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Allergen exposure functionally alters
influenza-specific CD4+ Th1 memory cells in the lung
Mikel J. Rüterbusch1, Brian D. Hondowicz1, Kennidy K. Takehara1, Kurt B. Pruner1, Thomas S. Griffith2,3,4,5, and Marion Pepper1

CD4+ lung-resident memory T cells (TRM) generated in response to influenza infection confer effective protection against
subsequent viral exposures. Whether these cells can be altered by environmental antigens and cytokines released during
heterologous, antigen-independent immune responses is currently unclear. We therefore investigated how influenza-
specific CD4+ Th1 TRM in the lung are impacted by a subsequent Th2-inducing respiratory house dust mite (HDM)
exposure. Although naı̈ve influenza-specific CD4+ T cells in the lymph nodes do not respond to HDM, influenza-specific
CD4+ TRM in the lungs do respond to a subsequent allergen exposure by decreasing expression of the transcription factor
T-bet. This functional alteration is associated with decreased IFN-γ production upon restimulation and improved disease
outcomes following heterosubtypic influenza challenge. Further investigation revealed that ST2 signaling in CD4+ T cells
during allergic challenge is necessary to induce these changes in lung-resident influenza-specific CD4+ TRM. Thus,
heterologous antigen exposure or ST2-signaling can drive persistent changes in CD4+ Th1 TRM populations and impact
protection upon reinfection.

Introduction
Influenza poses a significant global health burden through sea-
sonal epidemics and the threat of emergent pandemic strains.
Lung-resident memory CD4+ T cells (TRM) generated in response
to influenza can provide robust protection upon reinfection
(Teijaro et al., 2010, 2011). CD4+ T cells are critical regulators of
both B cell and CD8+ T cell responses yet can also provide pro-
tection independently of CD8+ T and B cells (Swarnalekha et al.,
2021; Son et al., 2021; Belz et al., 2002; Laidlaw et al., 2014). Once
these CD4+ T cells take residency, it is unclear how subsequent
heterologous pathogen or environmental antigen exposure may
impact this population or alter its functionality.

Prior studies demonstrated that the in vivo reactivation of
memory CD4+ T helper 1 (Th1) cells in secondary lymphoid or-
gans is restricted by CD4+ T cell cognate recognition of peptide:
MHC complexes (Pepper et al., 2010). Whether or not memory
cells in the tissues are similarly restricted or how different in-
flammatory conditions may alter a memory T cell response was
not examined (Pepper et al., 2010). Interestingly, work by Paul
and colleagues demonstrated that CD4+ Th2 memory cells in the
lung could exacerbate subsequent Th2 immune responses to
house dust mite (HDM) in a T cell receptor (TCR)–independent
manner through IL-33 (Guo et al., 2015). Following sensing of

IL-33, these CD4+ Th2 memory cells produced the effector cy-
tokines IL-5 and IL-13 in the absence of TCR signaling and pro-
moted increased eosinophilia and worsened pathology (Guo
et al., 2015). While CD4+ T cell expression of ST2, a component
of the IL-33R, is canonically attributed to regulatory T cells or
Th2-differentiated cells, CD4+ Th1 cells can also express inter-
mediate levels of ST2 and sense IL-33 present in the environ-
ment (Blom and Poulsen, 2012; Schmitz et al., 2005). Another
IL-1 family member cytokine, IL-18, has also been implicated in
prompting similar functional enhancement of CD4+ Th1 re-
sponses (Robinson et al., 1997; Jain et al., 2018). Upon sensing
of IL-18, CD4+ Th1 cells can produce IFN-γ independently of
TCR stimulation when paired with STAT4 induction in vitro
(Robinson et al., 1997). Although these studies have investigated
how existing Th1 or Th2 CD4+ T cells can be further enhanced by
similar environmental cues, it remains unclear how an existing
Th1 TRM population can be impacted by subsequent Th2 stimuli,
such as common environmental allergens. We therefore sought
to define how influenza-specific CD4+ Th1 TRM cells in the lung
phenotypically and functionally respond to subsequent allergen
exposure and the consequences of these changes in the context
of reinfection.
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Results and discussion
NP311–325:I-Ab–specific and Der p 1117–127:I-Ab–specific CD4+

T cells are not crossreactive or activated by heterologous
responses
To answer how lung-resident CD4+ Th1 TRM can be impacted by
subsequent exposure to an irrelevant, common environmental
allergen, we developed a model system in which we could study
non-crossreactive CD4+ T cell populations with different func-
tional outputs: a predominantly Th1-skewedmemory population
specific for the influenza nucleoprotein (NP; NP311–325:I-Ab) and
a Th2-skewed population specific for the common allergen Der p
1, a protease produced by the HDM Dermatophagoides pteronys-
sinus (Der p 1117–127:I-Ab; Hondowicz et al., 2016; Crowe et al.,
2006; Cabrera-Perez et al., 2015). Magnetic bead enrichment
of dual tetramer-stained CD4+ T cells, combined with intravascular
labeling prior to sacrifice, was performed to identify NP-specific
and Der p 1-specific CD4+ T cells in the lung-draining mediastinal
lymph node (dLN) and lung parenchyma at various time points
following infection and/or allergen administration (Moon et al.,
2007; Anderson et al., 2014). In mice that were exposed to HDM,
a significant Der p 1–specific, but not NP-specific, CD4+ T cell
population was present in the dLN and lungs 4 d after the final
HDM dose (Fig. 1, A and C). Conversely, at an acute time point after
influenza A/Puerto Rico/8/34 H1N1 (PR8) infection, NP-specific but
not Der p 1–specific CD4+ T cells expanded in both tissues compared
with cell numbers in näıve mice (Fig. 1, A and C). At neither acute
time point were any Der p 1– and NP-specific double positive CD4+

T cells identified, demonstrating that these two epitope-specific
populations are not directly crossreactive or expanding in re-
sponse to the other antigenic insult (Fig. 1 A; Obst et al., 2005).

