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Thelong-term physiological consequences of respiratory viral infections, particularly
in the aftermath of the COVID-19 pandemic—termed post-acute sequelae of
SARS-CoV-2 (PASC)—are rapidly evolving into amajor public health concern'. While
the cellular and molecular aetiologies of these sequelae are poorly defined, increasing
evidence implicates abnormal immune responses®© and/or impaired organ
recovery’”’ after infection. However, the precise mechanisms that link these processes

inthe context of PASC remain unclear. Here, with insights from three cohorts of
patients with respiratory PASC, we established a mouse model of post-viral lung
disease and identified an aberrantimmune-epithelial progenitor niche unique to
fibroproliferationin respiratory PASC. Using spatial transcriptomics and imaging,
we found a central role for lung-resident CD8" T cell-macrophage interactions in
impairing alveolar regeneration and driving fibrotic sequelae after acute viral
pneumonia. Specifically, IFNy and TNF derived from CD8" T cells stimulated local
macrophages to chronically release IL-1f, resulting in the long-term maintenance of
dysplastic epithelial progenitors and lung fibrosis. Notably, therapeutic neutralization
of IFNy + TNF or IL-13 markedly improved alveolar regeneration and pulmonary
function. In contrast to other approaches, which require early intervention'®, we
highlight therapeutic strategies to rescue fibrotic disease after the resolution of acute
disease, addressing a current unmet need in the clinical management of PASC and

post-viral disease.

SARS-CoV-2infection canlead to long-term pulmonary and extrapul-
monary symptoms wellbeyond the resolution of acute disease, a condi-
tion collectively termed PASC'. The lungs are particularly susceptible
to extensive damage during primary infection, potentially resulting
indyspnoea, compromised lung function, radiological abnormalities
and pulmonary fibrosis (PASC-PF)”*'""*, which can persist for up to
2years after infection, in contrast to the majority of extrapulmonary
sequelae™. Although less appreciated, similar long-term pulmonary
deficits have also been described after influenza and SARS-CoV-1
infection, suggesting that this phenomenon may be conserved across
different viral aetiologies®*. Despite progress in identifying immune

signatures that are dysregulated in respiratory PASC**81578 [ittle is
knownregardingtheir rolein driving pathological tissue remodelling,
in part owing to the lack of animal models that recapitulate features
of post-viral lung disease. Recent research characterizing alveolar
regeneration after severe lunginjury has identified the accumulation
of undifferentiated epithelial progenitors'?, the persistence of which
hasbeen pathologically associated with chronic diseases such aslung
fibrosis”®*. Currently, the mechanisms that underlie the long-term
maintenance of these dysplastic injury-associated cell states after
infection and their contributions to post-viral respiratory sequelae
remain largely unclear.
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Fig.1|Anaberrantimmune-epithelial progenitor nicheis a hallmark of
post-virallung disease. a, Representative Masson’s trichrome (MT) images of
controland PASC-PF lungsections. Scale bar,2 mm.b, Quantification of the
proportion of spots expressing genes characterizing variousimmune and
epithelial populationsin control (n = 2) and PASC-PF (n = 3) lungs. ¢, Visualization
of CD8' T cells, areas enriched for KRTS", KRT8"&"and KRT17" cells and healthy
alveolar epithelium based on gene expression signatures in human control
(n=2)and PASC-PF (n=3)lungs.d, Quantification of AT1 (AGER") and AT2
(proSP-C*) (***P=0.0001) cellsin control (n = 5) and PASC-PF (n =12) lung
sections. e,f,h, Quantification of KRT8"&" transitional (e), KRT17°KRT5"
aberrantbasaloid (f) and CD8* T cells (h) in control (n =15) and PASC-PF (n=21)

Aberrantimmune-epithelial progenitor niche

We examined diseased lungs from two cohorts of patients with PASC-PF
who underwent lung transplantation at Cedars-Sinai Medical Center
and University of Virginia (Supplementary Tables 1and 2). None of
the patients had any pre-existing lung disease before infection that
necessitated alungtransplant. SARS-CoV-2 was absent by PCR of nasal
swabs during routine clinical testing as part of the pre-transplant evalu-
ation and was also not evident in the explanted lungs (Extended Data
Fig.1a). Lunghistology showed extensiveimmune cellinfiltration and
collagen deposition in the alveolar epithelium (Fig. 1a and Extended
DataFig.1b). Giventhe heterogenous distribution of tissue pathology,
we performed spatial transcriptomics analysis of PASC-PF and control
lungs to evaluate potentially distinct microenvironments within healthy
and diseased lung areas (Extended Data Fig. 1c,d). Using an agnostic
evaluation by gene set enrichment analysis, we observed robust upregu-
lation of pathways associated with extracellular matrix depositionand
fibrosis, as well asinflammation, within PASC-PF lungs compared with
control lungs (Extended Data Fig. 1e). Expression of genes associated
with alveolar epithelial type 1 and 2 (AT1 and AT2) cells was reduced,
whereas that of genes characterizing dysplastic epithelial progeni-
tors 252 was elevated in PASC-PF lungs (Fig. 1b and Extended Data
Fig.1f). Consistent with active inflammatory processes, CD8" T cell gene
expression was enriched in PASC-PF lungs (Fig. 1b and Extended Data
Fig.1f). Furthermore, we found that large areas of PASC-PF lungs were
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lung sections. g,j, Quantification of KRT8"&" (*P=0.0247) (g) and CD8" T cells
(**P=0.0038) (j) in control (n = 3) and influenza-infected (n =4) human lung
sections. i, Unbiased analysis of the CD8" T cell distribution ina PASC-PF lung
section using QuPath. k-m, Simplelinear regression of the CD8" T cell number
and KRT8"e"area fraction in human PASC-PF lungs (k; 5-7 random fields per
lung, n=21lungs), humanlungs after influenzainfection (I; 8 random fields per
lung, n=41lungs) and IPF lung sections (m; 5-7 random fields per lung, n=13
lungs). Statistical analysis was performed using two-tailed unpaired t-tests
(d,e-handj);*P<0.05,**P<0.01,***P< 0.001,****P < 0.0001; NS, not significant.
Dataaremean+s.e.m.

populated by CD8'T cells, dysplastic epithelial progenitors and CD4*
T cells (Fig. 1cand Extended Data Fig. 1f,g), whereas control lungs were
primarily composed of alveolar epithelial cells (Fig. 1c and Extended
DataFig.1f). Notably, the sporadic pockets of alveolar epithelium-rich
areas in PASC-PF lungs were geographically distinct from CD8' T cells
and dysplastic repair markers (Fig. 1c). Consistent with this, a mild
correlation was observed between the distribution of CD8" T cells and
dysplastic epithelial progenitors (Extended Data Fig. 1h).

To validate these findings, we used multicolourimmunofluorescence
analysisin alarger cohort of samples and found reduced levels of AT1
and AT2 cells in PASC-PF lungs compared with in the control lungs?”
(Fig.1d and Extended DataFig. 1i). Chronic persistence of ectopic KRT5"
pods, KRT8"e" transitional cells and KRT5 KRT17" aberrant basaloid
cells was observed in PASC-PF lungs, in proximity to areas exhibit-
ing myofibroblast activity”** (Fig. 1e,f and Extended Data Fig. 1j-n).
Thus, PASC-PF histologically resembles other fibrotic diseases such
asidiopathic pulmonary fibrosis (IPF), including the sustained loss of
functional alveolar epithelial cells and the persistence of metaplastic
KRT5"pods, KRT8"€" transitional cellsand KRT17'KRT5™ aberrant basa-
loid cells?*>?%%?° (Extended Data Fig. 1n). Notably, these features were
also observed in human lungs with fibrotic remodelling after influenza
viralinfection (Fig. 1g and Extended Data Fig. 1q-t).

Previously, we reported that CD8' T cell abundance in the bronchoal-
veolar lavage (BAL) fluid was associated with impaired lung function
in convalescent individuals recovering from COVID-19*°, Similarly,



CD8'T cellnumbers were elevated in PASC-PF lungs (Fig. 1h) aswell as in
IPF lungs compared with inthe control lungs (Extended Data Fig. 10,p).
The mild correlationin localization revealed by spatial transcriptom-
ics was corroborated by a marked spatial association between CD8*
T cells, and areas of dysplastic repair in PASC-PF lungs (Fig. 1i,k and
Extended Data Fig. 2a-f). Notably, this phenomenon was conserved
in lungs with fibrosis associated with influenza viral infection, which
exhibited extensive CD8" T cellinfiltration (Fig.1jand Supplementary
Table 3) as well as evidence of aberrant immune-epithelial progeni-
tor niches (Fig. 1land Extended Data Fig. 2g). Similar niches were also
observed in the lungs from two organ donors with a previous history
of influenza viral infection (evidenced by high frequency of M58-66
epitope-specific CD8" T cells) (Extended Data Fig. 2h,i). Notably, this
correlation between CD8* T cells and dysplastic epithelial progeni-
torswas not seenin lungs from healthy donors or individuals with IPF
(Fig.lmand Extended DataFig. 2j-n). Collectively, these dataindicate
that the spatiotemporal colocalization of CD8" T cells and areas of
dysplastic repair is a unique feature of post-viral pulmonary fibrosis
and supportsarole forimmune-epithelial progenitor interactionsin
chroniclung sequelae.

A mouse model of post-viral lung sequelae

Toinvestigate the role ofimmune-epithelial progenitor interactions,
we aimed to develop amouse model to capture the cellular and patho-
logical features observed in PASC-PF lungs. We used amouse-adapted
(MA-10) strain ofthe SARS-CoV-2 virus to productively infect wild-type
mice®. Asageing is associated with an increased propensity to develop
lung fibrosis after alveolar injury, we included both young and aged
mice in our study®+*2., Aged C57BL/6 mice infected with SARS-CoV-2
MA-10 exhibited increased morbidity and mortality compared with
young mice (Extended Data Fig. 3a). Yet, despite the marked acute
inflammation and tissue damage (at 10 days post-infection (d.p.i.))***
(Extended Data Fig. 3b), only moderate pathology restricted to the
subpleural regions was observed during the chronic phase (35 d.p.i.) of
infection (Fig. 2a and Extended Data Fig. 3c). Moreover, KRT8"#" tran-
sitional cellabundance remained unchanged between aged naive and
infected (35 d.p.i.) mouse lungs (Fig. 2b and Extended DataFig.3d,e). We
next tested SARS-CoV-2MA-10infectionin aged BALB/c mice, which was
previously reported to induce more robust inflammation and fibrotic
sequelae than in C57BL/6 mice® (Extended Data Fig. 3f,g). Persistent
immune cellinfiltration was observed within peribronchiolar regions
at35d.p.i., but minimal signs of collagen deposition were noted within
thealveolar epithelium (Fig. 2c and Extended DataFig. 3h). Consistent
with previous observations®, BALB/c mice did not maintain pulmonary
CDS8* T cells and KRT8"¢" transitional cells (Fig. 2d and Extended Data
Fig. 3i,j)—a prominent feature of human PASC-PF (Fig. 1e,h), despite
the substantial alveolar damage during acute disease (Extended Data
Fig. 3g). Finally, we infected transgenic mice expressing the human
ACE2receptor under the cytokeratin18 promoter (K18-hACE2) with the
wild-type SARS-CoV-2 virus (USA-WA1/2020), whichis known to result
in perivascular and alveolar inflammation® (Extended Data Fig. 3k).
However, alveolar injury was minimal at chronic timepoints (Fig. 2e
and Extended Data Fig. 31), with no appreciable differencesin CD8" T or
KRT8"&"transitional cells between infected and naive mice (Fig. 2f and
Extended Data Fig. 3m,n). Thus, SARS-CoV-2 infection in these three
mouse models did not recapitulate key features of tissue pathology
and dysplastic lung repair observed in human PASC-PF.

