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Environmental exposures increase the risk for severe lung disease, but specific drivers of
persistent epithelial injury and immune dysfunction remain unclear. Here we identify a feedback
circuit triggered by chitin, a common component of airborne particles, that impacts lung health
after epithelial injury. In mice, epithelial damage disrupts lung chitinase activity, leading to
environmental chitin accumulation, impaired epithelial renewal, and group 2 innate lymphoid cell
(ILC2) activation. ILC2s, in turn, restore homeostasis by inducing acidic mammalian chitinase
(AMCase) in regenerating epithelial cells, promoting chitin degradation, epithelial differentiation,
and inflammatory resolution. Mice lacking AMCase or ILC2s fail to clear chitin and exhibit
increased mortality and impaired epithelial regeneration following injury. These effects are
ameliorated by chitinase replacement therapy, demonstrating that chitin degradation is crucial

for recovery after various forms of lung perturbation. Thus, the ILC2—chitinase response circuit
may serve as a target for alleviating persistent post-injury lung epithelial and immune dysfunction.

One-Sentence Summary:

Environmental chitin accumulates after lung injury, triggering an ILC2-mediated epithelial
regenerative circuit to restore homeostasis.

INTRODUCTION

Lung epithelial cells regulate fluid balance, gas exchange, and the clearance of continuously
inhaled airborne particles (e.g., dust, smoke, bacteria, and fungal spores) from the airways.
These homeostatic functions are impaired by epithelial cell injury after respiratory viral
infection or other lung perturbations. Acute epithelial injury after viral infection is typically
followed by a regenerative response that restores homeostasis. However, pathological
outcomes including chronic inflammation, fibrosis, organ failure, and death can also occur,
with morbidity and mortality risk linked to high concentrations of ambient particulate matter
(1-5). Although mechanisms underlying these associations are unclear, a prominent organic
constituent of environmental particles is chitin, an insoluble polysaccharide derived from

a variety of sources including dust mites, cockroaches, and molds that are associated with
poor air quality and housing conditions (6-8).

Chitin is present in standard specific pathogen—free animal housing conditions and
accumulates in the lungs of AMCase-deficient mice over time, causing age-related
pulmonary fibrosis (9). In the respiratory and gastrointestinal tracts, chitin activates group

2 innate lymphoid cells (ILC2s) via interleukin (IL)-25, 1L-33, and thymic stromal
lymphopoietin (TSLP) to promote lung eosinophil accumulation and alternative macrophage
activation (10-13). These hallmarks of type 2 immune activation have also been linked

with fibrosis, influenza infection, and severe SARS-CoV- and SARS-CoV-2-induced lung
disease (14-16). However, the environmental drivers of type 2 triggering in such settings
are undefined. Environmentally derived chitin accumulates in the airways of humans and
mice with age-related pulmonary fibrosis (9), but can be degraded by mammalian chitinases
including AMCase to lessen inflammatory and fibrotic pathology (7, 9, 17), suggesting

that chitin and chitinases shape immune responses and disease persistence after injury.
Here, we employed mouse models of respiratory viral infection and lung epithelial injury
to investigate the contribution of chitin, AMCase, and ILC2s in restoration of health and
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epithelial homeostasis after perturbation. Unexpectedly, environmental chitin accumulated
in the airways of mice following severe epithelial damage, in disparate settings including
influenza A and SARS-CoV-2 infection, bleomycin-induced fibrosis, and after alveolar type
2 (AT2) epithelial cell depletion, concordant with loss of homeostatic AMCase activity.
Chitin accumulation altered epithelial regeneration and ILC2 responses following injury,
but restoration of chitinase activity was able to counteract these effects, revealing a
host—environmental response circuit that contributes to lung homeostasis after epithelial
perturbation.

Injury to AMCase-expressing epithelial cells causes accumulation of environmental chitin

We and others have previously shown that ChiaZ (encoding AMCase) is highly expressed by
mature secretory epithelial cells in the lung, particularly club cells and AT2s, consistent with
scRNAseq data and studies demonstrating that C//al is induced upon AT2 differentiation
(fig. S1, A to C) (9, 18-21). Using a method that enriches for alveolar epithelial cells

(22), we compared distal epithelial cells from wild-type (WT) mice with AMCase-reporter
(ChiaRed (CR))—expressing epithelial cells from heterozygous CR mice (9) by sScRNAseq to
further verify the cellular identity of AMCase-expressing cells. In the steady-state, EpCAM*
cells from WT mice primarily comprised mature AT2 (93%) and Tm4sf1-expressing
alveolar epithelial progenitor cells (AEPs) (~6%) (23, 24). AMCase-expressing CR* cells
matched the transcriptional profile of mature AT2s, as expected based on prior studies (Fig.
1A and fig. S1, D and E) (9, 18, 19). In contrast to AT2s, AEPs were enriched for transcripts
marking transitional alveolar epithelial cell states (Krt8, Krt19, Cldn4, and Cdknia) (fig.
S1D), which expand in pathological settings such as severe SARS-CoV-2 infection and
pulmonary fibrosis (25-30). In addition, AEPs and AT2s differentially expressed Epcam,
Cahl, and H2-Ab1, encoding cell surface markers EpCAM, E-cadherin, and MHC-II,
respectively, which were used to distinguish these populations by flow cytometry (figs. S1,
D and E, and S2A).

To study the turnover of Chial-expressing cells after epithelial injury, we intranasally
inoculated WT and CR mice with influenza A virus (IAV) (A/Puerto Rico/8/1934 (H1N1)),
which causes acute epithelial cell loss followed by AEP-mediated alveolar regeneration
(24, 31). AT2s and AMCase-expressing (CR*) AT2s were significantly reduced 8 days
post infection (dpi) with 1AV. This coincided with diminished AMCase protein in
bronchoalveolar lavage (BAL) fluid, followed by recovery of steady-state AT2 numbers
and restoration of BAL AMCase by 21 dpi (Fig. 1, B to D). AMCase was exclusively
expressed by epithelial cells after IAV infection. CR reporter was not detected in other lung
stromal and hematopoietic cells, including macrophage subsets and neutrophils, consistent
with prior reports (fig. S2, A and B) (9, 21). The transient loss of AMCase preceded a
rapid accumulation of chitin in the lungs of IAV-infected mice (Fig. 1E), suggesting that
inhaled particles were abnormally retained in damaged lung tissue niches. Consistent with
previous studies (7, 9), we detected chitin in food and bedding materials from two separate
animal housing facilities used for these studies (fig. S3, A and B). Thus, this recalcitrant
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polysaccharide is broadly distributed in standard rodent housing conditions and accumulates
in the lungs after epithelial damage.

To further examine the spatial distribution of AMCase-expressing lung epithelial cells,

we crossed ChiaRed (encoding Cre) with Rosa26-CAG-LSL-zsGreen mice (CR zsG),
enabling localization and fate-mapping of AMCase-expressing and zsGreen* lineage-traced
cells (Fig. 1F) (13). In mock-infected mice, AMCase lineage—traced CR zsG* epithelial
cells were uniformly distributed throughout proximal and distal lung regions, reflecting
homeostatic AMCase expression in secretory club cells and AT2s (9). However, after injury,
AMCase lineage-traced cells were absent in damaged lung areas, with a compensatory
increase in the frequency of CR zsG-expressing cells in adjacent uninjured regions (Fig.

1, G and H, and fig. S4A). We verified these expression patterns using antibody staining

for AMCase and surfactant protein C (SP-C) as an additional mature AT2 marker, which
was coexpressed with the CR zsG reporter in a majority of cells in the steady-state and

after injury (fig. S4, B to F). These data are consistent with prior reports demonstrating

that healthy alveolar epithelial cells are replaced by Krt5-expressing dysplastic epithelial
“pods” after severe viral injury (24, 31). Whereas AMCase lineage—traced cells were largely
absent from these severely damaged regions early after injury, the frequency of CR zsG™*
cells that coexpressed the AEP/transitional epithelial cell marker Krt8 was increased in
regions adjacent to damage, where regenerative activity is enriched (Fig. 1, I and J) (24).