Although we did not observe crossreactive responsiveness in
a heterologous priming environment, CD4+ TRM cells may be
more promiscuous and gain responsiveness to a heterologous
challenge in an antigen-independent manner (Geginat et al.,
2001; Guo et al., 2015). We therefore quantified NP-specific
CD4+ T cells in the dLN and lungs at a memory time point af-
ter PR8 infection alone or at the same time point (day 43) inmice
that were additionally challenged with HDM (Fig. 1 B). There
was no significant difference in the number of NP-specific CD4+

T cells identified in either the dLN or lungs of mice that did or
did not undergo a subsequent HDM challenge, demonstrating
that allergic sensitization and challenge are not sufficient to alter
the size of the influenza-induced NP-specific CD4+ TRM popu-
lation (Fig. 1, B and C). Overall, these data demonstrate that PR8
infection induces a population of NP-specific memory cells in
the dLN and lungs that are not numerically enhanced by sub-
sequent HDM exposure.

HDM-induced airway inflammation following influenza A virus
infection decreases the frequency of T-bet–expressing NP-
specific CD4+ TRM in the lung
While NP-specific cells did not expand in response to HDM in
the dLN or lungs at either acute or memory time points, it was
possible that an altered environment associated with airway
inflammation could impact functional attributes of the NP-
specific memory CD4+ T cells. To test this possibility, we com-
pared hallmark characteristics of NP-specific CD4+ cells from the

lungs of mice infected with PR8 alone to those additionally ex-
posed to HDM (Fig. 2 A). Specifically, we analyzed the expres-
sion of the lineage-defining transcription factor T-bet as
influenza induces a strong Th1 response, characterized by the
expression of the T-bet–regulated cytokine IFN-γ (Szabo et al.,
2000). As prior studies have suggested that in vivo exposure
to IL-33 can enhance CD4+ T cell function in an antigen-
independent manner, we also examined expression of ST2
(Löhning et al., 1998; Baumann et al., 2015; Guo et al., 2015).

After PR8 infection, the majority of NP-specific CD4+ TRM
cells in the lung express higher amounts of T-bet than näıve
antigen non-specific CD4+ T cells (Fig. 2, B and C). Following
HDM challenge, however, we observed a lower frequency and
level of T-bet expression in the lung-resident NP-specific CD4+

T cell population compared with mice exposed to PR8 alone,
suggesting that HDM exposure can diminish T-bet expression in
this NP-specific CD4+ TRM population (Fig. 2, B and C). Fur-
thermore, the frequency of NP-specific CD4+ T cells that express
ST2 increased after HDM challenge, with this increase occurring
primarily in T-bet− and not T-bet+ cells (Fig. 2, B and C). This
finding suggested the possibility that allergic airway inflam-
mation was potentially skewing these Th1 memory cells toward
a Th2 lineage as CD4+ Th2 cells express high amounts of ST2 and
the Th2-lineage defining transcription factor GATA-3, yet low
amounts of T-bet (Van Dyken et al., 2016; Zhang et al., 1997;
Finotto et al., 2002). While we could identify a population of
bona fide Th2-differentiated Der p 1–specific CD4+ T cells that
co-express high levels of GATA-3 and ST2 following HDM ex-
posure, we did not observe GATA-3 expression in NP-specific
CD4+ TRM after allergic challenge, suggesting HDM exposure
does not direct these cells toward a Th2 fate (Fig. 2, D and E). We
additionally did not observe a change in the frequency or level of
expression of the regulatory T cell transcription factor Foxp3 in
the NP-specific CD4+ TRM population in the lung (Fig. 2, F and G).
Thus, although sensitization and heterologous challenge with
HDM is not sufficient to induce expansion of NP-specific CD4+

T cells in the lung, the frequency of T-bet and ST2 expressing
cells in the NP-specific population is altered without driving
these cells toward a Th2 or regulatory CD4+ T cell fate.

While we observed phenotypic and functional alterations in
the NP-specific CD4+ T cell population in the lung after HDM ex-
posure, it was unclear whether these changes were a transient
response to acute allergic challenge or a longer-term change.
Therefore, we waited 25 d after the final allergic challenge to de-
termine if the decreased frequency of T-bet+ NP-specific CD4+ TRM
was maintained (Fig. 2 H). We observed that influenza-infected
mice that received a subsequent HDM challenge maintained a
lower frequency of T-bet+ NP-specific CD4+ TRM in the lung than in
HDM-unchallenged mice, suggesting the impact of allergen expo-
sure on the CD4+ TRM population persisted at least this long (Fig. 2,
I and J). Of note, the overall frequency of ST2+ NP-specific TRMwas
not altered in mice that underwent allergic challenge at this later
time point, suggesting the increased expression of ST2 on NP-
specific CD4+ TRM soon after allergic challenge may be transient
(Fig. 2, J and K). Taken together, these data suggest the decrease in
T-bet+ NP-specific CD4+ TRM that is seen after HDM exposure
persists at least up to 25 d after allergic challenge.

Rüterbusch et al. Journal of Experimental Medicine 2 of 13

Functional alterations after allergen exposure https://doi.org/10.1084/jem.20230112

https://doi.org/10.1084/jem.20230112


NP-specific CD4+ TRM in the lung exhibit a decreased potential
to produce IFN-γ and IL-10 following allergic sensitization and
challenge
Allergen exposure can elicit cytokine production from lung
memory CD4+ Th2 cells independent of TCR signaling (Guo et al.,

2015). We therefore next sought to determine whether HDM can
induce effector cytokine production by NP-specific CD4+ Th1
memory cells in vivo. To test this, we utilized mice that con-
tained one copy of both an IL-5 protein reporter construct (Red5;
IL-5 tdTomato) and an IFN-γ transcriptional reporter construct