Previously, we reported persistent lung inflammation and tissue
pathology after influenza virus infection, particularly in aged C57BL/6
mice**>*, We therefore infected young and aged wild-type C57BL/6
mice with influenza HIN1 A/PR8/34 strain (IAV), which causes sub-
stantial viral pneumonia and alveolar damage®*. Aged mice exhibited
increased morbidity and mortality after IAV infection compared with
the young mice (Extended Data Fig. 30). In contrast to SARS-CoV-2

infection, we observed persistentimmune cellinfiltration and collagen
depositioninthealveolar epithelium, particularly in aged mice, up to
60 d.p.i. (Fig.2g and Extended Data Fig. 3p). Although both young' and
aged IAV-infected mice had dysplastic repair areas, aged lungs main-
tained significantly larger KRT5* and KRT8"e" areas as well as higher
levels of CD8" T cells, similar to human PASC-PF lungs (Fig. 2h,i and
Extended Data Figs. 3q and 4a,b). In addition to the quantitative dif-
ferences, aged KRT8"e transitional cells also expressed higher levels
of PDLIM7—amarker that was recently shown to capture mouse transi-
tional cells bearing high transcriptional similarity with aberrant basa-
loid cells in human patients with IPF*® (Extended Data Fig. 4c,d). Such
qualitative changes were also observed in an independent dataset of
post-bleomycininjury, suggesting intrinsic age-associated differences
in regenerative cell states”” (Extended Data Fig. 4¢e). Notably, lungs
exhibited considerable inflammation and collagen deposition, with
highlevels of CD8" T cells and dysplastic epithelial progenitors, up to
8 months after infection (Extended Data Fig. 4f-m).

SARS-CoV-2 infection in both aged C57BL/6 and BALB/c mice
induced loss of AT2 cells, whereas the AT1cell compartment was rela-
tively unaffected throughout the course of disease (Extended Data
Fig.5a-e). This finding contrasts with human COVID-19, in which exten-
sive infection and loss of AT1 cells has been previously reported®*
(Fig.1d). However, IAV infection of both young and aged C57BL/6 mice
triggered a substantial decrease in AT2 and AT1 cells during acute
disease (Extended Data Fig. 5f-i), as seen in the lungs of individuals
with influenza at autopsy (Extended Data Fig. 1s). Recent work dem-
onstrating the necessity of AT1celllossin tissue remodelling and the
emergence of the KRT8"" transitional cell state*° may explain the
persistence of dysplastic epithelial progenitors in IAV-infected mice
but notin mice infected with SARS-CoV-2 MA-10. The differential AT1
celldeath observed during acute infection across the models (Fig. 2j)
is probably areflection of the distinct tropism of the viruses in mice***
(Extended Data Fig. 5j).

Although dysplastic repair areas were observed in both young
and aged IAV-infected mice, only aged lungs did not fully regener-
atethe alveolar epithelium by 30 d.p.i. (Extended Data Fig. 5h,i). The
observed cellular changes were associated with sustained defects in
pulmonary function in aged mice up to 60 d.p.i. after IAV pneumo-
nia, mimicking the persistentimpairmentin lung function observed
in patients with respiratory PASC*? (Extended Data Fig. 5k,1). Thus,
after extensive evaluation of various mouse viral pneumonia models,
IAVinfectionin aged mice was found to exhibit close histopathologi-
cal alignment with features of post-viral disease observed in human
PASC-PF and influenza-fibrosis lungs, supporting its use in studying
the mechanisms underlying viral-infection-mediated lung fibrosis.

19,22

Exuberant CD8' T cell activity impairs recovery

Similar to human PASC-PF lungs, we observed a spatial association
between CD8' T cells and dysplastic repair areas in aged IAV-infected
mice, suggesting that aberrantimmune-epithelial progenitor niches
are conserved across different species during post-viral lung sequelae
(Fig.2k,land Extended DataFig. 6a-c). To understand the role of CD8"
T cells, we treated aged IAV-infected mice with CD8" T cell depleting
antibody (anti-CD8) or control antibody (IgG) starting from 21 d.p.i.
(Fig.2m). This post-acute timepoint was chosen to ensure that there was
nointerference with the essential antiviral activities of CD8' T cells dur-
inginfection® (Extended DataFig. 6d). CD8" T cell depletionimproved
the histological features of disease (Extended Data Fig. 6e-g) and,
importantly, reduced KRT5" and KRT8"&" areas (Fig. 2n,0 and Extended
DataFig.6h). Moreover, CD8" T cell depletion markedly increased AT1
and AT2 cells (Fig. 2p and Extended Data Fig. 6i) and improved lung
function (Fig. 2r), suggesting that exuberant CD8" T cell activity in
the post-viral lung impaired alveolar regeneration, inducing chronic
deficits in gas-exchange function.
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Fig.2|Persistent CD8" T cell activity impairs alveolar regenerationina
mouse model of post-viral fibrosis. a,b, Evaluation of fibrotic disease (a;n=5
(naive) and n=5(MA-10)) and KRT8"#" area (b; n =5 (naive) and 12 (MA-10)) in
aged C57BL/6 mice at 35 d.p.i. after infection with MA-10. ¢,d, Evaluation of
fibrotic disease (c; n =4 (naive) and n =3 (MA-10)) and KRT8"#"area (d;n=35
(naive) and n=7 (MA-10)) inaged BALB/c mice at 35 d.p.i. afterinfection with
MA-10. e f, Evaluation of fibrotic disease (e; n =3 (naive) and n = 4 (WA-1)) and
KRT8"e"area (f; n = 4 (naive), n=4 (WA-1)) inaged K18-hACE2 mice at 35d.p.i.
afterinfection with WA-1. g, Evaluation of fibrotic disease in young (Y) and aged
(A) C57BL/6 mice after infection withinfluenza HIN1A/PR8/34.n=3-5per
timepoint.*P=0.0378 (left) and 0.0412 (right), ***P=0.0004. h,i, KRT8"e"
transitional (h; *P=0.0112 (left) and 0.0251 (right)) and CD8" T cells (i; *P=0.0190
(left), ***P=0.0006 (right)) inyoung and aged lungs after 1AV infection.n = 4-11
per timepoint.j, Quantification of AT1(PDPN*) and AT2 (proSP-C’) cells after
SARS-CoV-2MA-10 and IAV infectioninaged C57BL/6 mice.n=3-4 per
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timepoint. k, Unbiased analysis of the CD8" T cell distributioninan aged
IAV-infected lungat 60 d.p.i. by QuPath.1, Linear regression of CD8' T cellsand
KRT8"e"areain aged IAV-infected lungs at 60 d.p.i. 5-7 random fields per lung;
n=4.m, Theexperimental design for CD8" T cell depletion. The diagram was
created using BioRender. n-r, Quantification of KRT8"" (n; **P=0.0069) and
KRT5" (0; **P=0.0085) area (n=14-19 (control IgG), n =7 (anti-CD8)); AT1
(PDPN*) area (p; ***P=0.0009) and AT2 (proSP-C*) cells per mm?(q; P= 0.0136)
(n=19 (controlIgG) and n =15 (anti-CD8)); and evaluation of lung function

(r; compliance (C,); *P=0.0172 (left) and 0.0338 (right); resistance of the
respiratory system (R,); *P=0.0183 (left) and 0.0147 (right)) in aged IAV-
infected mice (60 d.p.i.) treated with anti-CD8 or IgG antibody (n=3-6 per
timepoint). Dataarerepresentative of two (a-1) or three (m-r) independent
experiments. Statistical analysis was performed using two-tailed unpaired
t-tests (a-fand n—-q), ordinary one-way analysis of variance (ANOVA) (g andr)
and two-way ANOVA (handi). Dataaremean t+s.e.m.
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Notably, depletion of CD8* T cells resolved KRT5* but not KRT8"e"
areasinyoung mice and also did not substantially affect lung pathology
(Extended Data Fig. 6j—m). To further examine whether this effect is
duetointrinsic changes withinthe CD8" T cell compartment with age,
we transferred lung CD8" T cells from young or aged mice after IAV
infection (21d.p.i.) intoinfection-matched congenic young recipients.
Three weeks after transfer, AT2 cellnumbers were reduced after transfer
of CD8'T cells from aged lungs compared with young lungs, while no
significant differences were observed in KRT8"&" areas or AT1 levels
(Extended Data Fig. 6n-q). These data suggest that aged CD8" T cell
transfer aloneis not sufficient to cause the marked phenotype observed
invirus-infected aged mice, implicating the aged microenvironment as
a key mediator of chronic lung pathology. To dissect their respective
contributions in impairing lung recovery, we also used low-dose and
high-dose anti-CD8 treatment to deplete circulating and pulmonary
CDS8'T cells, respectively®. We found that the therapeutic effects were
dependenton eliminating pulmonary CD8" T cells but not circulating
CD8' T cells* (Extended Data Fig. 6r), suggesting that lung-resident
CD8" T cells are required for the long-term maintenance of dysplastic
epithelial progenitors. Together, our results strongly implicate the
activity of CD8" T cells persisting in the lungs after viral pneumoniain
driving chronic pulmonary sequelae.

Spatial profiling revealsimmune-epithelial
interactions

We performed spatial transcriptomics analysis of aged IAV-infected
mouse lungs (60 d.p.i.) treated with IgG or anti-CD8 (Extended Data
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Fig.7a-c).Inaddition to the histopathological similarities, dysplastic
repair areas of aged IAV-infected mouse lungs were enriched with the
genes and pathways that were differentially upregulated within patho-
logical areas of human PASC-PF lungs (Extended Data Fig. 7d-f). This
transcriptional congruence was dependent on CD8" T cell activity,
as anti-CD8-treated mice exhibited reduced conservation of human
PASC-PF-specific genes and signalling pathways compared with the
controls (Extended Data Fig. 7g-i).

Moreover, a strong spatial association was observed between the
gene expression signatures of CD8* T cells, and KRT5* and KRT8"e"
areas of dysplastic repair, similar to human PASC-PF lungs (Fig. 3a).
Signatures of KRT5" and KRT8"&" progenitors were substantially
reduced in anti-CD8-treated lungs, with a concomitant increase in
healthy alveolar epithelial cells (Fig. 3b and Extended Data Fig. 71,m).
Several pathways associated withinflammatory responses were highly
active within areas of dysplastic repair, whereas processes associated
with growth factor activity and vascular regeneration were promi-
nently observed in the healthy alveolar epithelium (Extended Data
Fig. 7j). Previously reported transcriptional signatures of KRT8""
transitional cells*®** and human aberrant basaloid cells*?¢ were
strongly enriched within areas of dysplastic repair (Extended Data
Fig.7k). Furthermore, monocyte-derived macrophages, CD4" T cells,
interstitial macrophages, B cells and natural killer cells were enriched
in dysplastic repair areas, while pro-repair tissue-resident alveolar
macrophages, AT1and AT2 cells were primarily observed within the
healthy alveolar epithelium (Fig. 3b and Extended Data Fig. 7I-p).
After conductinga correlation analysis, we found that CD8" T cells and
monocyte-derived macrophages physically clustered around KRT5*
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and KRT8"e" areas of dysplastic repair and were excluded from areas
enriched with alveolar macrophages and mature alveolar epithelial
cells (Fig. 3c and Extended Data Fig. 71-p). The physical distribu-
tion of these niches corresponded with the expression pattern of a
gene setindicative of fibrosis, particularly enriched within KRT5* and
KRT8"e"areas, and was reduced in anti-CD8-treated lungs (Extended
DataFig.7q).

Immunostaining identified a similar enrichment of CX3CR1"
monocyte-derived macrophages within areas of dysplastic repair
(Fig. 3d,e and Extended Data Fig. 8a). Notably, CD8" T cell depletion
resulted in decreased CCL2 levels and CX3CR1* macrophages, sug-
gesting a potential role in macrophage recruitment and maintenance
in post-viral lungs® (Fig. 3f and Extended Data Fig. 8b-d). A similar
increasein the gene signature of monocyte-derived macrophages was
observed within PASC-PF lungs (Extended Data Fig. 8e), and was particu-
larly enriched within dysplastic repair areas (Extended Data Fig. 8f-h),
and corroborated by immunostaining (Fig. 3g,h and Extended Data
Fig. 8i-k). Together, our data revealed a conserved finding in both
mouse and human post-viral lungs, where CD8" T cells are present in
fibrotic regions, in proximity to fibroproliferative mediators such as
monocyte-derived macrophages and dysplastic epithelial progenitors,
constituting anaberrant niche after acute respiratory viralinfections.

