016) while glycolysis is inhibitory to

ILC2 expansion (Li et al., 2018) pointed to a similar dichotomy

in Th2 cells. Ultimately, it was clear that Th2 cells were heavily

reliant on glycolysis for their differentiation and function. This

was in line with the impairment in IL-13 production when glycol-

ysis was blocked in cultures of Th2 cells. Furthermore, it is

known that the T cell receptor and CD28 complex drives PI3K

activation, GLUT1 translocation to the cell surface, and activa-

tion of mTOR to promote T helper cell differentiation (Almeida

et al., 2016; Chen and Flies, 2013). Although 2-DG had the stron-

gest impact on T helper cell cytokine production when adminis-

tered to mice, etomoxir and orlistat also had clear effects on

airway inflammation and appeared to reduce Th2 cell responses

in the mLN and airways. Roles for fatty acid oxidation and lipid

synthesis have been elucidated in Th1 and Th17 cells; however,

to date, a role for lipids in Th2 cell function has been less clear

(Almeida et al., 2016). Lipids may act as a source of fuel for

Th2 cells but may also serve other purposes. In Th17 cells, satu-

rated lipids and sterols are thought to provide ligands for RORgt

activation (Soroosh et al., 2014; Wang et al., 2015), which drives

the Th17 cell differentiation program. It is possible that a major

function of lipid synthesis in Th2 cells is to stimulate PPAR-g

function, since its ligands include unsaturated lipids and prosta-

glandin J2 (Grygiel-Górniak, 2014), which we showed enhance

ST2 expression in cultures of Th2 cells (Chen et al., 2017).

ATAC-seq profiling revealed that genes involved in lipid meta-

bolism were considerably more accessible in Th2 cells. Mapping

when these changes occur and how they impact on Th2 cell

longevity would be of considerable interest.

ST2 and IL-5 expression has been difficult to induce in

traditional in vitro Th2 cell differentiation assays. scRNA-seq

analysis of in-vitro-differentiated Th2 cells elucidated a small

subset of steroid-producing cells (Mahata et al., 2014).

Although the authors described this population as an inhibi-

tory Th2 cell population, one possibility is that these cells

are more aligned with the true pathogenic IL-5+ST2+ Th2

cell population that is found in the airways of mice. Finding

ways to propagate this cell population in vitro may help to

explore their function more fully.

In all, our study highlights the utility of scRNA-seq to probe

diversity in the T helper cell compartment in an unbiased

fashion. It has elucidated an exquisite gene profile for Th2 cells

in the HDM model of allergic airway disease, which was sup-

ported by analysis of the chromatin landscape in these cells

and protein expression data. Our results shed light on the

pathway of Th2 cell differentiation and strongly implicate

glycolysis and lipid metabolism in driving Th2-cell-mediated

immune responses.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Hamster anti Mouse CD3 (unconjugated) (Clone 145-2C11) BD Bioscience Cat#553057

Rat anti Mouse CD16/CD32 FC block (unconjugated)

(Clone 2.4G2)