Figure 1. NP311–325:I-Ab–specific and Der p 1117–127:I-Ab–specific CD4+ T cells are not crossreactive or activated by heterologous responses. (A) In mice
administered respiratory HDM (top) or PR8 (bottom) as illustrated in the experimental timeline shown, lung-draining mediastinal lymph nodes and lung tissues
were isolated and stained with Der p 1117–127:I-Ab and NP311–325:I-Ab tetramers and analyzed by flow cytometry. Representative flow plots are shown. Lung
samples were pregated on cells that are negative for the intravenous Thy1.2 label to demarcate cells located in the lung parenchyma. (B) Representative flow
cytometry plots of CD4+ T cells isolated from the mediastinal lymph node or lung 43 d after infection with PR8 (top) or following PR8 and respiratory HDM
(bottom) as illustrated in the experimental timeline shown. Lung samples were pregated on cells negative for the intravenous Thy1.2 label to demarcate cells
located in the lung parenchyma. (C) Summary data of the total number of NP-specific or Der p 1–specific tetramer-positive cells in the mediastinal lymph node
or lungs of mice from each condition as represented in B. Data are pooled from three to six mice per group from three independent experiments and were
analyzed by unpaired t test. Graphs show mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. IAV, influenza A virus. o.p., oropharyngeal. pfu,
plaque-forming units.
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Figure 2. HDM-induced airway inflammation following influenza A virus infection decreases the frequency of T-bet–expressing NP-specific CD4+

TRM in the lung. (A) Schematic representing the experimental timeline. (B) Representative flow cytometry plots of CD4+ T cells isolated from the lung at the
time point indicated in A. (C) Summary data of the percentage of T-bet+ NP-specific cells, geometric mean fluorescence intensity of T-bet in NP-specific cells,
and the percentage of ST2+ NP-specific cells as represented in B. Data are pooled from eight mice per group from two independent experiments.
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(Great; IFN-γ YFP; Nussbaum et al., 2013; Reinhardt et al., 2009;
Fig. 3 A). In the bulk CD4+ T cell population, we could identify
IFN-γ+ cells in the lungs following infection with PR8, and dis-
tinct populations of IFN-γ– and IL-5–producing cells in mice
exposed to PR8 and HDM (Fig. 3 B). In the NP-specific CD4+

T cell population, IFN-γ transcript was expressed in a majority
of these cells after PR8 infection, with a higher level of ex-
pression during acute infection than at a memory time point
(Fig. 3, B and C). IL-5 expression in NP-specific CD4+ T cells was
absent at either time point following PR8 infection, further
demonstrating this population does not consist of Th2-
differentiated cells (Fig. 3, B and C). Notably, we did not ob-
serve changes in the frequency or levels of IFN-γ or IL-5
reporter expression in NP-specific CD4+ T cells in the lungs of
mice additionally exposed to HDM, suggesting NP-specific
CD4+ Th1 TRM do not alter their expression of these cytokines
following allergen exposure (Fig. 3, B and C).

While we did not observe induction of effector cytokine
production in NP-specific CD4+ TRM after allergen exposure, we
sought to assess if the observed decrease in T-bet expression
seen after allergen exposure altered cytokine production fol-
lowing reactivation. We therefore isolated NP-specific CD4+

memory T cells from the lungs of mice and stimulated themwith
a protein kinase C activator (PMA) and calcium ionophore
(ionomycin) and performed intracellular cytokine staining for
effector cytokines consistent with Th1, Th2, and regulatory T cell
lineages (Fig. 3 D). While about 50% of NP-specific CD4+ TRM

from mice infected with PR8 possessed the capacity to produce
IFN-γ upon restimulation, NP-specific cells isolated from the
lung after induction of airway inflammation produced approx-
imately twofold less IFN-γ (∼28%) at the same time point after
infection (Fig. 3, E and F). Consistent with the transcription
factor profile in these cells, we did not observe expression of the
Th2 cytokine IL-13 in NP-specific CD4+ TRM but noticed a small,
yet statistically significant reduction in IL-10 production after
HDM exposure (Fig. 3, G and H). Therefore, decreased T-bet
expression in NP-specific CD4+ T cells upon allergen exposure
is also associated with a decreased frequency and level of IFN-γ
expression and concomitant reduction in IL-10 production upon
PMA-ionomycin–induced reactivation.

NP-specific CD4+ TRM in HDM-exposed mice maintain
decreased T-bet expression after heterosubtypic infection
Although it was clear that HDM exposure could alter the fre-
quency of T-bet expression in NP-specific CD4+ TRM, it was
possible that a subsequent influenza infection could restore
T-bet levels in this population. To test this, we utilized influenza

A/HKx31 H3N2 (X31) for our heterosubtypic challenge as this
strain contains the six internal genes of PR8 including NP,
therefore preserving many major CD4+ T cell epitopes while
evading sterilizing immunity generated during PR8 infection
(Rutigliano et al., 2014). Following PR8 infection, mice were
either left unchallenged or sensitized and challenged with HDM
(Fig. 4 A). On day 50 after PR8 infection, these mice were in-
fected with X31 under FTY720 (Fingolimod) treatment to de-
termine the impact of reinfection and TCR stimulation on the
phenotypic changes in NP-specific CD4+ TRM observed after
HDM sensitization and challenge (Fig. 4 A). FTY720 prevents
CD4+ T cell migration to the peripheral tissues via degradation
of S1PR1 and was sufficient to induce lymphopenia and pre-
vent entry of NP-specific CD4+ T cells during X31 infection in
our model (Mandala et al., 2002; Fig. 4, B–D). Thus, the NP-
specific CD4+ T cell population in the lung analyzed at this
time point primarily consists of cells present in the tissue
prior to heterosubtypic infection and not newly recruited
CD4+ T cells.

Using this experimental protocol, we observed that following
X31 infection, 87–96% of NP-specific CD4+ TRM in the lungs ex-
pressed T-bet in mice that received a prior PR8 infection but
were not challenged with HDM (Fig. 4, E and F). However, the
NP-specific CD4+ TRM cell population in the lungs of mice that
were also exposed to HDM retained a reduced frequency and
level of T-bet expression compared with mice that did not un-
dergo allergic challenge even after X31 infection, although the
overall frequency of ST2 expression in the NP-specific TRM was
lower in HDM exposed mice at this time point (Fig. 4, E and F).
Thus, in addition to mice exhibiting a reduced frequency of
T-bet+ NP-specific CD4+ T cells that persisted after challenge
with HDM, this change in the NP-specific CD4+ TRM population
in the lung was maintained after heterosubtypic influenza in-
fection and perception of cognate antigen.