In addition, rare CR zsG—-expressing cell clusters within damaged lung areas increased

in size by 21 dpi, consistent with de novo expansion of Chial-expressing cells within
regenerating epithelium (fig. S4, G and H). These data suggested that alveolar epithelial
progenitor cells induce AMCase during the AT2 recovery phase after epithelial injury,
resembling the developmental acquisition of mature AT2 markers during alveologenesis (18,
19, 24). Indeed, the progenitor: AT2 cell ratio was increased and CR reporter expression
was significantly induced among AEPs at 14 dpi. By contrast, AT2s maintained steady-state
CR expression during both injury and repair phases (fig. S4, I to L). Thus, lung AMCase
expression appears to be restored by AEP-driven regeneration after respiratory viral injury.

AMCase is required for restoration of lung health after epithelial injury

The induction of AMCase in AEPs after viral damage suggested that re-establishing
chitinase activity may be a key lung tissue adaptation to environmental chitin after severe
epithelial injury. To evaluate this hypothesis, we examined 1AV responses in AMCase-
deficient (CC) mice, which lack airway chitinase activity (9). Compared to controls, CC
mice exhibited increased morbidity and mortality after inoculation with two different doses
of 1AV (250 and 500 plaque-forming units (PFUs)) (Fig. 2A and fig. S5A). The lower

250 PFU dose was primarily employed in subsequent analyses to avoid potential survivor
bias. Death among CC mice mostly occurred during the recovery phase following viral
clearance and viral titers were similar between WT and CC mice (fig. S5B), suggesting that
differences in disease severity were a result of epithelial injury and environmental chitin
accumulation. Indeed, chitinase activity was absent (Fig. 2B) and chitin was significantly
increased in the BAL fluid of surviving CC mice, compared to controls, for several

months following infection (Fig. 2C and fig. S5C). Increased chitin was accompanied by
exacerbated lung inflammatory cell infiltration and excessive protein accumulation in the
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BAL fluid (fig. S5D and Fig. 2D), which contained increased amounts of serum albumin
as well as elevated lactate dehydrogenase (LDH) activity (Fig. 2E and fig. S5E), consistent
with a sustained loss of barrier integrity (32, 33). Compared to controls, CC mice also
exhibited enlarged areas of patchy consolidation by histology (Fig. 2, F to H). In addition,
total lung epithelial cells, AT2s, and AEPs were all reduced in CC mice compared to
controls (Fig. 2, | to K), indicative of a diminished capacity to restore epithelial barrier
function after damage. By contrast, inoculation with low viral doses (e.g., 25 PFU) did not
result in mortality, lung epithelial cell loss, or chitin accumulation in WT or CC mice (fig.
S5, F to I). Thus, the chitin—chitinase axis was engaged during regenerative responses to
severe epithelial injury.

The epithelial defects in |AV-infected CC mice were accompanied by alterations in lung
inflammatory infiltrates, which varied in composition at various timepoints after infection
(fig. S6, A to F). Although alveolar macrophages contribute to particle clearance and tissue
repair after AV infection (34, 35), their numbers were similar in the lungs of infected

WT and CC mice (fig. S6B). By contrast, y& T cells and neutrophils were reduced in CC
mice as compared to controls (fig. S6, E and F), consistent with enhanced activation of
type 2 immune pathways during the repair phase after severe 1AV infection. Accordingly,
ILC2s and eosinophils, which are induced in the lungs by chitin exposure (10-12) and
have been associated with epithelial repair after 1AV (36, 37), were increased in the lungs
of CC mice compared to controls (Fig. 2, L and M). We used mice expressing reporter
alleles for ILC2 signature genes arginase-1 (Yarg; ArgZYFP), IL-5 (R5; //59Tomatoy or ||-13
(Smart13; //13"CP4) (38) to confirm the expansion of type 2 cytokine—expressing ILC2s
during the recovery phase after IAV infection, as previously noted (36, 37) (fig. S7, A

to E). Lung ILC2s remained elevated throughout the recovery phase (Fig. 2L). However,
IL-13—producing ILC2s and BAL IL-5 were significantly greater in the lungs of CC mice
(fig. S7, F and G). Rare IL-13—producing T helper 2 (Th2) cells were also detected during
the recovery phase, although their numbers were similar in the lungs of WT and CC mice
(fig. STH).

The ILC2-activating cytokine 1L-33, as well as amphiregulin (AREG)—an EGFR-binding
growth factor previously implicated in ILC2-mediated lung epithelial restoration after injury
(36)—were also elevated in the BAL of CC mice compared to controls (fig. S7, | and

J). This suggested that IL33- and ILC2-mediated type 2 immune activation was sustained
by chitin after viral injury. In uninfected WT mice, the activation of lung ILC2s with
exogenous TSLP and IL-33—signals previously implicated in chitin responses (10-13)—
markedly increased AMCase production and BAL chitinase activity, whereas chitinase
activity remained absent in CC mice (fig. S7, K and L). Furthermore, ILC2 activation,
IL-13 production, and eosinophil accumulation were significantly enhanced in CC versus
WT mice after acute TSLP and IL-33 administration (fig. S7, M to P). Thus, steady-state
chitin exposure in the absence of AMCase appears to differentially condition both epithelial
and immune compartments in the lungs, preceding severe outcomes after infectious injury
and later development of age-related fibrotic lung disease (9).

These results indicated that the inability to restore chitinase activity after infection in
CC mice led to increased chitin accumulation, ILC2 activation, dysregulated epithelial
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repair, and exacerbated lung disease. To test whether exogenous chitinase replacement
therapy could rescue these effects, we intranasally administered recombinant chitinases

to CC mice during the recovery phase after IAV infection (Fig. 2N). To avoid potential
immunogenicity in AMCase-deficient CC mice and to test the sufficiency of chitinase
enzymatic activity, we treated with chitotriosidase (CHIT1), another active mammalian
endochitinase similar to AMCase. CHIT1 administration increased BAL chitinase activity
and recovery of mature AT2 cells, identified by epithelial AMCase reporter expression
(Fig. 2, O and P). Treatment with CHIT1—but not heat-inactivated CHIT1 (hi-CHIT1)
—also prevented IAV-induced mortality in CC mice (Fig. 2Q). Administration of either
recombinant CHIT1 or AMCase was also sufficient to reduce lung ILC2 expansion in CC
and WT mice, respectively, after severe 1AV infection (Fig. 2, R and S), suggesting that
ILC2s are triggered by environmental chitin after severe epithelial injury. Thus, chitinase
enzyme replacement therapy demonstrates efficacy in restoring chitinase activity and aiding
recovery after epithelial injury.

To extend these findings to other settings of respiratory virus—induced epithelial injury,

we examined chitin and AMCase in mouse models of SARS-CoV-2 infection. Consistent
with AV infection, we observed chitin accumulation in the airways of mice that had been
transiently transduced with an adenoviral vector expressing human ACEZ (AdV-hACE2)
(39) and inoculated with SARS-CoV-2 (strain WA1/2020) (fig. S8, A and B). At the same
time, AMCase expression was lost within the inflamed regions of the lung, demonstrating
that SARS-CoV-2 infection also impairs epithelial AMCase in a spatially restricted manner
(fig. S8, C and D), akin to 1AV infection. AdV-hACE2-transduced CC mice exhibited
exacerbated inflammatory lung pathology and prolonged weight loss compared to WT
controls after SARS-CoV-2 infection (fig. S8, E to G). Moreover, environmental chitin
accumulated in the lungs of mice infected with B.1.351 SARS-CoV-2, a strain naturally
adapted to mice. This viral strain also caused more severe lung pathology in CC versus WT
mice, while viral titers remained similar (fig. S8, H to K). Thus, respiratory viruses appear
to cause epithelial damage, which results in the accumulation of environmental chitin. This
chitin can then be degraded by AMCase to promote the resolution of inflammation during
the post-acute recovery phase.

