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Distinct functions of tissue-resident and circulating
memory Th2 cells in allergic airway disease

Rod A. Rahimi*>3@®, Keshav Nepal®>*, Murat Cetinbas>®, Ruslan I. Sadreyev®’, and Andrew D. Luster>*@

Memory CD4* T helper type 2 (Th2) cells drive allergic asthma, yet the mechanisms whereby tissue-resident memory Th2 (Th2
Trm) cells and circulating memory Th2 cells collaborate in vivo remain unclear. Using a house dust mite (HDM) model of allergic
asthma and parabiosis, we demonstrate that Th2 Trm cells and circulating memory Th2 cells perform nonredundant
functions. Upon HDM rechallenge, circulating memory Th2 cells trafficked into the lung parenchyma and ignited perivascular
inflammation to promote eosinophil and CD4* T cell recruitment. In contrast, Th2 Trm cells proliferated near airways and
induced mucus metaplasia, airway hyperresponsiveness, and airway eosinophil activation. Transcriptional analysis revealed
that Th2 Trm cells and circulating memory Th2 cells share a core Th2 gene signature but also exhibit distinct transcriptional
profiles. Th2 Trm cells express a tissue-adaptation signature, including genes involved in regulating and interacting with
extracellular matrix. Our findings demonstrate that Th2 Trm cells and circulating memory Th2 cells are functionally and
transcriptionally distinct subsets with unique roles in promoting allergic airway disease.

Introduction
Asthma is an inflammatory airway disorder affecting more than
350 million individuals worldwide (Soriano et al., 2017). Al-
though asthma is a heterogeneous syndrome, allergic airway
inflammation drives asthma pathogenesis in the majority of
children and half of adults (Arbes et al., 2007; Lambrecht and
Hammad, 2015; Woodruff et al., 2009). The development of
CD4* T helper type 2 (Th2) cells that recognize airborne aller-
gens is a key feature of allergic asthma (Lambrecht et al., 2019;
Walker and McKenzie, 2018). Allergen-specific Th2 cells or-
chestrate allergic airway inflammation by producing type 2 cy-
tokines, including IL-4, IL-5, and IL-13, which drive eosinophilic
inflammation, mucus metaplasia, and airway hyperres-
ponsiveness (Lambrecht et al., 2019; Walker and McKenzie,
2018). In addition, Th2 cells can give rise to long-lived mem-
ory Th2 cells that maintain allergen-specific immunity
(Hondowicz et al., 2016; Onodera et al., 2018). Consequently,
memory Th2 cells represent an attractive therapeutic target in
allergic asthma, but our knowledge of memory Th2 biology
in vivo remains limited.

Over the last 20 years, distinct subsets of memory T cells
have been characterized that exhibit unique trafficking patterns
and functions in vivo (Jameson and Masopust, 2018). Tissue-

resident memory T (Trm) cells persist in previously inflamed
nonlymphoid tissue (NLT), providing enhanced local immune
memory (Carbone, 2015; Schenkel and Masopust, 2014). In
contrast, circulating memory T cells provide global host defense
(Jameson and Masopust, 2018). Most of our knowledge of Trm
cell biology stems from the CD8* T cell field, and less is known
about CD4* Trm cells. Parabiosis experiments have demon-
strated that CD4* T helper type 1 (Thl Trm) cells are the domi-
nant memory Thi cell subset surveying NLT and initiating local
recall responses (Beura et al., 2019). Both Thl Trm cells and a
“second wave” of recruited Thi cells are required for optimal
pathogen control in vivo (Stary et al., 2015; lijima and Iwasaki,
2014; Glennie et al., 2015). Studies using the house dust mite
(HDM) model of allergic asthma have shown that Th2 Trm cells
persist in the lung in inducible bronchus-associated lymphoid
tissue (iBALT) structures (Hondowicz et al., 2016; Shinoda et al.,
2016; Turner et al., 2018). Interestingly, Th2 Trm cells can
promote airway hyperresponsiveness and inflammatory cell
recruitment even after depletion of circulating T cells, suggest-
ing Th2 Trm cells are an important cell population orchestrating
local type 2 immunity (Hondowicz et al., 2016; Turner et al.,
2018). However, adoptively transferring circulating memory
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Th2 cells into naive mice and administering repetitive antigen
challenge leads to allergic airway inflammation (Endo et al.,
2011, 2015). As a result, the mechanisms whereby Th2 Trm
cells and circulating memory Th2 cells collaborate in an en-
dogenous recall response are unknown, a gap in knowledge that
limits therapeutic targeting of pathogenic memory Th2 cells in
allergic airway disease.

Here, we use a HDM model of allergic asthma and parabiosis
to define the functions of endogenous tissue-resident and cir-
culating memory Th2 cells. Unexpectedly, we found Th2 Trm
cells and circulating memory Th2 cells performed distinct
functions in vivo. Upon HDM rechallenge, circulating memory
Th2 cells trafficked into the lung parenchyma and ignited
perivascular inflammation to promote eosinophil and CD4*
T cell recruitment. In contrast, Th2 Trm cells proliferated near
airways and promoted mucus metaplasia, airway hyper-
responsiveness, and airway eosinophil activation. Transcrip-
tional analysis revealed that Th2 Trm cells and circulating
memory Th2 cells share a core Th2 gene signature but also ex-
hibit distinct transcriptional profiles. Specifically, Th2 Trm cells
express a tissue-adaptation signature, including genes involved
in regulating and interacting with extracellular matrix. Our
findings demonstrate that Th2 Trm cells and circulating mem-
ory Th2 cells are functionally and transcriptionally distinct
subsets with unique roles in vivo, with the establishment of Th2
Trm cells being critical for the full manifestation of allergic
airway disease. We propose a novel model for memory Th2 re-
sponses in the airways with implications for developing disease-
modifying therapies for individuals with allergic asthma.

Results and discussion

Memory Th2 cells orchestrate the recall response to HDM in
an allergen-specific manner

To define the function of endogenous memory Th2 cell subsets
in vivo, we used a well-established murine model of allergic
asthma via administration of i.n. HDM. HDM sensitization and
repetitive challenge induces robust allergic airway inflamma-
tion that is dependent on Th2 cells and independent of IgE (Li
et al., 2016; Hondowicz et al., 2016; McKnight et al., 2017). We
sensitized and challenged mice with HDM followed by a 6-12-wk
rest period to generate “HDM-memory” mice (Fig. S1 A). First,
we assessed the ability of HDM-memory mice to exhibit a recall
response in vivo by rechallenging with a single i.n. dose of HDM.
Compared with naive mice treated with a single dose of HDM,
HDM-memory mice exhibited robust induction of type 2 cyto-
kines and chemokines within the lung as well as the cardinal
features of allergic inflammation, including lung eosinophilia,
mucus metaplasia, and airway hyperresponsiveness (Fig. 1, A-F;
and Fig. S1, B-D). The observation that naive mice do not exhibit
a significant innate type 2 response after one dose of HDM
suggests that memory Th2 cells are driving the recall response in
HDM-memory mice. However, previous studies have demon-
strated that allergen exposure can lead to both memory Th2 cells
as well as memory-like group 2 innate lymphoid cells (ILC2)
with enhanced responsiveness to allergens (Martinez-Gonzalez
et al., 2016, 2017). We sought to determine the relative
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contribution of memory Th2 cells and memory-like ILC2 to the
recall response in HDM-memory mice. To do so, we initially
assessed the proliferative response of memory Th2 cells and ILC2
to HDM rechallenge in HDM-memory mice. To examine Th2 cells
in the lung parenchyma, we performed i.v. injection with
fluorophore-labeled anti-CD45 antibody to label intravascular
leukocytes before lung harvest as previously described (Fig. S2 A;
Anderson et al., 2014; Galkina et al., 2005). We performed in-
tranuclear staining for FoxP3 and GATA3, allowing us to identify
Th2 cells as FoxP3-GATA3*CD4" T cells (Fig. S2 A). Consistent
with previous reports, compared with naive controls, we ob-
served an increase in the number of Th2 cells persisting in the
lung parenchyma of HDM-memory mice (Fig. 1 F and Fig. S2 B;
Hondowicz et al., 2016; Turner et al., 2018). Memory Th2 cells
persisting in the lung parenchyma of HDM-memory mice ex-
pressed high levels of CD69, consistent with being Trm cells (Fig.
S2 C). Upon HDM treatment, naive mice did not develop a sig-
nificant increase in lung Th2 cells, whereas HDM-memory mice
exhibited a robust expansion of Th2 cells within the lung pa-
renchyma and mediastinal LN (mLN; Fig. 1, F and G). In contrast,
we did not observe a difference in the number of ILC2 between
naive and HDM-memory mice during homeostasis (Fig. 1 H). In
addition, ILC2 from HDM-memory mice minimally expanded
upon HDM rechallenge (Fig. 1 H).

