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Regulation of the alveolar regenerative niche by
amphiregulin-producing regulatory T cells
Katherine A. Kaiser1, Lucas F. Loffredo1, Kenia de los Santos-Alexis1, Olivia R. Ringham1, and Nicholas Arpaia1

Following respiratory viral infection, regeneration of the epithelial barrier is required to preserve lung function and prevent
secondary infections. Lung regulatory T (Treg) cells are critical for maintaining blood oxygenation following influenza virus
infection through production of the EGFR ligand amphiregulin (Areg); however, how Treg cells engage with progenitors
within the alveolar niche is unknown. Here, we describe local interactions between Treg cells and an Areg-responsive
population of Col14a1+EGFR+ lung mesenchymal cells that mediate type II alveolar epithelial (AT2) cell-mediated regeneration
following influenza virus infection. We propose a mechanismwhereby Treg cells are deployed to sites of damage and provide
pro-survival cues that support mesenchymal programming of the alveolar niche. In the absence of fibroblast EGFR signaling,
we observe impaired AT2 proliferation and disrupted lung remodeling following viral clearance, uncovering a crucial immune/
mesenchymal/epithelial network that guides alveolar regeneration.

Introduction
Host resilience against respiratory viral infections requires a
calibrated immune response that effectively clears pathogens
while limiting excessive inflammation. As seen in patients with
COVID-19 and other severe respiratory infections, inappropriate
inflammatory and tissue protective responses generated early
during infection can lead to acute respiratory distress syndrome
and mortality (Levy and Serhan, 2014; Matthay et al., 2019;
Rolfes et al., 2018; Tay et al., 2020). Although infrequent within
non-lymphoid tissues such as the lung, Foxp3+CD4+ regulatory T
(Treg) cells have a profound effect on mitigating tissue damage
and promoting repair across multiple organ systems through
their production of tissue-specific growth factors and cytokines
(Zaiss et al., 2019; Zhang et al., 2017). Among these factors is
amphiregulin (Areg), an epidermal growth factor receptor
(EGFR) ligand involved in many developmental, regenerative,
and proliferative processes (Berasain and Avila, 2014; Burzyn
et al., 2013; Green et al., 2017; Hui et al., 2017; Ito et al., 2019;
Meulenbroeks et al., 2015), and a critical modulator of lung re-
pair (Arpaia et al., 2015; Ding et al., 2016; Manzo et al., 2012;
Minutti et al., 2019; Monticelli et al., 2011; Morimoto et al., 2018;
Nordgren et al., 2018). Although EGFR ligands including Areg
are abundantly produced by the epithelium and other immune
cells in the lung, we previously demonstrated that Treg cell–
derived Areg is uniquely important for maintaining lung func-
tion during influenza virus infection (Arpaia et al., 2015). Mice
conditionally lacking Treg cell sources of Areg suffer a severe

reduction in blood oxygen saturation (SpO2) without alteration
in viral load, immune cell infiltrate, or viral antigen–specific
conventional T cell responses—suggesting that Treg cell–
derived Areg promotes a tissue-protective process within the
alveolar epithelium that is distinct from the canonical role of
Treg cells in immunosuppression. While considerable research
has correlated EGFR-family signaling with lung diseases such as
fibrosis and cancer (Green et al., 2017; Vallath et al., 2014),
studies have only recently begun to uncover the distinct cell
types that respond to immune-derived EGFR ligands in vivo and
the spatial relationships that promote non-hematopoietic re-
generation following acute injury.

In the distal lung, type II alveolar epithelial cells (AT2) are a
progenitor population capable of self-renewal and differentia-
tion into type I alveolar epithelial cells (AT1), elongated squa-
mous cells that line the alveolus and are responsible for gas
exchange (Barkauskas et al., 2013). AT2 also support barrier
defense and alveolar function through their production of sur-
factants and antimicrobial modulators (Hogan et al., 2014). Upon
infection by PR8/H1N1 influenza virus, AT2 and AT1 are lost as a
result of virally induced apoptosis and local inflammatory re-
sponses, prompting the expansion and differentiation of a sub-
population of WNT-responsive alveolar epithelial progenitors
(AEP) that aid in the reconstruction of lung alveoli (Ibricevic
et al., 2006; Nabhan et al., 2018; Zacharias et al., 2018). Many
studies have described the cell-intrinsic molecular signaling that
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drives AT2 activation and differentiation, including the en-
gagement of the WNT, YAP/TAZ, STAT3, BMP/SMAD, TP53,
and NOTCH pathways (Basil et al., 2020; Chung et al., 2018; Finn
et al., 2019; Frank et al., 2016; Jiang et al., 2020; Kobayashi et al.,
2020; Paris et al., 2020; Strunz et al., 2020). AT2 maintenance
and activation ismodulated by signals from the lung stroma both
at steady state and after insult (Adamson et al., 1990; Barkauskas
et al., 2013; Nabhan et al., 2018). Distinct subtypes of lung me-
senchymal cells respond to different sources of tissue injury and
regulate epithelial cell differentiation (Lee et al., 2017; Xie et al.,
2018; Zepp et al., 2017). However, in the context of significant
immune infiltration, the extent to which hematopoietic cells—
and specifically Treg cell–derived growth factors—influence
epithelial/mesenchymal cell signaling is poorly understood.

Here, we investigate a mechanism by which Treg cells
stimulate the alveolar regenerative niche during influenza
virus–induced injury. We observe the rapid mobilization of lung
Treg cells to virally infected regions and their distinct colocali-
zation with the lung stroma. Additionally, we identify a popu-
lation of Collagen-14+ (Col14+) mesenchymal cells that express
high levels of EGFR, are uniquely AREG-responsive, and are
effective in supporting alveolar differentiation. In the absence of
Treg cell–derived Areg, we observe an increase in Col14+ cell
death and dysregulated signaling that leads to dysplastic alveolar
regeneration. Mechanistically, ineffectual mesenchymal pro-
gramming leads to impaired AT2 differentiation—thereby re-
sulting in a delayed repair response and reduced lung function
during infection.

Results
Treg cells uniquely infiltrate to sites of active viral infection
During influenza virus infection, Areg-producing Treg cells help
to maintain blood oxygenation and protect against tissue dam-
age through an unknown mechanism (Arpaia et al., 2015). To
understand how Treg cells may be acting within the infected
lung, we initially characterized Treg infiltration and Areg pro-
duction in the lung and bronchoalveolar lavage (BAL) by flow
cytometry during the peak anti-viral T cell response and in-
flammatory resolution phases. Treg cells produce Areg soon
after infection, with the maximal number of Areg+ Tregs ap-
pearing between day post-infection (dpi) 7 and dpi 14, and
gradually lose expression to baseline ∼3 wk after viral challenge
(Fig. S1, A–D). As previously reported, the frequency or number
of Treg cells in the lung and BAL is not altered in Aregfl/flFoxp3YFP-cre

mice that lack Areg from Treg cells, indicating that Areg expression
does not directly influence their recruitment or expansion within
the lung tissue (Fig. S1, E–G).

Given that Treg cells are a minor immune cell population
within the anti-viral inflammatory response and that many
other lung cells produce Areg, we hypothesized that Treg lo-
calization may guide their unique function. We first determined
the spatial distribution of Treg cells in relation to virally infected
cells by infecting Foxp3gfp mice with an mCherry-fluorescent
strain of PR8/H1N1 influenza (Fukuyama et al., 2015) and
monitoring Treg cell localization over time by immunofluores-
cence imaging (Fig. S1 H). Lung sections were stained with anti-

GFP to identify Treg cells and anti-Agrin, a secreted proteogly-
can and component of the extracellular matrix (ECM) that de-
marcates lung structures (Fig. 1 A). In the absence of infection,
Treg cells are extremely infrequent and can occasionally be
found near bronchioalveolar duct junctions. Shortly after in-
fection with influenza, at dpi 2, we observe a patchy distribution
of Treg cells surrounding pockets of infected mCherry+ upper
airway cells. As the virus spreads to distal airways (around dpi
6), Treg cells disperse throughout alveolar spaces. Additional
staining for α-smooth-muscle actin (αSMA) expressed on cells
lining the endothelium, and podoplanin (PDPN), a protein ex-
pressed on lymphatic endothelial cells, AT1, and mesenchymal
cells, reveals Treg cells in close proximity to major blood vessels
during early stages of infection and more broadly distributed
throughout alveolar regions and within/near lymphatic vessels
at later time points (Fig. S1, I and J). Notably, Treg localization
within alveolar compartments is restricted to regions of active
viral replication or areas that were previously infected as iden-
tified by regions containing viral debris not encapsulated within
a cell. The distribution pattern of Treg cells is distinct from total
CD4+ T cells, which are found in both virally infected and un-
infected regions, while Treg cells are found nearly exclusively
near virus (Fig. 1, B and C; and Fig. S1, K and L). Together, these
observations illustrate that Treg cells are among the earliest
immune cell types to act at sites of barrier perturbation.

While it is surprising that a relatively small population of
Areg-producing Treg cells has such a considerable impact on
lung protection (Arpaia et al., 2015), Areg signaling is thought to
be highly spatially regulated by its heparin-binding domain that
allows interaction with heparin sulfate proteoglycans (HSPGs)
of the ECM (Berasain and Avila, 2014; Sarrazin et al., 2011). In
fact, HSPGs are required for AREG activation of EGFR, as
treatment with heparinase in vitro abrogates AREG signaling
(Johnson and Wong, 1994). Therefore, Areg activity within tis-
sues may be uniquely shaped by cell–cell contacts, short-range
activity, and surrounding ECM.

To further explore this connection, we characterized the
spatial relationship of Treg cells and HSPG-containing ECM
during influenza infection by immunofluorescence imaging.
Notably, Treg cells preferentially localize to regions devoid of
the extracellularly deposited ECM HSPGs perlecan and agrin
(Fig. S2, A–E). In contrast to other immune cell populations, Treg
exclusion fromHSPG+ areas appears to be cell type specific. CD11b+

myeloid cells are predominantly found within HSPG+ areas (Fig.
S2, B and C) and total CD3ε+ T cells are observed more uniformly
distributed throughout the tissue (Fig. S2, D and E). Furthermore,
Treg cells persist in lung sites lacking HSPGs following complete
viral clearance at dpi 10 (Fig. S2 F). Given the observation that Treg
cells exist in HSPG– regions yet Areg requires HSPGs to signal, we
believe that this spatial segregation of Treg cells within HSPG–

regions may be a key to regulating Areg signaling to only the ad-
jacent HSPG+ regions to which Areg can diffuse.