To circumvent antiviral immune responses and test whether the genetically targeted ablation
of AT2 cells was sufficient to trigger chitin accumulation and ILC2 activation, we transiently
depleted AT2s using mice expressing an inducible surfactant protein C-driven diphtheria
toxin A allele (SfpdMLCre/ERT2ATAHAD G Rosa)26SorMIOTAILKYJ: AT2-deleter) (23,
40, 41) (fig. S9A). We verified the loss of AT2 cells following tamoxifen administration

in AT2-deleter mice (fig. S9B), which exhibited lung edema and increased BAL protein
accumulation compared to Sfipcc®ERTZ negative controls (fig. S9, C and D), consistent
with AT2 cell deletion and loss of alveolar integrity. AT2 deletion also resulted in reduced
BAL AMCase protein and chitinase activity, whereas BAL chitin, lung ILC2s, eosinophils,
and AREG were all significantly elevated compared to controls (fig. S9, E to K). Other
lung-resident immune cells, such as alveolar macrophages, were unaltered by AT2 cell
deletion (fig. S9L). Thus, the loss of AT2 cells specifically impacts AMCase expression,
chitin accumulation, and ILC2 activation.
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AMCase prevents severe progressive fibrotic lung disease and mortality

Persistent AT2 cell injury and epithelial regenerative dysfunction are prominent in fibrotic
lung diseases (4). We therefore tested the involvement of chitin and chitinase in a mouse
model of bleomycin-induced pulmonary fibrosis. Bleomycin administration resulted in
sustained loss of mature AT2s, accompanied by reduced BAL chitinase activity and
accumulation of environmental chitin, which was significantly increased in the CC mice
compared to WT controls (Fig. 3, Ato C). CC mice also exhibited increased mortality
during the later repair/resolution phase following bleomycin (Fig. 3D), in agreement with
the viral infection models and supporting a crucial role for AMCase in promoting resolution
of fibrotic lung disease and survival after injury. Indeed, by 42 days after bleomycin
administration, WT mice had largely resolved fibrosis. However, the lungs from surviving
CC mice were marked by prominent interstitial fibrotic lesions (Fig. 3, E and F) and
persistently elevated collagen content, which was rescued in CC mice by expression of

a lung-specific AMCase transgene (CC x SPAM Tg mice) (Fig. 3G) (9). Moreover,
therapeutic administration of recombinant AMCase after bleomycin injury reduced BAL
chitin accumulation, improved body weights, and attenuated the severity of lung fibrosis
in WT mice (Fig. 3, H to J). Thus, AMCase counteracts the exacerbating effects of
environmental chitin in the setting of pulmonary fibrosis, suggesting broad involvement
of chitin and AMCase in the repair and regeneration of damaged lung epithelium.

Environmental chitin and chitinase activity control ILC2s and recovery after IAV infection

Our results implicated environmental chitin as a driver of lung disease severity and
progression after epithelial injury. We therefore tested whether reducing chitin in the mouse
cage environment could impact immune and epithelial recovery after 1AV. Because standard
mouse housing conditions contain natural sources of chitin (e.g., food and bedding) (fig. S3)
(9) and are subject to airborne particulate contamination, we reduced environmental chitin
by (i) housing mice in sealed positive pressure cages that received double HEPA-filtered
air, (ii) using a low dust—generating cellulose-based bedding substrate, and (iii) placing
moistened food into feeders located on the cage floor, thereby minimizing inhalation of
food dust particles. WT and CC mice were placed in either standard or “low-chitin”

caging conditions, acclimated for 1 week, then intranasally inoculated with 1AV (Fig.

4A). Both WT and CC mice housed in chitin-reduced caging conditions maintained

body weight (Fig. 4B—C) and exhibited less airway chitin accumulation (Fig. 4, D and

E), and improved epithelial recovery after 1AV inoculation compared to mice housed

in standard conditions (Fig. 4, F and G). Furthermore, the enhanced lung ILC2 and
eosinophil accumulation observed in |AV-infected CC mice housed in standard conditions
was ameliorated by reducing environmental chitin (Fig. 4, H and 1), implicating chitin as

a common environmental driver of type 2 innate immune triggering after respiratory viral
infection.

Since AMCase-expressing cells were lost and chitin accumulated in the lungs of 1AV-
infected WT mice housed in standard conditions, we also tested whether enhancing lung
chitinase activity by transgene-mediated overexpression or chitinase therapy could improve
epithelial regenerative responses in standard settings. We examined responses to 1AV
infection in WT mice expressing a SP-C promotor—driven AMCase transgene (SPAM
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Tg) (17). Compared to WT controls, SPAM Tg mice maintained higher BAL AMCase
expression (Fig. 4, J and K) and chitinase activity during the recovery phase post-1AV
infection (Fig. 4L), concordant with reduced BAL chitin accumulation (Fig. 4M) and
improved weight gain during the epithelial recovery phase (Fig. 4N). Transgenic AMCase
expression also improved survival (Fig. 40) and lung epithelial function during the recovery
phase after injury, as SPAM Tg mice displayed reduced BAL protein accumulation (Fig.
4P) and increased lung AT2 numbers compared to WT controls (Fig. 4Q). In addition,
therapeutic administration of recombinant AMCase to WT mice was sufficient to boost
BAL chitinase activity (fig. S10A), reduce chitin accumulation (fig. S10B), and improve
AT2 recovery compared with heat-inactivated control AMCase (fig. S10C). Thus, enhancing
chitin degradation promotes epithelial regeneration and barrier restoration after injury.

Epithelial regeneration is modulated by chitin and chitinase activity

Epithelial cells initiate immune triggering in response to chitin (11, 12, 42), and engage
cellular stress pathways in the homeostatic absence of AMCase (9), suggesting that injury-
related chitin accumulation might also influence epithelial regeneration and repair. To assess
this, we performed RNAseq on lung epithelial cells isolated from CC and WT mice in the
steady state and during the recovery phase (14 dpi) after 1AV infection. AEPs from WT mice
induced several genes (FDR-adjusted P < 0.05) and gene pathways involved in epithelial
proliferation and differentiation after infection (Fig. 5A and fig. S11A), consistent with

the capacity of AEPs to expand and regenerate mature alveolar cells during the recovery
phase post-1AV infection (24). Regenerating WT AEPs also induced expression of mature
alveolar type 1 (AT1) and AT2 signature genes. By contrast however, AEPs from infected
CC mice failed to induce epithelial maturation markers and proliferation and differentiation
gene pathways were suppressed compared to WT controls (Fig. 5, B and C), consistent with
reduced epithelial cell numbers in CC mice (Fig. 2, | to K). Thus, epithelial regeneration is
impaired in the absence of AMCase by environmental chitin.

To determine whether chitin directly alters epithelial transcriptional programs, we performed
RNAseq analysis on AEPs isolated from the lungs of WT and CC mice 12 hours after
intranasal instillation of PBS or chitin (Fig. 5D) (11, 12). In contrast to IAV-induced

injury, chitin did not alter lung epithelial cell numbers or the ratio of AEP to AT2 (fig.

S11, B to D). However, proliferation and differentiation gene pathways, along with the
expression of AT1 and AT2 marker genes, were suppressed in AEPs from chitin-treated mice
versus PBS-treated controls (Fig. 5, E and F), indicating that chitin exerts direct effects on
regenerative gene expression in AEPs, even in the absence of infectious injury. Indeed, AEP
gene pathways affected by chitin overlapped with proliferation and differentiation programs
that were blunted in CC versus WT AEPs after IAV injury (fig. S11E).

Lung epithelial proliferation and differentiation can be promoted by epidermal growth factor
receptor (EGFR) signaling after injury (43-45), and AEPs were relatively enriched in Egfr
expression compared to AT2s (Fig. 5, G and H), suggesting enhanced responsiveness

to the EGFR ligand AREG. Furthermore, Egfr mMRNA was significantly lower among

CC AEPs compared to controls in the steady-state and was further diminished by chitin
exposure (Fig. 51). Accordingly, EGFR-regulated genes (46) were reduced in CC versus
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WT AEPs in the steady-state and after challenge with chitin (Fig. 5J and fig. S11F),

along with alterations in proliferative pathways such as DNA replication and mitotic cell
cycle processes (Fig. 5K). Compared to WT, AEPs in CC mice are therefore relatively
unresponsive to AREG signaling. This suggests the presence of a negative feedback loop
that may prevent uncontrolled proliferation and may account for the failure of AEPs to
differentiate in the presence of exacerbated ILC2 responses in CC mice (Fig. 2 and fig. S7).
Thus, AMCase plays a role in establishing the lung immune and epithelial set-point upon
environmental chitin conditioning, which is crucial for healthy recovery after injury.