CDS8'T cell-macrophage axis

We postulated that the interactions between CD8* T cells, macrophages
and epithelial progenitors within this aberrant niche generated molecu-
lar cues to create a profibrotic microenvironment. IL-1R signalling
and inflammasome activity were enriched in dysplastic repair areas
compared with in the healthy alveolar epithelium in human PASC-PF
(Fig.4a and Extended Data Fig. 9a), and this was conserved with aged
IAV-infected mouse lungs (Fig.4b and Extended Data Fig. 9b). Notably,
IL-18 has been shown to promote the expansion and persistence of
transitional KRT8"e" cells after alveolar injury?**2, We found that CD64*
macrophages were major producers of prolL-1f in IAV-infected aged
lungs (Fig. 4cand Extended Data Fig. 9c). Asmature IL-1B release from
cells requires caspase-1-mediated proteolytic cleavage*, we examined
caspase-1activity and observed a substantial reduction within lung
macrophages after anti-CD8 treatment (Fig. 4d and Extended Data
Fig.9d,e), whileinflammasome gene signatures were also attenuated
(Extended Data Fig. 9f), therefore implicating CD8* T cells in chronic
inflammasome activation and IL-1B release by macrophages.

PASC-PF lungs were found to contain high levels of IFNy'CD8" and
TNF'CDS8" T cells, similar to aged IAV-infected lungs*** (Fig. 4e,f
and Extended Data Fig. 9g-i). Moreover, areas of dysplastic repair
were enriched with IFNy and TNF signalling in human PASC-PF lungs
(Extended Data Fig. 9j). We therefore investigated whether IFNy and
TNF mediate inflammasome activation; we treated aged IAV-infected
mice with neutralizing antibodies against both IFNy and TNF and
observed decreased caspase-1activity (Fig. 4g). As this effect pheno-
copies anti-CD8 treatment (Fig. 4d), we directly tested whether CD8"
T cell-derived IFNy and TNF regulated macrophage activity ex vivo
(Fig.4h)and observed that CD8' T cellsindeed augmented macrophage
1l1b mRNA expression (Extended Data Fig. 9k), caspase-1activity (Fig. 4i)
andIL-1B release (Fig. 4j). The synergistic activity between macrophages
and CD8' T cells to produce IL-1p was lost when the cells were isolated
from naive mice, suggesting that previous infection is necessary to
prime the cells (Extended Data Fig. 91). Although IL-1p release was sig-
nificantly reduced after treatment with either IFNy or TNF neutralizing
antibody, neutralization of both cytokines was most effective, pointing
toanadditive effect in stimulating macrophages (Fig. 4k). Similarly, we
observed decreased IL-1B levelsin the BAL fluid after anti-CD8 (Fig. 41)
or anti-IFNy + anti-TNF treatment (Fig. 4m).

We next examined whether macrophage-derived IL-1f3 is a nega-
tive regulator of AT2-to-AT1 transdifferentiation using a 2D primary
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AT2 cell culture model known to induce spontaneous differentiation
into AT1 cells through the KRT8"e" transitional cell state*®* (Fig. 4n).
AT1 cell marker expression was reduced after exposure to condi-
tioned medium from CD8" T cell-macrophage coculture compared
with macrophages alone, and was rescued after IL-1p neutraliza-
tion (Extended Data Fig. 9m). By contrast, transitional cell marker
expression exhibited the opposite pattern, with increased levels
in the coculture group and a substantial reduction after anti-IL-1p
treatment® (Fig. 40). Collectively, our results suggest that exuber-
ant CD8" T cell-macrophage interactions promote chronic IL-1p
release to inhibit AT2 transdifferentiation by arresting the cells in the
KRT8"e" transitional state.

Therapeutic enhancement of alveolar regeneration

Our data thus far indicate a pathological role for CD8" T cells per-
sisting in post-viral lungs in the development of chronic pulmonary
sequelae. Asdepletion of CD8" T cellsis not aclinically feasible treat-
ment strategy, we examined the therapeutic efficacy of neutraliz-
ing the cytokines that act as effectors of the profibrotic CD8" T cell.
Blocking IFNy and TNF activity in aged IAV-infected mice amelio-
rated fibrotic sequelae compared with untreated controls (Fig. 5a
and Extended DataFig.10a,b). Moreover, IFNy and TNF neutralization
diminished KRT5" and KRT8"" areas of dysplastic repair (Fig. 5b,c
and Extended Data Fig. 10c) and enhanced alveolar regeneration as
evidenced by the increased numbers of AT1 and AT2 cells (Fig. 5d,e
and Extended DataFig.10c). The observed cellular changes after treat-
ment also conferred physiological benefit by restoring pulmonary
function (Fig. 5f and Extended Data Fig. 10d).

Next, we tested the efficacy of neutralizing IL-1B in IAV-infected
aged mice and observed substantial attenuation of lung fibrosis and
improved alveolar regeneration, phenocopying outcomes after CD8*
T cell depletion and neutralization of IFNy and TNF (Fig. 5g-k and
Extended Data Fig. 10e-h). Further supporting the therapeutic use
of IL-1B blockade after infection, we found improved lung function
in anti-IL-B-treated mice (Fig. 5| and Extended Data Fig. 10i). Notably,
improvementinoutcomes after IL-1 neutralization were seenonly in
aged mice but not young mice, whichis probably due to the sustained
elevation of IL-13 observed exclusively in aged mice (Extended Data
Fig.10j,k). Consistent with these data and a recent study identifying
increased BALIL-1B levels in respiratory PASCS, we found that circulating
IL-1B levels were elevated in convalescent individuals recovering from
COVID-19 exhibiting persistent pulmonary function deficits (Fig. 5m
and Supplementary Table 4), implicating chronic IL-1p activity in the
failure to restore normal lung function.

Given the efficacy of IL-6 neutralizationin treating acute COVID-19*
and preclinical datasuggesting rescue of fibrotic disease after bleomy-
cininjury*’, we also examined the efficacy of IL-6 blockade in our model
(Extended Data Fig.10l). In contrast to the neutralization of IFNy + TNF
or IL-1B, blocking IL-6 activity in post-viral lungs did not improve fibrotic
sequelae, KRT8"€"and KRT5" areas, alveolar regeneration or pulmonary
function (Extended DataFig.10m-r). Although KRT5" progenitors were
previously shown to migrate to the distal airspace in response to IL-6
signalling®, our data indicate that their maintenance on pod formation
after infection isindependent of IL-6 signalling.

Collectively, these data support the neutralization of IFNy + TNF
or IL-1B in the post-acute stage of viral infection as viable therapeutic
options toaugmentalveolar regeneration and dampen fibrotic seque-
lae observed after respiratory viral infections (Extended Data Fig. 10s).

Discussion

Immune-derived cues have recently been shown to influence lung
repair®??35425%; however, their role in post-viral fibrosis remains
unexplored. Here we describe a spatially defined aberrant immune-
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Fig.4|CDS8'T cells promote macrophage-mediated IL-1B release through
IFNyand TNF. a,b, Gene expression signatures passing the cutoff (ON spots, %)
forIL-1R signalling and inflammasome activity in AGER"¢" (healthy) and KRT8" "
(diseased) areas within human PASC-PF lungs (a; n = 3) and AE (alveolar
epithelium-rich; healthy) and Krt (KRTS8"¢" and KRTS"-rich; diseased) in aged
IAV-infected (60 d.p.i.) mouse lungs (b; n = 2). ¢, Flow cytometry quantification
of prolL-1B* cellsin aged naive (n = 5) and IAV-infected (42 d.p.i.; n=9) mice.
***P=0.0009 (left) and 0.0004 (right). d, Caspase-lactivity (FLICA) in aged
IAV-infected (42 d.p.i.) lungs after control IgG antibody (n = 3) or anti-CD8
(n=3)treatment.*P=0.0431.e,f, Quantification of TNF" (e; ***P=0.0005) and
IFNY" (f;*P=0.0179) CD8" T cells in human control and PASC-PF lungs.n=5-6
pergroup.g, Caspase-lactivity inthe lungs of aged IAV-infected mice (42 d.p.i.)
after controlIgG antibody (n=5) or anti-IFNy + anti-TNF (n = 6) treatment.
**P=0.0063.h,Schematic of the ex vivo macrophage (mac.) and CD8" T cell
coculturesystem. i, Caspase-lactivity. n=4-5wells per condition pooled from

epithelial progenitor niche—aunique feature of lungs after viral fibrosis,
butnotafter IPF. Withinsights from patient samples, we established a
mouse model of post-viral lung fibrosis to demonstrate a causal role
for exuberant interactions between CD8" T cells, macrophages and

2mice.**P=0.0017.j,k, Evaluation of IL-1§ release by ELISA without (j; n = 4-10
wells per condition pooled from4 mice; **P=0.0075, ***P=0.0008) or with
(k; n=8wells per condition pooled from 5mice; *P=0.0206, **P=0.0030)
invitroantibodyblockade inthe coculture.l,m, Evaluation of IL-1B levelsin
the BAL fluid of aged IAV-infected mice (42 d.p.i.) after IgG antibody (n = 6)
oranti-CD8 (n=9) treatment (*P=0.0265) (1), or IgG antibody (n=5) or
anti-IFNy + anti-TNF neutralizing antibody (n = 6) treatment (m; **P=0.0090).
n, The experimental design for the 2D AT2 culture system. o, Transitional cell
marker gene expression after exposure to conditioned medium (CM).n=2-3
wells per condition pooled from 4 mice. ***P=0.0007. Dataare representative
oftwo (c-g,iand o) or three (j, kand m) independent experiments. Statistical
analyses were performed using two-tailed unpaired t-tests (d-gandi,l,m),
ordinary one-way ANOVA (j, k), and two-way ANOVA (c,0). Dataare

mean +s.e.m.Thediagramsinhand nwere created using BioRender.

epithelial progenitors in driving chronic sequelae and fibrosis after
viral pneumonia. Whether the prolonged maintenance and activity
of lung CD8* T cells is a result of excessive TGF-B signalling®, chronic
persistence of viral remnants®* or other independent mechanisms
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Fig.5|Therapeutic neutralization of IFNyand TNF or IL-1B activity promotes
alveolarregeneration andrestoreslungfunction.a, Theexperimental
design forinvivo IFNy + TNF neutralization after AV infection. The diagram
was created using BioRender. b-e, Quantification of the KRT8"¢" area
(b;**P=0.0017),KRTS5" cellarea (c; *P=0.0404), AT1(PDPN") area (d; **P= 0.0073)
and AT2 (proSP-C") cells per mm? (e; **P=0.0046) inaged IAV-infected mice
treated with anti-IFNy + anti-TNF neutralizing antibody (n = 8) or control IgG
antibody (n = 6).f, Evaluation of staticcompliance (*P= 0.0232 (left) and 0.0217
(right)), resistance of the respiratory system (*P = 0.0142 (left) and 0.0282
(right)) and tissue elastance (H; *P=0.0417 (left) and 0.0355 (right)) in aged
naive (n=3) and IAV-infected mice treated with anti-IFNy + anti-TNF neutralizing
antibody (n=9) or control IgG antibody (n = 8). g-k, Representative
immunofluorescence images (g) and quantification of KRT8"e" cell area

remains unclear. However, the prominent spatiotemporal associa-
tion between the epithelial progenitors and CD8" T cells in post-viral
lungs strongly suggests the production of T cell recruitment and/
or survival signals by the epithelium. It is vital to further extend this
work and identify the contributions of other immunological factors
in the post-viral lung, including interactions with the mesenchyme
and theendotheliumin dictating the balance between functional and
pathological lung repair. Importantly, this model provides a platform
to further define mechanisms of post-viral disease that isnot confined
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(h;*P=0.0118), KRT5" cell area (i; **P= 0.0014), AT1 (PDPN*) cell area
(j;**P=0.0011) and AT2 (proSP-C*) cells per mm? (k; ***P=0.0009) inaged
IAV-infected lung sections treated with anti-IL-1B (n = 10) or control IgG (n=9)
antibody. 1, Evaluation of static compliance (*P=0.0361 (left) and 0.0468
(right)), resistance of the respiratory systemand tissue elastance (*P = 0.0244,
**P=0.0019) in aged naive (n=3) or IAV-infected mice treated with anti-IL-1§
(n=9)or control IgG (n = 8) antibody. m, Evaluation of the IL-1§ levelsin the
plasma of convalescentindividuals recovering from COVID-19 with or without
abnormal lung function (n =25 (normal) and n =33 (abnormal); *P= 0.0182).
LOD, limit of detection; PFT, pulmonary function test. Data are representative
ofthree (b-fand h-1) independent experiments. Statistical analysis was
performed using two-tailed unpaired ¢-tests (b-e, h-kand m) and one-way
ANOVA (fandl). Dataare mean +s.e.m.