Disrupted alveolar repair in mice lacking Treg cell–derived
Areg
Infection with influenza virus results in the acute loss of alveolar
epithelial cells (AECs), in turn requiring the rapid activation and
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differentiation of remaining AT2 to re-establish the barrier ep-
ithelium (Basil et al., 2020; Zacharias et al., 2018). Defects in
rapid AT2-mediated regeneration engages an alternate repair
pathway that leads to the formation of long-lasting keratin 5-
expressing (Krt5+) pod structures with reduced capacity to
support normal blood oxygenation (Fernanda de Mello Costa
et al., 2020; Kumar et al., 2011; Ray et al., 2016; Vaughan et al.,
2015; Zuo et al., 2015). Inappropriate AT2 repair signaling has
been shown to expand KRT5+ pods (Paris et al., 2020). Al-
though the dramatic decline in lung function observed in
Aregfl/flFoxp3YFP-cremice suggests a deficiency in alveolar repair, a

direct role for Treg cell–derived Areg in the restitution of alve-
olar epithelial barrier integrity has not been examined. To
evaluate potential lasting impacts on lung remodeling from
conditional loss of Areg during influenza virus infection,
Aregfl/flFoxp3YFP-cre and littermate control Aregfl/fl mice were in-
fected with PR8/H1N1 and alveolar structures were assessed at
dpi 17. Strikingly, Aregfl/flFoxp3YFP-cre lungs exhibited a significant
expansion in Krt5+ pods (Fig. 1, D and E), indicative of dysplastic
alveolar regeneration and suggesting that Treg cell–derived Areg
promotes normal alveolar epithelial programming during an
acute viral infection. While there is a downward trend in density

Figure 1. Treg cells infiltrate to sites of active viral infection and influence epithelial repair. (A) Foxp3gfp mice intranasally infected with PR8/H1N1-
mCherry or PBS (mock) were analyzed by immunofluorescence imaging to assess the proximity of Treg cells (green) to PR8-mCherry virus (red) in relation to
the secreted ECM proteoglycan, Agrin, at the indicated dpi. Scale bar = 200 µm. (B and C) Quantification of total CD4+ T cells (B) or Foxp3+ Treg cells (C)
located within less than or greater than 250 μm from PR8/H1N1-mCherry virus infected regions at dpi 4. (D) Immunofluorescence imaging of KRT5+ pods
(white), αSMA+ cells (red), and FOXP3+ Treg cells in Aregfl/fl (control) or Aregfl/flFoxp3YFP-cremice at 17 dpi with PR8/H1N1. Scale bar = 400 μm. (E)Quantification
of the total area of KRT5+ pods in whole mouse lung sections; n = 3 mice/group. Representative data from one of two independent experiments shown. On
vertical bar plots, each point represents a biologic replicate and bars show mean ± SEM. Data were analyzed by two-tailed unpaired Student’s t test (** P <
0.01).
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of Treg cells within Krt5+ pods, their overall number and lo-
calization is unchanged in Areg-deficient animals at dpi 21 (Fig.
S2, G and H). Further, Treg cells cease producing Areg after
inflammatory resolution and AT1 and AT2 cells show similar
reconstitution in both Aregfl/fl and Aregfl/flFoxp3YFP-cre animals
(Fig. S1, A–D, and Fig. S2 I). Taken together, these data suggest
that Treg cell–derived Areg acts in earlier phases of alveolar
regeneration to promote AT2 activation and differentiation.

T cell–derived Areg promotes AEC regeneration during
influenza virus infection
To determine the cellular effects of T cell–derived Areg on the
alveolar niche, we created a tractable system for evaluating AEC
dynamics at the cellular level using lineage-tracing bone mar-
row chimeras. SftpccreER/+Rosa26tdTomato/+ hosts were lethally ir-
radiated and engrafted with T cell–depleted donor bone marrow
from Aregfl/flCD4-Cre (targeting all T cells) or littermate control
Aregfl/fl mice (Fig. 2 A). Following reconstitution of the hema-
topoietic compartment, mice were treated with tamoxifen to
induce recombination and permanent lineage tracing of host-
derived AT2. After a 3-wk chase, animals were infected with
PR8/H1N1 influenza virus and lung tissue sections were pro-
cessed for immunofluorescence imaging analysis. First, we di-
rectly quantified epithelial cell death in our bone marrow
chimera system by immunofluorescence imaging of cleaved
caspase 3 (CC3), a marker for apoptotic cell death. No differences
in cell death were observed in Sftpc-tdTomato+ AT2 or RAGE+

AT1 (Fig. 2, B–E). We next examined early AT2 regeneration by
measuring proliferation of tdTomato+ cells at the borders of
damaged lung regions. Here, we found a significant reduction in
Ki67 staining of AT2-derived cells in Aregfl/flCD4-Cre bone
marrow chimeras as compared to those reconstituted with bone
marrow from control Aregfl/fl mice (Fig. 2, F and G). A similar
reduction in Ki67+ pro-SPC+ AT2 was also observed through
direct assessment of AT2 proliferation in Treg cell–specific
conditional knockout mice (Aregfl/flFoxp3YFP-cre; Fig. 2, H and
I). CCSP+ club cell proliferation was not impaired in
Aregfl/flFoxp3YFP-cre mice, suggesting that loss of Treg cell–
derived Areg results in specific dysregulation of AT2 acti-
vating signals needed to stimulate alveolar regeneration at
early post-infection time points (Fig. S2, J and K).

To quantitatively assess dynamics of lung epithelial cell re-
generation, we developed an antibody staining panel to specif-
ically identify AT2 and other lung epithelial cell populations by
flow cytometry throughout influenza infection (Fig. S3 A). Cell
identity was confirmed through cytospin and immunofluores-
cence imaging with pro-SPC, KRT5, and by ciliated cell mor-
phology (Fig. S3 B). To broadly assess the effects of Treg
cell–derived Areg on epithelial progenitors, we quantified pro-
liferation of basal, club, and AT2 cells by flow cytometric
analysis following intracellular staining for Ki67. Confirming
our imaging observations, bulk AT2 exhibit significantly re-
duced proliferation (Fig. S3 C). In contrast, proliferation of basal
cells and club cells was unaltered in Areg-deficient animals
(Fig. S3, D and E), further supporting the conclusion that AT2
are the primary progenitor cell type influenced by Treg
cell–derived Areg.

Through further flow cytometric analysis of AT2, we iden-
tified a transitional AEC population that co-expresses markers
for both AT2 (MHCII) and AT1 (PDPN), which we termed “in-
termediate AEC” (AECint; Fig. 3 A). Using lineage tracing in
SftpccreER/+Rosa26tdTomato/+mice, we determined that AECint arise
entirely from Sftpc-expressing AT2 (Fig. 3 B). By frequency and
number, AECint expand over the course of infection (Fig. 3 C and
Fig. S3 F). Notably, there is a significant reduction in AECint in
the absence of T cell–derived Areg, a trend that is matched with
Treg cell–specific deletion of Areg (Fig. 3 D and Fig. S3 G).

Given that AECint are induced in the context of epithelial
damage, we hypothesized that these transitional cells are critical
to support lung re-epithelialization. We therefore took advan-
tage of our newly developed gating strategy to isolate AT2 and
AECint from influenza virus–infected wildtype mice for tran-
scriptional profiling by bulk RNA-sequencing (RNA-Seq). Con-
firming our FACS analysis, AECint display increased expression
of canonical AT1 marker genes such as Hopx and Pdpn compared
to AT2 (Fig. 3 E). Spock2, an interferon-induced gene implicated
in protection against viral infection and induced during AT2 to
AT1 differentiation, is also upregulated in AECint, supporting
the conclusion that AECint are a transitional population between
AT2 and AT1 (Fig. 3 E; Ahn et al., 2019; Choi et al., 2020). Of note,
the cells observed through this gating strategy are likely a
mixture of cells in transition and not a uniform cell state.

To characterize the molecular changes that occur within
AECint in the absence of T cell–derived Areg, we isolated AECint
from infected Aregfl/flCD4-Cre and littermate control Aregfl/fl

mice at dpi 5 for profiling by RNA-Seq. AECint from Aregfl/flCD4-
Cre mice exhibit a distinct transcriptional profile that reflects a
failure to upregulate key receptors and ligands involved in
growth factor signaling that promote AT2 cell differentiation to
AT1. These include Il6ra, Notch1, and Fgfr1, receptors upstream of
signaling pathways that all have been shown promote trans-
differentiation (Fig. 3 F; Zepp et al., 2017). AECint from
Aregfl/flCD4-Cre also show reduced production of structural and
tissue remodeling elements, including collagens, perlecan
(Hspg2; an ECM-deposited heparan sulfate proteoglycan), met-
alloproteinases, junction proteins, and surfactant protein B
(Sftpb; Fig. 3 F).

Several single-cell RNA-Seq (scRNA-Seq) studies of bleomycin-
induced alveolar injury have identified damage-associated
transient progenitor AECs that express Krt8+—also described
as alveolar differentiation intermediates and the pre-alveolar
type-1 transitional cell state (Choi et al., 2020; Jiang et al.,
2020; Kobayashi et al., 2020; Strunz et al., 2020). We ob-
serve increased Krt8 expression in AECint as compared to
AT2, consistent with their transitional identity (Fig. S3 H).
However, they lack gene expression signatures associated
with p53 signaling, cellular senescence, and dysfunction that
have been attributed to cells with stalled differentiation. We
therefore conclude that AECint are transitional KRT8+ cells
undergoing normal differentiation following injury and not
dysfunctional or stalled progenitors as observed in the case
of bleomycin-induced injury.

At the transcriptomic level, gene set enrichment analysis
(GSEA) reveals a reduction in WNT, NOTCH, and cell cycle
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signaling in the mixed Aregfl/flCD4-Cre AECint population
(Fig. 3 G), consistent with the reduction in cellular activation
and proliferation observed by immunofluorescence imaging and
flow cytometry (Fig. 2, F–I and Fig. S3 C). In comparison with
AT2, AECint from influenza virus–infected wildtype mice ex-
press greater levels ofWnt7a and Tm4sf1 (Fig. 3 E), markers of the

recently described WNT-responsive AEPs that drive early epi-
thelial repair following influenza virus infection (Nabhan et al.,
2018; Zacharias et al., 2018). We also see a robust induction of
autocrine Wnt9b in the emerging AECint population specifically
at early time points (dpi 3) in comparison with AT2 (Fig. 3 H).
Critically, AECint sorted from lungs of infected Aregfl/flFoxp3YFP-cre