ILC2s promote epithelial regeneration by restoring AT2 AMCase expression

These data prompted us to further test the involvement of ILC2s on AT2 restoration after
injury. Although IL-13 is produced by ILC2s in response to 1AV injury, mice lacking
IL-4Ra., the common receptor chain for IL-4 and IL-13, showed no differences in morbidity
or mortality, chitinase activity, or chitin accumulation (fig. S12, A to D) compared to

WT mice after IAV infection. Total epithelial cell recovery and the AEP:AT2 ratio in
/14ra”'~ mice were also unaltered compared to controls (fig. S11, E to G), indicating that
IL-4 and IL-13 signaling is dispensable for chitinase restoration and epithelial recovery
after IAV-induced injury. We then further explored the contribution of AREG, which is
also produced by ILC2s to influence epithelial recovery after viral injury (36). Consistent
with this, recombinant AREG administration during the recovery phase induced AEP
AMCase expression, increased BAL chitinase activity, reduced chitin accumulation and
tissue inflammation, and enhanced AT2 recovery in the lungs of IAV-infected WT mice
(Fig. 6, A to H). By contrast, AEP AMCase expression, AT2 maturation, and mouse weight
recovery after IAV infection were reduced and lung inflammation was enhanced by the
administration of AREG-blocking antibodies (Fig. 6, | to M). Moreover, administration

of the ILC2-activating cytokines TSLP and IL-33 during the recovery phase post-1AV
significantly increased ILC2s numbers, AREG production, AEP AMCase expression, BAL
chitinase activity, and AT2 numbers (Fig. 6, N to R). Thus, the modulation of ILC2s and
ILC2-derived AREG appears to influence epithelial regeneration and AMCase restoration
after viral injury.

To determine the contribution of ILC2s to the restoration of chitinase activity after

epithelial injury, we examined responses to IAV infection in ILC2-deleter (//5m2-1(icre)Lky

x Gi(Rosa)2650r™mY(PTALKY/3) (38) and control R5-Cre (//5M1-1(icre)Lky) mice, We verified
that R5-Cre—mediated ILC2 deletion eliminated lung ILC2s before and after IAV infection
(fig. S13, A and B). Compared to R5-Cre controls, IAV-infected ILC2-deleter mice exhibited
increased morbidity and mortality, particularly during the epithelial recovery phase (Fig.
7A), consistent with prior observations employing different ILC2 depletion strategies

(36, 37) and confirming a crucial role for ILC2s in restoring lung health after viral

infection. Notably, BAL from surviving ILC2-deleter mice showed elevated chitin amounts
and exacerbated protein accumulation compared to controls (Fig. 7B and fig. S13C),

along with reduced AREG (fig. S13D), corroborating previous findings demonstrating
diminished AREG in ILC2-depleted mice after injury (36). The AEP-to-AT2 transition was
concomitantly blunted in the lungs of ILC2-deleter mice, along with skewed AEP:AT?2 ratios
(Fig. 7, C and D). ILC2-deleter mice also exhibited markedly reduced BAL AMCase and
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chitinase activity compared to control mice, and chitinase activity was additionally reduced
in triple knockout (TKO) mice that lack the major ILC2-activating components IL-25,
IL-33R, and TSLPR (11, 38) (Fig. 7E and fig. S13E). Moreover, AEPs from ILC2-deleter
mice failed to induce Chial transcript (Fig. 7F), and total AT2 recovery was significantly
diminished in comparison with controls during the recovery phase after infection (Fig. 7G),
suggesting that ILC2 deficiency results in an inability to clear chitin due to impaired AT2
maturation and AMCase restoration after injury.

These results suggested that the induction of AMCase crucially mediates the ability

of ILC2s to restore epithelial function and lung health after viral injury. In support

of this idea, the requirement for ILC2s in AMCase restoration could be bypassed via
exogenous administration of AREG (fig. S13F), which was sufficient to restore AEP Chial
expression and BAL chitinase activity in IAV-infected ILC2-deleter mice (fig. S13, G and
H). Furthermore, mice administered active AMCase, compared with a heat-inactivated
AMCase control, improved body weight recovery (Fig. 7H) as well as survival among
IAV-infected ILC2-deficient mice (Fig. 7, H to J). These improvements were accompanied
by increased BAL chitinase activity, reduced BAL chitin and protein accumulation, and
significantly improved AT2 cell restoration during the recovery phase in AMCase-treated
ILC2-deleter mice compared to controls (Fig. 7, K to N). Thus, chitinase replacement
therapy compensates for the loss of ILC2s to promote lung epithelial regeneration after
injury, indicating that ILC2s are an essential component of the homeostatic circuit that is
engaged to restore chitinase activity after perturbation.

DISCUSSION

Our data demonstrate that a key determinant of lung repair and regeneration after

epithelial injury is the ubiquitous environmental polysaccharide chitin, which accumulates in
AMCase-depleted lung niches after various forms of epithelial damage. We show that chitin
is prevalent in standard, specific-pathogen-free mouse housing conditions and influences
the severity and persistence of lung disease in commonly employed animal models of
respiratory viral infection and pulmonary fibrosis. Following acute damage, chitin triggers
innate immune and epithelial responses that facilitate its own enzymatic digestion by an
endogenous glycosyl hydrolase, AMCase. This sequence comprises a host—environmental
circuit that drives divergent lung disease outcomes in a chitin- and chitinase-dependent
manner. This adaptation to chitin is coordinated by ILC2s, a class of sentinel tissue-resident
cells that maintain barrier integrity in several tissues including lung (36), gastrointestinal
tract (13, 43, 47), and skin (48), suggesting that an essential homeostatic function of ILC2s
is to impart mucosal barrier cells with specificity for a widespread environmental substrate.

We found that homeostatic chitinase function is compromised by severe respiratory viral
infection and fibrotic injury, which impacts chitin-mediated inflammatory triggering and
epithelial regeneration. Although we show that transient AT2 depletion is sufficient to
cause loss of AMCase activity and chitin accumulation, other routine particle clearance
mechanisms including mucociliary function and alveolar macrophage phagocytosis are also
impaired in disease settings (34, 35, 49, 50), implying that a lack of chitinase and possibly
other AT2-derived proteins (e.g., surfactant proteins) is compounded by an overall reduced
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capacity to maintain the integrity of the airspaces. In humans, high concentrations of
airborne particulate matter increase the risk for severe respiratory viral infection, pulmonary
disease, and mortality, including COVID-19-related lung epithelial alterations that resemble
age-related fibrosis (1, 2, 5, 28, 29). Severe COVID-19 lung pathology is marked by cell
types and cytokines that are induced by chitin exposure (10, 11, 14, 16, 17, 30, 51). In
addition, we previously showed that chitin accumulates in the airways of humans with
pulmonary fibrosis, as well as in aging mice that genetically lack AMCase (9). These
findings implicate chitin as a common environmental driver of lung disease severity even
among younger, WT mice, induced by both infectious and non-infectious stimuli that cause
AT?2 cell injury, which impairs critical epithelial-derived chitinase effector function. As we
show, AMCase-deficient mice that are unable to restore chitinase activity exhibit severe lung
disease and mortality following AT2 injury.

Our results further identify chitin as an environmental trigger of lung ILC2 activation
following respiratory viral infection. Prior studies have established that ILC2s contribute to
epithelial repair after |AV (36). However, the identity of specific environmental factors that
contribute to sustained type 2 immune triggering in post-viral lung disease has remained
unclear. We show that environmental chitin and lung chitinase activity influence both the
lung immune and epithelial cellular landscape in the context of infectious disease, revealing
a host—environmental interaction that determines respiratory disease outcomes. After lung
epithelial injury, chitin triggers ILC2s to restore homeostasis by inducing AMCase in
regenerating epithelial cells, thereby equipping mature AT2s with chitin-degrading capacity
required for tissue restoration and resilience. We further demonstrate that this circuit is
partially mediated by AREG after IAV. However, this growth factor likely synergizes with
a complex network that integrates interstitial macrophages and fibroblasts—among other
cellular and growth factor components—to ultimately resolve tissue injury.

