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Expression of mutant Sftpc in murine alveolar epithelia
drives spontaneous lung fibrosis
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Epithelial cell dysfunction is postulated as an important component in the pathogenesis of idiopathic pulmonary fibrosis
(IPF). Mutations in the surfactant protein C (SP-C) gene (SFTPC), an alveolar type Il (AT2) cell-restricted protein, have been
found in sporadic and familial IPF. To causally link these events, we developed a knockin mouse model capable of regulated
expression of an IPF-associated isoleucine-to-threonine substitution at codon 73 (173T) in Sftpc (SP-C”). Tamoxifen-
treated SP-C"" cohorts developed rapid increases in Sftpc”?” mRNA and misprocessed proSP-C”*" protein accompanied by
increased early mortality (days 7-14). This acute phase was marked by diffuse parenchymal lung injury, tissue infiltration by
monocytes, polycellular alveolitis, and elevations in bronchoalveolar lavage and AT2 mRNA content of select inflammatory
cytokines. Resolution of alveolitis (2-4 weeks), commensurate with a rise in TGF-f1, was followed by aberrant remodeling
marked by collagen deposition, AT2 cell hyperplasia, a-smooth muscle actin-positive (a-SMA-positive) cells, and restrictive
lung physiology. The translational relevance of the model was supported by detection of multiple IPF biomarkers previously
reported in human cohorts. These data provide proof of principle that mutant SP-C expression in vivo causes spontaneous
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Introduction
Idiopathic pulmonary fibrosis (IPF) represents the most common
subtype of a larger family of diffuse parenchymal lung diseases
(DPLDs) of unknown etiology in adults (1). The incidence of IPF is
increasing, is higher in men, and rises significantly with age (2, 3).
Family-based studies have led to the identification of rare variants
in genes related to surfactant function and telomere biology (4, 5).
Molecular signatures of cellular stress, apoptosis, and foreshort-
ened telomeres associated with these genetic variants have also
been confirmed in sporadic cases of IPF (4, 6). Many of these genet-
ic variants are also described in pediatric populations as part of the
larger spectrum of childhood interstitial lung disease (chILD) (7).
The pathognomonic histology of IPF is the usual interstitial
pneumonitis (UIP) lesion composed of temporally and spatially
heterogeneous areas of fibroblast/myofibroblast accumulation
coupled with extracellular matrix deposition, disruption of alve-
olar architecture, and subpleural honeycombing (8). The typical
clinical experience of patients with IPF is marked by progression
of symptoms from cough and dyspnea to end-stage respiratory
insufficiency, resulting in lung transplantation or in death within
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lung fibrosis, strengthening the role of AT2 cell dysfunction as a key upstream driver of IPF pathogenesis.

3-5 years of diagnosis (2, 9). In addition, a subset of IPF patients
(incidence ~5%-12% per year) experience an acute clinical dete-
rioration, termed acute IPF exacerbation (AE-IPF), characterized
by new radiological infiltrates and worsening respiratory physiolo-
gy, in which a pattern of diffuse alveolar damage is superimposed
on the UIP pathology (2, 10). These events precede precipitous
declines in lung function and are associated with extremely poor
outcomes (median survival ~3-4 months after event) (2, 11).

The pathogenesis of IPF remains poorly understood and has
been a major obstacle in developing effective therapies capable of
stabilizing or improving lung function for affected individuals (12).
Clinical trials based on antiinflammatory strategies (corticoste-
roids, immunosuppressive/cytotoxic agents, and cytokine modu-
lation) have revealed low efficacy or even harmful toxicities (13).
Two FDA-approved antifibrotic agents (i.e., pirfenidone and nin-
tedanib) have been shown to only slow the rate of pulmonary func-
tion deterioration (14, 15). Contributing to this knowledge gap has
been the lack of relevant preclinical models that fully recapitulate
either the clinical features of IPF or develop UIP histology (12, 16).

Over the past 2 decades, due in part to the aforementioned
challenges, a paradigm shift has taken place away from viewing
inflammatory cells or the mesenchyme as primary drivers of IPF
toward the recognition of a pivotal role for alveolar epithelial cells
(AECs) in IPF pathogenesis (17). Specifically, the postulated con-
tribution of alveolar type II (AT2) cell dysfunction to the develop-
ment of a fibrotic lung phenotype has gained momentum: micro-
foci of repeated cycles of AEC/AT?2 injury in conjunction with
release of proinflammatory and profibrotic mediators produce a
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dysfunctional repair process reminiscent of other fibrotic diseases
observed in skin, kidney, and liver (12, 17). Perhaps, the most com-
pelling evidence supporting a role for AT2 cells in these processes
is derived from studies linking adult IPF patients or children with
chILD with the heterozygous expression of more than 60 muta-
tions in the AT2 cell-restricted gene SFTPC, whose secreted pro-
tein product, surfactant protein C (SP-C), modulates the biophysi-
cal activity of pulmonary surfactant (reviewed in ref. 5).