Figure 2. Treg cell– and T cell–specific ablation of Areg leads to defects in AT2 proliferation. (A–E) (A) Schematic of bone marrow chimeras generated
from lethally irradiated SPCcreRosa2tdTomato/+ hosts reconstituted with bone marrow from Aregfl/fl or Aregfl/flCD4-Cre littermate animals. Following reconsti-
tution, AT2 labeling was induced by oral tamoxifen (TMX) administration and animals were subsequently infected with PR8/H1N1. (B–E) Imaging at dpi 6 of
influenza-infected lungs described in A. Each point on image quantification graphs represents one biologic replicate. Two independent experiments were
performed using this bone marrow chimera system. (B and C) Representative image and quantification of apoptotic cell death analyzed by CC3 staining of
tdTomato+ AT2. Filled orange arrowheads indicate apoptotic AT2. Pooled data from two independent experiments are shown. (D and E) AT1 apoptosis
quantified by CC3 staining of RAGE+ cells (AT1) indicated by filled yellow arrowheads. (F) Immunofluorescent staining of lungs from bone marrow chimeras
harvested at dpi 6, with AT2 proliferation measured by Ki67 immunostaining (white) of Sftpc-tdTomato+ cells, with Muc1 staining also used to guide deter-
mination of AT2. (G) Quantification of tdTomato+Ki67+ cells per μm2. (H) Imaging of AT2 proliferation in lungs of Aregfl/fl (wildtype) at dpi 6 by Ki67 (white) of
pro-SPC+ cells. Zoomed image of yellow box in left image is shown in right image highlighting Ki67+ pro-SPC+ proliferating AT2. (I) Quantification of AT2
proliferation in Aregfl/flFoxp3YFP-cremice and Aregfl/fl littermate controls as in shown in H at dpi 6. Representative data from one of two independent experiments
shown. On vertical bar plots, each point represents a biologic replicate and bars showmean ± SEM. Data were analyzed by two-tailed unpaired Student’s t test
(* P < 0.05, ** P < 0.01).
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Figure 3. AECint emerge during influenza-induced lung damage. (A) Flow cytometry gating strategy of AECs isolated from lungs of naive mice and
following mock treatment or PR8/H1N1 infection at dpi 5 and 10. (B) AT2 lineage tracing based on expression of tdTomato in SPCcreER/+Rosa26tdTomato mice
treated with tamoxifen 3 wk prior to infection with PR8/H1N1. Epithelial cells analyzed at dpi 6, populations identified as in Fig. S3, AECint gated as in Fig. 2 F.
(C) Frequency of AT2 and AECint in relation to total epithelial cells isolated at dpi 0 3, 5, 7, and 10. (D) Frequency of AECint within total Epcam+ cells isolated
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or Aregfl/flCD4-Cre mice fail to upregulate Wnt9b (Fig. 3 H), in
accordance with the negative enrichment of WNT signaling
pathway-associated genes inferred by RNA-Seq analysis of AECint
in Aregfl/flCD4-Cre animals (Fig. 3 G). Together, these data suggest
that Treg cell–derived Areg contributes to the induction of WNT
signaling in earliest-responding transitioning alveolar epithelial
cells. This in turn leads to the observed delay in differentiation and
a failure to upregulate pro-differentiation genes including Il6ra,
Notch1, and Fgfr (Fig. 3 B).

To further understand the composition of the AECint popu-
lation, we stained for the AEP marker, TM4SF1, by flow cy-
tometry (Zacharias et al., 2018). Consistent with our RNA-Seq
data demonstrating higher Tm4sf1 expression in AECint in
comparison with AT2 (Fig. 3 E), TM4SF1+ AECs primarily fall
within the AECint gate by flow cytometry. Of note, not all AE-
Cint are TM4SF1+, reinforcing that they are a mixed population
of activated AT2 participating in the regenerative response
(Fig. 3 I). Along with a trending reduction in the frequency of
TM4SF1+ AECs within Epcam+ cells in the absence of Treg
cell–derived Areg (Fig. S3 I), expression of Tm4sf1 by AECint
isolated from infected Aregfl/flFoxp3YFP-cre mice is significantly
reduced compared to littermate Aregfl/fl controls (Fig. 3 J). Cu-
mulatively, these data highlight that Treg cell–derived Areg is a
factor that supports the proliferation and differentiation of AT2
at early time points following acute viral injury.

Lung mesenchymal cells express EGFR and co-localize with
Treg cells
Given the literature describing the role of EGFR—the only re-
ceptor through which Areg has been reported to signal (Freed
et al., 2017)—in lung epithelial cells, our first hypothesis was
that Treg cell–derived Areg signals directly to AT2 to initiate
alveolar regeneration (Finigan et al., 2012; Vallath et al., 2014;
Yamaoka et al., 2019). To our surprise, extremely low levels of
Egfr were detected in sorted AT2 from mock- or PR8/H1N1-in-
fected lungs by bulk RNA-Seq (Fig. 4 A). This result was further
confirmed by RNA flow cytometry probing for Egfr, wherein we
found no Egfr expression on AT2 and higher levels of Egfr
transcripts in basal cells and AT1 (Fig. 4 B). This contrasts with
other EGFR-family members, Erbb2 and Erbb3, which are abun-
dantly expressed by AT2 but do not directly engage in Areg
signaling (Inoue et al., 2020; Ohmori et al., 2021). Moreover,
Areg is highly expressed by AT2 themselves, leading us to
consider that Treg cell–derived Areg does not directly signal to

AT2, but may instead be indirectly sensed by an intermediate
cell type that then provides factors that support AT2 activation
and differentiation (Fig. 4 C). Thus, to examine Egfr-expressing
cell types that could be responsible for sensing Treg cell–derived
Areg within damaged alveoli, we probed publicly available
mouse scRNA-Seq datasets (Han et al., 2018; Schaum et al., 2018)
and identified lungmesenchymal cells as one of the highest Egfr-
expressing cell types in the lung. In support of this observation,
we detected high levels of EGFR protein in lung mesenchymal
cells, but not AT2, sorted from uninfected wildtype mice by
immunoblot (Fig. 4 D).

In light of this observation, we examined the spatial rela-
tionship between Treg cells, AT2/AT2-derived cells, and EGFR-
expressing lung mesenchymal cells utilizing the AT2 lineage-trace
mouse (SftpccreER/+Rosa26tdTomato/+) to readily identify AT2 and
AT2-derived cells by orally dosing adult animals with tamoxifen
3 wk prior to infection. Imaging of lung tissue sections from in-
fluenza virus–infected animals revealed large swaths of alveolar
regions devoid of AT2 or AT2-derived cells, reflective of virally
induced AT2 apoptosis and widespread disruption of normal lung
architecture following infection (Fig. 4 E). Intriguingly, Foxp3+

Treg cells were detected at the borders of AT2-depleted regions in
areas spatially segregated from intact AT2, where they instead
appeared to predominantly colocalize with adjacent PDGFRα+

mesenchymal cells (Fig. 4, E–G). Given the distinct association of
Treg cells with the lung stroma, we hypothesized that Treg cell–
derived Areg may be sensed by adjacent mesenchymal cells—in
turn activating these cells to signal to the epithelium and facilitate
alveolar regeneration.

EGFR activation on lung mesenchymal cells supports growth
of alveolar organoids
To determine whether the activation of EGFR in lung mesen-
chymal cells promotes alveolar regeneration, we employed an
alveolar organoid culture system (Barkauskas et al., 2013; Lee
et al., 2017; McQualter et al., 2010; Zepp et al., 2017). AT2 and
lung mesenchymal cells isolated from wildtype C57BL/6 or
Egfrfl/fl mice were treated ex vivo with a recombinant, cell-
permeable fusion of cre-recombinase (TAT-cre) to induce Egfr
deletion in either AT2, mesenchymal cells, or both cell types
(Fig. 4 H; Peitz et al., 2002). By immunoblot, we confirmed
partial deletion of EGFR in mesenchymal cells (Fig. 4 I). Sur-
prisingly, deletion of Egfr in mesenchymal cells—but not
AT2—resulted in significantly smaller alveolar organoids, a size

from lungs of Aregfl/flCD4-Cre and Aregfl/fl control mice infected with PR8/H1N1 at dpi 4 by flow cytometry. Representative data from one of four independent
experiments performed within “early” post-infection time window shown, with early defined as dpi 3–4. Data were analyzed by two-tailed unpaired Student’s
t test (* P < 0.05). (E–G) RNA-Seq analysis of AT2 and AECint isolated from Aregfl/flCD4-Cre and Aregfl/fl littermate control mice at dpi 5 following PR8/H1N1
infection (n = 4 per group). (E) Volcano plot showing genes significantly upregulated in AECint, as compared to AT2, isolated from infected Aregfl/fl control mice.
(F) Heatmap representation of average gene expression in AECint isolated from control (Aregfl/fl) and conditional knock-out mice (Aregfl/fl CD4-Cre) for genes
involved in growth factor signaling and tissue homeostasis; n = 4 mice per group. (G) GSEA of AECint isolated from PR8/H1N1-infected Aregfl/fl vs. Aregfl/flCD4-
Cre mice. Bar graph depicts normalized enrichment scores (NES) for statistically significant (false discovery rate < 0.05) gene sets. (H) AECint sorted by FACs
from Aregfl/flFoxp3YFP-cre (left) and Aregfl/flCD4-Cre (right) mice and Aregfl/fl littermate controls for qPCR ofWnt9b at dpi 3. Representative data from one of three
independent experiments per genotype shown. Statistical significance evaluated by two-way ANOVA (* P < 0.05, ** P < 0.01). (I) Staining of TM4SF1 on
alveolar epithelial cells by flow cytometry at dpi 6. Pre-gated on CD45–CD31–Epcam+CD104–CD24–. Representative staining data for one mouse, from one of
two independent experiments, are shown. (J) qPCR analysis of Tm4sf1 expression normalized to Tbp in sorted AECint from Aregfl/fl littermate controls and
Aregfl/flFoxp3YFP-cre mice at dpi 5 following PR8/H1N1 infection. Representative data from one of two independent experiments shown. Statistical significance
evaluated by two-tailed unpaired Student’s t test ( * P < 0.05).
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Figure 4. EGFR activation on mesenchymal cells stimulates alveolar growth in vitro. (A) Heatmap of EGFR-family receptor expression by RNA-Seq of
FACS-sorted AT2 from PBS-treated and PR8/H1N1-infected mice at dpi 7; n = 4 animals per group. (B) RNA flow cytometry of Egfr expression by epithelial cell
type analyzed by RNA PrimeFlow. Control probe = Dapb. (C) Heatmap of EGFR ligand expression determined by RNA sequencing of AT2 from mock-treated
(PBS) and PR8/H1N1-infected wildtype animals; n = 4 animals per group. (D) Immunoblot for EGFR protein expression in wildtype mesenchymal and epithelial

Kaiser et al. Journal of Experimental Medicine 8 of 20

Regulatory T cells guide alveolar regeneration https://doi.org/10.1084/jem.20221462

https://doi.org/10.1084/jem.20221462


reduction comparable to that observed following Egfr deletion in
both epithelial and mesenchymal cell types (Fig. 4 J). Organoids
grown in the presence of Egfr-deficient mesenchyme also had
lower AT1/AT2 ratios, suggesting a defect in AT2 to AT1 con-
version, although no difference in Ki67 staining was observed
(Fig. S4, A and B). The size of organoids increases as more AT1
create spaces within the center of the structure; as a result, the
lower AT1/AT2 ratio observed in Egfr-null conditions could
explain smaller organoids. A reduction in total colony forming
efficiency was also detected when Egfr was deleted on both ep-
ithelial and mesenchymal cell types (Fig. S4, C and D). From
these data, we conclude that Egfr signaling on mesenchymal
cells promotes factors that drive AT2 differentiation in vitro.

We also tested the effect of adding recombinant mouse (rm)
AREG, EGF, or both EGFR ligands on the growth of alveolar or-
ganoids. While a modest increase in the size of alveolar orga-
noids can be seen following addition of rmEGF alone, organoids
are larger, but not more numerous, following addition of both
rmAREG and rmEGF (Fig. 4 K and Fig. S4 E). These data illustrate
that AREG/EGFR signaling on mesenchymal cells contributes to
alveolar organoid growth and that AREG and EGFmay cooperate
to promote alveolar regeneration.