BD Bioscience Cat#553142

Hamster anti Mouse CD28 (unconjugated) (Clone 37.51) BD Bioscience Cat#553294

Rat anti Mouse IL-4 (unconjugated) (Clone) BD Bioscience Cat#554434

Rat anti Mouse IFN-g (unconjugated) (Clone XMG1.2) Bio X Cell Cat#BE0055

Rabbit anti Mouse Glut1 (Clone EPR3915) Abcam Cat#AB195020

Mouse anti human BCL6 (Clone K112-91) BD Bioscience Cat#561522

Hamster anti Mouse CD3e (Clone 145-2C11) BD Bioscience Cat#563061

Rat anti Mouse CD4 (Clone RM4-5) BD Bioscience Cat#558107

Rat anti Mouse CD4 (Clone RM4-5) BD Bioscience Cat#563727

Rat anti Mouse CD25 (Clone 7D4) BD Bioscience Cat#553071

Rat anti Mouse CD44 (Clone IM7) BD Bioscience Cat#560568

Rat anti Mouse CD103 (Clone M290) BD Bioscience Cat#563087

Rat anti Mouse CD153 (Clone RM153) BD Bioscience Cat#559232

Rat anti Mouse CD200R (Clone OX-110) BD Bioscience Cat#566345

Rat anti Mouse CD278 (Clone 7E.17G9) BD Bioscience Cat#566214

Rat anti Mouse CXCR5 (Clone 2G8) BD Bioscience Cat#551960

Rat anti Mouse FOXP3 (Clone MF23) BD Bioscience Cat#560401

Rat anti Mouse Ly-6G and Ly-6c (Clone RB6-8C5) BD Bioscience Cat#561103

Rat anti Mouse IFN-g (Clone XMG1.2) BD Bioscience Cat#563854

Rat anti Mouse IL-4 (Clone 11B11) BD Bioscience Cat#564005

Rat anti Mouse IL-4 (Clone 11B11) BD Bioscience Cat#557728

Rat anti Mouse IL-6 (Clone MP5-20F3) BD Bioscience Cat#554401

Rat anti Mouse IL-17 (Clone TC11-18H10) BD Bioscience Cat#560820

Rat anti Mouse Ki-67 (Clone B56) BD Bioscience Cat#563756

Rat anti Mouse Siglec-F (Clone E50-2440) BD Bioscience Cat#562068

Streptavidin BV650 BD Bioscience Cat#563855

Streptavidin PE Cy7 BD Bioscience Cat#557598

Hamster anti Mouse CD196 (CCR6) (Clone 29-2L17) Biolegend Cat#129815

Rat anti Mouse CD200 (Clone OX-90) Biolegend Cat#123807

Rat anti Mouse CD254 (Clone IK22/5) Biolegend Cat#510003

Rat anti Mouse IL-5 (Clone TRFK5) Biolegend Cat#504311

Rat anti Mouse PD1 (Clone 29F.1A12) Biolegend Cat#135230

Rat anti Mouse ST2 (Clone DIH9) Biolegend Cat#145304

Hamster anti Mouse CD11c (Clone N418) eBioscience Cat#17-0114-82

Rat anti Mouse FOXP3 (Clone FJK-16 s) eBioscience Cat#11-5773-82

Rat anti Mouse FOXP3 (Clone FJK-16 s) eBioscience Cat#45-5773-82

Rat anti Mouse IL-13 (Clone eBio13A) eBioscience Cat#25-7133-80

Rat anti Mouse ST2 (Clone RMST2-2) eBioscience Cat#17-9335-82

Rat anti MouseST2 (Clone RMST2-2) eBioscience Cat#13-9335-82

Fixable viability dye eFluor 780 Invitrogen Cat#65-0865-14

Mouse anti Mouse CD352 (Clone 13G3) Miltenyi Biotec Cat#130-109-859
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Heligmosomoides polygyrus Susan Nylén lab N/A