Among SFTPC variants described to date, the missense sub-
stitution g.1286T>C, resulting in a change of isoleucine to thre-
onine at position 73 in the SP-C proprotein (SP-C"*"), is the most
common interstitial lung disease-associated (ILD-associated)
SFTPC mutation (18). First reported by our group in 2004 (19),
the heterozygous expression of the mutant SFTPC”" allele (either
inherited or de novo) has reappeared in several other cohorts of
IPF and chILD patients (20-22). Functionally, we have shown that
expression of SFTPC™T in vitro results in a toxic gain of function
initiated by the unique and markedly altered intracellular traffick-
ing of the SP-C*T proprotein. The deposition of proSP-C”*" in the
plasma membrane and subsequent accumulation of misprocessed
isoforms within early and late endosomes resulted in a dysfunc-
tional cellular phenotype characterized by a late block in macroau-
tophagy, impaired mitophagy, and defective cellular proteostasis
(23, 24). Importantly, the highly disrupted organellar homeostasis
observed by transmission electron microscopy (TEM) in SP-C73*
cell lines recapitulated ultrastructural changes in AT2 cells noted
on a lung biopsy from an SFTPC*T ILD patient (24).

The striking cellular phenotype of AT2 cells and cell lines
expressing mutant proSP-C"*T and the paucity of relevant pre-
clinical IPF models led us to leverage ILD genetics to develop a
knockin murine model capable of inducible expression of mutant
Sftpc”T in a dose- and time-dependent fashion. The mechanistic
characterization of the resultant SP-C”*" mouse lines that follows
herein provides a direct link between previously described cellular
and clinical phenotypes that result from SP-C"*T expression while
offering proof of principle that expression of mutant SP-C”*T by
AT2 cells is sufficient to drive a cascade of events that in humans
has been pathognomonic of an IPF/UIP endophenotype. From
our results, a tractable preclinical IPF model has emerged that can
provide insights into disease pathogenesis, permit direct assess-
ment of the consequences of AE-IPF for parenchymal remodeling,
facilitate target identification/validation, serve as a platform for
development of novel biomarkers, and be exploited for the assess-
ment of new treatment strategies.

Results

We employed a recombineering strategy with embryonic stem
cell transduction/screening to selectively knock in an HA-tagged
mouse SP-C"T sequence into the endogenous mouse Sfpc locus.
The targeted allele in the resultant parental line (SP-C73TNeo))
schematically shown in Figure 1A, retained a PGK-neomycin
(PGK-Neo) cassette in intron 1 flanked by short flippase (Flp) rec-
ognition target (FRT) sites. F, crosses of SP-C"*"N° chimeras with
C57BL/6 mice confirmed germline transmission. The litters of F,
and further generations were full-term, of normal size and sex dis-
tribution, represented all genotypes, and exhibited normal post-
natal alveolarization (data not shown).
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This founder line was found to be hypomorphic, with total
Sfipc”™ mRNA in homozygous SﬁpCHsT—Neo/UsT—Neo (SP-C173-Neo/173-Neo)
animals limited to approximately 15% of that of littermates with 2
Sfipc"" alleles (Figure 1B).

Expression of Sfipc™™ in AT2 cells in vivo results in aberrant post-
translational processing and intracellular accumulation of mutant
SP-C™T proprotein. Despite low levels of Sfipc mRNA, AT2 cells
from SP-CU3TNeo/I3TNeo mjce accumulated known misprocessed
proSP-C" isoforms (19, 24-26), suggesting markedly aberrant
targeting and/or posttranslational processing (Figure 1C). proSP-
CWT immunostaining was consistent with its known localization in
AT?2 lamellar bodies (27, 28), while HA-proSP-C"*" was prominent-
ly mislocalized in the AT2 plasma membrane (Figure 1D). Impor-
tantly, the NH, terminal HA tag does not influence proSP-C”*"
mistrafficking. In an experiment utilizing a previously published
in vitro model (29), neither the HA nor EGFP tag affected normal
anterograde trafficking of proSP-CW! (Supplemental Figure 1, A-C;
supplemental material available online with this article; https://
doi.org/10.1172/JC199287DS1) or influenced the mistargeting of
proSP-C" to the plasma membrane (Supplemental Figure 1, D-F).

Aberrant trafficking of HA-proSP-C"" in AT2 cells in vivo
was corroborated by Western blotting of lamellar body fractions
from SP-C73TNeo/l73T-Neo mjee, wherein levels of mutant proSP-C73T
in this organellar compartment were below the limit of detec-
tion (Figure 1E). Interestingly, despite its exclusion from lamellar
bodies, an immunoreactive monomeric mature SP-C band (M,
3.5-3.7 kDa) was detected in the alveolar compartment (Figure
1F). Quantitatively, surfactant from SP-C73TNeo/I3T-Neo [yngg con-
tained only 34.5% of mature SP-C found in WT mice despite hav-
ing mildly elevated levels of SP-B (Supplemental Figure 2). Con-
sistent with prior in vitro data showing intracellular accumulation
and increased half-life of proSP-C”*" isoforms (26), the current
results support the concept that the aberrant trafficking and post-
translational processing of proSP-C"3T by AT2 cells in vivo result in
intracellular accumulation of mutant proSP-C isoforms out of pro-
portion to the lower AT2 Sftpc™ mRNA levels and in inefficient
synthesis of mature SP-C.