To test the hypothesis that Treg cell–derived Areg can acti-
vate EGFR on lung mesenchymal cells, Treg cells from lungs or
spleens of influenza virus–infected Foxp3gfp animals were co-
cultured with mesenchymal cells isolated from lungs of naı̈ve
adult mice (Fig. 4 L). Expression of Lif, a downstream target of
EGFR signaling (Kerpedjieva et al., 2012), was upregulated in
mesenchymal cells following co-culture with lung Treg cells in
comparison with spleen Treg cells from influenza-infected mice
(Fig. 4 M). These results indicate that signals derived from Treg
cells isolated from the lungs of influenza-infected mice are ca-
pable of activating lung mesenchymal cells.

EGFR+Col14+ mesenchymal cells promote alveolar
regeneration
Several recent studies have used scRNA-Seq to describe the
heterogeneity of lung stromal cells in terms of their expression

of unique receptors and ligands, tissue distribution relative to
epithelial and endothelial cells, and unique functions during
homeostasis and disease (Dahlgren et al., 2019; Lee et al., 2017;
Tsukui et al., 2020; Xie et al., 2018; Zepp et al., 2017). Based on
our findings that EGFR signaling on mesenchymal cells influ-
ences alveolar organoid development (Fig. 4, H and I), we sought
to identify which lung mesenchymal subtypes may be re-
sponding to Treg cell–derived Areg. We initially evaluated Egfr
expression levels within different lung mesenchymal pop-
ulations at steady state by reanalyzing scRNA-Seq datasets from
published sources (Fig. 5 A; Zepp et al., 2017). We noted that
while Egfr is expressed in multiple clusters, its expression is
highest in the Col14 (Col14a1)-expressing population, an adven-
titial lung mesenchymal subset identified in mice and humans
based on expression of Pi16, Entpd2, Serpinf1, and Il33 (Fig. 5 B and
Table S1; Dahlgren et al., 2019; Stenmark et al., 2011; Travaglini
et al., 2020; Tsukui et al., 2020; Xie et al., 2018). Several studies
have implicated Col14+ mesenchymal cells—in some cases re-
ferred to as mesenchymal alveolar niche cells—in alveolar re-
generation and immune cell modulation (Benabid and Peduto,
2020; Paris et al., 2020; Zepp et al., 2017).

Using these scRNA-Seq datasets, we developed a panel of
surface markers to identify and isolate several major lung me-
senchymal cell populations by flow cytometry (Fig. 5 C). We
confirmed the identities of the three most abundant stromal
subsets through FACS purification and quantitative PCR (qPCR)
of subset-defining genes based on the designations of previous
publications: Col13+ (Col13a1); Col14+ (Col14a1); and Hhip+ (Hhip;
Fig. 5 D; Xie et al., 2018). High EGFR expression was observed
specifically on the Col14+ subset by immunoblot (Fig. 5 E). Of
note, these cell types exhibit unique morphologies after ex vivo
isolation and adherence in overnight culture, with Col14+ being
distinctly vesicularized in comparison to the other subsets (Fig.
S4 F). We also validated the adventitial fibroblast designation of
Col14+ by immunofluorescence staining of ectonucleoside tri-
phosphate diphosphohydrolase 2 (ENTPD2), an adenosine-
processing ectoenzyme that is highly expressed by Col14+ cells.
In accordancewith previous reports, Col14+ cells surroundmajor

cells isolated from C57BL/6 mice and cultured overnight prior to protein extraction. Protein input normalized by Bradford assay and validated by staining for
β-actin (bottom panels). Representative data from one of two independent experiments shown. (E and F) Immunofluorescence imaging of lung tissue sections
from tamoxifen-treated SPCcreER/+Rosa26tdTomato mice infected with PR8/H1N1 influenza at dpi 6. (E) Treg cell (FOXP3+, green) distribution in relation to AT2
(red) or (F) PDGFRα+ mesenchymal cells (Mes, white). Scale bar in E = 400 μm; scale bar in F = 100 μm; filled orange arrowheads indicate Treg cells.
(G) Quantification of Treg:AT2 and Treg:Mes distances calculated by K-nearest neighbor analysis. At least four damaged areas were analyzed in each of n = 3
mice. Data represented as mean ± SEM; statistical significance evaluated by two-tailed unpaired Student’s t test (**** P < 0.0001). (H) Alveolar organoid
culture setup of lung epithelial and mesenchymal cells isolated from C57BL/6 or Egfrfl/fl mice cultured for 14 d following treatment with TAT-cre to induce Egfr
deletion. (I) Immunoblot for deletion of EGFR following in vitro treatment with TAT-cre in Egfrfl/fl lung mesenchymal cells with wildtype mesenchyme and
vehicle controls. Protein input normalized by Bradford assay and validated by staining for β-actin (bottom panels). Representative data from one of three
independent experiments shown. (J) Quantification of the average area of all organoids ≥1000 µm2 with mesenchymal EGFR deletion, epithelial EGFR deletion,
both, or neither (control). Data represented as mean ± SEM. Experiment performed five times (mesenchymal deletion conditions alone: three experiments;
epithelial deletion conditions included alongside mesenchymal conditions: two experiments), with normalized data from the latter two experiments repre-
sented on graphs. Statistical significance evaluated by one-way ANOVA (** P < 0.01, *** P < 0.001). (K) Organoids generated from co-culture of AT2 and lung
mesenchymal cells isolated from C57BL/6 mice grown with or without the addition of rmAREG (100 ng/ml), rmEGF (25 ng/ml), or both, for 14–16 d.
Quantification of the average area of all organoids ≥1000 µm2. Data represented as mean ± SEM; statistical significance evaluated by one-way ANOVA (* P <
0.05, ** P < 0.01). Experiment performed three times, with normalized data from all experiments shown. (L andM) In vitro setup of Treg cells co-cultured with
isolated lung mesenchymal cells for 12 h at a 1:2 (Treg:Mes) ratio (L) and transcriptional analysis of adherent mesenchymal cells for EGFR activation (M)
assessed by qPCR for Lif expression normalized to housekeeping (Tbp). Data represented as mean ± SEM; n = 3 wells/group. Representative data from one of
three independent experiments shown; statistical significance evaluated by one-way ANOVA (*** P < 0.001, **** P < 0.0001). Source data are available for this
figure: SourceData F4.
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Figure 5. Treg cells co-localize with Col14+ lung mesenchymal cells that express EGFR and support alveolar organoid growth. (A) UMAP projection of
reanalyzed scRNA-Seq dataset from Zepp et al. 2017 (GSE99714) of lung mesenchyme from 6-wk-old C57BL/6 mice. (B) Average Egfr expression across lung
mesenchymal cell subsets from A. (C) Gating strategy for lung mesenchymal cells isolated from C57BL/6 mice informed by dataset in A. Pre-gated on live
(Sytox–) CD45–Epcam–CD31– cells. (D) Confirmation of marker gene expression of FACS-sorted Col13+, Col14+, and Hhip+ by qPCR, normalized to Hprt. Data
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blood vessels in the adventitia in wildtype uninfected lungs (Fig.
S4 G; Dahlgren et al., 2019; Travaglini et al., 2020; Tsukui et al.,
2020).

We next assessed if Col14+ mesenchymal cells are functionally
distinct in their ability to promote alveolar epithelial regenera-
tion. CD45–CD31–Epcam–CD146– cells that are Sca1+—which we
established to be a defining surface marker for Col14+ mesen-
chymal cells (Fig. 5 C)—have been previously found to support
lung epithelial cell growth in vitro (McQualter et al., 2010). To
determine the ability of different mesenchymal subsets to pro-
mote alveolar regeneration, we isolated Col13+, Col14+, and Hhip+

cells for alveolar organoid culture with lung AT2 (Barkauskas
et al., 2013). Organoids grown with Col14+ support cells were
significantly larger and contained more pro-SPC+ AT2 sur-
rounding a robust interior of RAGE+ AT1 (Fig. 5, F and G; and Fig.
S4 H). The AT1/AT2 ratio for organoids grown in the presence of
Col14+ mesenchymal cells is modestly lower than those grown
with Col13+ mesenchyme (Fig. S4 I), which can be attributed to
the overall greater number of AT2 cells per organoid observed in
Col14+ cultures. Notably, organoids grown with Col13+ cells were
smaller, and those grown with Hhip+ cells were unable to form
multicellular structures, demonstrating that Col14+ mesenchy-
mal cells are highly proficient in driving alveolar cell growth
in vitro. No differences were observed in Ki67 expression be-
tween cultures (Fig. S4 J).

Finally, we examined the localization of Treg cells in relation
to ENTPD2+Col14+ cells in wildtype mice in the absence of Treg
cell–derived Areg. In both settings, Treg cells are found closer in
proximity to Col14+ cells than to AT2 (Fig. 5, H and I). Of note,
proliferating AT2 are not found directly near adventitia, indi-
cating that AT2:Col14+ cell signaling likely occurs through se-
creted factors (Fig. S4 K).

Col14+ stromal cells are uniquely AREG responsive
To determine the transcriptional responses induced by EGFR
activation within each subset, we performed bulk RNA-Seq on
FACS-sorted Col13+, Col14+, and Hhip+ lung mesenchymal cells
stimulated with rmEGF, rmAREG, or vehicle control (Fig. 6 A). In
accordance with our sort strategy, each population clusters
based on cell identity by principle component analysis (Fig. 6 B).
Importantly, Col14+ cells are most responsive to AREG treatment
in vitro compared to Col13+ andHhip+ subsets (Fig. 6 C)—evidenced
by nearly 200 significantly differentially expressed genes in
Col14+ cells vs. only 7 and 48 differentially expressed genes in
AREG-treated Col13+ and Hhip+ populations, respectively
(Fig. 6 C, top). While many of the same genes were induced in
Col14+ cells in response to both AREG and EGF stimulation,

many cytokines and chemokines including Il6, Ccl2, Ccl7, Cxcl5,
and Cxcl2were selectively induced by EGF treatment (Fig. 6 D).
Of the genes most highly induced in Col14+ cells by AREG
treatment, several have been reported for their roles in pulmo-
nary function and disease, including osteopontin (Spp1), Il11,
Vegfa, and Tenascin (Tnc; Fig. 6, D and E; Gremlich et al., 2020;
Morimoto et al., 2018; Ng et al., 2019; Vila Ellis et al., 2020).
Furthermore, GSEA of genes induced by AREG treatment re-
vealed an enrichment in proliferative and activation pathways
and a reduction in pro-apoptotic signaling (Fig. 6 F). The distinct
transcriptional changes elicited by treatment with EGF or AREG
are also demonstrated through hierarchical clustering of Col14+

samples, which clearly segregate by treatment group (Fig. 6 G).
Taken together, these findings support the notion that the Col14+

stromal cells are an EGFR ligand–responsive subpopulation of lung
mesenchymal cells that respond to signals provided by lung Treg
cells and promote the expansion and differentiation of alveolar
epithelial cells.