The lack of AMCase led to the development of a non-resolving, progressive lung

fibrosis after bleomycin-induced injury, suggesting that chitin accumulation overrides
normal mechanisms of epithelial restitution in disparate contexts. Both AEP and ILC2
compartments are consequently altered in the absence of AMCase, both in the steady-state
and after 1AV infection, consistent with low-level homeostatic “conditioning” of ILC2s
and AEPs by environmental chitin that subsequently accumulates and impairs recovery
following injury. Accordingly, although lung ILC2s from CC mice exhibit increased
responsiveness and AREG production in response to stimuli, these signals are coupled
with AEPs that express diminished EGFR and associated growth factor components and
are therefore relatively unresponsive to differentiation signals due to the suppressive effects
of environmental chitin. This conditioning perhaps reflects a negative feedback loop that
prevents uncontrolled AEP proliferation in the presence of exacerbated ILC2 responses.
Nevertheless, in the absence of AMCase in the setting of epithelial injury, chitin provokes
chronic ILC2 triggering and impairment of epithelial regeneration, resembling epithelial
alterations that occur in chronic lung disease, pulmonary fibrosis, rhinosinusitis, and 1LC2—
stem cell interactions during hair follicle cycling (4, 24, 52, 53). Our results suggest this
ILC2-AMCase circuit is broadly involved in shaping responses to epithelial dysfunction
and inflammation. Furthermore, it may represent a general feature of insoluble particle—
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driven stromal alterations and recurrent injury, which may ultimately produce long-lasting
alterations in lung architecture and function.

Both ILC2 triggering and lung epithelial impairments can be ameliorated by reducing
environmental chitin or by boosting airway chitinase activity, implicating the ILC2—chitinase
circuit as a critical determinant of lung health post-injury. Additionally, we demonstrate that
the requirement for ILC2s in restoring epithelial health after 1AV infection can be bypassed
by exogenous chitinase therapy, showing that a primary function of ILC2s in mucosal barrier
restoration is to coordinate chitinase responses to chitin, analogous to their essential role

in driving dietary chitin adaptations in the gastrointestinal tract (13). In humans, CHIA

gene variants encoding AMCase enzyme isoforms with increased chitinase activity show
protective associations among asthma cohorts (54, 55), suggesting that robust enzymatic
activity is crucial to degrading chitin-containing stimuli that contribute to chronic airway
disease. Here, we show that both active mammalian endochitinases, AMCase and CHIT1,
exhibit efficacy in therapeutic targeting of environmental chitin following lung epithelial
injury. AMCase and CHIT1 differ with regard to expression patterns, substrate preferences,
and pH-dependent activities (56-58) suggesting that engineered enzyme variants might be
tailored to improve degradation of naturally occurring substrates in a tissue-specific manner.
In conclusion, this work demonstrates that boosting chitinase activity to reduce airway
chitin improves lung health following injury, suggesting additional therapeutic avenues for
restoring barrier integrity in a wide range of diseases involving epithelial damage.

MATERIALS AND METHODS

Mice

For all experiments, age- and sex-matched mice on C57BL/6J backgrounds were used
between 6-12 weeks of age and maintained under specific pathogen—free conditions.
ChiaRed knockin/knockout reporter (CR; ChiaIChiaRed) mice (9) were bred with Rosa26-
flox-stop-zsGreen (G{ Rosa)26SorMB(CAG-ZsGreenl)Hze/5- 007906: The Jackson Laboratory)
mice to generate AMCase-zsGreen (CR-zsG) reporter / lineage tracer mice, and additionally
crossed with Smart13 (//25'°P4) (59) reporter mice as indicated. WT SPAM Tg, CC SPAM
Tg, TKO (IL-257/7, IL-33R™/~, and TSLPR™"), Red5 (//57€%), Yarg (Arg21Y29), and ILC2-
deleter (//57¢95 x Gi{(Rosa)2650rmHPTALKY3) mice were bred and maintained as previously
described (9, 11, 38). SftpdMLCre/ERT2tTA)Hap mice kindly provided by Dr. H. Chapman
(UCSF), were bred with Gf{Rosa)2650r™LOTALkY/3 (009669; Jackson) mice to generate
AT2-deleter mice. Whole-body //4ra™'~ mice were generated by crossing CMV-cre (006054;
Jackson) with //4ra"f! mice (60), kindly provided by Dr. F. Brombacher (University of Cape
Town). All procedures were approved by the Washington University School of Medicine in
St. Louis Institutional Animal Care and Use Committee (Assurance #D16-00245).

In vivo treatments

Mice were anesthetized with isoflurane and intranasally inoculated with AV [A/Puerto
Rico/8/1934(H1N1)], which was kindly provided by Dr. A. Boon, Washington University
School of Medicine), or mock-infected with phosphate buffered saline (PBS) (30 pl).
Transient transduction of mice with AdV-hACE2 and inoculation with 10° FFU of SARS-
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CoV-2 strain 2019 n-CoV/USA_ WA1/2020 was performed as described (39). Where
indicated, mice were intranasally inoculated with 108 FFU of SARS-CoV-2 WA1/2020
D614G, B.1.351 in 50 pl PBS as described (61). 1AV titers were determined by plaque
assay on Madin—Darby canine kidney cells. After all challenges, mice were monitored

and weighed daily, and humanely euthanized if 30% loss of initial weight occurred.
Recombinant mouse AMCase (generated as previously described (62)), chitotriosidase
(CHIT1; R&D Systems), or matched control aliquots that were heat-inactivated (5 min,
95°C), were intranasally administered at a dose of 2 g in 50 ul PBS every 2 days between
10-21 dpi after 1AV inoculation. Recombinant mouse TSLP (10 ng) and 1L-33 (500 ng;
R&D Systems) were administered intranasally to mice in 50 pl of PBS for 3 consecutive
days prior to euthanasia and tissue collection. Recombinant mouse amphiregulin (5 ug)
(R&D Systems), anti-amphiregulin (2 pg) (R&D Systems), and IgG isotype control (2

ug) (R&D Systems) were administered intranasally to mice in 50 pl PBS for every 2

days between 10-21 dpi after AV inoculation prior to euthanasia and tissue collection.
Bleomycin (2 mg per kilogram of body weight) (Cayman) was resuspended in PBS and
administered to mice intranasally once at start of experiment prior to euthanasia and tissue
collection. Tamoxifen (2 ug) (Sigma-Aldrich) was resuspended in 1 ml of peanut oil and
administered to mice intraperitoneally twice a week, every 3 days prior to euthanasia and
tissue collection. Serum was collected from supernatants of non-heparinized blood that
was allowed to clot at room temperature for 1 hour. For bronchoalveolar lavage (BAL),
sterile PBS (1 ml) was intratracheally instilled and centrifuged for 10 min at 3000g before
collecting supernatants for biochemical assays. BAL pellets (BALp) were boiled for 5 min
to lyse cellular material and denature proteins before assaying for chitin content as described

(9).

Standard and reduced chitin housing conditions

For standard conditions, mice were housed in filter-top cages receiving room air 1 week
prior to placement in negative pressure cages that received double HEPA-filtered air (PNC
IVC rack system; Allentown) for IAV infections. Standard cages contained autoclaved corn
cob bedding (Andersons) with irradiated PicoLab 5053 Rodent Diet (LabDiet) placed in
hoppers located at the top of the cage (as shown in Fig. 2). For low-chitin conditions,

mice were housed in sealed positive pressure cages that received double HEPA-filtered air
(Sentry SPP rack system; Allentown) and lined with ALPHA-dri PLUS bedding (Shepherd
Specialty Papers), a low dust—generating bedding substrate comprised of virgin paper pulp
cellulose squares. In addition, PicoLab 5053 Rodent Diet (identical to that used in standard
conditions) was moistened and placed into feeders located on the floor of the cage to
minimize the inhalation of food dust particles generated during feeding.

Tissue preparation and flow cytometry

Mice were euthanized, and lung immune cells were enumerated by flow cytometry

as described (11). Lung epithelial cells were prepared as described (9), with minor
modifications. Briefly, lungs were perfused with 10 ml of PBS through the right ventricle
of the heart before intratracheal instillation of 2 ml of dispase 11 (5 mg/ml) (ThermoFisher)
and 1 ml of 0.1% low-melting point agarose, followed by cooling with ice in situ for

1 min. Lung lobes were then dissected and incubated in 2 ml of dispase Il (5 mg/ml)

Sci Immunol. Author manuscript; available in PMC 2025 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jung et al.