The hypomorphic SP-C73TN«/I3N foynder line develops diffuse
pavenchymal lung remodeling. Constitutive expression of SP-C"*"
protein in AT2 cells from this hypomorphic line resulted in devel-
opment of diffuse parenchymal lung remodeling marked by thick-
ening of alveolar septae beginning at approximately 16 weeks (Fig-
ure 1G) that contained trichrome-positive material (Supplemental
Figure 3A), with the histological changes persisting up to 40 weeks
of age (Supplemental Figure 3B). Evidence of fibrotic remodeling
was supported by an elevation in total lung collagen (Figure 1H). A
substantial increase in septal cellularity notable for the expansion
of proSP-C-positive cells consistent with AT2 cell hyperplasia was
found at both 16 and 32 weeks (Supplemental Figure 3, C and D)
and accompanied by age-dependent increases in bronchoalveolar
lavage fluid (BALF) cellularity (Supplemental Figure 3E).

In parallel with abnormalities in SP-C"*" biosynthesis and
aberrant lung remodeling, AT2 cells of SP-C"*™™° mice developed
ultrastructural abnormalities consistent with an acquired defect
in macroautophagy. TEM of lung sections from SP-C"*™™¢ mice
revealed hypertrophic AT2 cells containing numerous intracyto-
plasmic inclusions composed of proteinaceous debris and mito-
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Figure 1. Cellular and histopathological phenotype of the SP-C'*™ < founder line. (A) Schematic of the HA-tagged Sftpc”*" knockin allele showing the
PGK-Neo cassette in intron 1. (B) gRT-PCR analysis for Sftpc mRNA expression in 12- to 28-week-old WT and homozygous SP-C73™Nee/73TNeo (S |73T)
mice. (C) Western blot of AT2 lysates for proSP-C (20 pg protein/lane). SP-C'72™Nee/73TNeo mice accumulate an HA-tagged primary translation product

(arrowheads) and misprocessed isoforms (arrows, right bracket). In WT/WT mice, both the primary translation product (arrowheads) and major processing
intermediate (left bracket) were detected. (D) Immunohistochemistry for proSP-C of lung sections from 8-week-old WT and SP-('73TNeo/3TNeo myjce revealed
proSP-C73T expression on AT2 cell plasma membranes (arrowheads); proSP-C"" is expressed in cytosolic vesicles of AT2 cells (arrows). (E) proSP-C Western
blot of subcellular fractions enriched in ER or lamellar bodies (LB) from 8-week-old SP-CWWT and SP-("73™Neo/I73Neo mjce, ER from each line contained the
corresponding proSP-C primary translation product (arrowheads). The major proSP-C"" intermediate (M, 6,000) was enriched in LB (left bracket). All aber-
rantly processed proSP-C”" isoforms were excluded from SP-C7*™ e LB (arrows, right bracket). (F) Western blot of surfactant showing decreased mature
SP-C in SP-(73TNeo/I73TNeo myjce, (G) H&E-stained sections from 16-week-old mice (scale bars: 2 mm (upper panels); 200 um (lower panels). Quantitative
morphometry using Image] expressed as airspace/tissue ratio. (H) Total soluble collagen content in the left lobe from 32-week-old mice. Data represent
mean + SEM with dot plot overlays. *P < 0.05 versus SP-C"" by 2-tailed t test.
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chondria within double membrane vesicles (Supplemental Figure
4A). In autophagic flux assays, AT2 cells isolated from WT mice
and treated with the mTOR inhibitor/autophagy activator torin
demonstrated increased LC3 turnover (Supplemental Figure 4B).
In contrast, SP-C73TNec AT?2 cells showed increases in LC3-1/LC3-
IT and p62 at baseline and failed to respond to torin treatment,
phenocopying the late block in macroautophagy we previously
observed in vitro in cell lines stably expressing SP-C3" (24).
Constitutive deletion of intronic PGK-Neo enhances SP-C”" expres-
sion and disrupts lung development. Due to interference with exonic
splicing or impaired transcription efficiency, retained intronic selec-
tion cassettes have been used to create murine models with hypo-
morphic alleles to circumvent toxic gain of function through damp-
ening of gene expression (30, 31). To evaluate the impact of higher
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levels of SP-C*T expression on lung homeostasis, we constitutively
removed the FRT-flanked PGK-Neo cassette from Sfipc” ™ alleles
by backcrossing the founder line to a FLP-e recombinase “deleter”
line (Figure 2). Consistent with an acquired toxic gain of function,
the average litter size of the resultant C™-SP-C"*" line was signifi-
cantly decreased, and no live progeny harboring PGK-Neo-excised
Sfipc”T alleles were found (Supplemental Table 1). We also estab-
lished Mendelian inheritance of Sfipc™T alleles in a large cohort of
CM-SP-CT embryos harvested at E18.5, demonstrating successful
PGK-Neo cassette excision (heterozygous or homozygous).
CP-SP-C*T embryos have proven to be informative, as E18.5
lungs carrying Sfipc™" alleles displayed arrested lung morphogen-
esis in late sacculation in both heterozygous (C'»-SP-C73¥/%"T) and
homozygous (CFP-SP-C"3V73T) embryos (Figure 2A). The grad-
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Figure 2. Constitutive deletion of PGK-Neo from SP-C"*™ e mice disrupts lung development. (A) Backcross of SP-C'*™ e founder mice to FLP-e recom-
binase mice generated multiple genotypes of C*P-SP-C7*™ mice, including unexcised (SP-C73™), excised (SP-C”*"), or WT alleles. Representative x1.5
photomicrographs of H&E-stained lungs harvested from E18.5 C*P-SP-C'*T mice with 1 (SP-C'2"WT) or 2 (SP-C'*7/'737) excised Sftpc”’T allele(s) reveal a graded
arrest of saccular lung development. (B) Immunoblotting of E18.5 WT or Neo-excised CFP-SP-C'*" lung homogenates for proSP-C with B-actin as a loading
control. Densitometric quantitation of aberrant proSP-C”* (arrows, bracket) and WT proSP-C (arrowheads). *P < 0.05 versus WT/WT by 1-way ANOVA
with Tukey’s post hoc test. (C) Staining of E18.5 CFP-SP-C"*"3T embryos for HA revealed tufts of HA* AT2 cells within obliterated saccules. CFP-SP-CW™WT
controls showed normal developing saccules lined by proSP-C* cells. Scale bars: 70 um. (D) TEM of E18.5 CP-SP-C"3"73T and CP-SP-CWTWT Jungs. SP-CWTWT
saccules contained intraluminal surfactant (inset). C"P-SP-C73""3T lungs contained disrupted saccules filled with poorly differentiated epithelial cells
(inset). Scale bars: 10 um. (E) Representative x60 immunofluorescence micrographs of E18.5 lungs from CFP-SP-C'77173T) CF-SP-C73T/WT, gnd CFP-SP-CWT
mice stained for proSP-C (green) and AQPS5 (red), showing loss of AQP5 and increase in proSP-C staining in C*°-SP-C”3" animals.