Chemicals, Peptides, and Recombinant Proteins

House Dust Mite Extract Greer Labs Cat#XPB70D3A2.5

FOXP3 staining kit eBioscience Cat#00-5523-00

Ampure XP magnetic beads Beckman Coulter Cat#A 63881

DNase I Sigma Cat#D5025-150KU

Liberase TM Roche Cat#5401127001

Superscript IV Thermo Fisher Scientific Cat#18090010

Superscript II Thermo Fisher Scientific Cat#18064-014

TRIzolTM Ambion Cat#15596018

SYBR Green Bio-rad Cat#172-5271

Galactose Sigma Cat#G5388-100G

Glucose Sigma Cat#G7528-250G

2-DG Cayman Chemical Company Cat#14325

Etomoxir Tocris Cat#4539

Orlistat Cayman Chemical Company Cat#10005426

DMSO Sigma Cat#D2650-100ML

PMA Sigma Cat#P8139-1MG

Ionomycin Sigma Cat#10634-1MG

Brefeldin A Sigma B7651-5MG

Monensin Biolegend Cat#420701

rh-TGFb R&D systems Cat#240-B-002

rmIL-4 Sigma Cat#1020-5UG

rmIL-12 Peprotech Cat#210-12

KAPA Hotstart Readymix KAPA systems Cat#KK2601

RNase Inhibitor Clonetech Cat#2313A

Critical Commercial Assays

MinElute Reaction Clean up kit QIAGEN Cat#28206

Naive CD4+ T Cell Isolation Kit Mitenyi Biotec Cat#130-104-453

Seahorse XF Glycolysis Stress Test Kit Agilent Technologies

Seahorse Bioscience

Cat#103020-100

Seahorse XF Cell Mito stress test kit Agilent Technologies

Seahorse Bioscience

Cat#103015-100

TruSeq dual-index sequencing primer kit for

single-read runs kit

Illumina Cat#PE-121-1003

Nextera XT DNA sample preparation kit Illumina Cat#FC-131-1096

Nextera XT 24-index kit Illumina Cat#FC-131-1001

NEBNext PCR master mix New England Biolabs Cat#M0541S

Deposited Data:

scRNA-Seq NCBI GEO GEO: GSE131935

ATAC-Seq NCBI GEO GEO: GSE131937

Experimental Models: Organisms/Strains

C57BL/6J Janvier Labs https://www.janvier-labs.com/rodent-research-

models-services/research-models/per-species/

inbred-mice/product/c57bl6jrj.html

Myd88�/� Lambrecht/ Hammad Lab N/A

Tlr4�/� Lambrecht/ Hammad Lab N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jonathan

Coquet (jonathan.coquet@ki.se).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Wild-type C57BL/6Jmicewere bred andmaintained at KMWallenberg Laboratory, Karolinska Institutet under specific pathogen free

conditions with food and water ad lib. Mice were 6-8 weeks old at the start of experiments and were housed in individually ventilated

cages.Micewere not randomized in cages but cageswere randomly assigned to a treatment group.Male and femalemicewere used

to perform the experiments but only with a single gender per experiment. However, on no occasion, did we observe obvious differ-

ences between sexes within the parameters analyzed for our experiments. All studies were performed under ethical permits N98/15,

N131/16 or 8971/2017 and in accordance with the Stockholms Norra djurförsöksetiska n€amnd. Experiments with C57BL6/J,

Myd88�/� and Tlr4�/� mice were also performed at the Inflammation Research Centre (IRC), Flemish Institute of Biotechnology in

accordance with the ethical guidelines of Belgium. Sample sizes were based on extensive previous experiences with the HDM

and H.pologyrus models.

METHOD DETAILS

House dust mite model
Six- to eight-week-old mice were anesthetized briefly with Isoflurane. For intranasal sensitization mice were administered 1 mg of

HDM in 40 mL of PBS. Seven days after sensitization mice were challenged with 10 mg of HDM intranasally for 5 consecutive

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Muc5ac 50 GAGGCTCCCACATGTCCA,

30 TGAAGGCATTACTGTCACAGGG

Sigma See this paper

Isg20 50 GAACATCCAGAACAACTGGCG,

30 GTAGAGCTCCATTGTGGCCCT

Sigma See this paper

Mx1 50 AACCCTGCTACCTTTCAA,

30 AAGCATCGTTTTCTCTATTTC

Sigma See this paper

Hprt 50 TGAAGAGCTACTGTAATGATCAGT

CAAC, 30 AGCAAGCTTGCAACCTTAACCA

Sigma See this paper

TSO oligo 50 AAGCAGTGGTATCAACGCA

GAGTACATrGrG+G

Exiqon Picelli et al. (2013)

Oligo-dT30VN 50 AAGCAGTGGTATCAAC

GCAGAGTACT30VN

Biomers Picelli et al. (2013)

ISPCR oligo 50 AAGCAGTGGTATCAACGCAGAGT Biomers Picelli et al. (2013)

Software and Algorithms

Seurat Satija et al. (2015) https://github.com/satijalab/seurat

Scorpius Cannoodt et al. (2016) https://github.com/dynverse/dyno

Ataqc pipelines Kundaje lab https://github.com/kundajelab/ataqc

HOMER Heinz et al. (2010) http://homer.ucsd.edu/homer/ngs/peaks.html

IGV Robinson et al. (2011) https://software.broadinstitute.org/software/igv/

DiffBind Ross-Innes et al. (2012) https://bioconductor.org/packages/release/

bioc/html/DiffBind.html

Flowjo 10 FLOWJO, LLC https://www.flowjo.com/

Prism 8 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Other

Seahorse XFe96 Analyzer Agilent Technologies

Seahorse Bioscience

https://www.agilent.com/en/products/cell-

analysis/seahorse-analyzers/seahorse-

xfe96-analyzer
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days. Four days after final challenge, the mice were sacrificed and organs dissected for analysis. BAL infiltrates were extracted by 2

consecutive flushes of the airways with 1 mL of PBS. Lung and mLN were also analyzed.