Page 14

(ThermoFisher) for 45 min at room temperature, transferred to C tubes (Miltenyi) containing
5 ml of DNase | (50 ug/ml) (Sigma), and dispersed into single-cell suspensions using

a gentleMACS automated tissue dissociator (Miltenyi). Cells were passed through 100-

um nylon filters, washed, incubated with red blood cell lysis buffer (BioLegend), and
resuspended in PBS with 2% fetal bovine serum prior to Fc blocking with anti-mouse CD16/
CD32 (BioXCell) and cell staining.

After Fc blocking, cells were stained using antibodies listed in table S1. Live cells were
identified by exclusion of DAPI (4’,6-diamidine-2”-phenylindole dihydrochloride) (Roche)
and enumerated with Precision Count Beads (BioLegend). Flow cytometry data acquisition
and analysis was performed with a BD FACSymphony A3 flow cytometer and FlowJo
software (BD Biosciences), and cells were sorted using a MoFlo XDP (Beckman Coulter).

Biochemical and protein assays

Chitinase activity was measured in BAL supernatants using 4-methylumbelliferyl-N,N’-
diacetyl-p-D-chitobioside (Sigma) substrate as described (9) for 30 min at 37°C. Chitin

was quantified by dot-blot assay as described (9), with minor modifications. Briefly, 1 pl

of BALp and sonicated chitin (Sigma) controls were pipetted onto 0.2-um nitrocellulose
membranes, dried overnight, rinsed in Tris-buffered saline containing 0.05% Tween 20
(TBST), blocked for 30 min with 5% bovine serum albumin (BSA) in TBST, and incubated
with enhanced GFP-labeled chitin binding probe (eGFP-CBP) (48) in 1% BSA/TBST
overnight at 4° C with gentle agitation. After washing with TBST, the membranes were
incubated with biotinylated anti-GFP antibody (13-6498-82), followed by streptavidin—
HRP (RABHRP-3) (Invitrogen) (Table S1) for 45 min at room temperature, washed, and
developed with ECL substrate (170-5060; BioLegend), before image acquisition on a
ChemiDoc MP (BioRad). For protein and AMCase quantification, equal volumes of BAL
supernatant were diluted in 4X Laemmli SDS-PAGE buffer containing 2-mercaptoethanol
(Bio-Rad) and incubated at 95°C for 5 min. Samples were then electrophoresed on 4

to 15% TGX protein gels (Bio-Rad), transferred to 0.2-um nitrocellulose membranes,
blocked with 5% milk, and probed with anti-AMCase (207169; Abcam) followed by

goat anti-rabbit 1gG (H+L)-HRP (4049-05; SouthernBiotech) (table S1). Total BAL

protein quantities were expressed as relative units minus AMCase signal, unless specified
otherwise. 1L-13 (88-7137-22; ThermoFisher), IL-33 (DY362605; R&D), and IL-5 (431204;
BioLegend) were quantified by ELISA. Hydroxyproline was determined as previously
described (9), by homogenizing snap-frozen whole lung tissue prior to hydrolysis in
concentrated hydrochloric acid for 3 hours at 120°C, followed by drying and incubation with
4-(dimethylamino)benzaldehyde as recommended by the manufacturer (Sigma). Absorbance
was measured at 560 nm using a Synergy H1 Plate Reader (BioTek).

Histology and immunofluorescence microscopy

Formaldehyde-fixed, paraffin-embedded mouse lung tissues sections (5 um) were stained
with hematoxylin and eosin (H&E) or Masson’s trichrome by standard methods.
Cryosections (7 um) were prepared from paraformaldehyde-fixed, OCT (Sakura)-embedded
frozen lung tissue from indicated fluorescent reporter mice. For immunofluorescence
imaging, OCT-embedded lung tissue sections were washed three times in PBS at room
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temperature for at least 5 min, blocked with blocking solution (1:100 diluted goat serum
(ThermoFisher; 50197Z) and 2% BSA in PBS) for 2 hours at room temperature, followed
by incubation for 24 hours at 4°C with primary antibody as listed in table S1, in

blocking solution. After washing three times in PBS, samples were stained for 1 hour

at room temperature with a secondary antibody diluted in blocking solution. Nuclei were
stained with DAPI and mounted with Fluoromount-G™ Mounting Medium (ThermoFisher;
00-4958-02) before acquiring images with an Axiolmager Z2 microscope or Axio Scan

Z1 slide scanner (Carl Zeiss) at the Washington University Center for Cellular Imaging.
An Orca Flash sSCMOS camera (Hamamatsu) with LED illumination source and filter

sets for DAPI, GFP, and RFP imaging were used to acquire fluorescence images at 20X
magnification. A color CCD camera (Carl Zeiss) was used to acquire H&E images at

20X magnification. Image analysis of H&E and immunofluorescence slides was performed
using QuPath software (version 0.2.3) (63). Briefly, tissue was detected by thresholding

a downsampled and smoothed image of the core and individual cells were identified by
separating stains using color deconvolution and identifying peaks in each channel (or sum
of the hematoxylin channels) after smoothing and assigning these as positive or negative
cells (64). The percentage of positive cells per area was calculated and results were exported
along with markup images showing the detected cells, for visual verification.

RNA sequencing

Lung alveolar epithelial type 2 cells (AT2s) (DAPI"CD45"EpCAM*MHCIINY) and alveolar
epithelial progenitors (AEPs) (DAPI-CD45"EpCAM*MHCII'®) were sorted as described
above and prepared according to library kit manufacturer’s protocol, indexed, pooled, and
sequenced on an Illumina NovoSeq 6000 (I1lumina). Gene counts were imported into the
R/Bioconductor package EdgeR (65), normalized for library size after calculating trimmed
mean of M-values (TMM). Ribosomal genes and genes not expressed in the smallest
group size minus one samples greater than one count per million were excluded, TMM
size factors and count matrices were imported into Limma (66), and weighted likelihoods
based on mean-variance relationships were calculated with voomWithQualityWeights (67).
Differential expression results were filtered for Benjamini-Hochberg false-discovery rate—
adjusted Pvalues of 0.05 or less. For each contrast identified using Limma, global
perturbations in established Gene Ontology (GO) terms and KEGG pathways were
identified using the GAGE package from R/Bioconductor (68). This package tested for
expression changes in logp-fold changes reported by Limma in each term, compared to the
background log,-fold changes of genes not included in that term. Heatmaps for each GO
term with a Benjamini—Hochberg false-discovery rate—adjusted P value of 0.05 or lower
were generated using the R/Bioconductor package heatmap3 (69) to visualize differences
across groups of samples.

Single-cell RNA sequencing (sScRNAseq) was performed as described (70) on WT
(DAPI"CD45 EpCAM™) or CR* (DAPI"CD45 EpCAM™*CR*) epithelial cells, sorted into
ice-cold 0.5% BSA in PBS and processed through the Chromium Single Cell 3" v2 Library
Kit (10X Genomics) per the manufacturer’s protocol. Single-cell libraries from 10,000
cells per sample were sequenced with standard Illumina sequencing primers on an lllumina
HiSeq 4000, using paired-end sequencing with single indexing, in which read 1 comprised
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26 cycles and read 2 comprised 98 cycles. The resulting bcl files were demultiplexed

using bcl2fastg2.1.7v, and the resultant paired-end fastq files were aligned to the mm10
transcriptome (71, 72) using STAR aligner in the Cellranger toolkit (10X Genomics). Lung
cell plots shown in fig. S1, A to C were generated from scRNAseq data (GEO accession
number; GSE149563) (21) accessed via the LungMAP Consortium and Data Coordinating
Center (73).

Quantitative RT-PCR

Sorted AEPs (CD45"EpCAM*MHCII'®) were lysed in RLT Plus. Total RNA was then
eluted from RNeasy Plus Micro columns (Qiagen). Total RNA was reverse-transcribed
with SuperScript IV VILO, then quantitative real-time PCR using Power SYBR Green
(Thermo) was run on a CFX Connect Real-Time System (BioRad). Transcripts were
normalized to 78S ribosomal gene, and relative gene expression was determined by
comparative ACT (2722CT) method. Primer pair sequences (listed 5" to 3"): Chial:

(F) TACCAGACAGGCTGGGTTCT; (R) GGAGTAGTCACTGGCTCGGA. 18S: (F)
TTACAGGGCCTCGAAAAGAGTC; (R) AACTTTGGCATTGTGGAAGG.