ed disruption of embryonic lung architecture correlated with an  (Figure 2C). TEM of E18.5 C'*F-SP-C"*" lungs confirmed the pres-
allele-dependent increase in proSP-C7¥' expression (Figure 2B).  ence of disrupted saccules containing poorly differentiated epi-
By immunohistochemistry, clumps of HA-tagged proSP-C7¥’-  thelium harboring marked ultrastructural changes (Figure 2D).
expressing epithelia were found obliterating primordial saccules ~ The E18.5 C?-SP-C*T lungs also showed qualitative reductions in
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Figure 3. Tamoxifen induction of Sftpc”*" expression in I*R-SP-C'*"Flp mice causes mortality and lung injury. (A) I**-SP-C”3"FIp mice were generated by
crossing a Rosa26-ER2-Flp-0 (deleter) line (R26ERFP/FP0) with SP-C'2™eo mice. (B) gRT-PCR analysis of Sftpc mRNA in [FR-SP-C737/73TF|p+/- (gray bars) or
|FR-SP-C727TE|p/- (white bars) mice at 3, 7,14, and 42 days after tamoxifen (TAM). Normalized data are expressed as percent Sftpc WT (C57BL/6) mRNA
standard. *P < 0.05 versus time point control by 2-tailed t test. (C) Top: Anti-HA Western blot of lung homogenates from double-heterozygous I¥R-SP-C727/WT
Flp*/- mice 2 weeks after tamoxifen (200 mg/kg) or vehicle (oil) treatment showing upregulation of HA-proSP-C'”*" isoforms (blue arrows). Bottom: Rep-
robing for a-proSP-C showing 22/21-kDa proSP-C"T (dotted rectangle) and 6-kDa proSP-C intermediate (black arrows), plus aberrant proSP-C”" isoforms
(blue arrows). (D) Western blot of AT2 lysates from |¥R-SP-C'*"'3TF|p~/~ or |¥R-SP-C73/73TF|p*/~ mice 2 weeks after iTAM for LC3 and SQSTM1/p62. Dot plots of
densitometry for LC3 and p62 normalized to B-actin. *P < 0.05 versus control by 2-tailed t test. (E) Kaplan-Meier analysis for control I-SP-C”*"73TF|p~/- mice
treated with 300 mg/kg iTAM and [FR-SP-C7*"/"3TF|p*/- groups treated with 200, 300, or 400 mg/kg iTAM (n = 11-33 / group). Mean survival using death or
body weight <75% on 2 consecutive days as end points is shown. P < 0.05 for TAM [ER-SP-C73V73TF|p*/~ at each iTAM dosage group (200, 300, or 400 mg/

kg) versus TAM [¥R-SP-C737/73TF|p/- group using log-rank testing. (F) Survival of 8- to 12-week-old male (n =26) and female (n = 29) IFR-SP-C""3F|p*/- mice
treated with 250-300 mg/kg iTAM. *P < 0.05 males versus females. (G) Representative H&E histology from surviving control and I¥R-SP-C”3"73TF|p*/~ mice
14 days after 300 mg/kg iTAM. Scale bar: 300 um. (H) BALF protein content in non-inducible I¥R-SP-C”"73TF|p~/- or inducible I*R-SP-C*™TF|p*/- mice after
iTAM. Data from all time points for the non-inducible control group (gray dots) were combined. *P < 0.05 vs. I®R-SP-C7*"'3TF|p~/- by 1-way ANOVA.