To further investigate the potential role of memory-like ILC2
to the HDM recall response, we took advantage of the observa-
tion that allergen-experienced ILC2 can acquire memory-like
properties independently of T cells (Martinez-Gonzalez et al.,
2016). We generated WT and Rag2~/~ HDM-memory mice and
left them untreated or rechallenged with HDM. We found
Rag2~/~ HDM-memory mice failed to induce significant ex-
pression of type 2 cytokines or eosinophilia within the lung
(Fig. 1, I and J). These results indicate that HDM treatment
promotes memory Th2 cell development but does not efficiently
induce memory-like ILC2. These findings are consistent with
previous studies demonstrating that Th2 cells are the func-
tionally dominant type 2 lymphocyte in the primary response
to HDM (Li et al., 2016; Hondowicz et al., 2016). Finally, given
that Th2 cells are capable of responding to innate signals,
including IL-33, in an antigen-independent manner, we in-
vestigated whether the memory Th2 cell recall response was
allergen-specific (Guo et al., 2009, 2015; Minutti et al., 2017).
To do so, we used Alternaria alternata fungal extract, which is
well characterized to promote IL-33 release and allergic air-
way inflammation (Snelgrove et al., 2014; Causton et al.,
2018). Specifically, we administered a single 10-pg dose of
either HDM or Alternaria alternata extract to HDM-memory
mice. While HDM rechallenge induced robust type 2 cytokine
expression and Th2 cell expansion, we did not observe in-
creased expression of type 2 cytokines or Th2 cell expansion
with A. alternata treatment (Fig. 1, K and L). As a control, we
generated A. alternata-memory mice and left them untreated
or rechallenged with a single dose of A. alternata, which
promoted robust Th2 cell expansion within the lung (Fig.
S2 D). In summary, memory Th2 cells proliferate and or-
chestrate allergic inflammation in the HDM model of allergic
airway disease in an allergen-specific manner.
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Figure 1. Memory Th2 cells orchestrate the recall response to HDM in an allergen-specific manner. (A-H) C57BL/6 mice were sensitized and challenged
with i.n. HDM, rested for 6-12 wk, and left untreated or rechallenged with a single dose of i.n. HDM followed by tissue harvest 72 h later. (A) Lung /I5 and 113
relative RNA levels assessed via qPCR. (B) Lung parenchymal (anti-CD45 i.v. unlabeled) eosinophils were quantitated via flow cytometry. (C) Lung histology
scores. (D) Mucus scores. (E) Airway resistance was measured in indicated groups after increasing doses of methacholine. (F and G) Th2 cells
(FoxP3-GATA3*CD4* T cells) were quantitated by flow cytometry in the (F) lung parenchyma (anti-CD45 i.v. unlabeled) and (G) mLNs in indicated groups.
(H) Quantitation of lung parenchymal ILC2 (anti-CD45 i.v. unlabeled, lineage"CD4-Thy1.2*CD127*ST2* cells). (I and J) C57BL/6 and Rag2~/~ mice were sen-
sitized and challenged with i.n. HDM, rested for 6-12 wk, and left untreated or rechallenged with a single dose of i.n. HDM followed by tissue harvest 72 h later.
(1) Lung 115 and 1113 relative RNA levels assessed via qPCR. (J) Lung parenchymal (anti-CD45 i.v. unlabeled) eosinophils were quantitated via flow cytometry.
(K and L) C57BL/6 mice were sensitized and challenged with i.n. HDM, rested for 6-12 wk, and left untreated or rechallenged with a single dose of i.n. HDM or
i.n. A. alternata followed by tissue harvest 72 h later. (K) Lung /5 and I[13 relative RNA levels assessed via qPCR. (L) Th2 cells (FoxP3-GATA3*CD4* T cells) were
quantitated by flow cytometry in the lung parenchyma (anti-CD45 i.v. unlabeled). Representative data show individual mice with mean + SEM from one of
three independent experiments with four mice per group (A-H) or mean + SEM from one of two independent experiments with three or four mice per group
(I-L). One-way ANOVA analysis with Holm-Sidak’s testing was used for statistical analysis of multiple groups. *, P < 0.05; **, P < 0.01; ***, P < 0.00L; **** P <
0.0001. ns, not significant.
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Th2 Trm cells and circulating memory Th2 cells collaborate to
promote Th2 cell expansion and type 2 cytokine production
within the lung

Next, we sought to define the functions of Th2 Trm cells and
circulating memory Th2 cells. Studies on Trm cells in other
experimental systems have suggested that Trm cells are more
potent cytokine producers than their circulating counterparts
(Strutt et al., 2018; Smolders et al., 2018; Hombrink et al., 2016;
Oja et al., 2018). To assess the ability of Th2 Trm cells and cir-
culating memory Th2 cells to produce type 2 cytokines upon
reactivation, we isolated lung CD4* T cells from HDM-memory
mice after anti-CD45 i.v. injection, performed ex vivo treatment
with anti-CD3 and anti-CD28, and assessed the ability of intra-
parenchymal Th2 Trm (anti-CD45 i.v. negative) and intravas-
cular memory Th2 cells (anti-CD45 i.v. positive) to produce type
2 cytokines (Fig. S3, A and B). While both memory Th2 cell
subsets are capable of producing IL-5 and IL-13, we found that
Th2 Trm cells within the lung parenchyma produced a greater
amount of type 2 cytokines on a per-cell basis (Fig. S3, A and B).

To investigate the mechanisms whereby Th2 Trm cells en-
hance the HDM recall response in vivo, we used a parabiosis
system in which we surgically conjoined congenic HDM-
memory mice (CD45.2 memory parabiont) and naive mice
(CD45.1 naive parabiont). Parabiosis leads to a shared vascula-
ture such that circulating memory Th2 cells equilibrate between
both parabionts, but only the CD45.2 memory parabiont have
Th2 Trm cells. After 3-4 wk of parabiosis, we administered a
single dose of i.n. HDM to both parabionts (Fig. 2 A). First, we
assessed whether the parabiosis system had effectively led to
chimerism of the circulating memory T cell compartment. While
CD45.1 naive, nonparabiotic mice administered a single dose of
HDM did not induce an increase in Th2 cells within the mLN
after 72 h, naive and memory parabionts exhibited a robust
population of Th2 cells in the mLN (Fig. 2 B). To confirm that the
Th2 cells within the mLN of both parabionts were derived from
memory Th2 cells, we assessed the expression of CD45.2 within
the GATA3~ and GATA3*CD4* T cell populations. GATA3*CD4*
T cells from the mLN were overwhelming derived from the
CD45.2 memory parabiont, whereas GATA3~CD4"* T cells showed
~50:50 chimerism (Fig. 2 C). In addition, quantitation of Th2
cells from the mLN revealed similar numbers of Th2 cells in the
two parabionts (Fig. 2 D). Finally, total mLN cells from the naive
and memory parabionts restimulated ex vivo with HDM pro-
duced similar levels of IL-5 and IL-13 (Fig. 2 E). In summary,
these results demonstrate that parabiosis effectively transferred
endogenous, circulating memory Th2 cells in vivo.