Lungswere finely chopped and digestedwith Liberase TM (0.13U/ml; Roche) andDNase I (10 mg/ml; Sigma) for 45minutes at 37�C
in a shaking incubator. The reaction was terminated using ice cold 2% FCS; PBS and total lung cells were passed through a 100 mm

sieve prior to red blood cell lysis. In the case of GLUT1 and RANKLmarkers, no Liberase or DNase I was used as expression of these

markers were found to be sensitive to incubation with these enzymes. In these experiment, whole lungs were finely chopped and

directly passed through 100 mm filters as were mLN cells prior to assessment by flow cytometry.

Heligmosomoides polygyrus model
Six-week-old mice were infected with 200 L3 larvae by gavage (third-stageH. polygyrus larvae) and sacrificed 14 days after infection.

mesLN were dissected and passed through 100 mm sieves prior to analysis by flow cytometry.

Flow cytometry
Flow cytometry was performed on a BD LSRII. We used a combination of CD3e (145-2C11), CD4 (RCM4-5), CD25 (7D4), CD44 (IM7),

CD103 (M290), CD153 (RM153), CD200R (OX-110), FOXP3 (MF23), GR1 (RB6-8C5), IFN-g (XMG1.2), IL-4 (11B11), IL-6 (MP5-20F3),

IL-17 (TC11-18H10), Ki-67 (B56) Siglec-F (E50-2440), CD278 (7E.17G9), CXCR5 (2G8), BCL6 (K112-91) from BD, CCR6 (29-2L17),

CD254 (IK22/5), IL-5 (TRFK5), PD1 (29F.1A12), ST2 (DIH9), CD200 (OX90) from BioLegend, CD11c (N418), FOXP3 (FJK-16S), IL-13

(eBio13A), Fixable viability dye eFluor 780 from Invitrogen, CD352 (13G3) from Miltenyi and Glut1 (EPR3915) from Abcam.

RNA-Seq profiling of single T helper cells isolated from BAL and mLN
scRNA-Seq was performed in 384-well format. The relevant organs were isolated, rapidly processed, stained for a panel of surface

markers and single cell sorted within approximately 90 minutes of organ harvest. In total 764 memory T helper cells (CD3+CD4+

CD44+) were sorted directly into 2 ml lysis buffer using a BD Influx from two independent mice 15 days after sensitization and

challenge with HDM as described above. In addition, 50 naive T Helper cells (CD3+CD4+CD62LhiCD44lo), 50 Treg cells (CD3+CD4+

CD25hi) from mLN of a mouse not exposed to HDM; 200 ST2+ mLN and 82 ST2+ lung T helper cells (CD3+CD4+CD44+ST2+CD25-)

were sort purified at day 10 of the HDM model. SMART-Seq2 libraries were prepared using the method described in Picelli et al.

(2013) by the Eukaryotic Single Cell Genomics national facility at SciLife Laboratory, Stockholm.

Digital gene expression matrices were preprocessed and filtered using the Seurat v2.3 R package (https://github.com/satijalab/

seurat). Outlier cells were first identified based on 3 metrics (library size, number of expressed genes and mitochondrial proportion).

In Figure 1, it was noted that 6 B cells clustered distinctly by PCA, and these were subsequently removed from the dataset. Low-

abundance genes were removed by removing all genes that were expressed in less than 3 cells. The raw counts were normalized

and transformed using the ‘LogNormalize’ function of Seurat. Highly variable genes were detected using the proposed workflow

of the Seurat R package. Unsupervised clustering of the cells was performed and visualized in two-dimensional scatterplots via

t-distributed stochastic neighbor embedding (t-SNE) using the Seurat R package. In Figure 1, we corrected for the batch effects using

the regress out function (on nGene), since the difference in genes detected between mouse 1 and 2 was deemed to be due to

technical differences in experimental quality. In Figure 3 and 4, such a correction was not made since day 0 and 10 cells were sorted

onto the same plate and variations in nGenes was deemed to be due to true biological differences between naive and activated cells.