aquaporin 5 (AQP5) staining inversely correlated with genotype,  amore physiologic range on the postnatal lung, we generated mice
suggesting disruption of AT2/AT1 homeostasis (Figure 2E). with inducible expression of SP-C”*T (IEX-SP-C"*'Flp) by crossing

Increasing expression of Sfipc™" in adult mice triggers rapid ~ SP-C73™™° mice to a Rosa26 ER2-FIp-O line to effect tamoxifen-
increases in morbidity and mortality from diffuse parenchymal lung  mediated Flp-O recombinase removal of the inhibitory PGK-Neo
injury. To assess the impact of increasing SP-C”*" expression into  cassette from Sfipc”*™™ alleles (Figure 3A). In the absence of
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Figure 4. Ontogeny of alveolitis induced by SP-C”*" expression. (A) Dot plot with group mean + SEM shown of total BALF cells recovered from IfR-SP-
C7BTE[p~/~ (control) and IR-SP-C7773TF|p*/~ mice 3, 7, 14, 28, and 42 days after tamoxifen. *P < 0.05 versus corresponding [¥:-SP-C”*""3F|p~/- group for
each time point by 2-tailed t test. (B) Representative Giemsa-stained BALF cytospins from I5R-SP-C7"73TF|p*/- and I¥R-SP-C7"7*TFIp~/~ groups 3, 7, 14, 28,
and 42 days after tamoxifen administration. (C) Dot plots with mean + SEM of absolute numbers of macrophages, neutrophils, eosinophils, and lympho-
cytes determined by manual counting (>200 cells per slide). *P < 0.05 versus pooled IR-SP-C'*"'3TF|p~/- controls by 1-way ANOVA.

tamoxifen, adult homozygous IE*-SP-C7*V73TF]p animals retained
aphenotype identical to the hypomorphic SP-C7*TNe° founder line,
with low levels of Sfipc”*" mRNA, normal litter size, and preserved
lung histology prior to 16 weeks of age (data not shown).
Intraperitoneal tamoxifen (iTAM) administration to double-
homozygous I*R-SP-C7*V/73*TF]p*/* mice resulted in rapid increas-
es in Sftpc”*T mRNA within 3 days (Figure 3B). Using quantitative
real-time PCR (qQRT-PCR) to estimate neomycin cassette numbers
(32), the efficiency of iTAM-induced Flp-O mediated recombina-
tion in purified I*R-SP-C737/73TF]p*/+ AT2 cells isolated 1 week after
induction was 89.8% +2.0% (mean * SD, n = 4) referenced against
tamoxifen-treated IER-SP-C73V73TFlp/~ controls (Supplemental
Figure 5). The induction of Sfipc”*” mRNA was accompanied by
substantial increases in mutant proSP-C”*' protein (Figure 3C)
alterations in macroautophagy. Lysates from I*R-SP-C73VI3TF]p

AT?2 cells (Flp*~ or Flp*/*) showed significant increases in both
LC3-II and p62, consistent with a late block in macroautophagy
(Figure 3D) and detectable as early as 1 week after induction (Sup-
plemental Figure 6).

The molecular and cellular changes observed upon induction
of SP-C3T expression were temporally associated with systemic
morbidity and mortality. Compared with nonexcised Sfipc”TNe
allelic controls (i.e., I*R-SP-C"3V3TFlp7/7), [ER-SP-CI3VIBTR]p+/-
mice exhibited increased weight loss and hypoxemia after iTAM
(Supplemental Figure 7, A and B). Survival was significantly
decreased and was Flp-O recombinase allele- and iTAM dose-
dependent, with onset of mortality as early as 5 days in I**-SP-
C3VISTE]p*/+ animals (Figure 3E and Supplemental Figure 7C).
Notably, mean survival was shorter in IER-SP-C73V73TF]p*/~ male
animals (10.6 days versus 11.9 for females; P = 0.005) (Figure 3F).

jci.org  Volume128 Number9  September 2018

4013


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/9
https://www.jci.org/articles/view/99287#sd
https://www.jci.org/articles/view/99287#sd
https://www.jci.org/articles/view/99287#sd
https://www.jci.org/articles/view/99287#sd
https://www.jci.org/articles/view/99287#sd
https://www.jci.org/articles/view/99287#sd