Next, we turned to the HDM recall response within the lung.
Within the lung parenchyma (anti-CD45 i.v. negative), CD45.1
naive, nonparabiotic mice had few CD4* T cells and after a single
dose of HDM there was no increase (Fig. 2, F and G). In contrast,
naive parabionts possessing circulating memory Th2 cells ex-
hibited a robust accumulation of CD4* T cells within the lung
parenchyma (Fig. 2, F and G). However, memory parabionts had
significantly more Th2 cells (defined by being FoxP3-GATA3*CD4*
cells) within the lung (Fig. 2, F and G). In support of Th2 Trm cells
driving an enhanced type 2 response, expression of type 2 cyto-
kines within the lung was higher in memory parabionts than
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naive parabionts following HDM challenge (Fig. 2 H). Of note,
naive parabionts did induce greater type 2 cytokine expression
compared with naive, nonparabiotic mice treated with HDM.
Consequently, we found that Th2 Trm and circulating memory
Th2 cells collaborate to promote Th2 cell expansion and type
2 cytokine production within the lung upon HDM rechallenge.

Th2 Trm and circulating memory Th2 cells perform
nonredundant functions upon HDM rechallenge

To define the roles of Th2 Trm cells and circulating memory Th2
cells in promoting the cardinal features of allergic airway in-
flammation within the lung, we first enumerated the number of
eosinophils within the lung parenchyma of naive and memory
parabionts as well as naive controls after HDM challenge. Un-
expectedly, we found comparable numbers of eosinophils within
the lung parenchyma and bronchoalveolar lavage (BAL) of both
parabionts, suggesting that circulating memory Th2 cells were
necessary and sufficient to promote eosinophil mobilization
and recruitment into the lung and airways (Fig. 3 A and Fig. S3, C
and D). The eosinophil-attracting chemokines CCL11 (eotaxin-1)
and CCL24 (eotaxin-2) are induced by IL-4 and IL-13 and are well
characterized to promote eosinophil recruitment into the lung
parenchyma via CCR3 (Griffith et al.,, 2014). Consequently, we
compared Cclll and Ccl24 expression within the lung of naive and
memory parabionts as well as naive controls after HDM chal-
lenge. Compared with naive controls, naive parabionts acquired
the ability to induce expression of Cclll and Ccl24 but to levels
less than memory parabionts (Fig. 3 B). Consequently, it re-
mained unclear why the enhanced CCR3 ligand expression
within the lungs of the memory parabionts did not result in
greater eosinophil recruitment into the lung. Since CCLI1 and
CCL24, as well as IL-5, have been shown to induce recruitment
as well as activation of eosinophils, we investigated the ex-
pression of several well-characterized eosinophil activation
markers, including CD11b and CD62L, which are up-regulated
and down-regulated, respectively, upon eosinophil activation
(Johansson, 2014; Lukacs, 2001). We found significantly higher
expression of CD11b and lower expression of CD62L on eosino-
phils present in the BAL of memory parabionts, consistent with
enhanced activation (Fig. 3 C). These findings demonstrate that
Th2 Trm cells and circulating memory Th2 cells both contribute
to Cclll and Ccl24 expression within the lung upon HDM
rechallenge. In addition, our results suggest that Th2 Trm cell-
driven CCL11 and CCL24 production does not significantly en-
hance the recruitment of eosinophils from the blood into the
lung parenchyma; instead, Trm cells in the memory parabiont
enhanced eosinophil activation within the airways.

We then assessed the pattern and severity of inflammation
within the lung parenchyma from naive and memory parabionts
as well as naive controls after HDM treatment. The lung in-
flammation induced by circulating memory Th2 cells in the
naive parabiont mice was mainly perivascular, consistent with
our data that recruited Th2 cells are sufficient for eosinophil
recruitment (Fig. 3 D). In contrast, memory parabionts with Th2
Trm cells exhibited more peribronchial inflammation than naive
parabionts (Fig. 3 D). Memory parabionts had higher lung in-
flammation scores, predominantly due to airway inflammation
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Figure 2. Th2 Trm cells and circulating memory Th2 cells collaborate to promote Th2 cell expansion and type 2 cytokine production within the lung.
(A-H) CD45.2 HDM-memory mice were surgically conjoined to CD45.1 naive mice. After 3-4 wk, both parabionts received a single dose of i.n. HDM with
harvest of mLN and lung after 72 h. (A) Schematic of the parabiosis experiment. (B) Representative flow cytometry of mLN CD4* T cells isolated from indicated
groups demonstrating FoxP3 and GATA3 expression. (C) Percentage of CD45.2* cells (from memory parabiont) of FoxP3-GATA3~ and FoxP3-GATA3* CD4*
T cells from the mLN of naive and memory parabionts. (D) Quantitation of Th2 cells from mLNs from indicated groups. (E) Total mLN cells were restimulated
ex vivo with 25 pg/ml HDM for 72 h and levels of IL-5 and IL-13 protein in the supernatant was measured via ELISA. (F) Representative flow cytometry of lung
CD4* T cells from indicated groups demonstrating FoxP3 and GATA3 expression. (G) Lung parenchymal Th2 cells (anti-CD45 iv. unlabeled,
FoxP3~GATA3*CD4* T cells) were quantitated via flow cytometry. (H) Lung /(5 and /113 relative RNA levels assessed via qPCR. Representative data show
individual mice with mean + SEM from one of three independent experiments with three or four mice per group. For statistical analysis, one-way ANOVA
analysis with Holm-Sidak’s testing was used for statistical analysis of multiple groups with paired two-tailed t tests for comparison of naive and memory

parabiont groups. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

(Fig. 3 E). In support of the observation that Th2 Trm cells were
required for efficient peribronchial inflammation, we found
greater mucus metaplasia in memory parabionts (Fig. 3, D and
F). In murine models of allergic asthma, allergen treatment and
administration of methacholine increases airway resistance,
which requires airway mucus production (Evans et al., 2015). To
assess the role of Th2 Trm cells and circulating memory Th2
cells in airway hyperresponsiveness, we measured airway re-
sistance in naive and memory parabionts after HDM treatment
and increasing doses of methacholine. In support of our histo-
logical findings, increased airway resistance only occurred in
memory parabionts rechallenged with HDM (Fig. 3 G). We also
found that CD4* T cells in naive parabionts treated with HDM
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localized around blood vessels and did not accumulate near
airways, whereas memory parabionts treated with HDM ex-
hibited accumulations of CD4* T cells around both blood vessels
and airways (Fig. 3 H). Finally, we performed BAL in naive and
memory parabionts challenged with HDM followed by flow
cytometry for FoxP3-GATA3*CD4* T cells and found markedly
greater numbers of Th2 cells in the airways of memory para-
bionts (Fig. 3 I). These results demonstrate that Th2 Trm cells
and circulating memory Th2 cells both contribute to the recall
response to HDM and perform nonredundant function in vivo.
Circulating memory Th2 cells are sufficient to promote peri-
vascular inflammation and eosinophil recruitment, while Th2
Trm cells promote peribronchial inflammation, including mucus
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Figure 3. Th2 Trm cells and circulating memory Th2 cells perform nonredundant functions upon HDM rechallenge. (A-1) CD45.2 HDM-memory mice
were surgically conjoined to CD45.1 naive mice. After 3-4 wk, both parabionts received a single dose of i.n. HDM with harvest of lung or BAL after 72 h.
(A) Quantitation of eosinophils (anti-CD45 i.v. unlabeled, CD11cSiglec-F* cells) from the lung parenchyma of indicated groups. (B) Lung Cclll and Ccl24
relative RNA levels assessed via gPCR. (C) Representative histograms demonstrating BAL eosinophil cell surface expression of CD11b and CD62L (top panel)
and geometric mean fluorescence intensity (gMFI; bottom panel) from naive parabionts (purple circles) and memory parabionts (blue circles) as determined by
flow cytometry. (D) H&E-stained (top panel) and PAS-stained (bottom panel) lung sections from indicated groups. White arrows indicate blood vessels, and
black arrows indicate airways. Scale bars represent 100 um. (E) Lung histology scores. (F) Mucus scores. (G) Airway resistance was measured in indicated
group after increasing doses of methacholine. (H) Immunohistochemistry for lung CD4* T cells in naive and memory parabionts 72 h after HDM challenged.
White arrows indicate blood vessels, and black arrows indicate airways. Scale bars represent 100 um. (1) BAL Th2 cells (FoxP3-GATA3*CD4* T cells) were
quantitated in indicated groups via flow cytometry. Representative data show individual mice with mean + SEM from one of three independent experiments
with three to four mice per group (A-F and H-I) or mean + SEM from two cumulative experiments with four mice per group (G). For statistical analysis, one-
way ANOVA analysis with Holm-Sidak’s testing was used for statistical analysis of multiple groups with paired two-tailed t tests for comparison on naive and
memory parabiont groups. *, P < 0.05; **, P < 0.0L; ***, P < 0.001; ****, P < 0.0001.
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metaplasia, airway hyperresponsiveness, and airway eosinophil
activation.