HDM-exposed mice exhibit improved disease outcomes in
response to heterosubtypic infection
Expression of T-bet in CD4+ T cells is necessary for IFN-γ pro-
duction, which has been classically associated with protection
against heterosubtypic infection (Szabo et al., 2000; Teijaro
et al., 2010). Yet, recent studies have demonstrated that
heightened Th1 antiviral responses during influenza infection
can induce immunopathology and worsen disease (Schmit et al.,
2022; Califano et al., 2018). IFN-γ–deficient mice exhibit lower
morbidity, viral load, and improved survival upon lethal influ-
enza infection, which has been attributed to enhanced lung in-
jury through IFN-γ–dependent monocyte activation and ILC2

(D) Representative flow cytometry plots of CD4+ T cells isolated from the lung at the time point indicated in A. (E) Summary data of the percentage of GATA-3+

NP-specific cells and geometric mean fluorescence intensity of GATA-3 in NP-specific cells as represented in D. Data are pooled from six mice per group from
two independent experiments. (F) Representative flow cytometry plots of CD4+ T cells isolated from the lung at the time point indicated in A. (G) Summary
data of the percentage of Foxp3+ NP-specific cells and geometric mean fluorescence intensity of Foxp3 in NP-specific cells as represented in F. Data are pooled
from five to seven mice per group from two independent experiments. (H) Schematic of the experimental timeline for data in I and J. (I) Representative flow
cytometry plots of CD4+ T cells isolated from the lung at experimental day 64. (J) Summary data of the percentage of T-bet+ NP-specific cells, the geometric
mean fluorescence intensity of T-bet in NP-specific cells, and the percentage of ST2+ NP-specific cells as represented in I. Data are pooled from seven mice per
group from three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Graphs show mean ± SD and data were analyzed by unpaired t test. pfu,
plaque-forming units. IAV, influenza A virus. o.p., oropharyngeal. gMFI, geometric mean fluorescence intensity.
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Figure 3. NP-specific CD4+ TRM in the lung exhibit a decreased potential to produce IFN-γ and IL-10 following allergic sensitization and challenge.
(A) Schematic of the experimental timeline for data in B and C. (B) Representative flow cytometry plots of CD4+ T cells isolated from the lung at experimental
day 10 or day 40. (C) Summary data of the percentage of YFP+ or tdTomato+ NP-specific cells and the geometric mean fluorescence intensity of YFP in
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suppression (Schmit et al., 2022; Califano et al., 2018). We thus
sought to determine if the decreased frequency of T-bet+ NP-
specific CD4+ TRM we observed in HDM-exposed mice that was
maintained following X31 infection impacted disease outcomes.

To assess this, we tracked weight loss daily and measured
viral load in the lungs 5 d following X31 infection under FTY720
treatment, which prevents the recruitment of novel cell pop-
ulations to the lungs (Fig. 4, G and H). Mice that underwent
allergic sensitization and challengewithout a prior PR8 infection
exhibited nearly identical weight loss to mice infected with X31
alone until day 5 after infection and possessed no significant
difference in viral load in the lung at this time point, demon-
strating that HDM exposure alone does not impact early mea-
sures of disease upon infection with X31 (Fig. 4, G and H). Prior
infectionwith PR8 reduced weight loss as early as day 3 after X31
challenge and led to decreased viral load on day 5 after challenge,
illustrating the protective capacity of memory cells generated in
response to PR8 infection (Fig. 4, G and H). However, mice
sensitized and challenged with HDM following PR8 infection
exhibited even less weight loss starting on day 3 after X31 and
possessed lower viral load after heterosubtypic challenge than
mice exposed to PR8 but not HDM (Fig. 4, G and H). Therefore,
HDM exposure improves early disease severity and viral clear-
ance after influenza infection by impacting the lung-resident
memory compartment.

A number of cytokines have been associated with increased
weight loss following influenza infection, namely IL-6, TNF-α,
and IFN-γ (Schmit et al., 2022; Califano et al., 2018; Felgenhauer
et al., 2020). Thus, we assessed the expression of these cytokines
in the lung tissue 5 d following heterosubtypic challenge (Fig. S1
A). We observed that mice exposed to HDM following PR8 in-
fection exhibit reduced Ifng and Il6, but not Tnf, expression after
X31 infection compared with mice not challenged with HDM,
suggesting that allergic sensitization and challenge impacts the
memory compartment and leads to reduced expression of these
proinflammatory cytokines (Fig. S1 B). We also observed that
there was a significant positive correlation between Il6 expres-
sion, Ifng expression, the level of T-bet expression in NP-specific
CD4+ TRM, and viral load on day 5 after X31 infection, further
demonstrating the association between heightened Th1 re-
sponses and worsened disease parameters following influenza
infection as has previously been described (Fig. S1 C). In sum-
mary, in mice previously infected with PR8, additional expo-
sure to HDM impacts the lung-resident memory compartment
and leads to lower expression of proinflammatory cytokines,
which correlates with lower viral burden after heterosubtypic
influenza challenge.

Diminished T-bet expression in NP-specific CD4+ TRM in the
lung can be driven by IL-33 and is dependent on ST2 signaling
in CD4+ T cells
Immune cell activation following exposure to HDM is attributed
to several compounds excreted by the dust mite, including
cysteine proteases that promote cleavage of epithelial cell tight
junctions and stimulate the release and processing of the alar-
min IL-33 (Wan et al., 1999; Scott et al., 2018). Along with these
proteases, excrement from HDM contains lipopolysaccharide
(LPS), which is a potent inducer of IL-12 and the IL-1 family
member cytokine IL-18 (Valerio et al., 2005; Daan de Boer et al.,
2013; Manigold et al., 2000; Mantovani et al., 2019). NP-specific
CD4+ TRM in the lungs ofmice can express the receptors for IL-33
and IL-18, the latter of which increases in expression in response
to LPS but not papain (Fig. S2, A and B). As the cytokines IL-33
and IL-18 have been implicated in promoting effector functions
in memory CD4+ T cells in the absence of TCR engagement, we
sought to determine to what extent the cysteine protease papain
or LPS alone could alter the functional phenotype of the NP-
specific CD4+ T cell population in the lung (Robinson et al.,
1997; Guo et al., 2009, 2015; Fig. 5 A).