to SARS-CoV-2infection but hasalso beenreported after viral infections
suchas influenza, MERS-CoV and SARS-CoV-1?2,

As PASC and other post-viral pathologies are typically diagnosed
several weeks or months after the primary infection, effective treatment
strategies torescue disease in the chronic phase are critical. In contrast
to anti-viral agents that require early intervention’®, we show that the
neutralization of IFNy + TNF or IL-1B activity in the post-viral lung can
beused asa‘pro-repair’ strategy to augment alveolar regeneration and
dampen fibrotic sequelae. Our data strongly suggest that drugs such



asanakinra, an IL-1receptor antagonist, or baricitinib, aJAK inhibitor,
may be promising candidates to address this unmet need and treat
respiratory PASC****. Considering that four respiratory viral pandemics
and several more epidemics have occurred in the past two centuries,
this work may have implications beyond respiratory PASC and could
be foundational for potential (and probable) future viral outbreaks.
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Methods

Ethics and biosafety

All aspects of this study were approved by the Institutional Review
Board Committee at Cedars-Sinai Medical Center (IRB Pro00035409)
andthe University of Virginia (IRB13166). Work related to SARS-CoV-2
was performed in animal biosafety level 3 (ABSL-3) facilities at the
University of Virginia and influenza-related experiments were per-
formedinanimal biosafety level 2 (ABSL-2) facilities at the Mayo Clinic
and the University of Virginia.

Cells, viruses and mice

The African green monkey kidney cell line Vero E6 (ATCC CRL-1587)
was obtained from ATCC, tested to be free of mycoplasma contamina-
tion and maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), along with 1%
penicillin-streptomycin and L-glutamine at 37 °C in 5% CO,. The
SARS-CoV-2 mouse-adapted strain (MA-10) was provided by B.J. Mann.
The virus was passaged in Vero E6 cells, and the titre was determined
by plaque assay using Vero E6 cells.

Young (aged 8-10 weeks) and aged (aged 84 weeks) female
C57BL/6) mice, and 15-week-old female BALB/c) mice (aged in-house
to 10-12 months) were purchased from The Jackson Laboratory (JAX).
K18-hACE2 (034860) transgenic mice as well as wild-type C57BL/6
(000664) mice were purchased from the Jackson Laboratory and bred
in-house. Aged mice were received at 20 to 21 months of age from the
National Institutes of Aging and all mice were maintained in the facility
for at least 1 month before infection. All of the mice were housed in a
specific-pathogen-free environment and used under conditions fully
reviewed and approved by the institutional animal care and use com-
mittee guidelines at the Mayo Clinic (Rochester, MN) and University
of Virginia (Charlottesville, VA).

For primary IAV virus infection, influenza A/PR8/34 strain (75
plaque-forming units (PFU) per mouse) was diluted in fetal bovine
serum (FBS)-free Dulbecco’s modified Eagle’s medium (DMEM)
(Corning) onice and inoculated in anesthetized mice through intra-
nasal route as described previously®2. For SARS-CoV-2 infections, mice
were infected with 5 x 10* PFU for C57BL/6 and 1,000 PFU for BALB/c
of mouse-adapted (MA-10) virus or 200 PFU of USA-WA1/2020 for
K18-hACE2 mice, intranasally under anaesthesia as described previ-
ously. Infected mice were monitored daily for weight loss and clinical
signs of disease for 2 weeks, and later once a week for the duration
of the experiments. The mortality rate of mice was calculated from
mice that were either found dead in the cage or were euthanized when
they reached 70% of their starting body weight, which is the defined
humane end pointinaccordance with the respective institutional ani-
mal protocols. At the designated end point, the mice were humanely
euthanized by ketamine-xylazine overdose and subsequent cervical
dislocation. For this study, animal numbers were estimated on the
basis of previous results from our infection model. Mice were assigned
to treatment groups accounting for equal distribution of severity of
acute disease across groups and thus investigators were not blinded
to group allocation.

Invivo drug treatment

For depletion of CD8" T cells and neutralization of cytokines, starting
at21d.p.i., mice were intraperitoneally administered 20 pg or 500 ug
ofanti-CD8 antibody (53-6.7 and 2.43; BioXCell), anti-IL-13 (B122; BioX-
Cell), anti-IFNy (XMG1.2; BioXCell), anti-TNF (XT3.11; BioXCell) or iso-
type controlimmunoglobulin G (IgG) in 200 pl PBS once a week. Mice
were euthanized 3 days after the last treatment.

Evaluation of respiratory mechanics and lung function
Lung function measurements using the forced oscillation technique
andtheresulting parameters have been previously described®. In brief,

animals were anaesthetized with an overdose of ketamine-xylazine
(100 and 10 mg per kg intraperitoneally) and paralysed with pancuro-
nium bromide (Img per kg intraperitoneally) to prevent respiratory
efforts. Mice were then tracheostomized with ablunt18-gauge canula
(typicalresistance of 0.18 cm H,0 smI™), whichwas securedin place with
anylonsuture. The mice were connected to the computer-controlled
piston (SCIREQ flexiVent), and forced oscillation mechanics were per-
formed under tidal breathing conditions described previously* with a
positive-end expiratory pressure of 3 cm H,0. The measurements were
repeated after thorough recruitment of closed airways (two manoeu-
vres rapidly delivering total lung capacity of air and sustaining the
required pressure for several seconds, mimicking holding of a deep
breath). Each animal’s basal conditions were normalized to their own
maximal capacity. Measurement of these parameters before and after
lunginflation enables determination of large and small airway dysfunc-
tionunder tidal (baseline) breathing conditions. Only measurements
thatsatisfied the constant-phase model fits were used (>90% threshold
determined by software). After this procedure, mice had aheart rate of
around 60 beats per minute, indicating that the measurements were
carried outonlive individuals.

Human lung tissue specimens

Human lung samples were obtained from patients enrolled in the
IRB-approved Lung Institute BioBank (LIBB) study at Cedars-Sinai
Medical Center, Los Angeles, CA and at the University of Virginia,
Charlottesville, VA. All of the participants or their legal representa-
tives provided informed written consent. Lung tissues were processed
within 24 hafter surgical removal. Specifically, the lung tissues were cut
and immediately fixed in 10% normal-buffered formalin for 24 hbefore
tissue processing using the HistoCore PEARL-Tissue Processor (Leica)
andembedding in paraffin for histological studies. The formalin-fixed
paraffin-embedded cassettes were appropriately stored at room tem-
perature until further sectioning.

For theinfluenzasamples, lungs from deceased donors were obtained
during organacquisition for clinical transplantation through LifeLink
of Georgia. As the donors were deceased at the time of collection, this
study was exempt from International Review Board review. Informed
consent was obtained from next of kin before explant. To ensure tissue
viability, the samples were transported onice and processed within12 h
of procurement. The sections from the human lungs were cut, embed-
dedin OCT and then flash-frozen forimmunofluorescence microscopy.

Mouse tissue processing and flow cytometry analysis

Mice were injected intravenously with 2 pg of CD45 or CD90.2 anti-
body labelled with various fluorochromes. Then, 2 min after injection,
the mice were euthanized with an overdose of ketamine-xylazine and
processed 3 min later. After euthanasia, the right ventricle of the heart
was gently perfused with chilled 1x PBS (10 ml). The right lobes of the
lungs were collected in 5 ml of digestion buffer (90% DMEM and 10%
PBS and calciumwith type 2 collagenase (180 U ml™; Worthington) and
DNase (15 pg ml™; Sigma-Aldrich) additives). Tissues were digested at
37 °Cfor1hfollowed by disruption using the gentleMACS tissue disso-
ciator (Miltenyi). Single-cell suspensions were obtained by hypotonic
lysis of red blood cells in ammonium-chloride-potassium buffer and
filtration through a 70 pm mesh. Cells were washed with FACS buffer
(2% of FBS and 0.1% of NaN, in PBS) and FCy receptors were blocked
with anti-CD16/32 (2.4G2). Surface staining was performed by anti-
body (details of which are provided in Supplementary Table 5) incuba-
tion for 30 min at 4 °C in the dark. After washing with PBS, cells were
resuspended with Zombie-dye (BioLegend) and incubated at room
temperature for 15 min. For IL-1f staining, cells were incubated with
monesine (BioLegend) for 5h at 37 °C and then stained with surface
markers antibodies. After washing with FACS buffer, cells were fixed
with fixation buffer (BioLegend) and permeabilized withintracellular
staining permeabilization wash buffer (BioLegend). The cellswere then



stained withanti-IL-1B at room temperature for 1 hand the samples were
acquired onthe Attune NxT (Life Technologies) system. The datawere
analysed using Attune NXT software (v.5.2.0) and FlowJo (Tree Star).

Caspase-1FLICA analysis

Caspase-1was detected using the FAM-FLICA Caspase-1 Assay Kit
(ImmunoChemistry Technologies) according to the manufacturer’s
instructions. In brief, lung single cells or macrophages from in vitro
culture were stained with fluorochrome-conjugated antibody cocktail
for cell surface markers. After staining, cells wereincubated with FLICA
for30 minat 37 °C, washed and detected by flow cytometry.

Cellisolation and ex vivo co-culture

Toisolate myeloid and CD8" T cells, single-cell suspension of the lung
was generated from IAV-infected mice as described above and labelled
and enriched with CD11c and CD11b or CD8 microbeads (Miltenyi Bio-
tec) according to the manufacturer’s instructions. Purified myeloid
cells were seeded in 96-well (200,000 per well) plates and incubated
for2 hat37°C5% CO,tofacilitate attachment. Wells were washed with
1xPBStoselect for macrophages, following which selected wells were
seeded with naive or memory CD8" T cells (40,000 per well) and further
incubated for16-18 h. Supernatant and cell pellets were collected for
cytokine measurement and gene expression analyses, respectively.

AT2cellisolation and culture

AT2 cells wereisolated from naive mice as previously described**¢*’. In
brief, mouse lungs were perfused with chilled PBS and intratracheally
instilled with 1 ml of dispase Il (15 U mlI™, Roche), tying off the trachea
and cutting away the lobes from the mainstem bronchi. Lungs were
incubated in 4 ml of 15 U mI™ dispase Il for 45 min while shaking at
room temperature, followed by mechanical dissociation withan18 G
needle. After passage through a100 pum filter, lungs underwent 10 min
of DNase I digestion (50 pg ml™) and were filtered through a 70 pm
filter before RBClysis. Single-cell suspensions were subjected to CD45
depletion using microbeads (Miltenyi), incubated with anti-FcgRIIl/
I (Fc block) and stained for CD45, EPCAM and MHC-II, and with via-
bility die (antibody details are provided in Supplementary Table 5).
Fluorescence-activated cell sorting was performed on the BD Influx
cellsorter toisolate AT2 cells as described previously* and collected in
500 pl DMEM +40% FBS +2% penicillin-streptomycin. Sorted AT2 cells
(200,000 per well) were plated in a 96-well plate in DMEM/F12 + 10% FBS
and cultured at 37 °C, 5% CO, for 3 days before collection. For in vitro
neutralization, anti-IL-1 (B122; BioXCell) was used at 10 pg ml™ and,
for stimulation, IL-1B (Peprotech) was used at 20 ng ml™.