Trajectory analysis was performed using clusters defined by t-SNE as naive, day 10 Th2 and day 15 Th2. The trajectory was con-

structed using the Scorpius algorithm as described by Cannoodt et al. (2016). Scorpius forms part of the ‘‘dyno’’ analysis package

(https://github.com/dynverse/dyno).

ATAC-Seq of T helper subsets
ATAC-Seq was performed using a previously described optimization of the original protocol of Corces et al. (2017). T helper cells

were sorted using a BD FACSAria Fusion from the lungs (including airways) of mice 15 days after sensitization and challenge with

HDM. Four populations were sorted – Th2 cells (CD3+CD4+CD44+ST2+CD30L+), Non-Th2 memory cells (CD3+CD4+CD44+

ST2-CD30L+), Treg (CD3+CD4+CD25hiCD30L-) and naive CD4+ T cells (from mLN, CD3+CD4+CD44loCD62Lhi). Three biological rep-

licates were sorted for each population.

In total, 1000 of each T helper cell subset was purified from the combined lung and airway tissue. Cells were sorted directly into

25 ml of Tn5 transposase buffer (TD Buffer, 0.02% Digitonin, Nextera DNA Library Prep Kit, Illumina). Immediately after sorting, 2.5 ml

Tn5 transposase was added to each well on ice and mixed thoroughly by pipetting. The plate was next sealed and incubated at 37�C
for 30minutes on a standard thermocycler. The reaction was stopped by adding 300 ml ERC buffer (QIAGENMinElute Reaction Clean

up kit) and fragmented DNA was isolated by column purification (QIAGEN, MinElute). Total fragmented DNA was subjected to PCR

amplification (NEBNext PCR master mix, New England Biolabs) with illumina adapters (indexes 1-12) for 16 cycles (for indexes, see

Corces et al. [2017]). Final libraries were size-selected with Ampure XP magnetic beads (Beckman Coulter) and pooled for

sequencing on a Hiseq2500 on high output mode with paired-end 2x 125 reads (Illumina).

Sequencing was analyzed using the Ataqc pipelines of the Kundaje lab (https://github.com/kundajelab/ataqc). Differential

sequencing analysis was performed with DiffBind, Motif analysis was performed with HOMER (http://homer.ucsd.edu/homer/

motif/index.html), BAMfiles were visualizedwith IGV and global analysis of peakswith Venn diagramswas performed using Intervene

software (https://github.com/asntech/intervene). HOMER compares sequencing between two T helper cell subsets to find enriched
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regulatory elements (target peaks) and thereafter identifies motifs enriched in target peaks. The heatmap in Figure 6D represents the

relative enrichment of motifs in target peaks over background peaks. Table S5 shows some enriched motifs with p values for each

comparison made.

Quantitative PCR
RNA was extracted from purified cells or whole lung tissue using TRIzolTM reagent (Thermo Fisher Scientific). cDNA was made using

Superscript IV RT (Thermo Fisher Scientific). Quantitative PCRwas performed using SYBR and the following primers:Hprt 50 TGAAG

AGCTACTGTAATGATCAGTCAAC, 30 AGCAAGCTTGCAACCTTAACCA; Muc5ac 50 GAGGCTCCCACATGTCCA, 30 TGAAGGCA

TTACTGTCACAGGG; Isg20 50 GAACATCCAGAACAACTGGCG, 30 GTAGAGCTCCATTGTGGCCCT; Mx1 50 AACCCTGCTACCTTT

CAA, 30 AAGCATCGTTTTCTCTATTTC.