Dysregulated activation and increased apoptosis of Col14+

mesenchymal cells in the absence of Treg cell–derived Areg
Given the immense heterogeneity within lung stromal cells and
dynamic changes in surface marker expression during infection,
we performed scRNA-Seq to assess transcriptional differences in
specific mesenchymal subsets in the absence of T cell–derived
Areg. We isolated mesenchymal cells from Aregfl/flCD4-Cre and
littermate control mice for analysis at day 8 following influenza
virus infection (Fig. 7 A). To compare the mesenchymal pop-
ulations identified during infection to those observed at steady-
state, we integrated our scRNA-Seq results with a previously
published dataset generated for naive lung mesenchyme (Fig. 7,
A and B; Xie et al., 2018; Zepp et al., 2017). Although many
mesenchymal clusters were readily identified in untreated and
flu-infected lungs by principal components analysis–based
clustering and Uniform Manifold Approximation and Projection
(UMAP) visualization (Seurat v3), additional activated or dif-
ferentiating stromal subsets (“Mes” clusters) greatly expand
upon influenza infection (Fig. 7, B and C). We subsequently
identified a cluster corresponding to Col14+ cells based high
expression of Col14a1, Il33, Pi16, and Ntrk2 and low expression of
Col13a1 and Hhip (Fig. 7 D).

Given that type-I interferons induced during influenza virus
infection are known to drive programmed cell death (Fujikura
and Miyazaki, 2018; Malireddi and Kanneganti, 2013) and be-
cause we observed a negative enrichment for apoptosis follow-
ing Areg treatment of Col14+ cells (Fig. 6 F), we hypothesized
that Areg may be an important pro-survival signal that enables

represented as mean ± SEM. (E) Immunoblot for EGFR expression in sorted AT2 and mesenchymal subsets. Protein input normalized by Bradford assay and
validated by staining for β-actin (bottom panel). Representative data from one of two independent experiments shown. (F and G) Alveolar organoids grown in
the presence of individually sorted lung mesenchymal populations assessed by (F) immunofluorescence imaging of organoids stained for pro-SPC (AT2) and
RAGE (AT1), with DAPI nuclear staining (blue), and (G) size quantification of the top 100 organoids in each culture condition. Scale bar in F = 50 μm; data in G
represented as mean ± SEM, statistical significance evaluated by one-way ANOVA (**** P < 0.0001). Shown are representative data from two independent
experiments for Col13+ and Col14+ mesenchymal cells, and one experiment for Hhip+. (H) Immunofluorescence imaging of Treg cells (green) in proximity to pro-
SPC+ AT2 (red) and ENTPD2+ Col14+ cells in Aregfl/fl (left) and Aregfl/flFoxp3YFP-cre (right). Scale bar = 200 μm. (I)Quantification of H, with the distance of Treg to
AT2 or Treg to Col14 calculated by k-nearest neighbor analysis in Aregfl/fl (left) and Aregfl/flFoxp3YFP-cre (right). Data represented as mean ± SEM; statistical
significance evaluated by two-tailed unpaired Student’s t test (** P < 0.01, **** P < 0.0001). Source data are available for this figure: SourceData F5.
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Figure 6. Col14+ lung mesenchymal cells selectively respond to Areg. (A) Schematic of RNA-Seq analysis of lung mesenchymal cell subsets treated with
rmEGF (50 ng/ml) or rmAREG (200 ng/ml) following isolation from naive C57BL/6 mice. Cells were plated overnight prior to stimulation. (B) Principal
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mesenchymal cells to endure tissue damage and inflammation.
In support of this concept, we found that Col14+ cells undergo
significantly higher rates of apoptotic cell death during influ-
enza virus infection in the absence of total T cell– and Treg
cell–derived Areg (Aregfl/flCD4-Cre and Aregfl/flFoxp3YFP-cre mice,
respectively) in comparison to Aregfl/fl littermate controls, as
determined by flow cytometric analysis of CC3 staining
(Fig. 7, E and F). Furthermore, Col14+ cells sorted from in-
fected Aregfl/flFoxp3YFP-cre mouse lungs express reduced levels of
growth factors, Fgf7 and Fgf10, which have found to promote AT2
activation following acute injury (Fig. 7 G; Paris et al., 2020).
Taken together, these data suggest that increased Col14+ me-
senchymal cell apoptosis in the absence of Treg cell–derived Areg
leads to a dysregulation in signaling networks that promote al-
veolar regeneration following virus-induced damage.

Treg cells signal through mesenchymal cell intermediates to
support alveolar regeneration
To directly test if Treg cell–derived Areg signals through EGFR+

mesenchymal cells, we crossed mesenchymal–specific Col1a2-
creER transgenic mice with a conditional Egfrfl/fl allele to en-
able inducible deletion of Egfr on mesenchymal cells in vivo
(Fig. 7 H). Although Col1a2-creER is broadly considered a pan-
mesenchymal inducible Cre driver, our scRNA-Seq analyses
demonstrate that Col1a2 is most highly expressed on lung Col14+

mesenchymal cells at steady state (Fig. 7 I). Following oral ad-
ministration of tamoxifen, partial deletion of EGFR on bulk lung
mesenchymal cells was confirmed by immunoblot (Fig. S5 A),
with partial deletion likely due to incomplete recombination
efficiency and the presence of non-targeted Col1a2– stromal cells
contained within the bulk mesenchymal cell enrichment. No
baseline defects in Col14+ cells were observed in Egfrfl/flCol1a2-
creER mice following tamoxifen administration (Fig. S5 B).
Strikingly, loss of EGFR on Col1a2-expressing mesenchymal cells
results in a severe reduction in blood oxygen saturation fol-
lowing influenza virus infection, a decline that phenocopies loss
of Areg fromTreg cells (Fig. 7 J; Arpaia et al., 2015). Similar to the
loss of Treg cell–derived Areg, qPCR analysis of AECint isolated
from influenza-infected Egfrfl/flCol1a2-creER and Egfrfl/fl litter-
mate control mice reveals reduced expression of Tm4sf1 in the
absence of EGFR signaling within the Col1a2+ population
(Fig. 7 K). Further, AECint gene expression from Egfrfl/flCol1a2-
creER conditional knockout mice mirrors the transcriptional
changes observed by RNA-Seq of Aregfl/flCD4-Cre mice, with
significantly reduced expression of genes including Notch1 and
Adam19 (Fig. 7 L and Fig. 3 F). From these data, we conclude that
loss of Treg cell–derived Areg signaling in EGFR+ Col14+ lung
mesenchymal cells impairs AT2-mediated repair—resulting in

defective alveolar regeneration and increased disease severity
following virally induced injury.

Discussion
As a mobile organ, the immune system is uniquely capable of
trafficking throughout the body to execute distinct responses to
context-specific stimulatory cues. Here, we demonstrate that
lung Treg cells are rapidly recruited to sites of active viral in-
fection and provide key tissue-protective factors that drive early
tissue repair programs in non-hematopoietic cells. This unique
pro-repair Treg cell pool seems to operate outside of classical
MHC/TCR interactions and may rely on innate signals such as
cytokines, alarmins, TLR ligands, or lipid mediators for activa-
tion (Arpaia et al., 2015). We discovered that the exquisite lo-
calization of Treg cells to sites of tissue injury is distinct from
conventional CD4+ T cells. While the cues that recruit Treg cells
to the site of damage are not well understood, we believe that
this unique patterning enables highly spatially regulated sig-
naling. It is well appreciated that heparin sulfate proteoglycans
are required for Areg signaling. We hypothesize that Areg dif-
fuses within the area immediately surrounding the Treg cells to
Col14+ cells in matrix-rich areas. Although untested in these
studies, we suspect that Treg cell migration within the tissue
may also rely on interactions with these components of the
extracellular matrix. Future studies are needed to understand if
these cells acquire memory features or tissue residency prop-
erties that enable tissue retention and rapid response to
rechallenge.

A growing number of studies have revealed circumstances in
which the immune system interacts with tissue stem cells to
influence their activation and differentiation following injury
(Naik et al., 2018). Recently, several reports have also shown the
direct influence of inflammatory cytokines on alveolar epithelial
cell differentiation (Broggi et al., 2020; Choi et al., 2020; Major
et al., 2020). Our work elucidates an indirect mechanism by
which pro-survival signals from Treg cells mediate stromal cell-
guided activation of alveolar progenitors. We identify a Col14a1-
expressing mesenchymal cell subtype, referred to as Col14+

mesenchymal cells, that is uniquely sensitive to Treg cell–
derived signals and also highly expresses IL-33, an alarmin
known to induce Areg production by Treg cells and also support
ILC2, another Areg-producing immune cell type found within
the adventitia (Monticelli et al., 2011). While not directly ex-
amined in this study, this positive feedback loop may serve to
strengthen Treg–stromal interactions or to polarize recently
extravasated lung Treg cells toward a pro-repair phenotype.
Ultimately, we established Treg cell–derived Areg as a critical

component analysis of RNA-Seq data from individually sorted lung mesenchymal cell populations left untreated or stimulated in vitro with rmEGF or rmAREG.
(C) RNA-Seq analysis of the number of statistically significant (Padj < 0.05) differentially expressed genes (red) after AREG (top) or EGF (bottom) stimulation in
each population. (D) Venn diagram showing statistically significant (Padj < 0.05) differentially expressed genes induced by rmAREG or rmEGF treatment of
Col14+ lung mesenchymal cells. Subset of genes selected based on relevance to lung disease or tissue repair. Upregulated genes shown in black text,
downregulated genes shown in blue text. (E) Heatmap of top genes induced in Col14+ lung mesenchymal cells following rmAREG treatment. (F) GSEA of Col14+

lung mesenchymal cells following in vitro stimulation with rmAREG vs. vehicle. Bar graph depicts normalized enrichment scores (NES) for statistically sig-
nificant (false discovery rate < 0.05) gene sets. (G) Poisson-based clustering of Col14+ cells left untreated (“Col14_NT”) or stimulated with EGF (“Col14_EGF”) or
AREG (“Col14_AREG”).
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Figure 7. Treg-derived Areg promotes Col14+ cell survival and growth factor production during infection. (A–D) Integration of previously published
scRNA-Seq data from C57BL/6 lung mesenchymal cells (GSE99714) with data from lung mesenchymal cells isolated from Aregfl/flCD4-Cre and Aregfl/fl littermate
control mice at dpi 8 following influenza virus infection. (B) UMAP rendering of integrated datasets described in A. (C) Overlay of cell clusters within UMAP
projection comparing mesenchymal subsets at steady state (Zepp), and at 8 dpi of Aregfl/flCD4-Cre and Aregfl/fl littermate control mice with PR8/H1N1.
(D) Feature plots of identity genes for Col14+ mesenchymal cells. (E and F) Apoptosis of Col14+ lung mesenchymal cells, as quantified by flow cytometric
analysis of CC3 staining at dpi 6 in (E) Aregfl/flFoxp3YFP-cre and corresponding Aregfl/fl littermate control and (F) Aregfl/flCD4-Cre and corresponding Aregfl/fl
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factor for Col14+ resilience to cell death within highly inflam-
matory tissue environments during influenza viral challenge.
This Treg–Col14+ mesenchymal cell axis supports alveolar epi-
thelial progenitor cell programming that rapidly regenerates the
barrier epithelium following virus-induced damage.