RNA isolation and qPCR with reverse transcription

Cells were lysed in buffer RLT and RNA was purified using the RNeasy
Plus Mini Kit (Qiagen) according to the manufacturer’s instructions.
Random primers (Invitrogen) and MMLYV reverse transcriptase (Inv-
itrogen) were used to synthesize first-strand complementary DNAs
(cDNAs) from equivalentamounts of RNA from each sample. cDNA was
used for quantitative PCR (qPCR) with the Fast SYBR Green PCR Master
Mix (Applied Biosystems). qPCR was conducted on the QuantStudio 3
(Applied Bioscience) system. Data were generated with the comparative
threshold cycle (AC,) method by normalizing to hypoxanthine-guanine
phosphoribosyltransferase (HPRT) transcripts in each sample as
reported previously®®.

COVID-19 convalescent cohort

Peripheral blood specimens were obtained from patients presenting
to the University of Virginia Post-COVID-19 clinic. All of the partici-
pants provided written informed consent. Pulmonary function testing
(spirometry, lung volume testing, diffusing capacity of the lungs for
carbon monoxide) at the time of blood draws was used to define normal
and abnormal lung function.

IL-1B cytokine evaluation

Plasma from convalescent individuals recovering from COVID-19,
supernatant from ex vivo culture and mouse BAL fluid after flushing
of airway with 600 pl of sterile PBS were used to quantify IL-1f3 levels
by ELISA according to the manufacturer’sinstructions (R&D systems).
The samples were first concentrated 5x (BAL) and 2x (cell culture super-
natant) using Microcon-10kDa centrifugal filters (Millipore Sigma).

Histopathological analysis of lung tissues

Mouse lungs were routinely perfused with ice cold 1x PBS and the left
lung wasinflated and fixed in10% formalin, embedded in paraffinand
cut into 5-pm-thick sections. The sections were stained with haema-
toxylin-eosinand Masson’s trichrome. All of the sections were studied
using light microscopy. The severity of fibrosis was semi-quantitatively
assessed by blinded reviewers according to amodified Ashcroftscale®
and scored between O to 8 by examining randomly chosen fields. For
histopathology, tissues were evaluated for oedema or hyaline mem-
branes, interstitial disease and perivascular infiltrates as previously
described®®.

Immunofluorescence

Formalin-fixed paraffin-embedded lung tissue sections (5 pm) were
deparaffinized in xylene and rehydrated. For PDLIM7 staining, tis-
sues were fixed in 4% PFA at 4 °C for 8 h before cryoprotection in 30%
sucrose. Tissues were later embedded in OCT and sectioned (5 pm).
Heat-induced antigen retrieval was performed using 1x Agilent Dako
target retrieval solution (pH 9) or 1x citrate solution (for frozen tissue;
pH 6) inasteamer for 20 min (mouse lungs) or 45 min (human lungs),
followed by blocking and surface staining. For intracellular targets,
tissues were permeabilized with 0.5% Triton X-100 and 0.05% Tween-20
for 1 hat room temperature. The sections were stained with primary
antibodies as listed in Supplementary Table 5 overnight at 4 °C. Sub-
sequently, the samples were washed and incubated with fluorescent
secondary antibodies aslisted in Supplementary Table 5 for 2 hat room
temperature. The sections were counterstained with DAPI (1:1,000,
Thermo Fisher Scientific) for 3 min and mounted using ProLong Dia-
mond Antifade mountant (Thermo Fisher Scientific). After 24 h of
curing atroom temperature, images were acquired usinga x10 or x20
objective on the Olympus BX63 fluorescence microscope and pseudo-
colours were assigned for visualization. For all mouse samples, the left
lobe of the lungs was used forimaging, for which10-12 random fields
in the distal lung were considered for quantification and the average
value from each mouse was represented inrespective graphs. Human
lungs were similarlyimaged and quantified; however, all available lobes
sections were used. All images were further processed using Image]J
Fiji, cellSens, OlyVIA and/or QuPath software®.. Quantitative analysis
of stitched immunofluorescence images was performed using QuPath
v.0.4.1, where tissue-specific expression of KRT8"&" was used to anno-
tate areas of dysplastic repair and discriminate them from the remain-
ingintacthuman or mouse lungtissue. CD8" T cells and macrophages
were detected using CD8a or CX3CR1 (mouse)/CD68 (human) signals,
respectively. The abundance and distribution of the respective cells
of interest were quantified to plot the distance from the annotation
(KRT8"e"), Density maps were further generated to identify hotspots
ofthe cellsacross the tissue with respect to the annotations. The same
parameters for annotation and cell type classification were applied to
all of the samples from the same experiment.

RNA insitu hybridization

RNAinsitu hybridization was performed on paraffin-embedded lung
sections using the RNAscope Multiplex Fluorescent Assay v2 accord-
ing to the manufacturer’s instructions (Advanced Cell Diagnostics;
ACD). Tissues were deparaffinized with xylene (2%, 5 min) and 100%
ethanol (2%, 2 min) and incubated with hydrogen peroxide for 10 min
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atroomtemperature. Using asteamer, target retrieval was performed
for 30 min followed by 30 min treatment with Protease Plus (ACD) at
40 °C. Thesslides were hybridized with custom probes at 40 °Cfor2 h
and signals were amplified according to the manufacturer’s instruc-
tions. Stained sections were captured at x20 using the Olympus BX63
fluorescence microscope.

ST analyses

Spatial transcriptomics (ST) data (generated on the 10x Visium plat-
form) were preprocessed using the spaceranger package (v.2.0, genome
version mm10). The R package Seurat (v.4.3.0) was used for quality
controland basic analyses. Only high-quality spots with sufficient gene
coverage (=2,000) were retained for downstream analysis. Similar
to the single-cell RNA-sequencing data, the spatial expression data
were first normalized to a log scale using the SCTransform method
(v.0.3.5). The top 2,000 highly variable genes were then identified
based onthe variance of expression across spots for the principal com-
ponent analysis input. UMAP embeddings were generated for visuali-
zation at the reduced dimensionality (top 30 principal components).
Spots were clustered with a shared nearest neighbour modularity
optimization-based clustering algorithm (built in Seurat). The samples
were integrated and batch-effects were removed using the Harmony
package (v.0.1). In addition to the spatial spot view of the expression
pattern, we used UMAP to visualize the expression pattern of spots
associated with the identified cell typesin alower dimension using the
visualization pipeline in the Seurat package. Marker gene (differentially
expressed genes (DEGs)) detection among different groups of spots
was also performed with Seurat (FindMarker function), and the marker
gene lists were further submitted to the gene set enrichment analysis
pre-rank test for the functional annotation analysis.

We determined each spot’s potential cell type composition based
onthefollowing protocol. (1) We define alveolar epithelium (AE) spots
based onthe k-means clustering analysis (using knowledge-based key
genes from different cell types). (2) For non-AE spots, we use the aver-
age expression of the Krt marker gene list (Supplementary Table 6) to
estimate aKrt score and, similarly, average expression of Cd8 marker
gene list (Supplementary Table 6) for Cd8 score. We set —0.4 as the
cut-offforboththe Cd8 and Krt score: spots withaKrt/Cd8score > -0.4
were assigned as a Krt/Cd8-associated spot, and assigned blue/red
colour, respectively, in the spatial map. Thus, a spot can exhibit a Krt
and Cd8signature at the same time, and we use purple to represent this
category (Fig.3a). For agiven gene list, we captured the expression of
relevant genes to compare the distribution of their expression index
betweenKrtspots and AE spots. The significance of the difference was
estimated using the Wilcoxon rank-sum test. The P values were then
log,, transformed and displayed as bar plots. Similar to the Cd8 score
and Krt score, we also defined some other cell type scores based on
our knowledge-based marker gene list (Supplementary Table 6). We
further used these scores to estimate the association between cell types
inaspecificslide or the global level (Pearson correlation coefficient).
Apair of celltypes with a higher Pearson correlation coefficient between
their celltype scoreindicates a higher likelihood of their co-occurrence
within the same spots.

For human ST data, most analyses were performed using methods
similar to the mouse ST data. Moreover, we split spots by the expres-
sion of KRT8 and AGER using the cut-off of normalized expression
index greater than 4. Spots with KRT8 > 4 and AGER < 4 were defined
as KRT8-only spots, whereas spots with KRT8 < 4 and AGER > 4 were
defined as AGER-only spots. These two spot sets were collected to com-
parethedifferencein celltype scores, key gene expression and pathway
enrichment between them. In detail, we compared the percentage of
ON sspots (givenacell type score or gene expressionindex passing the
cut-off) between the two groups (for example, KRT17-only spots versus
AGER-only spots, or COVID spots versus control spots), and displayed
the results as bar plots. A similar analysis was applied to examine the

enrichment of relevant signalling pathways. Note that the cut-offs
of normalized single-gene expression were set to 0.8. The cell type
score (for example, CD8, KRT, AE, MDM and AM scores) was set to 1.2
for human data, as the distribution of marker gene expression varied
betweendifferent species and biological samples (thatis, humanlung
COVID samples). Detailed marker gene lists for cell types and pathways
are provided in Supplementary Table 6.

To evaluate the similarity between our human and mouse models,
we first detected the DEGs between all PASC-PF spots and control spots
(using the human ST data). Next, we projected the COVID > control
DEGsto identify mouse homologues and compared the expression of
these genesin mouse spot categories (for example, IgG versus anti-CDS8,
or mouse Krt spots versus AE spots). Similarly, we also made this com-
parison for the DEGs between human KRT spots and AE spots, as well
as genes from the top pathways enriched in PASC-PF spots. Wilcoxon
rank-sum tests were conducted to evaluate the significance of the
difference in expression. The human-mouse homologue informa-
tion was downloaded from Mouse Genome Informatics (https:/www.
informatics.jax.org/).

Statistical analyses

Quantitative data are presented as mean + s.e.m. Unpaired two-tailed
Student’s ¢-tests (two-tailed, unequal variance) were used to determine
statistical significance with Prism software (GraphPad) for two-group
comparison. For multiple-groups comparisons, ANOVA corrected
for multiple comparisons was used when appropriate (GraphPad).
log-rank (Mantel-Cox) tests were used for survival curve comparison
and two-way ANOVA was used to analyse differences in weight loss.
P<0.05was considered to be significant in all statistical tests.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allrelevant raw data have been deposited at the GEO under accession
codes GSE267226 and GSE267228. Source data are provided with this

paper.

Code availability

Relevant code used for analysis of human and mouse spatial tran-
scriptomics data has been deposited at GitHub (https://github.com/
zang-lab/covidSTanalysis).
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Extended DataFig.1|Spatial transcriptomics of human PASC-PF lungsreveal
persistent defectsin alveolar regeneration and chronicinflammation.