We found that after acute challenge with LPS, there was no
difference in either the percent of T-bet–expressing or ST2-
expressing cells in the lung-resident NP-specific CD4+ TRM

population (Fig. 5, B and C). However, after acute challenge with
papain, the NP-specific CD4+ TRM population exhibited a re-
duced frequency of T-bet expression and an increase in the
frequency of ST2+ cells, suggesting that specific components of
HDM that induce IL-33 expression may drive the phenotypic
changes in the NP-specific CD4+ TRM in the lung after allergic
challenge (Fig. 5, B and C). Together, these data suggest that
papain but not LPS exposure is sufficient to induce a decreased
frequency of T-bet and increased frequency of ST2 expression in
the NP-specific CD4+ TRM population in the lung, recapitulating
what we observed with HDM administration.

We next assessed whether either the direct administration of
exogenous rIL-33 or rIL-18 could modulate the frequency of
T-bet expression in the lung-resident NP-specific CD4+ TRM
population. To determine this, we administered rIL-33 or rIL-18
to the lower respiratory tract beginning 25 d after PR8 infection
(Fig. 5 D). Following cytokine challenge, we observed that rIL-33
but not rIL-18 was sufficient to reduce the frequency of T-bet
expression in NP-specific CD4+ TRM in the lungs compared with
unchallenged mice, although challenge with either of these cy-
tokines was not sufficient to alter the overall frequency of ST2+

cells in this population at this time point (Fig. 5, E and F). Taken
together, these data suggest that administration of rIL-33, but

NP-specific cells as represented in B. Data are pooled from two to five mice per group from two independent experiments. (D) Schematic of the experimental
timeline for data in E–H. (E) Representative flow cytometry plots of CD4+ T cells isolated from the lung at experimental day 43 and either incubated in media
(unstimulated control) or stimulated with PMA/ionomycin for 4.5 h to assess cytokine production potential. (F) Summary data of the percentage of IFN-γ+ NP-
specific cells and the geometric mean fluorescence intensity of IFN-γ in NP-specific cells as represented in E. Data are pooled from 11–13 mice per group from
three independent experiments. (G) Representative flow cytometry plots of CD4+ T cells isolated from the lung at experimental day 43 and either incubated in
media (unstimulated control) or stimulated with PMA/ionomycin for 4.5 h to assess cytokine production potential. (H) Summary data of the percentage of IL-
10+ or IL-13+ NP-specific cells as represented in G. Data are pooled from 11–13 mice per group from three independent experiments. *, P < 0.05; **, P < 0.01;
***, P < 0.001. Graphs show mean ± SD and data were analyzed by unpaired t test. pfu, plaque-forming units. IAV, influenza A virus. o.p., oropharyngeal. gMFI,
geometric mean fluorescence intensity.
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not rIL-18, is sufficient to drive a decreased frequency of
T-bet–expressing NP-specific CD4+ TRM in the lung.

To further assess the role of IL-33 in driving a decreased
frequency of T-bet in NP-specific CD4+ TRM following HDM
exposure, we utilized mice containing loxP sites flanking Il1rl1
(ST2flox/flox) and a tamoxifen-inducible Cre recombinase under
control of the CD4 promoter (CD4CreERT2+/−) to temporally

delete ST2 expression in CD4+ T cells (Fig. 5 G). Injection of
tamoxifen following PR8 infection but prior to HDM exposure
selectively ablated ST2 expression in the CD4+ T cell compart-
ment in the lungs of CD4CreERT2+/− ST2flox/flox mice, whereas
littermates that did not possess a copy of the CD4CreERT2 con-
struct retained ST2 expression (Fig. 5 H). NP-specific CD4+ TRM
isolated from ST2flox/flox control mice exhibited a reduced

Figure 4. HDM-exposed NP-specific CD4+ TRMmaintain decreased T-bet expression after heterosubtypic infection and are associatedwith improved
disease severity. (A) Schematic of the experimental timeline for data in B–H. (B) The total number of CD4+ cells per 20 μl peripheral blood of mice at
experimental day 48 prior to FTY720 administration and on day 55 prior to sacrifice. Data are pooled from 17–23 mice per time point from three independent
experiments. (C) Representative flow cytometry plots of cells isolated from the lung at experimental day 55. Box gate denotes the Thy1.2− NP-specific CD4+

cells in E. (D) Summary data of the number of NP-specific CD4+ cells in the lung at experimental day 55 as represented in C. Data are pooled from 6–12mice per
group from three independent experiments. (E) Representative flow cytometry plots of NP-specific CD4+ T cells isolated from the lung at experimental day 55.
(F) Summary data of the percentage of T-bet+ NP-specific cells, the geometric mean fluorescence intensity of T-bet in NP-specific cells, and the percentage of
ST2+ NP-specific cells as represented in E. Data are pooled from 10–12 mice per group from three independent experiments. (G) Graph summarizing morbidity
following X31 infection as a percent of starting (experimental day 50) weight. Data are pooled from 2–12 mice per group from five independent experiments.
(H) Quantification of viral load in whole lung tissue at experimental day 55 as measured by qRT-PCR. The dotted line indicates limit of detection. Data are
pooled from 2–12 mice per group from five independent experiments. *, P < 0.05; ## or **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Graphs showmean ± SD.
Data in B, D, F, and G were analyzed by unpaired t test. Data in H were analyzed by Mann–Whitney test. pfu, plaque-forming units. IAV, influenza A virus. o.p.,
oropharyngeal. gMFI, geometric mean fluorescence intensity.
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Figure 5. Diminished T-bet expression in NP-specific CD4+ TRM in the lung can be driven by IL-33 and is dependent on ST2 signaling in CD4+ T cells.
(A) Schematic of the experimental timeline for data in B–C. (B) Representative flow cytometry plots of CD4+ T cells isolated from the lung at experimental day
27. (C) Summary data of the percentage of T-bet+ NP-specific cells, the geometric mean fluorescence intensity of T-bet in NP-specific cells, and the percentage
of ST2+ NP-specific cells as represented in B. Data are pooled from six mice per group from two independent experiments. (D) Schematic of the experimental
timeline for data in E and F. (E) Representative flow cytometry plots of CD4+ T cells isolated from the lung on experimental day 27. Red box gate and numbers
define the T-bet+ population and associated frequency, respectively. (F) Summary data of the percentage of T-bet+ NP-specific cells, the geometric mean
fluorescence intensity of T-bet in NP-specific cells, and the percentage of ST2+ NP-specific cells as represented in E. Data are pooled from eight to nine mice
per group from three independent experiments. (G) Schematic of the experimental timeline for data in H–J. (H) Representative flow cytometry plots and
summary data of ST2 expression by CD4+ and CD4− cells isolated from the lung at experimental day 48. Plots are pregated on CD45.2+, B220−, CD8−, CD19−,
F4/80−, CD11b−, CD11c−, TCR γΔ−, and NKG2d− cells. Data are pooled from 10–11 mice per group from three independent experiments. (I) Representative flow
cytometry plots of CD4+ T cells isolated from the lung at experimental day 48. (J) Summary data of the percentage of T-bet+ NP-specific cells as represented in
I. Data are pooled from 10–11 mice per group from three independent experiments. *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Graphs showmean ± SD and data
were analyzed by unpaired t test. pfu, plaque-forming units. IAV, influenza A virus. o.p., oropharyngeal. gMFI, geometric mean fluorescence intensity.
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frequency of T-bet expression after HDM exposure, similar to
what was observed in wild-type mice (Fig. 5, I and J). However,
CD4CreERT2+/− ST2flox/flox mice that had ST2 ablated in the CD4+