The downstream implications of this dramatic cell death
phenotype are observed in the regenerating intermediate AECs,
here termed AECint, which are less proliferative and found in
reduced numbers in the absence of Treg cell–derived Areg. In
the absence of scRNA-Seq, we have a limited ability to describe
the cell identities within this broad collection of transitioning
cells; however, AECint lack key features of dysfunction de-
scribed for stalled transitioning cells found after bleomycin-
induced lung injury (Choi et al., 2020; Jiang et al., 2020;
Kobayashi et al., 2020; Strunz et al., 2020). Over the course of
infection, we expect that this transitioning population will
differentiate and be transcriptionally distinct as they receive
anti-inflammatory signals following viral clearance. While not
investigated here, it would be interesting to understand if repair
defects observed in Aregfl/flFoxp3YFP-cre mice results in increased
susceptibility to subsequent bacterial or viral infections.

These studies also highlight an intriguing aspect of EGFR
signaling, in that treatment with EGF or AREG has profoundly
different downstream consequences depending on cell type.
This may be due to signaling through heterodimerization of
EGFR with other EGFR family members (Erbb2, Erbb3, or Erbb4,
which have not been shown to bind Areg themselves), compe-
tition for receptor engagement by other ligands, and/or other
co-receptors and downstream signaling modules that have yet to
be identified. It is clear that the functional outcomes of AREG
signaling are highly cell specific. Elucidating the distinct tran-
scriptional changes elicited by EGFR activation in discrete lung
mesenchymal cell subsets has important implications, not only
for tissue repair, but in regenerative medicine, fibrosis, and
cancer.

Materials and methods
Mice
Aregfl/flCD4-Cre and Aregfl/flFoxp3YFP-cre have been previously
described (Arpaia et al., 2015). EgfrFl/Fl mice (Lee and Threadgill,
2009) were generously provided by Dr. David Threadgill (Texas
A&M University, College Station, TX, USA) and crossed to
Col1a2-creER (Stock# 029567; Jackson Laboratories; Zheng et al.,

2002). SftpcCreER mice were obtained from Jackson Laboratories
(Stock# 028054; Rock et al., 2011) and subsequently crossed to
Ai14 tomato lineage tracing mice (Stock# 007914; Jackson Lab-
oratories; Madisen et al., 2010). All animal procedures and
experimental treatments were performed under protocol AC-
AABD8554 approved by the Institutional Animal Care and Use
Committee at Columbia University Irving Medical Center. All
mouse strains were maintained in Columbia University’s animal
facilities in accordance with institutional guidelines.

Pulse oximetry
Blood oxygen saturation (SpO2) during infection was measured
using a MouseOx Plus pulse oximeter (Starr Life Sciences). Fur
was removed from the neck at the time of viral inoculation using
Nair hair removal product. Beginning on the first day post-
infection, SpO2 was assessed every other day. Oximeter collar
clips were secured to the neck of conscious animals and SpO2

was recorded for approximately 3–5 min per mouse. Results are
shown as the mean SpO2 recorded during this interval.

Tamoxifen treatment
SftpcCreER animals received daily doses of tamoxifen (200mg/kg)
resuspended in corn oil by oral gavage for 5 consecutive days.
Col1a2-creER animals received daily intraperitoneal doses of
tamoxifen (100 mg/kg) for 5 consecutive days.

Bone marrow chimeras
Recipient animals were irradiated with 2 doses of 500 rad from a
Cesium-137 irradiator. Donor bone marrow was depleted of
T cells and RBCs using the Dynabeads FlowComp Mouse Pan T
CD90.2 kit (Thermo Fisher Scientific), with addition of bio-
tinylated anti-Ter119 antibody (BioLegend). 5–10 × 106 cells were
delivered retro-orbitally under isoflurane anesthesia. Mice were
kept on neomycin for 3 wk following generation of chimeras.

PR8/H1N1 viral strains
PR8/H1N1 was harvested in the laboratory of Dr. Donna Farber
(Columbia University, New York, NY, USA) and kindly provided
for these studies. PR8/H1N1-mCherry (Fukuyama et al., 2015)
was generously donated by Dr. Yoshihiro Kawaoka (University
of Wisconsin, Madison, Madison, WI, USA). For propagating
PR8/H1N1-mCherry influenza virus, 200 μl of 1 × 103 TCID50
viral stock was injected into the air sac of 10-d-old embryonated
chicken eggs and harvested 72 h after incubation. To measure

littermate control mice. Representative data from one of three independent experiments shown, depicted as mean ± SEM, statistical significance evaluated by
two-tailed unpaired Student’s t test (* P <0.05). (G) Expression of Fgf7 and Fgf10 in Col14+ mesenchymal cells isolated from Aregfl/flFoxp3YFP-cre in comparison to
Aregfl/fl littermate controls at dpi 6 by qPCR. Data are normalized to Tbp and represented as mean ± SEM, statistical significance evaluated by two-tailed
unpaired Student’s t test (** P <0.01). Representative data from one of two independent experiments shown. (H) 8-wk-old Egfrfl/flCol1a2-creER and Egfrfl/fl

littermate control mice were treated with five consecutive doses of tamoxifen (TMX) followed by 3-wk chase period prior to infection with PR8/H1N1. (I) Col1a2
expression by mesenchymal cell clusters identified within Zepp naive lung scRNA-Seq dataset. (J) Blood oxygen saturation measured by MouseOx pulse
oximeter during influenza infection of Egfrfl/flCol1a2-creER mice and Egfrfl/fl controls at dpi 1, 3, 5, 7, and 9. Representative data from one of two independent
experiments shown, statistical significance evaluated at each time point by two-tailed unpaired Student’s t test (* P <0.05, ** P <0.01). (K) AECint from
Egfrfl/flCol1a2-creER and Egfrfl/fl littermate control mice isolated by FACS at dpi 5 for transcriptional analysis of Tm4sf1 normalized to Tbp. Representative data
from one of two independent experiments shown, depicted as mean ± SEM. (L) Expression of Notch1 and Adam19 in AECint isolated from Egfrfl/flCol1a2-creER
and Egfrfl/fl normalized to Tbp assessed by qPCR at dpi 4. Representative data from one of two independent experiments shown, depicted as mean ± SEM.
Statistical significance for K and L evaluated by two-tailed unpaired Student’s t test (* P <0.05).
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viral titer, 10-fold serial dilutions of harvest were used to infect
Madin–Darby canine kidney epithelial cells in the presence of
1 μg/ml tosyl phenylalanyl chloromethyl ketone–treated trypsin
(Worthington Biochemical Corporation). Following 3-d culture,
supernatants from infected Madin–Darby canine kidney cells
were collected to determine lung viral titers by relative per-
formance in a hemagglutination assay using chicken RBC. Mice
were infected intranasally with 250–450 TCID50 PR8/H1N1 or
1.5 TCID50 PR8/H1N1-mCherry under ketamine anesthesia.

Immunofluorescence imaging
Lungs were perfused with periodate-lysine-paraformaldehyde
buffer followed by fixation in 4% PFA for 1 h. Lungs were de-
hydrated in 30% sucrose overnight prior to embedding in OCT
freezing medium (Fisher Healthcare), and 10-μm sections were
prepared using an Avantik cryostat. Sections were then blocked
with 10% serummatching the species of secondary antibodies in
0.3% Triton X-100 for 1 h. Sections were stained with antibodies
in 1% serum in 0.3% Triton X-100 in a humidified chamber
overnight at 4°C and with secondary antibodies for 1 h at room
temperature. Primary antibodies were used against the follow-
ing targets: pro-SPC (1:1,000; Sigma-Aldrich); Foxp3 (1:200;
Invitrogen); Muc1 (1:250; Thermo Fisher Scientific); Ki67 (1:100;
Thermo Fisher Scientific); PDPN (1:300; Developmental Studies
Hybridoma Bank); GFP (1:200; Thermo Fisher Scientific);
PDGFRα (1:200; R&D); αSMA (1:200; Sigma-Aldrich); RAGE (1:
500; R&D); Agrin (1:200; R&D); CC3 (1:100; Cell Signaling).
Secondary antibodies purchased from Jackson ImmunoResearch
raised in donkey or goat. Slides were mounted using ProLong
Diamond Antifade Mountant (Thermo Fisher Scientific). Con-
focal images were acquired on a Nikon Ti Eclipse inverted mi-
croscope. All image quantifications were performed in Fiji. For
all analyses, multi-image swaths containing >20 20× images that
encompassed both damaged and normal adjacent tissue were
acquired and stitched together for global evaluation of the lung.
At least 3 mice per group were quantified (exact numbers in-
dicated in figure legends). Identification of cell types was per-
formed by automatic thresholding of positive signal and particle
counting. For each cell type, individual cell coordinates were
exported and distances were calculated by k-nearest neighbor
in R.

For determining cells in proximity to lung structures
(i.e., 250 μm from pockets of virally infected cells, as in Fig. 1, B
and C; 50 μm from blood vessels or lymphatics, as in Fig. S1 J),
lung regions of interest were manually demarcated and a 250 or
50 μm band was automatically drawn surrounding the initial
region of interest designation. Cells were then automatically
counted within or outside of the band. The final quantification is
represented as number of cells/area of region of interest. When
assessing alveolar proliferation, regions of viral infection were
determined similarly to “zones” described in Zacharias et al.
(2018), where regions closest to alveolar damage were evalu-
ated for proliferation of AT2 per unit area.

Isolation of epithelial cells for sequencing and flow cytometry
Distal lung epithelial cells were isolated by agarose prep as
previously described (Gereke et al., 2012). Briefly, mice were

perfused with 10ml PBS prior to performing BAL three times. 25
U/ml dispase (Gibco) dissolved in HBSS (Gibco) was delivered
intratracheally in 1 ml to the lungs and a plug was created by
adding 200 μl 1% low melt agarose prepared in PBS. After aga-
rose hardening, whole lung lobes were separated, then digested
for 45 min at room temperature in 5 ml 5 U/ml dispase. Fol-
lowing digestion, lungs were then shredded in 10 ml DMEM
with 50 U/ml DNAse (Roche) followed by incubation at 37°C for
10 min. Cells were then sequentially passed through 100-, 70-,
and 40-μm filters to create a single-cell suspension for antibody
staining and downstream analyses.