(a) Representative RNA-ISH images staining for SARS-CoV-2 Spike RNA in acute
COVID-19 (n=5) and PASC-PF lung (n =18) sections. (b) Representative H&E
images of human control and PASC-PF lungs. (Scale bar =2 mm) (c) UMAP
visualization of spatial transcriptomics data from human control (n = 2) and
PASC-PF (n=3) lungs. (d) Gene expression distribution across all identified
clusters of spots. () GSEA analysis of signalling pathways differentially regulated
between control (n =2) and PASC-PF (n = 3) lungs. (f) Spatial gene expression
maps of epithelial and immune cell markersin control (n = 2) and PASC-PF (n =3)
lungs. (g) Spatial gene expression maps of CD4 in control (n =2) and PASC-PF
(n=3)lungs. (h) Heatmap of the physical distribution of alveolar epithelium,
dysplastic progenitors,and CD8" T cells. (i) Representativeimmunofluorescence
images staining alveolar epithelial cell markers (AT1- AGER; AT2 - proSP-C) in
controland PASC-PF lung sections, and (j) staining CD8" T cells (CD8«*) and
epithelial progenitors (KRT5", KRT17*, and KRT"&") in control and (k) PASC-PF
lungsections. (I) Higher magnificationinset of PASC-PF lungs showing
independent channels (red arrows - KRT5", yellow arrows - KRT17'KRTS",

grey arrows - KRT8"&"), (m) Quantification of KRT5" areain control and PASC-PF
lungsections (n =12 control, 8 PASC-PF) (***p = 0.0007). (n) Representative
immunofluorescence images staining for myofibroblasts (aSMA) and aberrant
epithelial progenitors (KRT5*, KRT17°KRT5", KRT8"€") in human control, PASC-
PF, and IPF lung sections. (0) Representative immunofluorescence images
staining CD8" T cells and epithelial progenitorsinidiopathic pulmonary
fibrosis (IPF) lung sections. (p) Quantification of CD8" T cell number in control,
PASC-PF, and IPF lung sections (n =11 control, 13 IPF, 19 PASC-PF) (*p = 0.0343;
***p=0.0001). (q) Representative Masson’s Trichome (MT) image (Scale bar =
2mm) and (r) immunofluorescence images staining alveolar epithelial cell
markers (AT1- AGER; AT2 - proSP-C) ininfluenza-infected human lungsections.
(s) Quantification of AT1 (AGER") (*p = 0.0261) and AT2 (proSP-C") (*p = 0.0272)
cells, and (t) representative immunofluorescence images staining CD8" T cells
(CD8a*) and KRT8"e" transitional cellsininfluenza-infected humanlungs (n =3
control, 4influenza). Statistical analyses were conducted using a two-tailed
unpaired t-test (m,s) and one-way ANOVA (p). *p < 0.05; ***p < 0.001. Dataare
expressed as mean + SEM; ns - not significant.
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Extended DataFig.2|Characterization ofimmune-epithelial progenitor
interactionsin human PASC-PF, influenza, and IPF lungs. (a) Representative
immunofluorescence images staining CD8" T cells and (b) quantification of
CD8' T cell distribution within KRT8 /¥ and KRT8"¢" areas in PASC-PF
lungs (5-7 random fields/lung; n =10) (****p < 0.0001). (c) Representative
immunofluorescence images staining CD8" T cells and (d) quantification of
CD8'T cell distribution within KRT17'KRT5 or KRT17'KRT5  areas in PASC-PF
lungs (5-7 random fields/lung; n =10) (****p < 0.0001). (e) Representative
immunofluorescence images staining CD8" T cells and (f) quantification of
CD8' T cell distribution withinin KRT5” and KRT5" areas in PASC lungs (5-7
random fields/lung; n =10 lungs) (****p < 0.0001). (g) Unbiased analysis of
CDS8' T cell distributioninaninfluenza-infected human lung section using

KRTS' area fraction

QuPath. (h) Representative Masson’s Trichrome images of lungs from donors
with priorinfluenzainfection. (Scale bar - black =500 um; grey =2 mm).

(i) Simplelinear regression of CD8* T cellnumber and KRT8"" area fraction
inlungs with priorinfluenzainfection (15random fields/lung; n = 2lungs).

(j) Representativeimmunofluorescenceimages staining CD8" T cells and (k)
quantification of CD8* T cells in KRT8 " and KRT8"" areas within IPF lungs.
(n=8) (I-m) Simplelinear regression of CD8" T cellnumber and (I) KRT8"¢" area
fractionin control lungs (n = 6-8 random fields; N = 7 lungs), (m) KRT5" area
fractionin PASC-PF (6-8 random fields/lung; n =7) and (n) KRT" areafraction
inIPF (6-8 random fields/lung; n=7) lung sections. Statistical analyses were
conducted using atwo-tailed unpaired t-test.****p < 0.0001. Data are expressed
asmean = SEM; ns - not significant.
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Extended DataFig.3|IAV but not SARS-CoV-2infectioninduces chronic
pulmonary pathology in aged mice. (a) Percent change in bodyweight

and survival (*p =0.0291) of young and aged C57BL/6 following SARS-CoV-2
MA-10 infection (n =10 per group). (b) Representative H&E images of young
and aged C57BL/6 mice fromacute (10d.p.i.), and (c) H&E and MT at chronic
(35d.p.i.) phase post SARS-CoV-2 MA-10 infection. (d) Representative
immunofluorescence images staining CD8" T cells (CD8«) and epithelial
progenitors (KRT5"and KRT8"e"), and (e) quantification of CD8* T cellsin naive
and SARS-CoV-2MA-10infected (35d.p.i.) aged C57BL/6 lungs. (n = 5 naive,

4 MA-10) (**p = 0.0058). (f) Percent change inbodyweight and survival of
aged BALB/c following SARS-CoV-2 MA-10 infection (n =10 per group).

(g) Representative H&E images of aged BALB/c mice from theacute (7d.p.i.),
and (h) H&E and MT chronic (35d.p.i.) phase post SARS-CoV-2 MA-10 infection.
(i) Representativeimmunofluorescence images staining CD8* T cells (CD8«x)
and epithelial progenitors (KRT5* and KRT8"#"), and (j) quantification of CD8"
Tcellsin naive and SARS-CoV-2 MA-10 infected (35d.p.i.) aged BALB/c lungs.
(n=4naive, 3 MA-10) (k) Percent change inbodyweight and survival data

(*p=0.0325) of aged K18-hACE2 mice following SARS-CoV-2 WA-1virusinfection
(n=3PBS,n=16 WA-1). (I) Representative H&E and MT images of aged K18-
hACE2lungs post SARS-CoV-2 WA-linfection (35d.p.i.) or PBS administration.
(m) Representativeimmunofluorescence image staining CD8" T cells (CD8«)
and epithelial progenitors (KRT5"and KRT8"€"), and (n) quantification of CD8"
Tcellsinnaive and SARS-CoV-2 WA-linfected (35d.p.i.) aged K18-hACE2 mice
(n =4 naive, 4 WA-1). (o) Percent change inbodyweight and survival
(*p=0.0295) dataof young and aged C57BL/6 following IAV virus infection
(n=10 per group). (p) Representative H&E and MT images of young and aged
C57BL/6 lungs postIAV virusinfection. (q) Representative image of young and
agedIAV-infected mouse (35d.p.i.) lung staining for CD8" T cells and dysplastic
progenitors (KRT8" and KRT5"). Scale bar - black =500 pum; grey =2 mm.
Dataarerepresentative of two (a-n) or three (o-p) independent experiments.
Statistical analyses were conducted using a two-tailed unpaired t-test (e,j,n),
two-way ANOVA (BW data - a,f,k,0), and log-rank test (survival data- a,f,k,0)
*p <0.05;**p < 0.01. Data are expressed as mean + SEM; ns - not significant.
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Extended DataFig.4 |Chronic pathology and tissue sequelae after
IAVinfection mimics features of human PASC-PF. (a) Representative
immunofluorescence images staining CD8" T cells (CD8«") and epithelial
progenitors (KRT5"and KRT8"€"), and (b) quantification of KRT5" areain young
and aged lungs postIAVinfection (n = 4-11per time point) (*p = 0.0257).

(c) Representative immunofluorescence images and (d) quantification of
KRT8"e" transitional cells expressing PDLIM7 in young and aged C57BL/6 mouse
lungs post-IAVinfection (42d.p.i.;n=4) (*p=0.0332). (e) Scatter plot comparing
gene expression profiles of KRT8"" transitional cells inyoung and aged mice
following 14 days post-bleomycininjury froma previously published dataset
(GSE157995). (f) Representative H&E and MT images (Scale bar - black =500 pm;

grey=2mm) and (g) evaluation of fibrotic disease (****p < 0.0001), and (h)
evaluation of pathological lesions (**p = 0.0023,0.0027; ****p < 0.0001) in
aged naive and IAV-infected C57BL/6 mice (250 d.p.i.) (n =3 naive, 8infected).
(i) Quantification of CD8* T cells (*p = 0.0458), (j) KRT8"e" (*p = 0.0458),

(k) KRT5"areas (*p=0.0327), (I) PDPN" AT1cells (*p = 0.0305) and (m) proSP-C*
AT2cellsin naiveandIAV-infected (250 d.p.i.) aged C57BL/6 mouse lungs
(n=3naive, 8infected). Data are representative of two (d,g-m) or three (b)
independent experiments. Statistical analyses were conducted using a
two-tailed unpaired t-test (d,g,i-m), and two-way ANOVA (b,h). *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. Data are expressed as mean + SEM;
ns - notsignificant.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE157995
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Extended DataFig.5|IAVinfection of aged mice induces asustained

loss of alveolar epithelial cells unlike SARS-CoV-2. (a) Representative
immunofluorescenceimages ofaged C57BL/6 and BALB/c mouse lungs
infected with SARS-CoV-2 MA-10, staining alveolar epithelial cell markers
(AT1-PDPN; AT2 - proSP-C). (b) Quantification of proSP-C" AT2 (*p = 0.0141, 0.0168)
and (c) PDPN"AT1lareain aged C57BL/6 mice following SARS-CoV-2 MA-10
infection (n = 3-4 per time point). (d) Quantification of proSP-C* AT2
(**p=0.0005) and (e) PDPN* AT1areainaged BALB/c mice following SARS-CoV-2
MA-10infection (n = 3-4 per time point). (f) Representativeimmunofluorescence
images, and (g-i) quantification of proSP-C* AT2 (Young - *p = 0.0333;
**p=0.0070.Aged-*p=0.0391;**p=0.0037;***p=0.0002) and PDPN" AT1
(Young-**p=0.0020,0.0012; **p=0.0002.Aged - *p =0.0441;**p=0.0068)

areainyoungandaged C57BL/6 mice following IAV infection (n = 3-4 per time
point). (j) Representativeimmunofluorescence images of aged C57BL/6 mouse
lungsinfected with IAV or SARS-CoV-2 virus, staining for AT1cells (PDPN) and
viral nucleoprotein (NP). (k) Schematic of the FlexiVent system to evaluate
pulmonary functionin mice. The diagram was created using BioRender.

(I) Evaluation of compliance of the respiratory systemin young and aged

mice post PBS administration or IAVinfection (60 d.p.i.) (n =3 per time point)
(*p=0.0135;**p=0.0034). Dataare representative of two (b-e,l) or three (g-h)
independent experiments. Statistical analyses were conducted using aone-
way ANOVA (b-e,h,i,l) and two-way ANOVA (g). *p < 0.05; **p < 0.01; ***p < 0.001.
Dataare expressed as mean + SEM; ns - not significant.
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Extended DataFig. 6 | Depletion of lung-resident CD8* T cellsimproves
fibrotic diseaseinaged but not young mice. (a) Simplelinear regression of
CDS8' T cellnumber and KRT8"&" or (b) KRT5" area fraction in aged IAV-infected
mouse lungs at 30 d.p.i. (5-7random fields/lung; n=5) and (c) 60 d.p.i. (5-7
random fields/lung; n =5). (d) Survival data of aged IAV-infected C57BL/6 mice
following CD8" T cell depletion prior toinfection (n =4 control IgG, 6 anti-CD8)
(**p=0.0046). (e) Representative H&E and MT images and (f) evaluation of
fibrotic disease (n =3 controlIgG, 3 anti-CD8) (*p = 0.0207), and (g) pathological
lesionsinaged IAV-infected C57BL/6 mice (60 d.p.i.) following treatment with
anti-CD8 or control IgG Ab. (n =4 control IgG, 4 anti-CD8) (*p = 0.0125;
**p=0.0094; **p=0.0006). (h) Representativeimmunofluorescenceimages
staining CD8' T cells (CD8«*) and epithelial progenitors (KRT5*and KRT8"eh),
and (i) AT1(PDPN*) and AT2 (proSP-C*) in aged C57BL/6 mouse lungs post IAV
infection (60 d.p.i.), treated with anti-CD8 or controlIgG Ab. (j) Representative
H&E images (k) and immunofluorescence images of young C57BL/6 lungs post
IAVinfection (60d.p.i.) treated with anti-CD8 or control IgG Ab. (I) Quantification

of KRT8"e" KRT5" (*p = 0.0255), (m) AT1, and AT2 cells in young IAV-infected
mouse lungs, treated with anti-CD8 Ab or control IgG Ab. (n=5-61gG, 5-6
anti-CD8). (n) Representativeimmunofluorescenceimages of aged and young
C57BL/6 lungs post-1AV infection (42 d.p.i.) following receipt of lung CD8" T cells
fromyoung or aged infection-matched donors at 21d.p.i. (0) Quantification of
KRT8"e"area, (p) AT1and (q) AT2 cells (**p =0.0035) in aged or young C57BL/6
lungs post-1AV infection (42 d.p.i.) following receipt of lung CD8" T cells from
young or aged infection-matched donors at 21d.p.i. (n=3-6 per group).