compartment prior to challenge with HDM did not exhibit a
significantly reduced frequency of T-bet expression in NP-
specific CD4+ TRM (Fig. 5, I and J). Thus, in addition to rIL-33
being sufficient to drive diminished T-bet expression in NP-
specific CD4+ TRM, IL-33 receptor signaling in CD4+ T cells is
necessary for NP-specific lung TRM cells to decrease T-bet ex-
pression in response to HDM exposure.

Concluding remarks
Our data demonstrate that a population of NP-specific CD4+

Th1 TRM in the lung formed following influenza infection can be
phenotypically and functionally altered by respiratory HDM or
IL-33 exposure in an ST2-dependent manner. These changes in
the overall composition of the lung-resident NP-specific CD4+

T cells may reflect changes in the overall population as opposed
to suggesting alterations in the expression of T-bet and ST2 at
the individual cell level. For example, the loss of T-bet+ cells due
to lung egress in conjunctionwith the entry of T-bet− cells would
lead to similar conclusions, as we did not observe an increase in
the number of influenza-specific CD4+ T cells in the lung after
challenge with HDM. Notwithstanding, we have demonstrated
that the modulation of this compartment is persistent and im-
pacts memory cell functionality. In addition, while we demon-
strate that reduced T-bet expression in NP-specific CD4+ TRM

responding to HDM exposure depends upon the expression of
ST2 in CD4+ T cells, further investigation is necessary to de-
termine the exact relay of signals. NP-specific CD4+ TRM may be
directly perceiving IL-33 through ST2, leading to T-bet down-
regulation, or perhaps ST2 signaling in HDM-specific CD4+

T cells present during the allergic challenge phase drives alter-
ations in the NP-specific population through paracrine cytokine
production or other mechanisms. Although acute challenge with
papain or rIL-33 over 2 d was sufficient to reduce the frequency
of T-bet+ NP-specific CD4+ TRM prior to the formation of an
allergen-specific population in the lungs, future investigation
into the ST2-dependent mechanisms driving these observations
should be performed.

The present findings also demonstrate that a lower frequency
of T-bet+ NP-specific CD4+ TRM persists after cessation of allergic
challenge and is associated with improved morbidity and re-
duced viral load and inflammatory cytokines upon hetero-
subtypic infection. While NP-specific CD4+ TRM have been
shown to be important for protection against influenza infec-
tion, some studies have suggested that CD4+ Th1 cells can also
promote pathology or worsen disease in response to hetero-
subtypic challenge with influenza (Teijaro et al., 2010, 2011;
Schmit et al., 2022; McKinstry et al., 2019). Specifically, the
production of IFN-γ in influenza infection promotes an antiviral
response but is also associated with increased lung injury and
weight loss (Schmit et al., 2022). Similarly, mice possessing
IL-2–deficient memory CD4+ T cells produce less cytokines, in-
cluding IFN-γ and IL-12, during heterosubtypic influenza chal-
lenge and exhibit reduced morbidity and mortality (McKinstry
et al., 2019). As we observed reduced expression of IFN-γ, and to

a lesser degree, less IL-10 production in HDM-exposed NP-
specific CD4+ TRM upon reactivation, further investigation into
the direct contribution of NP-specific CD4+ TRM-derived cyto-
kines and other changes in this population on disease outcomes
upon reinfection is necessary. In conclusion, these studies
demonstrate that antigen-specific CD4+ Th1 TRM populations in
the lung are impacted by subsequent non-cognate local immune
responses in an ST2-dependent, CD4+ T cell–intrinsic manner,
which may have important implications in future vaccine and
therapeutic development.

Materials and methods
Mice
Female C57BL/6Jmice, Red5 (B6(C)-Il5tm1.1(icre)Lky/J)mice (#030926;
JAX stock), Great “IFN-γ YFP” (C.129S4(B6)-Ifngtm3.1Lky/J) mice
(#017580; JAX stock), and CD4CreERT2 (B6(129X1)-Tg(Cd4-cre/
ERT2)11Gnri/J) mice were purchased from The Jackson Laboratory.
ST2flox/flox mice were obtained from Steven Ziegler (Benaroya Re-
search Institute, Seattle, WA, USA). CD4CreERT2−/− ST2flox/flox mice
were bred to CD4CreERT2+/− ST2flox/flox mice and the resulting lit-
termates were used for the indicated experiments. Mice that were
infected with influenza A virus PR8 or influenza A virus X31
were housed in Animal Biosafety Level-2 conditions. All mice were
maintained under specific pathogen–free conditions at the Uni-
versity of Washington. Experiments were performed in ac-
cordance with the University of Washington Institutional
Animal Care and Use Committee guidelines.