RESEARCH ARTICLE The Journal of Clinical Investigation

|EH SP CI73T/I73TF|p—/—

|ER—. SP CI73T/I73T F|p+l—

|ER.SP-C!73TN73T F|p+l-

¢

H&E

F SP CI73T/I73T |:|p

|ER—_SP- CI73T/I73TF|p—/— |ER_SP-C'73T/73T F|+/—

G 1.07 0.124 Static compliance
)
SP-C/7eT73T Flpt- .
= ON ] *
S T a]
Y E =& o
Q 0.5- L 0.06- ® L P
< = . e
= 1S o® "
=) SP-C'78T7sT |:|p+/— : !
> 173
(G
e
0.0 T T T 1 0.00
0 10 20 30 40 SP-C73T7sT SP-C7sT7sT
Pressure (cmH,0) Flp- Flp*-
*
I 90- * J 244 K 6- NS
° 9
S 80+ ° — 2 o
x 2 161 %
3 D z
 70- T + 3
2 5 3
+ © 84 8 24
< 6o- 4 o
T % =+ G
- = —
50 0 0
Sp-C7eTATaT 3d 7d 2wk 4 wk gp-gietst - 3d 7d 2wk 4 wk Sp-CI7eTATaT 2wk 4 wk

F|p-/- SP-C73T7sT FIp*” F|p-/- SP-C73T7sT FIp*” F|p-/- SP-C73T7sT Flp*/’
Figure 5. Sftpc'”" expression induces diffuse parenchymal lung remodeling, restrictive lung physiology, and AT2 cell expansion. H&E sections of control
(IER-SP-C'T73TF|p=/-) (A and B) and inducible I®R-SP-C73"73TF|p*/- (C and D) mice 6 weeks after 300 mg/kg iTAM showing extensive parenchymal (D, box) and
subpleural remodeling (C, arrowheads). On higher power, focal consolidations with features of fibroblastic foci are identified (D, arrow). (E) Double-label
immunohistochemistry of 6-week iTAM-treated I*R-SP-C"*"""F|p*/- lungs showing focal airspace enlargement lined by proSP-C AT2 cells (arrows) with
adjacent a-SMA-positive myofibroblasts (dashed circle). Scale bars: 50 um (left), 20 um (right). (F) MicroCT scans of IFR-SP-C'*"/'3TF|p~/- and [ER-SP-C'73/1737
Flp*/* mice at 6 weeks after 200 mg/kg tamoxifen. (G) Control (I*R-SP-C73"73TF|p=/-) and IR-SP-C'7*"73TF|p*/- mice 4 weeks after 250-300 mg/kg tamoxifen
administration were subjected to pulmonary function testing. Pooled flow volume loops (left) from each cohort (n = 12) and calculated static compliance
(Cst, right) demonstrating restrictive physiology. *P < 0.05 versus I¥*-SP-C”*""F|p~/- control. (H) Representative x20 fluorescence micrograph from IER-
SP-C7T7TE|p*/~ lung 7 days after iTAM induction stained with anti-HA (red) and Ki-67 (green). (I and J) Sections were analyzed by manual counting. Dot
plots with mean + SEM are shown as the absolute number of HA* cells per x20 field (I) or percent of double-positive Ki-67*HA* cells (J). *P < 0.05 versus
|ER-SP-C'T7TE|p~/- control by 1-way ANOVA. (K) Sections double stained for a-HA and a-cleaved caspase-3 (Cl Casp-3) were manually counted as for I and
J. Dot plots of double-positive (Cl Casp-3/HA*) cells expressed as a percentage of total HA* AT2 cells are shown with mean and SEM. NS: P > 0.05 versus

|ER-SP-CT'TE|p~/- control by 1-way ANOVA.

Histologically, I*®-SP-C"*"Flp mice developed acute, diffuse
lung injury after iTAM (Figure 3G), with time-dependent pro-
gression from patchy peribronchial cell infiltrates and interstitial
expansion (7 days) to frank parenchymal injury (2 weeks) (Supple-
mental Figure 7D and Supplemental Figure 8B). Radiographical-
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ly, bilateral pulmonary infiltrates appeared (Supplemental Figure
8A), accompanied by increases in BALF protein, peaking at days
7-14 (Figure 3H). A transient nadir in BALF SP-B protein occurred
(2 weeks) in the setting of preserved AT2 Sfipb mRNA and SP-B
protein (Supplemental Figure 9).
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Figure 6. Sftpc”" expression in AT2 cells increases lung collagen
content. Histological sections, homogenates, and RNA were pre-
pared from lungs of IFR-SP-C""73TF|p*/- mice and [FR-SP-C737/173T
FIp~~ controls 6 weeks after 300 mg /kg tamoxifen. (A and B)
Representative trichrome staining showing focal collagen depo-
sition (blue) in both subpleural and parenchymal areas (arrow-
heads) of I*R-SP-C”"73TF|p*/- mice. Scale bars: 300 um. (C) Repre-
sentative Picrosirius red stained field from IR-SP-C"*"'3TF|p*/~ and
|ER-SP-C'T'TF|p/- (CTL) mice with quantitation performed using
Image). Data represent percentage of total section area, with dot
plots and mean + SEM shown. *P < 0.05 versus f-SP-C'7*V73TE|p+/-

by One-way ANOVA with Tukey’s post hoc test. Scale bars: 50 um
(left), 20 um (right). (D) Soluble collagen in left lung homogenates
measured by Sircol assay. Shown are dot plots with mean + SEM.
The x axis depicts groups by Sftpc allele and Flp allele status.