Statistical analysis

Data represent mean + SE, and results from independent experiments were pooled unless
otherwise indicated. P values were calculated by unpaired two-tailed Student’s #test,
multiple ftest, or one-way or two-way ANOVA as indicated using Prism software
(GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Injury to AM Case-expressing cells causes accumulation of environmental chitin.

(A) Gating scheme and #distributed stochastic neighbor embedding (tSNE) plots
representing scRNAseq analysis of wild-type (WT) (3334 cells) or ChiaRed* (CR*) (4489
cells) epithelial cells from lungs of WT or CR-heterozygous reporter mice (K-means
clustering of populations comprising >5% of total). (B to J) Mice were intranasally mock-
infected with PBS or inoculated with 250 plaque-forming units (PFU) of influenza A virus
(IAV) and analyzed at indicated days post infection (dpi). (B) Total EpCAM*MHCII* AT2
cells pooled from each experiment (n = 9-20 mice, N = 3-5 experiments per timepoint), (C)
CR* lung cells (n = 6-14 mice, N = 3-5 experiments per timepoint), (D) AMCase protein in
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BAL (n = 10-20 mice, N = 3 experiments), and (E) chitin in bronchoalveolar lavage (BAL)
fluid (n = 15-24 mice, N > 5 experiments per timepoint) of 1AV or mock-infected WT or CR
mice at indicated timepoints after infection. R.U.: relative units. (F) Mouse breeding scheme
to generate AMCase lineage-tracer (ChiaRed x R26(LSL)-zsGreen) (CR zsG) mice. (G)
Quantification of AMCase lineage—traced zsG* (green) cells in indicated lung areas and (H)
representative lung sections from CR zsG mice after IAV or mock infection. Scale bar: 200
pum. Red boxes indicate higher magnification in (I) and the dotted line demarcates injured
and uninjured areas. Representative images from n = 3 mice per group, N = 3 experiments.
(I Representative lung sections from CR zsG mice stained with keratin 8 (KRT8, red). Scale
bar: 20 um. Yellow arrowheads, CR zsG*KRT8* cells. Yellow box indicates the subsection
of the infected lung with individual channels represented on the right. (J) Quantification of
KRT8 costaining within AMCase lineage—-traced zsG* (green) cells from 1AV (14-21 dpi)-
or mock-infected mice. Data represent individual biological replicates and are presented

as mean+SE. Pvalues were calculated using (B to E) one-way ANOVA with Dunnett’s
multiple comparisons test, (G) Holm-Sidak method, or (J) unpaired ¢test. *P< 0.05; **P<
0.01; ***P< 0.001; ****P< 0.0001.
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Fig. 2. AMCaseisrequired for restoration of lung health after epithelial injury.
(A) Survival of WT and CC mice inoculated with 500 PFU 1AV. (B to G) WT and CC mice

were inoculated with 250 PFU IAV and analyzed at indicated days post infection (dpi). (B)
Chitinase activity, (C) chitin (21 dpi; n = 12-17 mice, N = 3 experiments), (D) total BAL
protein (21 dpi; n = 6-8 mice, N = 3 experiments) and (E) LDH activity (14 dpi; n = 3-6
mice, N = 2 experiments) in BAL from indicated mice. (F) Representative H&E-stained
lung sections at 14 and 21 dpi (n = 4-5 mice per group) and (G and H) quantification of
inflamed areas at indicated timepoints at indicated timepoints. (I) Total lung epithelial cells,
(J) AT2s, (K) AEPs (n = 3-23 mice, N = 3 experiments), (L) ILC2s, and (M) eosinophils
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(n =3-9 mice, N = 3 experiments) at indicated timepoints. (N) Dosing regimen and of CC
mice that received intranasal CHIT1 or heat-inactivated (hi)-CHIT1 after |AV inoculation.
(O) BAL chitinase activity, (P) MFI of ChiaRed reporter among CR* epithelial cells, (Q)
survival, and (R) ILC2 numbers in CC mice treated with CHIT1 or hi-CHIT1 21 days after
IAV inoculation (n = 7-9 mice, N = 3 experiments). (S) Lung ILC2s in WT mice that
received intranasal AMCase or hi-AMCase after AV inoculation (21 dpi; dosing regimen as
in (N)). Dotted lines in (F) indicate inflamed areas and red boxes indicate insets for higher
magnification. Scale bars: 1 mm (upper) and 200 um (lower). Data represent individual
biological replicates and are presented as mean=SE. Survival rates in (A) (WT IAV, n = 85
mice; CC AV, n = 89 mice, N > 5 experiments) and (Q) (CHIT1, n = 13 mice; hi-CHIT1,

n = 10 mice) were compared by log-rank (Mantel-Cox) test. Pvalues were calculated using
two-way ANOVA with multiple comparisons using (I to M) Holm-Sidak method. All other
Pvalues were calculated by unpaired ftest. *£< 0.05; **P< 0.01; ***P < 0.001; ****P<
0.0001.

Sci Immunol. Author manuscript; available in PMC 2025 February 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jung et al.

A

AT2 (x10°)

Page 27
*%% C D
*X¥ —o—WT 5— *X¥
47 KRER 5 o
« 4 1004
3 3
& 31 g
= =
2 = ©
5 2_ 8 ~§ 50-
1 14 o é
0——czmp B% 0
R . & & & o 7 14 21 28 35
- - Days after bleomycin
Days after bleomycin Bleomycin
F

Hydroxyproline (ug / mg)

81 —SO—WT **
-+ cc

Hydroxyproline (ug / mg)
S

0 7 14 21 28 35 42

Days after bleomycin

H | J
10— *% -
—~ 8— % = PBS -2~ AMCase 10—
- ° g 0 = 105+ o
= = g
g £ 100 -
67 T S S 6
£ = 957 =
47 o S £ 4
g T 90 £ 4
2 2 g 5
S 2 854 2
0- > o]
& L e T “ 80 o-L1o° 2
s\Q ‘_)Q‘?“ 0 5 10 15 20 25 & coc,?/
& Days after bleomycin @
Bleomycin

Fig. 3. AM Case prevents severe progressive fibrotic lung disease and mortality.

(A) Total lung AT2s (n = 4-7 mice, N = 3-5 experiments per timepoint), (B) BAL chitinase
activity, (C) BAL chitin (n = 4-6 mice, N > 2 experiments), and (D) survival of WT

and CC mice 21 days after bleomycin challenge (WT, n = 58 mice; CC, n = 63 mice;

N = 3 experiments). R.U.: relative units. (E) Representative Masson’s trichrome-stained
lung sections from WT and CC mice 42 days after bleomycin administration (n > 5 mice
per genotype; N > 3 experiments). Scale bar: 20 um. (F) Lung hydroxyproline content

in bleomycin-challenged WT and CC mice and (G) WT, CC, and CC SPAM mice 42

days after bleomycin administration (n = 4-7 mice per genotype, N > 2 experiments).

(H) Lung hydroxyproline, (I) body weights, and (J) BAL chitin among 21 days post
bleomycin-challenged WT mice receiving intranasal PBS or recombinant AMCase. Data
represent individual biological replicates. P values were calculated by two-way ANOVA
with correction for multiple comparisons using (A) Dunnett’s method or (F) Holm-Sidéak
method, (B, C, G) one-way ANOVA with multiple comparisons using Dunnett’s method, (H
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and J) unpaired ftest, (1) paired ftest, and (D) log-rank (Mantel-Cox) test. *P < 0.05; **P<
0.01; ***P< 0.001; ****P < 0.0001.