T helper cell differentiation cultures
For T helper cell differentiation, spleens were harvested and naive CD4+ T cells enriched with the Naive CD4+ T Cell Isolation Kit

(Mitenyi Biotec). All cell cultures were performed in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with penicillin

and streptomycin, glutamine, 2-mercaptoethanol and 8% FCS. For all differentiation conditions, 1x105 enriched naive CD4+

T cells in 200 mL of culture medium were plated in 96-well polystyrene round-bottom plate precoated with anti-CD3 (4 mg/ml;

145-2C11, BD) and soluble anti-CD28 (1 mg/ml; 37.51, BD). For Th1 cell differentiation, cells were cultured with rmIL-12

(100 ng/ml; Peprotech) and anti-IL-4 (5 mg/ml; 11B11, BD); to induce Th2 cell differentiation, rmIL-4 (20 ng/ml; Sigma) and anti-

IFN-g (10 mg/ml; XMG1.2, Bio X Cell) was added; Treg cells were induced in rhTGF-b (5 ng/ml; R&D) and anti-IFN-g (10 mg/ml;

XMG1.2, Bio X Cell).

To assess whether glycolysis was required for cytokine production, T helper cells were differentiated in RPMI (Sigma) containing

10 mM Glucose (Sigma), penicillin and streptomycin, glutamine, 2-mercaptoethanol and 8% dialyzed FCS (Sigma) for 3 days,

washed with glucose free RPMI and then cultured for 1 day in RPMI containing either 10 mM Glucose, 10 mM Galactose (Sigma)

or 10 mM Glucose + 2 mM 2-DG (Cayman Chemical Company). Cytokine expression was measured by flow cytometry.

Extracellular flux assays of in vitro T helper metabolism
Metabolism of in vitro generated T helper cells was analyzed with the Seahorse XFe96 Analyzer (Agilent Technologies Seahorse

Bioscience) using the Seahorse XF Glycolysis Stress Test Kit and the Cell Mito stress test kit (Agilent Technologies Seahorse Biosci-

ence) according to the manufacturer’s instructions. Tests were performed on 6 replicate wells with 1.5x105 Th1, Th2, Th17 and Treg

cells per well.

In vivo blockade of metabolic pathways
Mice in the HDMmodel were injected daily intraperitoneally starting on day 7 with either 1 g/kg 2-DG (HK2 inhibitor; Cayman Chem-

ical Company), 15 mg/kg etomoxir (CPT-1 supressor; Tocris), 200 mg/kg orlistat (lipase and fatty acid synthase inhibitor; Cayman

Chemical Company) or with DMSO (Sigma) control.

Restimulation
Cell culture was performed in IMDM supplemented with penicillin and streptomycin, glutamine, 2-mercaptoethanol and 8% FCS.

To assess cytokine production PMA (50 ng/ml, Sigma), ionomycin (5 mM, Sigma) and Brefeldin A (5 mg/ml, Sigma) were added to

cultures of total mesLN, mLN, BAL and lung cells. After 2.5 - 3h, cells were fixed and permeablized with the eBioscience (now

Invitrogen) Foxp3 staining kit.

Histopathology
Periodic acid-Schiff with diastase (PAS-D) staining was performed. Lungs were fixed with 10% Formalin for a minimum of 24 hours

before embedding in paraffin. Sections were treated with diastase to depolymerize glycogen before washing and staining with the

PAS reagent.

QUANTIFICATION AND STATISTICAL ANALYSIS

In scRNA-Seq experiments, genes that were significantly differentially expressed were determined in Seurat using a non-parametric

Wilcoxon rank sum test. Adjusted p values were based on a Bonferroni correction. For graphs of cell counts and frequencies where

multiple comparisons were made, one-way analysis of variance (ANOVA) and Bonferonni’s test were used for multiple comparisons.

A two-way ANOVA and Dunnett’s test were used to compare ELISA curves.