*P = 0.022 for IFR-SP-C'T"7TF|p*/~ versus IFR-SP-C'*773TF|p~/~ and
**Pp = 0.011 versus untreated WT (WT/WT) group by 1-way ANOVA
with Tukey's post hoc test. (E) The relative quantity (RQ) of
Col3a7 mRNA was determined by gRT-PCR and expressed as fold

" e oo . change from untreated WT animals (WT/WT) (mean RQ = 1). x
a® o . . .
o Spcrmr 3d__7d 2wk 4wk 6wk axis d.eplcts groups by Sftp.zc and Flp allele status. Bar graphs with
Flp SP-CreTST Fpe- superimposed dot plots with mean + SEM are shown. *P = 0.032
p fOr |ER_SP_C\73T/I73TF|p+/* Versus |ER_SP_EI73T/I73TF|p*/*; **P = 0010
versus WT/WT by 1-way ANOVA with Tukey's post hoc test.
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Sfipc™T expression in AT2 cells induces polycellular alveolitis.
The induction of AT2 Sfipc”*” mRNA and proprotein resulted in
the subsequent onset of complex, multiphasic alveolitis (Figure
4A). BALF from iTAM-treated [E*-SP-C7*V*TF]p*/- mice showed
substantial increases in total cell counts beginning by day 7 and
peaking 2 weeks after induction, with values 8- to 10-fold less than
those of IER-SP-CY3V/73TF]p~/~ controls.

After induction, BALF cytospins demonstrated a complex
inflammatory cell profile represented by 3 temporally distinct
events: an early and sustained macrophage accumulation begin-
ning at 7 days, a spike in polymorphonuclear cells (on day 7), and
transient alveolar eosinophilia (peak at 2 weeks) (Figure 4, B and
C) confirmed by flow cytometry (Supplemental Figure 10). While
total lymphocytes also increased by day 7, the magnitude was 1log
less than the 3 major effector cell populations.

The inflammatory phenotype observed early after PGK-Neo
cassette excision was dependent on Sfipc™" allele status but not
on expression of Flp-O recombinase. When compared with mice
treated with vehicle (oil) , heterozygous I*X-SP-C737/WIF]p*/~ mice
receiving maximal doses of tamoxifen developed moderate alve-
olitis and interstitial histological changes 2 weeks after induction
but in the absence of significant weight loss or mortality, suggest-
ing that Sfipc™" allele heterozygosity represents an intermediate
phenotype (Supplemental Figure 11). Importantly, iTAM treatment

of homozygous Rosa26 ER2-Flp-O mice lacking Sfipc™ alleles
(i.e., [ER-SP-CWWIF]p*/*) had no effect on weight loss, histology, or
BALF cell levels (Supplemental Figure 12). Similarly, in contrast to
tamoxifen, vehicle treatment of I**-SP-C7*V/7*TF]p*/- animals failed
to elicit substantive increases in weight loss, mortality, or BALF cell
numbers (Supplemental Figure 13), indicating that “leakiness” of
ER2-Flp-O alleles was not a confounding factor.

When considered in total, the polycellular alveolitis and
diffuse parenchymal damage observed after iTAM treatment
of I*R-SP-C"*TFlp mice was specifically attributable to SP-C73T
expression, was dose dependent, and produced a phenotype with
features resembling AE-IPF (10).

AT2 Sftpc™™T expression results in spontaneous fibvotic lung
remodeling. Following the acute injury phase, survivors from I**-
SP-C73V3TF]p cohorts showed partial recovery from the nadir in
body weight (Supplemental Figure 14A) but went on to develop a
fibrotic histological phenotype (Figures 5 and 6). Lung sections
from homozygous I*R-SP-C"*73T mice obtained 4-6 weeks after
induction demonstrated spatially heterogeneous parenchymal
remodeling with mesenchymal expansion, and some features of
fibroblastic foci, including the accumulation of a-smooth muscle
actin-positive (a-SMA-positive) cells adjacent to dilated airspac-
es lined by hyperplastic AT2 cells (Figure 5, A-E). The histological
changes were accompanied by patchy bilateral infiltrates visible
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Importantly, neither lung injury nor fibrot-
ic remodeling was attributable to an adaptive
immune response to the epitope tag on HA-
proSP-C™*T. Western blotting for HA-proSP-
C3T using sera prepared from bleeds of iTAM-
induced I**-SP-C"*" mice failed to detect anti-HA
titers (Supplemental Figure 16).
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Figure 7. BALF TGF-B1and AT2 Tgfb1 mRNA increase prior to fibrotic remodeling. (A) TGF-31
levels in BALF collected at the indicated times after tamoxifen treatment were measured using
Luminex. Gray dots represent values from iTAM-treated I**-SP-C73""3TF|p~/~ control mice pooled
from all 4 time points and black dots values for [¥R-SP-C"*""3TF|p*/- mice at each time point. (B)
gRT-PCR for TgfbT mRNA expression in AT2 cells isolated from IR-SP-C*""73TF|p*/~ mice at 3 and
14 days after tamoxifen (black dots) and iTAM-treated I*R-SP-C”3""3"F|p~/~ control mice pooled
from both time points (gray dots). Data expressed as fold change from [¥R-SP-C"*""3TF|p~/- con-
trol group are presented as dot plots with mean + SEM shown. *P < 0.05 versus IFR-SP-C"737/737

Flp~/~ control by 1-way ANOVA with Tukey's post hoc test.

on microCT (Figure 5F) and by alterations in lung mechanics.
Pressure-volume curves obtained at 4 and 6 weeks following
iTAM were shifted down and to the right, consistent with restric-
tive lung physiology (Figure 5G and Supplemental Figure 14B).
Static compliance, maximally decreased at 4 weeks (40%) in the
[ER-SP-C317TF]p*/~ cohort, mildly improved at week 6 in parallel
with resolution of inflammation (Figure 4).