Sci Immunol. Author manuscript; available in PMC 2025 February 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jung et al. Page 29
A B ” C -
Standard Low Chitin —©- Standard WT —©— Low Chitin WT —6— Standard CC  —&— Low Chitin CC
= _ 110
£ =
£ c
£ £
o i)
< (7]
2 2
g 3
Acclimate / 2 S
to housin 70
~ A | CA { I | 1
7 0 dpi 14 0 5 10 15
dpi
b E owr occ F G H |
*X*
5] KKK 20 4 30 — _O 4 —
o o *AK =
4— AR
v « = ~1"”70 — o KX .37 2
. . Low 2 3] N ézo_ o — 5 ‘:’,
Chitin = [ =108 8 * 0% o X5 =
R P g "o B 5 o |lo %
~Standard G < <10+ | o £
i N g % % .
w
07 & o 0—% % 0% < go 073 Qus
T L SO S S S S
é\e:\d‘\ @oe:\d‘\ %o&dx\‘ @o&d‘\& @QQ\(‘}‘\ @oi\d‘\ @oe:\d‘\ @oe:\d‘\
SR (—}\9“\ (—}\9& O SN
J K owr osSpamTg L M N
XXX 3
WT  SpamTg 6 ,\.10_ a * = 110
kDa 4 ° 2 5 A ) 2
50 AMCase El = 5 24 o 1005
£ 2 = 6 = o <
- b g < 5 90—
' Coomassie S 15 > £ %
50 Blue s a 4 £ 14 ° ¢
‘ N = < 10 £ Y %o s, 807
2 e}
05 , 5 ° ’-;a'&l 2 70
00 0L 58y 0 oo 0 2 4 6 8 10 12 14
14 dpi 14 dpi 14 dpi dpi
o —s— WT —&— SpamTg P Q

100—
° 3% E

Survival (%)
w1
o
|
BAL protein (R.U.)
AT2 (x 10°)

Fig. 4. Environmental chitin and chitinase activity control L C2 responses and recovery after
IAV infection.

(A) WT and CC mice were acclimated to standard or low-chitin housing conditions prior

to intranasal inoculation with 250 PFU 1AV followed by analysis at 14 days post-infection
(dpi). [Part of the illustration was created with Biorender.com]. (B) Body weights of 1AV-
infected WT or (C) CC mice housed in standard or low chitin conditions. (D) Representative
chitin blot and (E) quantification of BAL chitin, (F) total AT2s, (G) AEPs, (H) lung ILC2s,
and (1) eosinophils in WT and CC mice housed as indicated (low chitin: n > 9 mice per
group; standard: n = 3—15 mice per group). (J) Representative image and (K) quantification
of AMCase (protein immunoblot) and total protein (Coomassie blue stain) in BAL from WT
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and SPAM Tg mice at 14 dpi (n = 3—-6 mice per group). (L) BAL chitinase activity, (M)
BAL chitin, (N) body weights (n = 3-6 mice per group), (O) survival, (P) BAL protein, and
(Q) total AT2s in WT and SPAM transgenic (Tg) mice at 14 dpi. (K to M and P) n = 4-8
mice, N = 3 experiments; Q, n = 9-18, 3 experiments). R.U.: relative units. P values were
calculated by unpaired ftest (K-M, P-Q), two-way ANOVA with multiple comparisons using
Holm-Sidak method (B and C, E-1), or (O) log-rank (Mantel-Cox) test (WT IAV, n = 32
mice; Spam Tg AV, n = 26 mice, >5 experiments). *P< 0.05; **P< 0.01; ***P< 0.001;
**kk P < (0.0001.
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Fig. 5. Epithelial regeneration is modulated by chitin and chitinase activity.
(A) RNA-seq analysis comparing differentially expressed genes (logo,FC £ < 0.05) in AEPs

sorted from the lungs of naive versus |AV-infected (14 dpi) WT mice and (B) downregulated
genes in AEPs from 1AV-infected CC versus WT mice. (C) Relative expression of AT1

and AT2 marker genes in WT and CC AEPs, shown as log,FC of IAV-infected (14 dpi)

as compared to genotype-matched AEPs from naive mice. (D) Experimental approach for
AEP sorting after chitin challenge. (E) AT1 and AT2 marker gene expression and (F)
downregulated gene ontology (GO) pathways in AEPs from chitin- versus PBS-treated WT
mice. (G) Average expression of £gfr mRNA and (H) EGFR* AT2s and AEPs in the lungs
of naive WT mice. (1) Average expression of Egfrin sorted AEPs from WT and CC mice
following intranasal PBS or chitin administration. (J) EGFR-regulated genes in CC versus
WT AEPs after chitin challenge. (K) Downregulated GO pathways in naive AEPS sorted

Sci Immunol. Author manuscript; available in PMC 2025 February 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jung et al.

Page 32

from the lungs of CC versus WT mice. RNA-seq expression data represent n = 3 mice per
group and were filtered with Benjamini-Hochberg false-discovery rate adjusted Pvalues <
0.05. Pvalues were calculated by unpaired ¢test (H), *~< 0.05; **P< 0.01.
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Fig. 6. Amphiregulin promotes AT2 maturation and chitinase expression following injury.
(A) Recombinant amphiregulin (AREG) was administered intranasally to | AV-infected mice

every other day from 10 to 21 dpi. (B) ChiaRed (CR)-expressing AEPs and CR MFI after
PBS or AREG administration to mock- or IAV-infected (21 dpi) mice (n = 3—7 mice per
group, N = 3 experiments). (C) BAL chitinase activity, (D) BAL chitin, (E) AT2s, (F)
AEP:AT2 frequency (as a percentage of total EpCAM™ lung epithelial cells; n = 3-7 mice
per group, N = 3 experiments), (G) representative H&E-stained lung sections, and (H)
quantification of inflamed area in the lungs of IAV-infected mice treated with PBS or AREG
at 21 dpi (n = 3-5 mice per group, N = 2 experiments). (I to M) 1AV-infected WT mice
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received intranasal anti-AREG or isotype control antibodies every other day from 10 to 21
dpi. (I) MFI of CR-expressing AEPs, (J) AT2s, (K) mouse body weights, (L) representative
H&E-stained lung sections, and (M) quantification of the inflamed area after anti-AREG

or isotype administration (n = 3—-6 mice per group, N = 3 experiments, 21 dpi). (N) Lung
ILC2s, (O) BAL AREG, (P) CR MFI among AEPs, (Q) BAL chitinase activity, and (R)
AT2s in IAV-infected mice that were treated with PBS or IL33+TSLP between 10 and 16
dpi (n = 5-9 mice per group, N = 2 experiments). Bold yellow lines in (G and L) indicate
inflamed areas. Scale bars: 1 mm. R.U.: relative units. Data represent individual biological
replicates and are presented as mean+SE. Pvalues were calculated by (K) paired ¢test and
(B and O) one-way ANOVA with Sidak’s multiple comparison test. All other P values were
calculated by unpaired ttest. *£< 0.05; **P< 0.01; ***P< 0.001; ****P,< 0.0001.
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Fig. 7. ILC2s control epithelial regeneration by restoring AT2 AM Case expression.
(A to F) Mice were intranasally infected with 250 PFU of 1AV and analyzed for (A) survival

(WT 1AV, n = 13 mice; ILC2-deleter 1AV, n = 19 mice), or (B to F) euthanized and analyzed
at 14 days post infection (dpi). (B) BAL protein (n = 6 mice per group, N = 3 experiments),
(C) representative flow cytometry and (D) frequency of AEP and AT2 cells (n = 8-15 mice,
N = 3 experiments). R.U.: relative units. (E) BAL chitinase activity in R5, ILC2-deleter mice
and TKO mice after IAV infection (n = 4-8 mice, N > 2 experiments). (F) Quantitative real-
time PCR (gPCR) analysis of ChiaZ transcript abundance in AEPs after IAV infection (n =
3-5 mice per group). (G) Total AT2 cells (n = 4—-6 mice, representative of N = 3 experiments
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in R5 and ILC2-deleter mice after 21 dpi. (H) Dosing regimen, (1) body weights, (J)
survival (ILC2-deleter IAV-AMCase, n = 22 mice; ILC2-deleter IAV-hiAMCase, n = 12
mice, N > 3 experiments) (K) BAL chitinase activity (n = 4-7 mice, N = 3 experiments) (L),
BAL chitin (n = 9-10 mice, N = 3 experiments), (M) BAL total protein (n = 6-8 mice, N =
3 experiments), and (N) AT2 numbers (n = 7-10, N = 3 experiments) in ILC2-deleter mice
at 21 dpi or as indicated after AV infection and intranasal administration of active AMCase
or hiAMCase. Arrows in (I and J) represent active AMCase or hi-AMCase intranasal doses.
Data represent individual biological replicates and are presented as mean£SE. Pvalues were
calculated by (A and J) log-rank (Mantel-Cox) test, (B, D, F, G, I, and K to N) unpaired
ttest, or (E) one-way ANOVA with Holm-Sidak method. *P< 0.05; **P< 0.01; ***P<
0.001.
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