Flow cytometric analysis and cell sorting
For extraction of immune and mesenchymal cells, a single-cell
lung suspension was prepared by digesting minced lung tissue
in 1 mg/ml collagenase (Worthington Biochemical Corporation),
1 mg/ml dispase (Gibco), and 5 U/ml DNAase (Roche), then
passing cells through a 100-μm filter. Dead cells were excluded
by staining cells with fixable viability dye for prior to fixation
for fixed samples (Ghost Dye Red 780, Tonbo Biosciences), or
Sytox Blue for live cells (Thermo Fisher Scientific). Antibodies
were prepared in staining buffer containing 1% BSA and 2.5 mM
EDTA in PBS and stained for 20 min at 4°C. Cells were fixed
using the Foxp3 Transcription Factor Staining Buffer Kit (Tonbo
Biosciences) for 1 h at 4°C, per manufacturer’s instructions. For
staining of intracellular targets, fixation and permeabilization
was performed according to the Foxp3 Transcription Factor
Staining Kit protocol (Tonbo Biosciences) and cell were stained
with antibody mixes for 45 min at 4°C. All panels included
blocking with anti-CD16/32 (2.4G2; Tonbo) and staining with
anti-CD45 (30-F11; BD). Myeloid cells were stained with anti-
CD11b (M1/70; BioLegend), -Ly6G (1A8; BioLegend), -Ly6C
(HK1.4; BioLegend), -Siglec-F (E50-2440; BD), -CD11c (HL3; BD),
-MHCII (M5/114.15.2; Tonbo). Lymphocytes were stained using
anti-NK1.1 (PK136; BioLegend), -TCRβ (H57-597; BioLegend),
-CD4 (RM4-5; BD), -CD8α (53–6.7;Tonbo), and -Foxp3 (FJK-16s;
eBioscience). Mesenchymal cells were stained with anti-EpCAM
(G8.8; BioLegend), -CD31 (390; BioLegend), -CD44 (IM7; Tonbo),
-Ly-6A (D7; Sca 1 BioLegend), -CD49e (5H10-27[MFR5]; Bio-
Legend), -CD146 (ME-9F1; BioLegend), and -CD140α (APA5;
Thermo Fisher Scientific). Egfr RNA expression assessed using
PrimeFlow RNA assay as per manufacturers protocol.

Bulk RNA-Seq
In vitro AREG and EGF stimulation of sorted mesenchymal cells
Lungs were digested with collagenase (1 mg/ml), dispase (1 mg/
ml), and DNAase (5 U/ml). Lung mesenchyme was isolated by
negative selection using streptavidin beads (BD Streptavidin
Particles Plus) using biotinylated anti-CD31, -Epcam, -CD45, and
-Ter119 (Biolegend) antibodies. Bead-attached cells were re-
moved using DynaMag-2 Magnet (Thermo Fisher Scientific).
Populations were sorted and plated at 50,000 cells/well in a 48-
well tissue culture–treated plate overnight at 37°C prior to
washing away any dead cells and debris. 8 h later, cells were
stimulated with 50 ng/ml rmEGF (BioLegend), 200 ng/ml
rmAREG (R&D), or vehicle control for 4 h. Cells were lysed with
Trizol for RNA extraction by the Columbia Molecular Pathology
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Core Facility and sequencing was performed by the Columbia
Genome Center.

AECs
Aregfl/fl and Aregfl/flCD4-Cremicewere infectedwith 400 TCID50
PR8/H1N1 prior to cell isolation by epithelial tissue prep proto-
col. Epcam+ cells were further enriched by negative selection
using biotinylated anti-CD31, -CD45, and -Ter119 (Biolegend)
antibodies. Live AT2 and AECint were sorted and pelleted for
RNA isolation and sequencing by GENEWIZ low input RNA-Seq.
All gene assignments were generated from Gencode (GRCm38
vM24) annotated genome. Differential expression analysis was
performed in R with DESeq2 (Apeglm).

scRNA-Seq
Aregfl/fl and Aregfl/flCD4-Cre mice were infected with 440 TCID50
PR8/H1N1. Lung mesenchymal cells were harvested at dpi 8.
Lung tissue was digested with collagenase (1 mg/ml), dispase
(1 mg/ml), and DNAase (5 U/ml), and lung mesenchymal cells
were isolated by negative selection using streptavidin beads (BD
Streptavidin Particles Plus) using biotinylated anti-CD31, -Ep-
cam, -CD45, and -Ter119 (BioLegend) antibodies. 10× scRNA-Seq
was performed by the Columbia University Genome Center and
scRNA-Seq reads were processed with Cell Ranger (10X Ge-
nomics). Further analysis was computed according to the Satija
Lab methods. Cells with <500 or >2,500 features and >5% mi-
tochondrial DNA were excluded. Minor clusters of CD45+, Ep-
cam+, or CD31+ cells were removed from our analysis. Single
cells were visualized by UMAP projection. Pathway analysis was
computed by GSEA and Metascape.

In vitro co-culture
Mesenchymal cells were isolated and plated as for RNA-Seq.
Briefly, Foxp3gfp mice were infected with 400 TCID50 PR8/H1N1
7 d prior to mesenchymal cell isolation. After plating mesen-
chymal cells overnight at 50,000 cells/well, Treg cells were
FACS-sorted from Foxp3gfp mice at dpi 8 and co-cultured with
mesenchymal cells for 12 h at a 1:2 ratio (Treg:Mes) in the
presence of anti-CD3/anti-CD28 T cell activation beads (Thermo
Fisher Scientific, Dynabeads Mouse T-cell Activator). For stim-
ulation experiments and controls, rmEGF was used at 100 ng/ml
and rmAREG was used at 200 ng/ml. At the end of each incu-
bation, wells were washed once with EDTA to remove Treg cells,
then twice with PBS, followed by lysis of mesenchymal cells in
Trizol for RNA isolation and qPCR.

Western blot
Lung mesenchymal cells and AT2 were isolated as described
above then treated with TAT-CRE recombinase as described in
for Lung alveolar organoids (below). After TAT-CRE treatment,
100,000 cells/well were plated overnight in 24-well tissue
culture–treated plates (Corning) in DMEM supplemented with
10% FBS (Corning), and 1× penicillin, streptomycin, Glutamax,
sodium pyruvate, and nonessential amino acids (Gibco). The
following morning, cells were lysed for protein extraction: for
mesenchymal cells, nonadherent dead cells were washed away
with 2 washes of ice-cold PBS, and cells were lysed by scraping

wells with TNT Lysis Buffer, pH 8.0 (20 mM Tris-HCl, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100) with
freshly added Halt Protease and Phosphatase Inhibitor Cocktail
(Pierce). For AT2, the same procedure was followed, except PBS
washes were centrifuged to lyse loosely adherent cells and
combined with lysates taken from the same well. Lysates were
shaken on ice for 30 min, then centrifuged at full speed for
15 min, with the supernatant taken and used for Western blot-
ting. Lysate supernatants were mixed with SDS (Thermo Fisher
Scientific) with bromophenol blue (Amresco), placed at 95°C for
5 min, allowed to cool to room temperature, and loaded into Bolt
4–12% Bis-Tris Plus Gels (Thermo Fisher Scientific). The Mini
Blot Module (Thermo Fisher Scientific) was used both for SDS-
PAGE (in Bolt MOPS SDS Running Buffer [Thermo Fisher Sci-
entific]), and protein transfer (to Immobilon-P PVDF [Millipore]
in Bolt Transfer Buffer [Thermo Fisher Scientific]). Membranes
were washed with TBS; blocked with 5% nonfat dry milk in
TBST (TBS with 0.1% Tween-20 [Thermo Fisher Scientific]);
washed three times in TBST; stained with primary antibodies in
5% milk or BSA in TBST, overnight at 4°C (β-Actin Mouse mAb
[clone 8H10D10; Cell Signaling], EGF Receptor Rabbit mAb
[clone C74B9; Cell Signaling]); washed three times in TBST;
stained with secondary antibodies in 5% milk in TBST for 1 h at
room temperature (anti-mouse IgG HRP-linked antibody [Cell
Signaling]) or anti-rabbit IgG HRP-linked antibody [Cell Sig-
naling]); washed three times; and incubated with chemilumi-
nescent substrate (Immobilon Classico Western HRP Substrate
[Millipore] or Immobilon Forte Western HRP Substrate [Milli-
pore]). Membranes were exposed to film, and films were de-
veloped on a Kodak X-OMAT.

Lung alveolar organoids
For AT2, alveolar epithelial cells were isolated from lungs of
naive 8–10-wk-old C57BL/6 male mice (as described above) then
FACS-sorted using a BD FACS Aria system, with gating strategy
as shown in Fig. S3 A. Cells were handled as follows for three
separate lines of experimentation: (1) For EGFR ligand treatment
experiments, cells were sorted directly into “Pre-Organoid Me-
dia” (Airway Epithelial Cell Basal Medium [Promocell] with 5%
FBS and 1× penicillin, streptomycin, and Glutamax [Gibco]). (2)
For TAT-CRE treatment of AT2 isolated from C57BL/6 or Egfrfl/fl

mice, after FACS-sorting, cells were washed and resuspended in
ADCF-mAb serum-free media (Hyclone) at a concentration of 1 ×
106 cells/ml, and incubated at 37°C for 10 min. Simultaneously,
TAT-CRE recombinase was diluted in ADCF-mAb media to a
final concentration of 100 μg/ml, pre-incubated at 37°C for
10 min, then combined 1:1 will cell suspensions, gently mixed,
and incubated at 37°C for 45 min, followed by dilution into Pre-
Organoid Media. (3) For co-incubation of AT2 with mesenchy-
mal subtypes, cells were sorted directly into Pre-Organoid
Media.

Mesenchymal cells for organoid experiments were isolated
from lungs of naive 8–10-wk-old C57BL/6malemice using either
negative selection with streptavidin beads or sorting (as de-
scribed above). Cells were handled as follows for three separate
lines of experimentation: (1) For EGFR ligand treatment ex-
periments, following negative selection, cells were washed into
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Pre-Organoid Media. (2) TAT-CRE recombinase treatment of
lung mesenchymal cells isolated from C57BL/6 or Egfrfl/fl mice
was performed as described for AT2. (3) For co-incubation of
individual mesenchymal subsets with AT2, mesenchymal cells
were sorted directly into Pre-Organoid Media.

Alveolar organoid cultures were performed as previously
described (Barkauskas et al., 2013; Lee et al., 2017; Zepp et al.,
2017), with the following modifications. At the time of organoid
plating and each subsequent media change, fresh rmEGF (25 ng/
ml; BioLegend) and/or rmAREG (100 ng/ml; R&D Systems) were
added to media. At day 14–16 of culture, brightfield (2.5× mag-
nification) images were acquired using a Zeiss AxioObserver.Z1
inverted microscope. Images were quantified using Fiji’s “Ana-
lyze Particles” function after cleaning images using thresh-
olding, the “Fill Holes” function, and the “Watershed” function,
with a cutoff for particle size identification of >1000 µm2.

For immunofluorescence imaging, matrigel/organoid plugs
from transwell inserts were flash-frozen in Tissue-Plus OCT
Compound (Fisher) and 10-μm sections were prepared using an
Avantik cryostat. Frozen sections were then thawed, fixed with
paraformaldehyde, permeabilizedwith 0.3% Triton X-100 (Sigma-
Aldrich) in PBS, blocked with 5% horse serum (Gibco) and 0.05%
Triton X-100 (Sigma-Aldrich) in PBS, and stained overnight with
primary antibodies (rat anti-mouse RAGE [clone 175410; R&D
Systems], rabbit anti human/mouse-pro-SPC [AB3786; Sigma-Al-
drich]). Secondary antibodies (Cy3 donkey anti-rabbit IgG, Alex-
aFluor 488 donkey anti-rat IgG [Jackson ImmunoResearch]) were
stained in 1% horse serum. Slides were then stained with DAPI
(Life Technologies) and sealed with ProLong Diamond Antifade
Mountant (Life Technologies). Slides were imaged at 40–60× on a
Nikon A1R Confocal Laser Scanning microscope.