(r) Quantification of KRT8"" (**p =0.0021) and KRT5" area (*p = 0.0454) in
agedIAV-infected mouse lungs (60 d.p.i.), treated with control IgG Ab, low dose
anti-CD8 or high dose anti-CD8 (n = 6-11 per group). Scale bar - black =500 pm;
grey=2mm.Dataarerepresentative of two (d,f,g,0) or three (I, m,r) independent
experiments. Statistical analyses were conducted using a two-tailed unpaired
t-test (f,1,m), two-way ANOVA (g), and an ordinary one-way ANOVA (o-r).
*p<0.05;*p<0.01;***p <0.001. Data are expressed as mean + SEM; ns - not
significant.
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Extended DataFig.7|CDS8'T celldepletioninduces widespread changes
inimmune and epithelial cells gene expression when evaluated by spatial
transcriptomics. (a) Representative H&E images of aged IAV-infected mice
(60d.p.i.) treated withIgG Ab (n =2) or anti-CD8 (n = 2) that were mounted on
the 10X Visiumslide. (b) UMAP visualization of spatial transcriptomics data
from aged IAV-infected mice (60 d.p.i.), treated with IgG Ab or anti-CD8.

(c) Heatmap of gene expression across all identified clusters of spots.

(d) Evaluation of top DEGs enriched in human PASC-PF lungs within dysplastic
(Krt) or healthy (AE) areas of aged IAV-infected mice. (e) Evaluation of top DEGs
enrichedin pathological areas of human PASC-PF lungs within dysplastic (Krt)
or healthy (AE) areas of aged IAV-infected mice. (f) Evaluation of top signalling
enrichedin human PASC-PF lungs within dysplastic (Krt) or healthy (AE) areas
ofaged IAV-infected mice. (g) Evaluation of top DEGs enriched in human
PASC-PF lungs within aged IAV-infected mice treated with IgG Ab or anti-CD8.
(h) Evaluation of top DEGs enriched in pathological areas of human PASC-PF
lungs (n=3) withinaged IAV-infected mice treated with IgG Ab or anti-CD8.

(i) Evaluation of top signalling pathways enriched in human PASC-PF lungs

(n=3)withinagedIAV-infected mice treated with1gG Ab or anti-CD8 (n =2 each).
(j) GSEA analysis of signalling pathways enriched in diseased (Krt5* and Krt8™-
rich) areas compared to healthy alveolar epithelium. (k) Boxplots comparing
gene expression signature of ADI/DATP/PATS and aberrant basaloid cellsin
diseased areas and healthy alveolar epithelium using spatial transcriptomics
(n=21IgG). (I) Spatial map of the expression of dysplastic epithelial progenitors
(Krt8, KrtS, Trp63), (m) alveolar epithelial (Sftpcl, Ager, Sftpal), (n) CD8" T cell
(CD8a, CD8bI, Itgae), (0) monocyte-derived macrophages (Cx3crl, Cd14,
S$100a6), and (p) alveolar macrophage (Fit1, Car4, Fabp5) marker genesinaged
IAV-infected mice (60 d.p.i.), treated with IgG or anti-CD8. (q) Spatial map of
the expression of genes associated with lung fibrosisin aged IAV-infected mice
(60d.p.i.), treated withIgG Ab or anti-CD8. Statistical analyses were conducted
using aone-sided Wilcoxon rank sum test without any adjustment (d-1,k).
Centerline, bounds of box, top line, and bottom line of the boxplots represent
themedian, 25th to 75th percentile range, 25th percentile - 1.5 x interquartile
range (IQR), and 75th percentile +1.5 x IQR, respectively.
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Extended DataFig.8|Monocyte-derived macrophages but not

alveolar macrophages are enriched in areas of dysplastic repair within
human and mouse post-viral lungs. (a) Representativeimmunofluorescence
image of aged IAV-infected C57BL/6 mouse lungs staining for CXC3CR1*
macrophages and dysplastic progenitors (KRT5 and KRT8). (b) Representative
immunofluorescenceimages of aged IAV-infected (60 d.p.i.) lungs treated
with control IgG Ab or anti-CD8, staining monocyte-derived macrophages
(CX3CR1) and dysplastic epithelial progenitors (KRT5 and KRTS). (c) Evaluation
of CCL2levelsinbronchoalveolar lavage fluid from naive or aged IAV-infected
mice treated with control IgG Ab or anti-CD8 (n =4 per group) (***p=0.0002).
(d) Quantification of Ccl2 (**p = 0.0020), Ccl3 (**p = 0.0052), and Cx3cll gene
expressioninlungs of aged IAV-infected mice treated with control IgG Ab or
anti-CD8 (n=31gG, 3aCD8). (e) Quantification of the proportion of spots
expressing the gene signature of monocyte-derived macrophagesin human
controland PASC-PF lungs. (f) Heatmap of the physical distribution of

monocyte-derived macrophages (MDM), alveolar macrophages (AM), healthy
alveolar epithelium (AE), and dysplastic areas (Krt) within human PASC-PF
lungs. (g) Quantification of the proportion of spots expressing gene signatures
characterizing monocyte-derived macrophages and alveolar macrophages
inAGER" and KRT17" areas of human PASC-PF (n = 3) lungs. (h) Spatial gene
expression maps of monocyte-derived macrophages, Krt-rich dysplastic areas,
alveolar macrophages and healthy alveolar epithelium in human control (n=2)
and PASC-PF (n =3) lungs. (i) Representative immunofluorescence image of
human PASC-PF lungs staining for CD68" macrophages and dysplastic
progenitors (KRT5 and KRT8). (k) Quantification of CD68" macrophagesin
human controland PASC-PF lungs (n =12 control; 7 PASC-PF) (****p <0.0001).
Dataarerepresentative of two (c,d) independent experiments. Statistical
analyses were conducted using a two-tailed unpaired t-test (d,k), and an
ordinary one-way ANOVA (c). **p < 0.01; ***p < 0.001; ****p < 0.0001. Dataare
expressed as mean + SEM; ns - not significant.
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Extended DataFig.9|Areas of dysplasticrepair are enriched with IL-1IR
signalling and inflammasome signatures inhuman PASC-PF and aged
IAV-infected mouse lungs. (a) Proportions of spots expressing gene
signatures of IL-1R signalling and inflammasome activity in AGER" and KRT17"
areas of human PASC-PF lungs. (b) Spatial gene expression maps of IL-1IR
signalling and inflammasome activity in aged IAV-infected mouse lungs
(60d.p.i.). (c) Gating strategy to identify prolL-1B* cells IAV-infected mouse
lungs by flow cytometry. (d) Histograms of caspase-1levelsin lungs of aged
IAV-infected mice treated with IgG or Anti-CD8. (e) Gating strategy to identify
FLICA" cellsinIAV-infected mice. (f) Spatial gene expression maps of
inflammasome componentsin aged IAV-infected mice (60 d.p.i.) treated with
IgG Abor anti-CD8. (g) Representative immunofluorescence images staining
for CD8" T cells (CD8a) and TNF, and (h) IFN-y in human control and PASC-PF
lungs. (i) Quantification of TNF* (*p = 0.0266) and IFN-y* (*p = 0.0378)
lung-resident CD8" T cellsin naive and IAV-infected (60 d.p.i.) aged mouse

lungs (n =5 naive, 6 infected). (j) Proportions of spots expressing gene
signatures of IFN-y + TNF signalling in healthy (AGER™) and diseased areas
(KRT8" or KRT17*) within human PASC-PF (n = 3) lungs. (k) Quantification of
IL-1B gene expression (n = 3-4 wells/condition pooled from 4 mice) (*p = 0.0174;
***p=0.0001),and (I) evaluation of IL-1B release following coculture of
macrophages and CD8" T cells from naive aged C57BL/6 mice (n =3 wells/
condition pooled from 4 mice) (**p =0.0037,0.0089). (m) Gene expression

of AT1cell markers 3 days post AT2 cell culture and exposure to conditioned
media (CM) (n =2-3 wells/condition pooled from 5mice) (*p = 0.0119, 0.0395;
****p < 0.0001). Dataarerepresentative of two (i,k,I,m) independent
experiments. Statistical analyses were conducted using a two-tailed unpaired
t-test (i), an ordinary one-way ANOVA (k, 1), and a two-way ANOVA (m). *p < 0.05;
**p <0.0L; ***p < 0.001; ****p < 0.0001. Data are expressed as mean + SEM;

ns - notsignificant.
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Extended DataFig.10|Neutralization of IFN-yand TNF or IL-1f activity in
the post-acute phase of infectionimproves outcomesinaged IAV-infected
mice. (a) Representative H&E and MT images, (b) evaluation of fibrotic (n=4
pergroup) (***p=0.0003), (c) representative immunofluorescence images
staining AT1(PDPN*), AT2 (proSP-C*) and epithelial progenitors (KRT5"and
KRT8"e"), and (d) quantification of tissue damping (G) (*p = 0.0210) and
elastance of the respiratory system (E,;) (*p = 0.0391) in aged IAV infected
C57BL/6 mice (42d.p.i.) treated withIgG Ab (n = 8) or anti-IFN-y + anti-TNF
neutralizing Ab (n =9). (e) Experimental design forin vivo IL-1p blockade post
IAVinfection. The diagram was created using BioRender. (f) Representative
H&E and MT images, (g) evaluation of fibrotic disease (n =4 per group)
(*p=0.0400), (h) representativeimmunofluorescenceimages staining AT1
(PDPN*) and AT2 (proSP-C") cells, and (i) quantification of tissue damping (G)
(***p=0.0008) and elastance of the respiratory system (E,,) (***p=0.0001) in
agedlAVinfected C57BL/6 mice (42d.p.i.) treated with control IgG Ab (n=8) or
anti-IL-1B neutralizing Ab (n = 9). (j) Evaluation of IL-1B levels in the BAL fluid of

young and aged IAV-infected mice (42 d.p.i.; n= 6 young, 4 aged) (**p =0.0024).