Th2 Trm cells drive the airway Th2 response to HDM via in situ
proliferation but are dispensable for CD4* T cell recruitment
We subsequently turned to the mechanisms regulating the
trafficking of Th2 Trm cells and circulating memory Th2 cells
during homeostasis and HDM rechallenge. Although Trm cells
are the dominant memory T cell population in NLT during ho-
meostasis, a population of recirculating (nonresident) memory
T cells can dynamically survey NLT (Bromley et al.,, 2013;
Gerlach et al., 2016). In addition, in a murine model of influenza
infection, lung CD8* Trm cells wane with time due to apoptosis,
with a half-life of 5 d, and require circulating memory T cells to
“reseed” the Trm cell compartment during homeostasis (Sliitter
et al, 2017). To investigate the extent to which circulating
memory Th2 cells recirculate or reseed the Th2 Trm cell pool
within the lung parenchyma during homeostasis, we surgically
conjoined congenic (CD45.2 and CD45.1) HDM-memory mice
(Fig. 4 A). After 3-4 wk, we found that memory Th2 cells within
the lung parenchyma were overwhelming derived from the host,
indicating the absence of significant memory Th2 cell re-
circulation or circulating memory Th2 cells reseeding the Th2
Trm cell pool in the HDM model, at least during this time frame
(Fig. 4, B and C). In contrast, FoxP3-GATA3-CD4* T cells (non-
Th2 cells) within the lung parenchyma were a mix of tissue-
resident and recirculating memory CD4* T cells (Fig. S3 E). To
investigate Th2 cell trafficking during HDM rechallenge, we
administered a single dose of HDM to both memory parabionts
and found a significant influx of partner-derived Th2 cells (Fig. 4
C). Consequently, Th2 Trm cells do not require reseeding from
circulating memory Th2 cells, and circulating memory Th2 cells
only traffic into the lung parenchyma upon HDM rechallenge.
Next, we investigated the mechanism whereby tissue-
resident memory to HDM enhances Th2 cell expansion (as
demonstrated in Fig. 2, F and G). Trm cells within NLT have been
demonstrated to enhance local expansion of T cells in two ways.
First, in models of type 1 immunity, CD8* and Thl Trm cells have
been shown to enhance the recruitment of circulating T cells
(Schenkel et al., 2013; Glennie et al., 2015). Second, while Trm
cells have long been assumed to be terminally differentiated and
proliferate poorly, recent studies have shown that CD8* Trm
cells can proliferate in situ (Park et al., 2018; Beura et al., 2018).
To determine whether Th2 Trm cells promote enhanced CD4*
T cell recruitment from the circulation, we returned to our
parabiosis system involving HDM-memory and naive mice.
Specifically, to measure CD4* T cell recruitment, we investigated
the number of conventional CD4* T cells derived from the naive
mouse that trafficked into the lung parenchyma upon HDM
challenge. CD45.1-naive, nonparabiotic mice treated with HDM
did not exhibit CD4* T cell recruitment, suggesting innate sig-
nals induced by a single dose of HDM are insufficient to promote
CD4* T cell recruitment (Fig. 4 D). In contrast, both naive and
memory parabionts exhibited similar recruitment of naive-
host-derived CD45.27CD4* T cells into the lung parenchyma
(Fig. 4 D). In addition, the number of FoxP3-GATA3-CD4* T cells
(non-Th2 cells) and regulatory T (T reg) cells in the lung
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parenchyma was similar in the two parabionts, suggesting that
tissue-resident memory is dispensable for CD4* T cell recruit-
ment (Fig. 4 D and Fig. S3 F). The chemokine receptor CCR4 is
well described to promote CD4* T cell recruitment into the lung
during type 2 immune responses via expression of the CCR4
ligands CCL17 and CCL22, which are induced by IL-4 and IL-13
(Mikhak et al., 2009, 2013; Perros et al., 2009; Faustino et al.,
2013; Afshar et al., 2013). We examined the expression of Ccl17
and Ccl22 after HDM administration in naive and memory par-
abionts as well as naive controls. CD45.1-naive, nonparabiotic
mice treated with HDM did not exhibit increased expression of
either chemokine in the lung after HDM administration. In
contrast, naive parabionts treated with HDM induced Ccll7 and
Ccl22 expression in the lung similar to those of memory para-
bionts, consistent with our observations of similar T reg cell and
CD4* T cell recruitment (Fig. 4 E). Consequently, in agreement
with circulating memory Th2 cells being sufficient to promote
perivascular inflammation and lung eosinophilia, we found
circulating memory Th2 cells were sufficient to promote CD4*
T cell recruitment into the lung parenchyma upon HDM
treatment.

The observations that Th2 Trm cells enhance the number of
Th2 cells within the lung and BAL without increasing CD4* T cell
recruitment suggested that Th2 Trm cells enhance the Th2 re-
sponse within the airways primarily by proliferating in situ. To
confirm this, we took advantage of our observation that Th2 Trm
cells are required for Th2 cell expansion in the BAL (demon-
strated in Fig. 3 I). We left individual HDM-memory mice un-
treated or rechallenged with a single dose of HDM. 2 h before
harvest, we administered an i.p. injection of BrdU and per-
formed BAL to assess Ki67 expression and BrdU uptake in BAL
Th2 cells. During homeostasis, the majority of BAL Th2 cells
exhibited low expression of Ki67 and did not uptake BrdU,
consistent with being in the G, phase of the cell cycle (Fig. 4, F
and G). Upon HDM rechallenge, airway Th2 cells dramatically
increased in number and increased Ki67 expression, with a
subset acquiring BrdU (Fig. 4, F and G; and Fig. S3 G). Our
various experimental approaches demonstrate that Th2 Trm
cells are the dominant memory Th2 cell subset surveying the
lung parenchyma during homeostasis and respond to HDM
rechallenge by robustly proliferating in situ near airways
but are dispensable for CD4* T cell recruitment into the lung
parenchyma.