For tamoxifen administration, 100 μl of an 11 mg/ml solution
of tamoxifen (cat. no. T5648; Sigma-Aldrich) dissolved in 11%
sterile EtOH and 89% sterile corn oil (cat. no. CO136; Spectrum
Chemical) was administered to mice via intraperitoneal injec-
tion with a 25-gauge needle daily for 5 d.

Viral infections
Mice were anesthetized with ketamine/xylazine and intrana-
sally instilled with 10 plaque-forming units of influenza A virus
PR8 or 1,000 plaque-forming units of influenza A virus X31 di-
luted in sterile PBS in a final volume of 40 μl. For experiments
that utilized FTY720 (Fingolomod; Enzo Life Sciences), mice
were injected intraperitoneally daily for the indicated range
with 25 μg FTY720 in sterile deionized H20.

Immunizations
For preparation of HDM immunizations, whole crushed D.
pteronyssinus HDM powder (Greer Laboratories Inc.) was re-
suspended in sterile PBS. For experiments that performed al-
lergic sensitization and challenge, mice were anesthetized with
isofluorane and administered HDM via the oropharynx at a
concentration containing 23 μg Der p 1 protein in a volume of
40 μl during the primary sensitization. Beginning at 10 d after
sensitization, mice were anesthetized with isofluorane and in-
stilled with HDM in the oropharynx at a concentration con-
taining 5.75 μg Der p 1 protein daily for 5 d during the allergic
challenge phase.

For acute respiratory challenge experiments with HDM, pa-
pain, LPS, and recombinant cytokines, mice were anesthetized
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with isofluorane and administered the target molecules in a total
volume of 40 μl diluted in sterile PBS via the oropharynx for the
indicated days. On each day, mice were given HDM normalized
to 5.75 μg Der p 1 protein (Greer Laboratories Inc.), 25 μg papain
(from papaya latex, aseptically filled; Sigma-Aldrich), 10 μg Ul-
trapure LPS from E. coli O111:B4 (InvivoGen), 50 ng recombinant
mouse IL-33 (BioLegend), and/or 500 ng recombinant mouse
IL-18 (BioLegend) as described in the relevant figures.

Isolation of cells from the lung
Approximately 3 min prior to sacrifice, mice were injected intra-
venously with 1 μg anti-Thy1.2 BUV395 (clone 53-2.1; BD Bio-
sciences) to label T cells in the vasculature (Anderson et al., 2014).
Mice were then euthanized via CO2 asphyxiation and lungs were
harvested in PBS with 2% fetal calf serum. The lung tissue was
placed into gentleMACS C Tubes (Miltenyi Biotec) with RPMI 1640
Medium with Hepes (#22400089; Gibco) containing 70 μg/ml Lib-
erase (#05401127001; Roche) and 10 mM aminoguanidine (cat. no.
A7009; Sigma-Aldrich). The tissue was dissociated on the gentle-
MACS Dissociator (Miltenyi Biotec) and then incubated at 37°C for
30 min followed by a final dissociation step. The single-cell sus-
pensions from the lung were then filtered over 70-μm mesh and
washed with Dulbecco’s Modified Eagle’s Medium (Ref: 10-017-CV;
Corning, Inc.) with 10% fetal calf serum to inhibit liberase activity.

Quantitative reverse transcription PCR (qRT-PCR)
For viral RNA quantification, the right middle lung lobe was
harvested from C57BL/6J mice and placed in RNAlater Stabili-
zation Solution (Invitrogen) at −20°C. 15 mg of lung tissue was
lysed using the RNeasy Plus Mini Kit RLT buffer with
β-mercaptoethanol (Qiagen) and a 5-mm stainless steel bead
(Qiagen) on the TissueLyser II (Qiagen) twice for 2.3 min at 30
Hz. RNA was isolated from the lysate using the RNeasy Plus
Mini Kit (Qiagen) according to manufacturer instructions. Iso-
lated RNA was then synthesized and amplified into cDNA using
the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). For influenza A virus M1/M2 transcript
measurement, this cDNAwas used as a template for quantitative
PCR using Prime Time qPCR Probe Assays (Integrated DNA
Technologies, Inc.) and Prime Time Gene Expression Master
Mix (Integrated DNA Technologies, Inc.) with the following
primer and probe design: Probe: (6-FAM/ZEN/IBFQ) 59-CCTCTG
CTGCTTGCTCACTCGATC-39; Forward Primer: 59-CAGCACTAC
AGCTAAGGCTATG-39; Reverse Primer: 59-CTCATCGCTTGCACC
ATTTG-39. Transcripts were normalized to Rps17 (40S ribosomal
protein S17) which was quantified using PowerUP SYBR Green
Master Mix (Applied Biosystems) with the primers: Rps17 Fwd:
59-CGCCATTATCCCCAGCAAG-39; Rps17 Rev: 59-TGTCGGGAT
CCACCTCAATG-39. For IL-6, IFN-γ, and TNF-α quantification,
the following primers were used with PowerUP SYBR Green
Master Mix and normalized to Rps17. Il6 Fwd: 59-TGAACAACG
ATGATGCACTTG-39; Il6 Rev: 59-CTGAAGGACTCTGGCTTTGTC-
39; Ifng Fwd: 59-ATGAACGCTACACACTGCATC-39; Ifng Rev: 59-
CCATCCTTTTGCCAGTTCCTC-39; Tnf Fwd: 59-TCTGTCTACTGA
ACTTCGGGGTG-39; Tnf Rev: 59-ACTTGGTGGTTTGCTACGACG-
39. Quantitation was performed on the ViiA7 Real-Time PCR
System (Applied Biosystems).