DATA AND SOFTWARE AVAILABILITY

All data are available in the manuscript or Supplementary Information. Raw scRNA-Seq and ATAC-Seq data were deposited in the

NCBI GEO database under accession numbers GEO: GSE131935 and GEO: GSE131937, respectively.
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Supplementary Figure 1 
 

  
 
Supplementary Figure 1. scRNA-Seq on T helper cells in the HDM model of 
asthma: Set-up, processing and quality control. Related to Figure 1. (A) 
Schematic of intranasal HDM instillations. Sensitization with 1 µg HDM and challenge 
with 10 µg of HDM. (B) Histogram of CD44 expression in CD4+ cells from mLN, lung 
and BAL. (C) Graph of BAL CD4+CD3+CD44+ T helper cells stained with 7-AAD and 
Annexin V (n = 6 mice from one experiment). (D) Representative flow plots of IL-13 

versus IL-5 and IFN- versus IL-17 expression by CD44+Foxp3-CD4+ cells from mLN 
and lung at day 15. A much lower frequency of cytokine-producing T helper cells is 
observed in mLN and lung, compared with the BAL. Plots in B and D are representative 



of 6 mice over 2 independent experiments. (E) Flow plots indicating the gating strategy 
for purifying effector T helper cells (CD3+CD4+CD44+) from the BAL of mice sensitized 
and challenged with HDM for 15 days. (F) Box-whisker plots of the number of genes 
detected per cell for each individual mouse used for generation of SMART-Seq2 
libraries. The two experiments were performed more than one year apart. (G) 
Following normalization using the Seurat pipeline, variable genes were called using 
the cutoffs shown. At least 3 cells needed to express a gene to be included in 
downstream analysis. (H) Outliers were eliminated and PCA was performed after 
scaling on the number of genes (nGenes) detected. (I) Standard deviations in the PC 
were plotted using LbowPlots. (J) Violin plots for Cd4, Cd3 subunits, Cd44, and Sell 
are shown in the subsets identified by tSNE. 
 
  



Supplementary Figure 2 

  
 
Supplementary Figure 2. Expression of Th2 and Th17 cell-associated genes in 
BAL T Helper cells. Related to Figure 1/2. (A) Violin plots of various genes identified 
as significantly overexpressed in cluster 4 cells. (B) Table of p-values and adjusted p-
values relative for Th2 cell-specific genes in Fig. 1 and Fig. S3A. (C) Violin and feature 
plots of classical Th17 cell-associated genes. A distinct Th17 cell cluster could not be 
resolved in our dataset. 
 
  



Supplementary Figure 3 

  



 
Supplementary Figure 3. Kinetic analysis of Th2 cell differentiation during airway 
inflammation and a strategy for purifying CD4 T cells from mLN and lung. 
Related to Figure 3. (A) Representative flow plots of IL-13 versus ST2 expression in 
effector T helper (CD4+CD44+Foxp3-) cells from mLN of naïve mice or day 10 HDM 
mLN. Absolute number of ST2+Foxp3-CD44+CD4+ cells is shown in graphs (n = 3-4 
mice per timepoint from one experiment). (B) Representative plots show the 4 
populations of T helper cells sorted from mLN or lung of mice at indicated timepoints. 
The sorted populations and number of cells sorted for scRNA-Seq are highlighted in 
red. (C) Following normalization and filtering, outlier cells were removed. In this case, 
cells were not scaled on nGenes because it was deemed that the difference in genes 
between subsets was due to natural variation in activation status between cell 
populations. Normal scaling was performed. A total of 2002 variable genes were 
detected. (D) Violin plots for Cd4, Cd3 subunits, Cd44 and Sell in clusters. (E) Feature 
plots for various genes that help to attribute identities. Intensity of blue is related to 
relative expression of the gene in a particular cell. Even though CD25-ST2+ effector 
CD4 T cells were purified, many Treg cells (Foxp3+) were detected, despite relatively 
low Il2ra in day 10 cells. 
 
  



Supplementary Figure 4 

  
 
Supplementary Figure 4. Deciphering clusters in single cell profiles from all 
single cells and validation of the expression of markers in day 10 Th2 cells. 
Related to Figure 4. (A) t-SNE plot of all T helper cells purified from naïve, day 10 
mLN, day 10 lung and day 15 BAL. As shown in Fig. 4A. (B) Experiment of origin is 
indicated on t-SNE. (C) Feature plots for selected subset-specific genes which help to 
identify various populations. (D) Table of p values for key genes expressed by cells in 
clusters 3, 6 and 8, which help to identify these clusters as day 15 Th2, day 10 Th2 
and naïve CD4, respectively. (E) Representative plots of Tfh markers in day 0 naïve 
(CD4+ CD44- Foxp3-) and day 10 Th2 (CD4+ CD44+ Foxp3- ST2+ IL-4+/IL-13+) cells 
from mLN and day 15 Th2 (CD4+ CD44+ Foxp3- ST2+ IL-5+IL-13+) cells from BAL as 
determined by flow cytometry (n = 5-9 mice pooled from two independent 
experiments). 
 