Shared and distinct transcriptional profiles of Th2 Trm cells
and circulating memory Th2 cells

Studies on CD8* Trm and Thl Trm cells have demonstrated that
these cells exhibit a transcriptional profile distinct from their
circulating counterparts (Mackay et al., 2013; Wakim et al., 2012;
Pan et al., 2017; Mackay et al., 2016; Strutt et al., 2018; Beura
etal., 2019). Given the distinct trafficking patterns and functions
of Th2 Trm cells and circulating memory Th2 cells that we have
elicited here, we sought to define the transcriptional profiles of
these two memory Th2 cell subsets via RNA sequencing (RNA-
seq) analysis. We used FoxP3'FFC™ reporter mice to generate
HDM-memory mice and then sorted YFP-ST2*CD4" T cells from
the lung parenchyma and secondary lymphoid organs (SLO;
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Figure 4. Th2 Trm cells drive the airway Th2 response to HDM via in situ proliferation but are dispensable for CD4* T cell recruitment. (A and B)
CD45.2 and CD45.1 HDM-memory mice were surgically conjoined. After 3-4 wk, both HDM-memory parabionts were left untreated or received a single dose of
i.n. HDM with harvest of lungs after 72 h. (A) Schematic of parabiosis experiment. (B) Representative flow cytometry of lung CD4* T cells from untreated
CDA45.2 memory parabiont demonstrating CD45.2 expression of anti-CD45 labeled CD4* T cells. In addition, FoxP3 and GATA3 expression of anti-CD45 un-
labeled CD4* T cells as well as CD45.2 expression of FoxP3-GATA3*CD4* T cells. (C) Quantitation of percentage of partner-derived lung Th2 cells (anti-CD45
i.v. unlabeled, FoxP3-GATA3*CD4* T cells) assessed via flow cytometry from untreated and HDM-rechallenged memory parabionts. (D and E) CD45.2 HDM-
memory mice were surgically conjoined to CD45.1 naive mice. After 3-4 wk, both parabionts received a single dose of i.n. HDM with harvest of lung after 72 h.
(D) Lung naive-host-derived CD4* T cells (anti-CD45 i.v. unlabeled, FoxP3-CD45.2-CD4* T cells) and anti-CD45 i.v. unlabeled FoxP3-GATA3-CD4* T cells were
quantitated via flow cytometry. (E) Lung Ccl17 and Ccl22 relative expression assessed via gPCR. (F and G) Individual HDM-memory mice were left untreated or
received a single dose of i.n. HDM with BAL after 72 h. BrdU was injected i.p. 2 h before BAL. (F) Representative flow cytometry of BAL Th2 cells
(FoxP3-GATA3*CD4" T cells) from HDM-memory mice without and with HDM rechallenge demonstrating Ki67 and BrdU expression. (G) Quantitation of the
percentage of Ki67+ and BrdU* BAL Th2 cells in indicated groups. Representative data show individual mice with mean + SEM from two cumulative ex-
periments with four to six mice per group (A-C), mean + SEM from one of three independent experiments with three or four mice per group (D and E), or mean
+ SEM from two cumulative experiments with eight mice per group (F and G). For statistical analysis, two-tailed Mann-Whitney U testing was performed for
nonparametric data. One-way ANOVA analysis with Holm-Sidak’s testing was used for statistical analysis of multiple groups with paired two-tailed t tests for
comparison on naive and memory parabiont groups. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

been shown to be a reliable surface marker for Th2 cells in the
murine HDM model (Tibbitt et al., 2019). Along with the above
memory Th2 cell populations, we also sorted YFP~ST2-CD4*
T cells from the lung and YFP-ST2-CD44*CD4" T cells from SLO
as control populations of non-Th2 cells. We excluded CD44-CD4*

Fig. 5 A). We took this approach to avoid fixation and per-
meabilization, which is required for intranuclear staining for
FoxP3 (to exclude T reg cells) and GATA3 (to identify Th2 cells).
Rather, we used YFP fluorescence to exclude T reg cells and the
IL-33 receptor ST2 to identify Th2 cells, the latter marker having
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Figure 5. Shared and distinct transcriptional profiles of Th2 Trm and circulating memory Th2 cells. (A-E) FoxP3""°" mice were sensitized and
challenged with intranasal HDM and rested for 6 wk followed by lung and LN/spleen (SLO) harvest. (A) Representative flow cytometry of lung and SLO CD4*
T cells indicating YFP and ST2 expression as well as sorting gates for YFP~ST2~ and YFP~ST2* populations. (B) Principal component analysis (PCA) plot based
on differentially expressed genes from RNA-seq data of indicated memory CD4* T cell populations. (C) Heatmap of expression values of T cell subset genes,
including Thl, Th2, Th17, Tfh, and Trm up-regulated and down-regulated genes. (D) Bar graph of statistical significance (false discovery rate [FDR] by the
DAVID tool) of pathway enrichment among genes overexpressed in lung YFP-ST2*CD4* T cells relative to SLO YFP~ST2*CD4* T cells. (E) Heatmap of a
selected subset of genes known to be involved in ECM biology and cell adhesion. Data are from three independent experiments with five HDM-memory mice
pooled for each experiment (cell sort and RNA isolation). (F) Model of memory Th2 cell subsets during allergen rechallenge. Transcriptionally distinct memory
Th2 cell subsets include Th2 Trm cells persisting in the lung parenchyma (indicated in blue) and circulating memory Th2 cells in the blood (Th2 Circ; indicated in
red). After allergen rechallenge, circulating memory Th2 cells traffic into the lung parenchyma and produce type 2 cytokines, promoting perivascular in-
flammation, CCL11 and CCL24 production, and eosinophil recruitment. Activation of Th2 Trm cells leads to in situ proliferation and production of type 2 cy-
tokines near the airways, which promotes mucus metaplasia (green epithelial cells), CCL11 and CCL24 production, and eosinophil activation. CCL11 and CCL24
are likely produced from multiple structural and immune cell types following allergen rechallenge. Created with BioRender.com.
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T cells from the SLO to avoid a mixed population of naive and
memory CD4* T cells in our control population. Principal-
component analysis of differentially expressed genes demon-
strated that lung ST2*CD4* T cells and SLO ST2*CD4* T cells
were transcriptionally distinct subsets (Fig. 5 B). We next
compared canonical T helper gene signatures in our various
memory CD4* T cell populations. As expected, Thl, Th17, and Tth
gene signatures were enriched in the memory ST2-CD4* T cells
from the lung and SLO (Fig. 5 C). Lung and SLO memory
ST2*CD4"* T cells exhibited similar expression of many canonical
Th2 genes, including Gata3, Ilrll (ST2), IL7rbl (IL-25R), 14, II5,
and I3 (Fig. 5 C). Lung memory ST2*CD4* T cells expressed
higher levels of the IL-13 receptor Il3ral compared with SLO
memory ST2*CD4" T cells, indicating that Th2 Trm cells exhibit
enhanced responsiveness to IL-13 within the lung parenchyma
(Fig. 5 C). A recent study performing single-cell RNA-seq
analysis on CD4* T cells from the primary HDM model demon-
strated that effector Th2 cells within the lung are a predominant
source of IL-6 and also identified several Th2-specific tran-
scripts, including Pparg, Cd200r1, Igfbp7, and Plac8 (Tibbitt et al.,
2019). PPARyY has been shown to be required for effective in-
duction of IL-5 and IL-13 in effector Th2 cells (Angela et al., 2016;
Chen et al., 2017; Nobs et al., 2017; Tibbitt et al., 2019). However,
whether these Th2 cell-specific genes are expressed in the
memory phase and the relative expression within Th2 Trm cells
and circulating memory Th2 cells is not known. We found lung
and SLO memory ST2*CD4* T cells express similar levels of II6,
Pparg, and Cd200r1 (Fig. 5 C). In contrast, lung memory
ST2*CD4* T cells expressed higher levels of Igfbp7 and Plac8 than
SLO memory ST2*CD4* T cells (Fig. 5 C). While the function of
Igfbp7 and Plac8 in Th2 cell biology remains unclear, our results
suggest these genes may play an important role in Th2 Trm
function. Lastly, while the chemokine receptors CCR4 and CCR8
have been shown to be expressed by Th2 cells (Griffith et al.,
2014), we found differential expression in lung and SLO memory
ST2*CD4* T cells, with Ccr4 being preferentially expressed in
SLO memory ST2*CD4* T cells and Ccr8 being preferentially
expressed in lung memory ST2*CD4* T cells (Fig. 5 C), indicating
these two memory Th2 cell subsets differentially respond to type
2 chemokines in vivo.