(k) Representative H&E and MT images of young C57BL/6 lungs post IAV

infection (42d.p.i.) treated with anti-IL-1$ neutralizing Ab or control IgG Ab.
(I) Experimental design for in vivo IL-6 neutralization postIAV infection. The
diagram was created using BioRender. (m) Representative H&E and MT images,
and (n) evaluation of fibrotic disease inaged IAV-infected (42 d.p.i.) mice
treated with anti-IL-6 neutralizing Ab or control IgG Ab (n =3 per group), and
(o) representativeimmunofluorescence images staining AT1(PDPN*), AT2
(proSP-C*) and epithelial progenitors (KRT5* and KRT8"&"), (p) quantification
of KRT8"&"and KRT5" areaand (q) AT1(PDPN*) and AT2 (proSP-C*) cells (n=6
per group), and (r) evaluation of static compliance (C,), resistance of the
respiratory system (R,,), and tissue elastance (H) in aged IAV-infected mice
(42d.p.i.) treated withIgG Ab (n = 5) or anti-IL-6 neutralizing Ab (n = 6). (s) An
aberrantimmune-epithelial progenitor nice drives post-viral lung sequelae.
The diagram was created using BioRender. Scale bar - black =500 pm; grey =
2mm.Dataarerepresentative of two (b,g,j,n,p,r) or three (d,i) independent
experiments. Statistical analyses were conducted using a two-tailed unpaired
t-test.*p <0.05;**p < 0.01; ***p < 0.001. Data are expressed as mean + SEM;

ns - notsignificant.
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mm10)

Data analysis Flow cytometry: FlowJo; Microscopy: QuPath, Imagel FlJI; Spatial transcriptomics: R Seurat (v4.3.0) for basic analyses. SCTransform method
(v0.3.5) for normalization. Harmony (v0.1) for batch correction; Statistical analyses: GraphPad Prism
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All raw and processed spatial transcriptomics data have been uploaded to GEO database (GSE267227 and GSE267228). Relevant code used for analysis of spatial
transcriptomics data has been deposited at github (https://github.com/zang-lab/covidSTanalysis) or available online - genome version mm10.
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Georgia); Patients with advanced stage lung fibrosis following COVID-19 required lung transplantation. Age (25-79) of patient
cohort has been described in Supplementary information.

Recruitment Patients were enrolled into IRB-approved Biobank studies at Cedars-Sinai Medical Center or University of Virginia Health
Systems.
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Antibodies

Antibodies used

Validation

All antibodies used in the study were obtained from commercial suppliers. All relevant information is provided in supplementary
table and also listed here:

Immunofluorescence

Rat anti-cytokeratin 8 (TROMA-1) DSHB Antibody Registry ID: AB 531826
Rabbit anti-proSP-C Millipore Sigma Cat#: AB3786

Hamster anti-PDPN Abcam Cat#: ab11936

Chicken anti-cytokeratin 5 (human) BioLegend Cat#: 905901

Chicken anti-cytokeratin 5 (mouse) BioLegend Cat#: 905903

Rabbit anti-CD8a (human) Cell Signaling Technologies Cat#: 853365
Rabbit anti-CD8a (mouse) Cell Signaling Technologies Cat#: 98941S
Rabbit anti-cytokeratin 17 Millipore Sigma Cat#: HPAO00453

Mouse anti-SMA Millipore Sigma Cat#: A5528

Rabbit anti-AGER Proteintech

Cat#: 16346-1-AP

Mouse anti-CD68 Abcam Cat#: Ab955

Mouse anti-proSP-C Santa Cruz Cat#: sc-518029

Rabbit anti-CX3CR1 ThermoFisher Cat#: 14-6093-81

Mouse anti-TNF Abcam Cat#: ab1793

Rabbit anti-IFNy Proteintech Cat#: 15365-1-AP

Rabbit anti-Influenza A virus NP GeneTex Cat#: GTX125989

Rabbit anti-SARS-CoV-2 NP GeneTex Cat#: GTX135357

Rabbit anti-PDLIM7 Novus Biologicals Cat#: NPB1-84841

DyLight 649 Donkey anti-rabbit 1gG BiolLegend Cat#: 406406

Donkey anti-chicken IgGY (H+L) Alexa Fluor 488 IgG (H+L) ThermoFisher Cat#: A78948

Goat anti-rat IgG (H+L) Alexa Fluor 555 ThermoFisher Cat#: A48270

Goat anti-Armenian Hamster 1gG (H+L) Alexa Fluor 488 ThermoFisher Cat#: A78963
Goat anti-Chicken 1gY (H&L) Alexa Fluor 750 Abcam Cat#: ab175755

Goat anti-rat IgG (H+L) Alexa Fluor 488 ThermoFisher Cat#: A-11006

Goat anti-rabbit 1gG (H+L) Alexa Fluor 488 ThermoFisher Cat#: A-11008

Antibodies (Flow cytometry)

Viability dye (Zombie NIR) BioLegend Cat#: 423105

Viability dye (Zombie Aqua) BioLegend Cat#: 423101
CD8a-BV510 (53-6.7) BioLegend Cat#: 100751

CD11b-BV510 (M1/70) BioLegend Cat#: 101245
CD11b-PerCP/Cy5.5 (M1/70) BioLegend Cat#: 101227
CD11c-BV421 (N418) BioLegend Cat#: 117329

CD45-BV605 (30-F11) BioLegend Cat#: 103139

CD64-BV711 (X54-5/7.1) BioLegend Cat#: 139311
IA/IE—PerCP/Cy5.5 (M5/114.15.2) BD Biosciences Cat#: 556999
IL-1b-PE (NJTEN3) eBioscience Cat#: 12-7114-82

Ly6C-PE (HK1.4) BioLegend Cat#: 128007

Ly6G-PE/Cy7 (1A8) BioLegend Cat#: 127617

MerTK-APC (2B10C42) BiolLegend Cat#: 151507

Influenza NP366-374-APC NIH IEDB ID: 4602

SiglecF-APC/Cy7 (E50-2440) BD Biosceinces Cat#: 155531
CD45-APC (30-F11) BioLegend Cat#: 103111

EpCAM/CD326 — PerCP/Cy5.5 (G8.8) BioLegend Cat#: 118219
IA/IE-FITC (M5/114.15.2) BioLegend Cat#: 107605

All antibodies were validated by suppliers as described below:

Rat anti-cytokeratin 8 (TROMA-1) TROMA-I specificity for keratin K8 has been knock-out validated. See PMID: 27234655.

Rabbit anti-proSP-C Immunohistochemistry (Paraffin) Analysis: A 1:2,000 dilution from a representative lot detected Prosurfactant
Protein C (proSP-C) in mouse lung tissue sections.

Hamster anti-PDPN Abpromise guarantee covers the use of ab11936 in the following tested applications - Immunofluorecence

Chicken anti-cytokeratin 5 (human) Each lot of this antibody is quality control tested by immunohistochemical staining of formalin-
fixed paraffin-embedded sections of human skin.

Chicken anti-cytokeratin 5 (mouse) Each lot of this antibody is quality control tested by formalin-fixed paraffin-embedded
immunohistochemical staining. For immunohistochemistry, a concentration range of 0.1 —5.0 ug/ml is suggested. It is recommended
that the reagent be titrated for optimal performance for each application.

Rabbit anti-CD8a (human) this product has met all of the quality control standards defined by Cell Signaling Technology, Inc.

Rabbit anti-CD8a (mouse) this product has met all of the quality control standards defined by Cell Signaling Technology, Inc.

Rabbit anti-cytokeratin 17 Enhanced validation by orthogonal RNAseq

Mouse anti-SMA Enhanced validation by orthogonal RNAseq

Rabbit anti-AGER KO validated. Positive IHC detected in mouse lung tissue, human lung tissue, human renal cell carcinoma tissue

Mouse anti-CD68 Abpromise guarantee covers the use of ab955 in the following tested applications - Immunofluorecence

Mouse anti-proSP-C Western blot analysis of SP-C expression in non-transfected (A) and human SP-C transfected (B) 293T whole cell
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lysates.

Rabbit anti-CX3CR1 This Antibody was verified by Knockdown to ensure that the antibody binds to the antigen stated.

Mouse anti-TNF Abpromise guarantee covers the use of ab1793 in the following tested applications - Immunofluorecence

Rabbit anti-IFNy KD/KO validated; positive WB detected in NK-92 cells recombinant protein

Rabbit anti-Influenza A virus NP Orthogonal validation by WB, IF and ELISA

Rabbit anti-SARS-CoV-2 NP Orthogonal validation by WB, IF and ELISA

Rabbit anti-PDLIM7 Orthogonal validation by WB in human cellines U20S and HEK293

Viability dye (Zombie NIR) One day old C57BL/6 mouse splenocytes were stained with Zombie NIR™ and analyzed before fixation
(purple) or after fixation and permeabilization (red).

Viability dye (Zombie Aqua) One day old C57BL/6 mouse splenocytes were stained with Zombie NIR™ and analyzed before fixation
(purple) or after fixation and permeabilization (red).

CD8a-BV510 (53-6.7) C57BL/6 mouse splenocytes were stained with CD3 APC and CD8a (clone 53-6.7) Brilliant Violet 510™.
CD11b-BV510 (M1/70) C57BL/6 mouse bone marrow cells were stained with CD11b (clone M1/70) Brilliant Violet 510™. Data shown
was gated on the myeloid cell population

CD11b-PerCP/Cy5.5 (M1/70) C57BL/6 splenocytes were blocked with TruStain FcX™ (anti-mouse CD16/32) Antibody then stained
with Ly-6G/Ly-6C (Gr-1) APC and CD11b (clone M1/70) PerCP/Cyanine5.5 (left) or rat IgG2b, k PerCP/Cyanine5.5 isotype control
(right).

CD11c-BV421 (N418) 57BL/6 mouse splenocytes were stained with mouse I-A/I-E FITC and CD11c (clone N418) Brilliant Violet 421™
(top) or Armenian hamster IgG Brilliant Violet 421™ isotype control (bottom).

CD45-BV605 (30-F11) C57BL/6 mouse splenocytes were stained with CD45 (clone 30-F11) Brilliant Violet 605™ (filled histogram) or
rat 1gG2b, k Brilliant Violet 605™ isotype control (open histogram).

CD64-BV711 (X54-5/7.1) C57BL/6 mouse bone marrow cells were stained with CD11b FITC and CD64 (clone X54-5/7.1) Brilliant
Violet 711™ (top) or mouse 1gG1, k Brilliant Violet 711™ isotype control (bottom).

IA/IE-PerCP/Cy5.5 (M5/114.15.2) This antibody is routinely tested by flow cytometric analysis. Ot

IL-1b-PE (NJTEN3) This Antibody was verified by Cell treatment to ensure that the antibody binds to the antigen stated.

Ly6C-PE (HK1.4) C57BL/6 bone marrow cells were stained with Ly-6C (clone HK1.4) PE (filled histogram), or rat 1gG2c, k PE isotype
control (open histogram

Ly6G-PE/Cy7 (1A8) C57BL/6 bone marrow cells stained with 1A8 PE/Cyanine7

MerTK-APC (2B10C42) 57BL/6 mouse splenocytes were stained with CX3CR1 PE and MERTK (clone 2B10C42) APC (top) or rat 1gG2a,
K APC isotype control (bottom).

Influenza NP366-374-APC |EDB_Reference:1313

SiglecF-APC/Cy7 (E50-2440) Two-color flow cytometric analysis of Siglec-F expression on mouse bone marrow cells

CD45-APC (30-F11) C57BL/6 mouse splenocytes stained with 30-F11 APC

EpCAM/CD326 — PerCP/Cy5.5 (G8.8) Mouse thymic epithelial stromal cell line (TE-71) stained with G8.8 PerCP/Cyanine5.5
IA/IE-FITC (M5/114.15.2) C57BL/6 mouse splenocytes were stained with anti-mouse I-A/I-E (clone M5/114.15.2)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Vero E6 cells were purchased from ATCC

Cell lines were not independently authenticated beyond the identity provided by ATCC

Mycoplasma contamination Cell lines tested negative for mycoplasma

Commonly misidentified lines  None

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research
Laboratory animals
Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BL/6 (2-3mo old or 20-22mo old), BALB/c (10-12mo old) , and K18-hACE2 (10-12mo old) mice were utilized where indicated
No wild animals were used in the study

Studies were performed primarily in female mice due to long-term housing and aging

No field samples were collected in the study

Studies were approved by the IACUC at the Mayo Clinic or the University of Virginia

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication DPescribe-any-atithentication-proceduresforeach-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Detailed methodology of sample preparation and processing is provided in methods section
Instrument Attune NXT Flow cytometer
Software Attune cytometric software
Cell population abundance Frequency and total cell numbers are indicated in respective figures
Gating strategy Detailed gating strategy provided in supplementary figures

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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