 



Supplementary Figure 5 

  
 
Supplementary Figure 5. Gating strategy to resolve naïve, Treg, Th2 and non-
Th2 effector cells. Related to Figure 5. (A) Schematic outline and representative 
flow plots for naïve (CD4+CD44-Foxp3-), Treg (CD4+Foxp3+), Th2 (CD4+CD44+Foxp3-

ST2+) and non-Th2 effector cells (CD4+CD44+Foxp3-, ST2-) in the house dust mite 
model. (B) Representative flow plots of IL-13 versus IL-5 or IL-4 for Th2, Non-Th2 
effector, Treg and naïve cells from BAL and IL-13 versus IL-5 in equivalent populations 
from lung and mLN. Representative of 6 mice from one experiment. (C) Schematic 
outline and representative flow plots for naïve, Treg, Th2 and non-Th2 effector cells in 
the H. polygyrus model. 
 
 



Supplementary Figure 6 
 

  



 
Supplementary Figure 6. CD30L is not expressed by Treg cells and a sort 
strategy for T helper cell populations based on cell surface markers. Related to 
Figure 6. (A) Violin plot showing the expression of Tnfsf8 in day 15 airway T helper 
cells shows very little Tnsfsf8 (CD30L) on cells in cluster 1 (Treg), while a considerable 
percentage of cluster 4 cells (Th2) expressed this marker. (B) Dot plot of CD30L versus 
Foxp3 on total CD4+ cells confirms that Treg cells express very little CD30L. (C) Gating 
strategy distinguishing Treg (CD4+CD25+CD30L-), Th2 (CD4+CD44+CD25-

ST2+CD30L+) and non-Th2 effector cells (CD4+CD44+CD25-ST2-CD30L+). (D) 

Expression of Foxp3, IL-5/IL-13, IFN- and IL-17 in Treg, Th2 and non-Th2 effector 
cells. (C-D) n = 5 mice from one experiment. We found that incorporating CD30L into 
our cell surface gating strategy improved the purity of Foxp3+ cells in the Treg gate, 
reduced contaminating Treg cells to almost zero in effector T helper cells, and finally, 
helped to pick up a higher frequency of cytokine+ cells in effector T helper subsets. 
ATAC-Seq signal profiles of known and novel Th2, Treg and naïve CD4 T cell 
gene targets. (E-G) ATAC-Seq signal profiles for lineage specific factors in Treg, 
naïve and Th2 CD4 T cells using IGV. Peaks at promoters and non-promoter regions 
are indicated in blue and red respectively 
 
 
  



Supplementary Figure 7 

  



 
Supplementary Figure 7. Day 15 Th2 cells are not enriched for GLUT1 expression 
while ATAC-Seq supports a role for lipid metabolism in Th2 cells. Related to 
Figure 7. (A) Violin and feature plots of Slc2a1 and Slc2a3 mRNA in the day 15 
scRNA-seq dataset. (B) Representative histograms of GLUT1 expression in naïve 
(CD4+CD44-Foxp3-), non-Th2 effector (CD4+CD44+Foxp3-ST2-), Treg (CD4+Foxp3+) 
and Th2 (CD4+CD44+Foxp3-ST2+) cells in the BAL, lung and medLN of mice 15 days 
after exposure to HDM. Frequencies of GLUT1+ cells are also indicated (n = 9-15 mice 
from three experiments). (C, D) ATAC-Seq signal profiles of key fatty acid (FA) 
oxidation and FA synthesis genes using IGV. ATAC peaks in promoters and non-
promoter regions are indicated in blue and red respectively. Th2 cells appear to show 
an open chromatin landscape at many of these genes associated with lipid 
metabolism. 
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