Next, we assessed the expression of genes known to play a
role in the maintenance and/or function of Trm in vivo. CD8*
Trm cells express the chemokine receptor CXCR6 and CD49a,
which constitutes the a-subunit of the a1p1 integrin and binds to
collagen (Szabo et al., 2019). CD8* Trm cells within the lung
require CXCR6 to localize to airways, and alfl is required for
effective CD8* T cell immunity within the lung (Ray et al., 2004;
Richter and Topham, 2007; Wein et al., 2019). We found lung
ST2+CD4* T cells express higher levels of Cxcré as well as CD49a
(Itgal) than circulating memory ST2*CD4* T cells (Fig. 5 C). In
addition, CD8* Trm cells have been shown to require exogenous
lipid uptake and metabolism, including fatty acid-binding pro-
teins, for survival in NLT (Pan et al., 2017). Similar to CD8* Trm,
Th2 Trm cells express higher levels of the lipid scavenging
molecule Cd36 as well as fatty acid-binding proteins (Fabp4 and
Fabps5) than circulating memory Th2 cells (Fig. 5 C; Pan et al.,
2017). Lastly, the establishment of CD8* Trm cells, as well as
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tissue-resident natural killer T cells and natural killer cells, re-
quires the transcription factors Blimpl and Hobit, which directly
promote the down-regulation of pathways involved in egress
from NLTs, including the genes Klf2, Siprl, and Ccr7 (Mackay
et al., 2016). We found that Th2 Trm cells down-regulated tis-
sue egress genes relative to circulating memory Th2 cells (Fig. 5
C). However, we did not find that Th2 Trm cells preferentially
express Prdml (Blimpl) or Znf683 (Hobit) or the CD8* Trm
cell-promoting transcription factor Runx3 (Milner et al., 2017;
Mackay et al., 2016). Transcription factors critical for Trm cell
differentiation, such as Runx3, can be expressed at similar levels
in Trm cells and circulating memory T cells, indicating that
transcription factor function, rather than relative expression,
drives Trm cell development (Milner et al., 2017).

To identify additional unique pathways differentially ex-
pressed between lung and SLO memory ST2*CD4* T cells, we
performed pathway enrichment analysis using the DAVID tool
(Huang et al., 2009). This analysis of lung and SLO memory
ST2*CD4* T cells in our HDM model revealed the enrichment of
ECM-regulating and interacting genes among differentially ex-
pressed genes (Fig. 5 D). Compared with SLO memory ST2*CD4*
T cells, lung memory ST2*CD4* T cells expressed higher tran-
script levels of metalloproteases, such as Mmp2, Mmp9, and
Adam8; ECM components, such as collagen (collal and colla2),
fibronectin (fnl), Decorin (Dcn), and Byglycan (Bgn); and regu-
lators of ECM, including tissue inhibitor of metalloproteases
Timp3 and the TGF-B binding protein Ltbp4 (Fig. 5 E). In addition,
genes involved in cell-to-ECM and cell-to-cell interaction, in-
cluding Itga3, Itga5, and Cdhl, were enriched in lung memory
ST2+CD4* T cells compared with SLO memory ST2*CD4* T cells
(Fig. 5 E). Our findings indicate that Th2 Trm cells and circu-
lating memory Th2 cells share a core Th2 gene signature, while
Th2 Trm cells uniquely express a tissue-adaptation program,
which includes genes involved in lipid metabolism and ECM
biology. Notably, metalloproteases, ECM components, and spe-
cific integrins have also been shown to be enriched in CD8* and
Thl Trm cells in other experimental systems, suggesting that
regulation and interaction with the ECM may play an important
role in the development, maintenance, and function of Trm cells
in various tissues (Mackay et al., 2013; Wakim et al., 2012; Pan
et al., 2017; Beura et al., 2019). Lastly, a recent study using As-
pergillus fumigatus fungal extract to promote airway inflamma-
tion in mice found that effector CD4* T cells expressing CD69 are
enriched for genes involved in ECM biology and fibrosis, indi-
cating that effector CD4* T cells are also capable of directly
regulating the ECM within the lung during active inflammation
(Ichikawa et al., 2019).

Previous studies investigating the function of Th2 Trm cells
have relied on strategies to decrease the numbers of circulating
T cells, including treatment with the SI1P1 agonist FTY720 or
anti-Thyl antibody (Hondowicz et al., 2016; Turner et al., 2018;
Ichikawa et al., 2019). Notably, decreasing circulating T cells
during allergen rechallenge did not significantly reduce the
number of allergen-specific CD4* T cells within the lung or the
allergen recall response, suggesting circulating memory Th2
cells do not play a significant role (Hondowicz et al., 2016;
Turner et al., 2018; Ichikawa et al, 2019). While FTY720
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efficiently sequesters naive T cells in LNs, it is less efficient at
causing lymphopenia of memory T cells (Hofmann et al., 2006).
In addition, FTY720 treatment has been shown to alter the bi-
ology of multiple cell types beyond conventional T cells, in-
cluding increasing endothelial permeability (Shea et al., 2010;
Oo et al.,, 2011), potentially altering inflammatory cell recruit-
ment, and potently inhibiting T reg cell function (Wolf et al.,
2009). Likewise, anti-Thyl antibody likely targets multiple cell
types, including T reg cells. Parabiosis allowed us to define the
function of Th2 Trm cells and circulating memory Th2 cells in an
unmanipulated rechallenge response, demonstrating that both
Th2 cell subsets contribute to the recall response and perform
distinct functions. While our parabiosis model allows us to de-
fine the role of memory Th2 cell subsets in vivo, one limitation
of our study is that we have not defined the additional lung-
resident changes in HDM-memory mice that promote the re-
call response to HDM. Specifically, the niches maintaining Th2
Trm cells within the lung remain poorly delineated. Notably,
there appear to be differences in the tissue environment sup-
porting distinct types of Trm cells. Lung CD8* Trm cells have
been shown to persist in “repair-associated memory depots”
independently of conventional iBALT (Takamura et al., 2016).
Similarly, Thl Trm cells in the female reproductive tract have
also been shown to persist in “macrophage lymphocyte clusters”
independently of tertiary lymphoid structures (lijima and
Iwasaki, 2014). In contrast, memory Th2 cells persisting in the
lung of mice after allergic inflammation have been shown to
localize to iBALT-like structures, supported by IL-7 from lym-
phatic endothelial cells (Shinoda et al., 2016). Future studies will
be needed to define the unique features of the peribronchial
niche supporting the development, maintenance, and function
of Th2 Trm cells in vivo.

In summary, we have used a HDM model of allergic airway
disease, parabiosis, and transcriptional analysis to define the
functions and transcriptional profiles of tissue-resident and
circulating memory Th2 cells. We demonstrate that Th2 Trm
cells within the lung and circulating memory Th2 cells are
transcriptionally distinct subsets that exhibit nonoverlapping
trafficking patterns during homeostasis. Upon allergen re-
challenge, Th2 Trm cells and circulating memory Th2 cells both
contribute to the increased numbers of Th2 cells and type 2 cy-
tokine expression in the lung and perform nonredundant
functions in vivo (Fig. 5 F). Consequently, Th2 Trm cells rep-
resent a unique Th2 cell subset with a distinct tissue-adaptation
gene signature that are required for the full manifestation of
allergic airway disease in vivo. Defining the unique mechanisms
supporting the development and maintenance of Th2 Trm cells
will be critical to developing novel therapeutic approaches for
allergic asthma.

Materials and methods

Mice

C57BL/6] (WT) and CD45.1 CRL mice were obtained from Charles
River Laboratories. Rag2-deficient and C57BL6/] control mice
were obtained from Jackson Laboratories. FoxP3YFFC" mice were
obtained from Jackson Laboratories and bred and maintained
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within our facility. All mice analyzed were sex and aged
matched (6-12 wk old). All mice were bred and maintained in
specific pathogen-free conditions at the animal facility of the
Massachusetts General Hospital and used under a study protocol
approved by Massachusetts General Hospital Subcommittee on
Research Animal Care.