In vitro stimulation and intracellular cytokine staining
After acquiring a single-cell suspension from lung tissue diges-
tion (see Isolation of cells from the lung), cells were pelleted and
resuspended in 25 ng/ml PMA and 1.4 μM Ionomycin in Dul-
becco’s Modified Eagle’s Medium (Ref: 10-017-CV; Corning, Inc.)
with 10% fetal calf serum for 4.5 h at 37°C. For the final 3.5 h of
culture, BD GolgiStop (BD Biosciences) containing Monensin
was added according to manufacturer instructions. Following
incubation, the cells were filtered over nitex mesh (https://
amazon.com) and stained with APC-conjugated NP311–325:I-Ab

tetramer for 1 h at room temperature. Cells were then washed
and stained for surface markers (CD4, clone: GK1.5; BD Bio-
sciences; B220, clone: RA3-6B2; BD Biosciences; LIVE/DEAD
Fixable Blue Dead Cell Stain Kit, Invitrogen; Purified CD16/CD32,
clone 2.4G2; BD Biosciences) for 30 min on ice. Cells were then
fixed and permeabilized with eBioscience Foxp3/Transcription
Factor Staining Buffer Set (Invitrogen) according to manufac-
turer instructions. Intracellular cytokine staining (IFN-γ, clone:
XMG1.2; BioLegend; IL-10, clone JES5-16E3; BioLegend; IL-13,
clone eBio13A; Invitrogen) was performed in 1X Permeabiliza-
tion Buffer (Invitrogen) at room temperature for 1 h before flow
cytometry acquisition.

Cell enrichment and flow cytometry
Following acquisition of single-cell suspensions, cells were
stained with NP311–325 (QVYSLIRPNENPAHK) I-Ab tetramer or
Der p 1117–127 (CQIYPPNVNKI) I-Ab as indicated conjugated to
APC or PE and incubated at room temperature in the dark for 1 h.
Cells were then washed and incubated with 25 μl anti-APC and/
or anti-PE microbeads (Miltenyi Biotec) on ice for 30 min. After
incubation, cells were washed and tetramer-positive cells were
enriched over magnetic LS columns (Miltenyi Biotec) as previ-
ously described (Moon et al., 2007; Legoux and Moon 2012). The
enriched fraction and “flow-through” non-enriched fraction
were then surface-stained with identical antibody master mixes
on ice for 30 min for downstream analysis of tetramer-specific
cells and bulk lymphocyte populations. When applicable, cells
were then fixed and permeabilized with eBioscience Foxp3/
Transcription Factor Staining Buffer Set (Invitrogen) according
to manufacturer instructions. Intracellular transcription factor
staining was performed in 1X Permeabilization Buffer (In-
vitrogen) at room temperature for 1 h before data acquisition by
flow cytometry. All cells were acquired on the LSR II or FAC-
Symphony (BD) and analyzed using FlowJo 10.8.1 software
(Treestar). All plots shown in figures are pregated on FSCxSSC
singlet B220− CD8− CD4+ cells. Naı̈ve CD4+ cells as indicated are
further gated on CD62L+ CD44− CD69− cells.

For surface staining, the following antibodies were used:
B220 (clone: RA3-6B2; BD), CD4 (clone: RM4-5 or GK1.5; Bio-
Legend or BD), CD8 (clone: 53-6.7; BD), CD3 (clone: 145-2C11; BD),
CD44 (clone: IM7; BD), CD69 (clone: H1.2F3; BD), CD62L (clone:
MEL-14; BD), CD218a (clone: P3TUNYA; Invitrogen), ST2 (clone:
DJ8;MD Bioproducts), Thy1.2 (clone: 53-2.1; BD), CD45.2 (clone: 104;
eBioscience), CD19 (clone: eBio1D3; eBioscience), F4/80 (clone: BM8;
BioLegend), NKG2d (clone: CX5; eBioscience), TCR γΔ (clone:
eBioGL3; eBioscience), CD11b (clone: M1/70; BD), and CD11c
(clone: N418; BioLegend). For intracellular transcription
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factor staining, the following antibodies were used: T-bet
(clone: 4B10; Invitrogen), GATA3 (clone: L50-823; BD), and
Foxp3 (clone: FJK-16s; Invitrogen).

Statistical analysis
Statistical analysis was performed by unpaired t test, Mann–
Whitney test, Spearman’s rank correlation, and tested for nor-
mality by Shapiro–Wilk test as indicated in the figure legends
using Prism 9.5.1 (GraphPad Software). Graphs showmean ± SD.

Online supplemental material
Fig. S1 demonstrates Ifng and Il6, but not Tnf, transcript levels in
the lung on day 5 after X31 infection are reduced if mice pre-
viously infected with PR8 were additionally exposed to HDM
prior to heterosubtypic challenge. Furthermore, the level of Ifng
and Il6 transcript in the lung, as well as T-bet expression in NP-
specific CD4+ TRM, positively correlates with viral load on day 5
following challenge with X31. Fig. S2 demonstrates that NP-
specific CD4+ TRM in the lung express IL-18Ra after PR8 infec-
tion and are upregulated following challenge with LPS but not
papain.

Data availability
Data are available in the article or upon a reasonable request to
the corresponding author.
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Supplemental material

Figure S1. Proinflammatory cytokine levels in the lung are reduced after heterosubtypic challenge in mice exposed to HDM following PR8 infection
and positively correlate with increased viral load. (A) Schematic of the experimental timeline for data in B. (B) Quantification of Ifng, Il6, and Tnf transcript
expression in whole lung tissue on experimental day 55 as measured by qRT-PCR. Data are pooled from 1–12 mice per group from five independent ex-
periments. (C) Correlation of viral transcript expression and Ifng expression in whole lung tissue, Il6 expression in whole lung tissue, and level of T-bet ex-
pression in NP-specific CD4+ T cells isolated from the lung on experimental day 55. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Graphs in B show
mean ± SD. Data in B were analyzed by Mann–Whitney test, data in C were analyzed by Spearman’s rank correlation. pfu, plaque-forming units. IAV, influenza
A virus; o.p., oropharyngeal. gMFI, geometric mean fluorescence intensity.
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Figure S2. NP-specific CD4+ TRM in the lung express IL-18Ra. (A) Schematic of the experimental timeline for data in B and C. (B) Representative flow
cytometry plots of CD4+ T cells isolated from the lung at experimental day 27. (C) Summary data of the percentage of IL-18Ra+ NP-specific cells as represented
in B. Data are pooled from six mice per group from two independent experiments. *, P < 0.05. Graphs show mean ± SD and data were analyzed by unpaired
t test. pfu, plaque-forming units. IAV, influenza A virus. o.p., oropharyngeal.
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