Statistical analysis
Statistical analyses were performed using GraphPad Prism or R.
Two-tailed Student’s t test was used for the statistical analysis of
differences between two groups and one-way ANOVA with
Tukey’s post-test was used for the statistical analysis of multiple
groups. Pooled experiments are represented as mean ± SEM, as
indicated. For depicting statistical analysis values on graphical
representations, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P <
0.0001, and ns (not statistically significant). All experiments
were performed ≥2 times, as indicated within the figure legend
for each corresponding dataset.

Online supplemental material
Fig. S1 describes the kinetics of Treg cell infiltration, Areg pro-
duction, and spatial distribution during acute influenza infec-
tion. Fig. S2 evaluates Treg distribution during early infection
and upon resolution and determines that Treg cell–derived Areg
minimally impacts club cells. Fig. S3 describes different pop-
ulations of lung epithelial cells by flow cytometry. Fig. S4 shows
that EGFR signaling in lung mesenchymal supports robust
growth of alveolar organoids and that organoids grow most
proficiently with support from the Col14+ subset of lung cells.
Fig. S5 establishes that the Egfrfl/flCol1a2-creERmouse model has
reduced mesenchymal cell EGFR signaling but is morphologi-
cally equivalent to wildtype animals. Table S1 contains the

marker gene lists of each mesenchymal cell cluster identified by
scRNA-Seq.

Data availability
This paper does not report original code. All raw sequencing
data have been deposited in the Gene Expression Omnibus un-
der accession no. GSE169127. Any additional information re-
quired to reanalyze the data reported in this paper are available
from the lead contact upon request.
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Figure S1. Treg cells produce Areg and localize to sites of active influenza virus infection. (A) Kinetic flow cytometric analysis of Areg protein expression
in Treg cells at dpi 0, 7, 14, 21, and 28 in the BAL and lung tissue of wildtype mice; n = 3 mice per time point. (B–D) Kinetic flow cytometric analysis of influenza
virus infection, with quantification of (B) total Treg cells/lung, (C) frequency of Areg+ Treg cells among CD4+ T cells in the lung and BAL, and (D) total number of
Areg+ Treg cells in the lung. (E–G) Flow cytometric analysis of the frequency of Treg cells among all CD4+ T cells in the lung and BAL (E) and the number of Treg
cells in the BAL (F) and lung (G) of influenza virus–infected Aregfl/flFoxp3YFP-cre and Aregfl/fl littermate control mice at dpi 6. Representative data from one of two
independent experiments shown; n = 4–5 mice/group. (H) Foxp3gfp mice intranasally infected with PR8/H1N1-mCherry or PBS (mock) and analyzed by im-
munofluorescence imaging at dpi 2, 3, 6, 8, and 10. Treg cells identified by staining with anti-GFP, quantifications performed from multiple images of different
regions of the lung. (I and J) Foxp3gfp mice intranasally infected with non-fluorescent PR8/H1N1 analyzed at dpi 6 and dpi 8; n = 3 animals per time point.
(I) Treg cell (GFP+) distribution analyzed in relation to vasculature (αSMA+, red) and AT1/lymphatic vessels (PDPN, white) at dpi 8. Yellow arrows indicate
lymphatics. Scale bar = 200 µm. (J) Quantification of the percentage of Treg cells found in alveolar regions, within 50 μm of a blood vessel, or in lymphatic
vessels at dpi 6 (left) and dpi 8 (right). (K and L) Foxp3gfp mice intranasally infected with PR8/H1N1-mCherry analyzed at dpi 4. Representative images of Treg
cells (green) and total CD4+ cells (white) in relation to mCherry-PR8/H1N1 (red) at dpi 3 influenza infection. Presence of each cell type in virus-negative lung
regions (K) and virus-positive lung regions (L). Scale bar = 200 µm.
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Figure S2. Treg cells are uniquely distributed in infected lung and loss of Areg from Treg cells does not impact alveolar or club cell regeneration at
late repair stages. (A) Treg cell exclusion from perlecan (red) and agrin (white) containing areas. (B–E) Lung tissue distribution of Treg cells as compared to
CD11b+ (B and C) and total CD3e+ T cells (D and E) within tissue sections taken from the same lungs at dpi 8 influenza challenge. HSPG+ ECM identified by co-
staining with anti-perlecan (red). Treg cells are found in proteoglycan-devoid regions (channels outlined by yellow dotted lines). Scale bar = 200 µm. Statistical
significance evaluated by two-tailed paired Student’s t test comparing Treg:CD11b+ or Treg:CD3ε+ within one large image of each biologic replicate (* P < 0.05).
(F) Treg cell (green) persistence in the lung after viral clearance at dpi 10 following PR8/H1N1 challenge. Scale bar = 400 µm. (G–I) Aregfl/flFoxp3YFP-cre and
Aregfl/fl mice infected with PR8/H1N1; lung tissue was harvested at dpi 21 for immunofluorescence imaging analysis. (G) Presence of Foxp3+ Treg cells (green)
within KRT5+ pods (white) in Aregfl/flFoxp3YFP-cre and Aregfl/fl lungs at dpi 21 following influenza infection. Yellow arrowheads indicate Treg cells within KRT5+

pods. Scale bar = 100 µm. (H) Quantification of the number of Treg cells/μm2 within a KRT5+ pod area or within 200 μm from a KRT+ pod. Statistical sig-
nificance evaluated by two-way ANOVA. (I) Representative imaging of AT2 (pro-SPC, green) and AT1 (RAGE, red) regeneration in Aregfl/fl (left) and
Aregfl/flFoxp3YFP-cre (right) mice. Scale bar = 1,000 µm. (J) Aregfl/flFoxp3YFP-cre and Aregfl/flmice infected with PR8/H1N1 and analyzed at dpi 6 for proliferation of
club cells (CCSP+, green) as indicated by Ki67 staining (red). Scale bar = 450 µm. (K)Quantification of the percentage of Ki67+ club cells per airway quantified in
at least three airways per mouse, with four mouse replicates per group. Data represented as mean ± SEM. Statistical significance evaluated by two-tailed
unpaired Student’s t test.
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Figure S3. AT2 have reduced proliferation in the absence of Treg cell–derived Areg, and arising AECint are comprised of transitional AEC populations
that share features of AT2 and AT1. (A) Gating strategy of live lung epithelial cells following agarose-prep isolation from lungs of mice at dpi 3 with PR8/
H1N1-mCherry. (B) Cytospin analysis of sorted lung basal cell, AT2, and ciliated cells stained for pro-SPC (red) or KRT5. Box A shows a zoomed image of ciliated
cells. Scale bar = 100 μm. (C–E) Proliferation of lung progenitor epithelial cells in Aregfl/flFoxp3YFP-cre and Aregfl/fl controls during influenza infection at dpi 0, 3, 5,
7, and 10 assessed by flow cytometry for Ki67 intracellular staining; n = 4 mice per group per time point, representative data from one of at least two in-
dependent experiments per time point shown; statistical significance evaluated by two-tailed unpaired Student’s t test at each time point (* P <0.05).
(F) Kinetic assessment of the number of wildtype AT2 and AECint during influenza A virus infection determined by flow cytometry. (G) Flow cytometric analysis
of AECs isolated from Aregfl/flFoxp3YFP-cre and Aregfl/fl littermate control mice at dpi 6 influenza A virus quantifying the frequency of AECint of total Epcam+ cells;
n = 6 animals per group, representative data from one of two independent experiments shown. (H) Bulk RNA-Seq of AT2 and AECint at dpi 7 of influenza
infection isolated from four wildtype animals. Gene expression shown in transcripts per million (TPM) of genes associated with damage-associated transitional
progenitor cells. Data represented as mean ± SEM; statistical significance evaluated by two-way ANOVA (* P < 0.05, **** P < 0.0001). (I) Flow cytometric
analysis of AECs at dpi 6 of influenza infection as in G. Frequency of TM4SF1+ AECs within total Epcam+ cells.
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Figure S4. Col14+ lung mesenchymal cells express EGFR and promote alveolar organoid growth. (A and B) Quantification of organoids grown in ex-
perimental setup described in Fig. 4 H. (A) Ratio of RAGE + AT1 to pro-SPC + AT2 per organoid. Statistical significance evaluated by one-way ANOVA (* P <
0.05, ** P < 0.01). (B) Percentage of Ki67+ cells per organoid. (C) 2.5× images of organoid cultures following Egfr deletion with TAT-cre. (D) Colony forming
efficiency of organoids following EGFR deletion, calculated by total number of organoids/10,000 cell input. Statistical significance evaluated by one-way
ANOVA (*** P < 0.001). (E) Organoids generated from co-culture of AT2 and lung mesenchymal cells isolated from C57BL/6 mice grown with or without
rmAREG (100 ng/ml), rmEGF (25 ng/ml), or both, for 14 d. Quantification of colony forming efficiency calculated by the total number of organoids/10,000 cell
input. Statistical significance evaluated by one-way ANOVA. (F) Brightfield images of FACS-isolated live mesenchymal cell subsets grown overnight in culture.
Scale bar = 50 μm. (G) Immunofluorescence image of Col14+ (ENTPD2+), Treg (absent), and AT2 (pro-SPC+) in PBS-treated, wildtype lungs. (H) 2.5× mag-
nification images of organoid culture wells grown with Col13+, Col14+, or Hhip+ lung mesenchymal cells. Scale bar = 1,000 μm. (I) Ratio of the number of AT1
(RAGE+)/AT2 (pro-SPC+) per organoid when grown with Col13+ or Col14+ support cells. (J) Percentage of Ki67+ cells per organoid grown with Col13+ or Col14+

cells. For I and J, data represented as mean ± SEM. Statistical significance evaluated by two-tailed unpaired Student’s t test (* P < 0.05). (K) Immunofluo-
rescence imaging of proliferating AT2 analyzed by Edu incorporation injected 6 h before animal harvest. Box A and B are two zoomed regions demonstrating
localization of AT2 in proximity to Col14+ stromal cells (ENTPD2+, white). Yellow arrowheads indicate Edu+ AT2.
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Provided online is Table S1, which is a list of each mesenchymal cell used in the study.

Figure S5. Loss of Egfr on mesenchymal cells phenocopies loss of Treg cell–derived Areg, related to Fig. 7. (A) Mesenchymal cells isolated by negative
bead enrichment from Egfrfl/flCol1a2-creER mice 3 wk after tamoxifen delivery. Mesenchymal cells plated overnight and prior to stimulation with 25 ng/ml
rmEGF. Egfr deletion was confirmed by Western blot of EGFR and phospho-EGFR (pEGFR). Protein input normalized by Bradford assay and validated by
immunoblotting for GAPDH or β-actin. Representative data from one of two independent experiments shown. (B) Representative immunostaining of
ENTPD2+Col14+ cells (white) and pro-SPC+AT2 (green) in uninfected Egfrfl/flCol1a2-creER and Egfrfl/fl controls 3 wk after tamoxifen treatment. Source data are
available for this figure: SourceData FS5.
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