Mouse treatments

To induce allergic airway inflammation, mice were anesthetized
with intramuscular injection of ketamine/xylazine (Patterson
Veterinary) and sensitized via i.n. administration with 10 pg
HDM (Dermatophagoides pteronyssinus extracts; Greer Laborato-
ries) in 40 ul sterile PBS on day 0. On day 7, mice were chal-
lenged with 10 ug HDM via i.n. route daily for 5 d. 6-12 wk later,
mice were either left untreated or rechallenged with 10 ug HDM
via i.n. route once or 10 pg of A. alternata extract (Greer Labo-
ratories). For Th2 proliferation studies, 1-2 mg BrdU (Thermo
Fisher Scientific) was injected i.p., and tissue was harvested
2 h later.

Parabiosis surgery

CD45.2 C57BL/6] mice were sensitized and challenged with HDM
as outlined and rested for 3-4 wk to generate memory Th2 cells
in vivo. CD45.2 HDM-memory C57BL/6] mice and naive CD45.1
B6 mice were surgically conjoined to achieve parabiosis. Spe-
cifically, mice underwent hair removal along opposite lateral
flanks with the use of hair clippers and depilatory cream. Skin
was then wiped clean of fur and sterilized with topical betadine
solution. Mirrored incisions were then made on the lateral as-
pects of both mice from forelimb to hindlimb. 4.0 sutures were
placed around the olecranon and knee joints to secure the upper
and lower extremities of the mice. Dorsal and ventral skin was
approximated with a running 4.0 suture and surgical staples. At
the end of the surgery, mice received subcutaneous enrofloxacin
antibiotic as well as buprenorphine and flunixin for pain con-
trol. Enrofloxacin antibiotic was subsequently administered via
drinking water for 2 wk. s.c. buprenorphine and flunixin was
administered as needed every 12 h for 48 h. Parabionts were both
challenged with 10 ug HDM i.n., and tissues were collected at 72 h.

Tissue harvest and leukocyte preparation

Prior to tissue harvest, mice were anesthetized with ketamine/
xylazine (Patterson Veterinary) and injected iv. with 3 pg
fluorophore-labeled anti-CD45 (30-F1I; BioLegend) mAb
through the retro-orbital sinus to label intravascular leukocytes.
3 min after anti-CD45 antibody injection, tissues were har-
vested. For BAL, the trachea was exposed, cannulated, and in-
fused with 3 ml cold PBS with 0.5 mM EDTA. Lung lobes and
mLNs were removed, minced with scissors, and digested at 37°C
for 20-30 min in digestion buffer (0.52 U/ml Liberase TM
[Roche] and 60 U/ml DNase I [Roche] in RPMI 1640 [Cellgro]
with 5% FBS). Digested tissue was strained through a 70-pm
filter to generate a single-cell suspension.

Flow cytometry
Single cells were incubated with anti-mouse CD16/32 (93,
TruStain fcX; BioLegend) to block Fc receptors. Staining was
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performed with Fixable Viability Dye eF780 or eF506 (eBioscience),
to identify dead cells.The following fluorochrome-conjugated
anti-mouse mAbs were used: CD3e-AF488 (145-2Cl1), CD4-
PeCy7 (GKL.5), Foxp3-APC (FJK-16s), GATA3-PE (L50-823),
CD45-APC-eFluor780 (30-F11), CD11c-BV605 (N418), Siglec-F-
PE (E50-2440), CD11b-BUV737 (M1/70), MHCII-PeCy7 (MS5/
114.15.2), CD45.2-BUV395 (104), CD62L-FITC (MEL14), BrdU-
AF647 (3D4), ST2-BV421 (U29-93), CD127-PeCy7 (A7R34), and
Thyl.2-PerCP-eFluor710 (30-H12). Flow cytometric analysis
was performed using a LSR Fortessa X-20 flow cytometer (BD
Biosciences) and FlowJo software (Tree Star). Intracellular
staining was performed using eBioscience Fixation Per-
meabilization buffers. BrdU staining was performed following
the BD Biosciences manufacture’s protocol.

Ex vivo T cell restimulation

mLNs were harvested and single-cell suspensions were ob-
tained. 0.25 x 108 total LN cells were cultured in 250 ul of RPMI
1640 media (Cellgro) supplemented with 10% (vol/vol) heat-
inactivated fetal bovine serum (FBS, Sigma), 50 uM 2-
mercaptoethanol, 2 mM Glutamax (Gibco), 5 mM Hepes, 1 mM
sodium pyruvate, 0.1 mM nonessential amino acids, and 100
U/ml penicillin-streptomycin (all from Lonza) and stimulated
with 25 pg/ml HDM (Greer Laboratories) for 72 h at 37°C, 5%
CO,. Supernatant culture cytokine levels for IL-5 (BioLegend)
and IL-13 (eBioscience) were measured by ELISA using BioL-
egend and eBioscience kits, respectively, and according to the
manufacturer’s instructions.

qPCR RNA levels

RNA was extracted from lung tissue in Trizol using the RNeasy
Mini kit (Qiagen), and cDNA was reverse transcribed using
SuperScript Il First Strand (Invitrogen) following manu-
facturer’s guidelines. Quantitative PCR (qPCR) reactions were
performed on a LightCylcer 96 Instrument (Roche) using Fast-
Start Essential DNA Green Master (Roche) and normalized to
B2m or Gapdh using the following primers: II5, 5'-CTCTGTTGA
CAAGCAATGAGACG-3' (forward) and 5'-TCTTCAGTATGTCTA
GCCCCTG-3' (reverse); Ili3, 5'-CCTGGCTCTTGCTTGCCTT-3'
(forward) and 5'-GGTCTTGTGTGATGTTGCTCA-3' (reverse);
Cclil, 5'-TCCACAGCGCTTCTATTCCTG-3' (forward) and 5'-GGA
GCCTGGGTGAGCCA-3' (reverse); Ccl24, 5'-ATT CTGTGACCA
TCCCCTCAT-3' (forward) and 5'-TGTATGTGCCTCTGAACC
CAC-3' (reverse); Ccll7, 5'-CAG GGATGCCATCGTGTTTC-3'
(forward) and 5'-CACCAATCTGATGGCCTTCTT-3' (reverse);
Ccl22, 5'-TAC ATCCGTCACCCTCTGCC-3' (forward) and 5'-CGG
TTATCAAAACAACGCCAG-3' (reverse); B2m, 5'-CCCGTTCTT
CAGCATTTGGA-3' (forward) and 5'-CCGAACATACTGAACTGC
TACGTAA-3' (reverse); Gapdh, 5'-GGCAAATTCAACGGCACA
GT-3' (forward) and 5-AGATGGTGATGGGCTTCCC-3' (re-
verse). Results indicated as relative expression indicate copies
per B2m or Gapdh.

Histology

Lung samples were fixed in buffered 10% formalin solution.
Paraffin-embedded sections were cut (5 mm) and stained with
H&E or periodic acid-Schiff (PAS). Lung H&E histology scoring
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was performed by a pathologist from the Harvard Pathology
Core who was blinded to the groups. Goblet cells were enu-
merated from PAS-stained sections using a numerical scoring
system (0, <5% goblet cells; 1, 5-25%; 2, 25-50%; 3, 50-75%; 4,
>75%). 20-50 airways per mouse were evaluated, and the sum of
goblet cell scoring from each mouse was divided by the number
of airways and presented as a mucus score as previously de-
scribed (Patel et al, 2019). All images are shown at 10x
magnification.

Measurement of airway resistance

Airway resistance was measured using the SCIREQ flexiVent
system. Mice were anesthetized with ketamine/xylazine and
intubated via tracheotomy. The mice were placed on a ventilator
and paralyzed with pancuronium (1 mg/kg). After 5 min, the
mice were first challenged with PBS and then progressively
challenged with methacholine (12.5, 25, and 50 mg/ml), and
airway resistance was measured using the flexiVent software
system.

RNA-seq analysis (accession code GSE149779)

Sequencing was performed on Illumina HiSeq 2500 instrument,
resulting in ~30 million of 50-bp reads per sample. Sequencing
reads were mapped in a splice-aware fashion to the mouse ref-
erence transcriptome (mm9 assembly) using STAR (Dobin et al.,
2013). Read counts over transcripts were calculated using HTSeq
based on the Ensembl annotation for GRCm37/mm9 assembly
(Anders et al., 2015). For differential expression analysis, we
used the EdgeR method and classified genes as differentially
expressed based on the cutoffs of twofold change in expression
value and false discovery rates <0.05 (Robinson et al., 2010).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 7
software. Statistical parameters are reported in the figure leg-
ends, but generally, P values were determined for multiple
comparisons by one-way ANOVA analysis with Holm-Sidak’s
testing. An unpaired or paired two-tailed Student’s t test was
used for two-group comparisons for normally distributed data.
Mann-Whitney U testing was used for two-group comparisons
for nonnormally distributed data. In all figures, statistical sig-
nificance is indicated (*, P < 0.05; **, P < 0.01; **, P < 0.001; ****,
P < 0.0001). No statistical method was used to predetermine
sample size. The number of mice used in each experiment to
reach statistical significance was determined on the basis of
preliminary data. No animals were excluded from the analyses.
Blinding was used for lung H&E history scoring. Data met as-
sumptions of statistical methods used, and variance was similar
between groups that were statistically compared.

Online supplemental material

Fig. S1 shows that HDM rechallenge promotes type 2 chemokine
expression within the lung as well as lung inflammation and
mucus metaplasia. Fig. S2 shows representative gating strategy
and quantitation of Th2 Trm cells within the lung. Fig. S3 shows
additional data demonstrating the functions and trafficking of
Th2 Trm cells and circulating memory Th2 cells.
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Figure S1.  Allergen rechallenge promotes type 2 chemokine expression, lung inflammation, and mucus metaplasia. C57BL/6 mice were sensitized with
10 pg i.n. HDM followed by 10 g daily challenges of i.n. HDM on days 7-11. After 6-12 wk of rest, HDM-memory mice were left untreated or rechallenged with
a single dose of i.n. HDM followed by tissue harvest 72 h later. (A) Schematic of i.n. HDM treatment. (B) Lung Ccl11 and Ccl24 relative RNA levels assessed via
gPCR. (C) Lung Ccl17 and Ccl22 relative RNA levels assessed via qPCR. (D) Representative images of lung H&E and PAS staining in indicated groups. White
arrows indicate blood vessels, and black arrows indicate airways. Scale bars represent 100 pm. Representative data show individual mice with mean + SEM
from one of two independent experiments with three or four mice per group. For statistical analysis, one-way ANOVA analysis with Holm-Sidak’s testing was
used for statistical analysis of multiple groups. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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Figure S2. Identification of Th2 Trm cells via flow cytometry. C57BL/6 mice were sensitized and challenged with i.n. HDM and then rested for 6-12 wk
followed by lung tissue harvest. (A) Representative flow cytometry on lung cells in HDM-memory mice to identify Th2 cells (anti-CD45 i.v. unlabeled,
FoxP3-GATA3*CD4* T cells). (B) Quantitation of lung Th2 cells (anti-CD45 i.v. unlabeled, FoxP3-GATA3*CD4* T cells) in naive and HDM-memory mice via flow
cytometry. (C) Representative histogram demonstrating CD69 staining (and fluorescence minus one control staining) of lung Th2 cells from HDM-memory mice
(left panel) with quantitation of percent CD69* cells from lung Th2 cells and FoxP3-GATA3-CD4* T cell populations (right panel). (D) C57BL/6 mice were
sensitized and challenged with i.n. A. alternata, rested for 6-8 wk, and left untreated or rechallenged with a single dose of i.n. A. alternata. Quantitation of lung
Th2 cells (anti-CD45 i.v. unlabeled, FoxP3-GATA3*CD4* T cells) in indicated groups. Representative data show individual mice with mean = SEM from one of
two independent experiments with three or four mice per group. For statistical analysis, a two-tailed t test was performed for parametric data, and a two-tailed
Mann-Whitney U test was performed for nonparametric data. *, P < 0.05; ****, P < 0.0001. FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-A,

side scatter area.

Rahimi et al.

Memory Th2 cell subsets in allergic airway disease

Lung Th2 cells x 103

A Alternaria Memory

A Alternaria Memory+Alt

50- "

401

30- T
201 i
10

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20190865

S2


https://doi.org/10.1084/jem.20190865

A B O CD45i.v.* Th2 cells
_ B O CD45i.v." Th2 cells
CD45 i.v.* Th2 cells CD45 i.v. Th2 cells 6000- " 6500+ 5
3 8.37 1 11.5 o 6000
— faiisa i
g , - L 4000 E 55001 <T>
-» = 5 P
[5) 5000
0 - 2 &
2000 '} 4500
== @ 2L
4000
0 . : 3500 . r
C Naive Parabiont Memory Parabiont D . ns
Naive Naive+HDM +HDM +HDM w '] °- _ago
] ] . g -S_ 105 o)
1 o
] ] £
o 10%
o]
1|
=0 0 0 "
a 137 m
O e - S - 102 - .
0 0 0 0 ) )
SiglecF O Naive Parabiont+HDM
O Memory Parabiont+HDM
* " -
E o » 507 F - 0 ns G. 4 -,
O = o Fdk o ‘9
2 8 40 a ~ ol ns % 30
Sr p 0 =
J +. 307 83 ©
o X @ 40 O 204
c 0O = ¢
£ 0 i< ol
© D 204 P 1o
o 2 1o c - 0
< 5 2 5 o
°T 7 o " == olmE— - [o— s .
O FoxP3 GATA3CD4* T cells O Naive O HDM memory
O FoxP3-GATA3*CD4* T cells Naive+HDM O HDM memory+HDM

O Naive Parabiont+HDM
O Memory Parabiont+HDM

Figure S3.  Function and trafficking of tissue-resident and circulating memory Th2 cells in HDM-memory mice. (A and B) C57BL/6 mice were sensitized
and challenged with i.n. HDM and rested for 6-12 wk. (A) Lung cells from HDM-memory mice underwent CD4* T cell negative selection followed by treatment
with anti-CD3 and anti-CD28 for 12-16 h. Representative flow cytometry of anti-CD45 i.v. unlabeled (intraparenchymal) and labeled (intravascular) Th2 cells
after intracellular cytokine staining for IL-5 and IL-13. (B) Geometric mean fluorescence intensity (gMFI) for IL-5 and IL-13 expression in indicated groups.
(C and D) CD45.2 HDM-memory mice were surgically conjoined to CD45.1 naive mice. After 3-4 wk, both parabionts received a single dose of i.n. HDM with
harvest of mLN and lung after 72 h. (C) Representative flow cytometry of lung parenchymal eosinophils (anti-CD45 i.v. unlabeled, CD11c"°Siglec-F* cells) from
indicated groups. (D) Quantitation of BAL eosinophils from indicated groups. (E) CD45.2 and CD45.1 HDM-memory mice were surgically conjoined. After 3-4
wk, lungs from both parabionts were harvested. Quantitation of percent partner-derived lung memory CD4* T cells (anti-CD45 i.v. unlabeled,
FoxP3-GATA3-CD4* T cells and FoxP3-GATA3*CD4" T cells) assessed via flow cytometry. (F) CD45.2 HDM-memory mice were surgically conjoined to CD45.1
naive mice. After 3-4 wk, both parabionts received a single dose of i.n. HDM with harvest of lungs after 72 h. Lung FoxP3*CD4* T cells (T regs) were
quantitated via flow cytometry. (G) Individual HDM-memory mice were left untreated or received a single dose of i.n. HDM with BAL after 72 h. BAL Th2 cells
were quantitated via flow cytometry. Representative data show individual mice with mean + SEM from one of two independent experiments with three or four
mice per group (A and B), or one of three independent experiments with three or four mice per group (C, D, and F) or cumulative data from two independent
experiments (E and G). For statistical analysis, a two-tailed t test was performed for parametric data (B and G). One-way ANOVA analysis with Holm-Sidak’s
testing was used for statistical analysis of multiple groups with paired two-tailed t tests for comparison of parabionts (D and F). A two-tailed Mann-Whitney U
test was performed for nonparametric data (E). *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001.
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