The focal AT2 cell hyperplasia shown in Figure 5E was part of
a larger expansion of AT2 cells in response to Sftpc”*" expression.
Double-label fluorescence immunohistochemistry for HA-SP-C
(AT2 cells) and Ki-67 (proliferation) was performed on iTAM-
treated IER-SP-C73V73TF]p*/- mice and controls (IER-SP-C73V/173T
Flp7) (Figure 5H). Manual counting of single- (HA*) and dou-
ble-positive (Ki-67"HA") cells revealed a 40% persistent increase
in AT2 cell numbers in I*8-SP-C73V73TF]p*/~ lungs beginning at 7
days that coincided with an early burst in AT2 cell proliferation
(Figure 5, I and J). In contrast, consistent with prior in vitro data
(33, 34), significant apoptosis was not detected in HA-SP-C"*™-
expressing AT2 cells (Figure 5K).

The histological remodeling and restrictive lung physiology
were complemented by abnormal lung collagen deposition (Fig-
ure 6). Lung sections from tamoxifen-induced I®R-SP-C737/173T
Flp mice demonstrated increased trichrome staining of periph-
eral lung parenchyma and subpleural regions (Figure 6, A and
B), corroborated by Picrosirius red staining, whereby morpho-
metric quantitation revealed increases in collagen beginning at
2 weeks (Figure 6C). Biochemically, soluble lung collagen con-
tent (Figure 6D) and lung Col3al mRNA expression (Figure 6E)
were also increased.

Temporally, the parenchymal remodeling and collagen depo-
sition were preceded by the appearance of the well-known profi-
brotic mediator TGF-B1, with concentrations peaking at 2 weeks in
BALF after iTAM (Figure 7A). By qRT-PCR, isolated AT2 cells but
not unsorted BALF cells demonstrated temporal increases in Tgfb1
mRNA expression, suggesting that AT2 cells could contribute ear-
ly to a profibrotic milieu following Sftpc™" induction mediated in
part by TGF-B1 (Figure 7B and Supplemental Figure 15).
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The AT2 epithelium is an upstream driver
of early lung injury. The inducible I*-SP-C73T
Flp model permits detailed assessment of the
potential role of dysfunctional Sftpc™" AT2
cells in the ontogeny of events underlying the
development of fibrotic lung disease. In highly
purified AT2 cells isolated from iTAM-treated
cohorts (>95% EpCAM", proSP-C*) (Figure 8A
and Supplemental Figure 17), the rise in BALF
alveolar macrophages seen on day 7 (Figure 4A)
was preceded by increased Ccl2 mRNA in AT2
cells as early as day 3 (Figure 8B). Commensu-
rate increases both in BALF CCL2 (Figure 8C)
and in lung tissue-associated Ly6C"CD64 - monocytes (Figure
8D), a population recognized for its role in modulating fibrotic
lung remodeling (35, 36), also occurred.

Other chemokines shown to be important for the recruitment
of neutrophils and eosinophils demonstrated a similar temporal
response. AT2 expression of Ccl11 and IL5 mRNA at 3 days after
iTAM induction and increased BALF levels of these eosinophil
chemokines by 1 week preceded the spike in BALF eosinophils
occurring 2 weeks after induction (Figure 9, A and B). In contrast,
while BALF levels of the neutrophil chemoattractant KC (CXCL1/
GroA), the functional murine homolog of human IL-8, were also
increased by 1 week and remained elevated out to at least 6 weeks
after induction, AT2 cells did not exhibit increased Cxcll mRNA
expression, suggesting that either the CXCL1 response occurs
earlier than 3 days after induction or there are additional cellu-
lar sources for this chemokine. The BALF cytokine profiles from
affected I*®-SP-C"*"Flp mice failed to demonstrate significant
amounts of IL-4, IL-13, Rantes, TNF-q, IFN-y, IL-17, IL-1B, MIP1q,
or MIP2a (Supplemental Table 2). Furthermore, the elaboration
of proinflammatory cytokines in this model was not attributable
to the induction of Flp-O recombinase expression (Supplemental
Table 3). The lack of a strong consensus Th2 response (e.g., [L-4/
1L-13) classically associated with fibrotic lung remodeling led us
to consider that other Th2-related CC chemokines could be par-
ticipating in SP-C”**-induced injury/fibrosis. CCL17 (TARC) was
previously shown to participate in the fibrotic response to exoge-
nous bleomycin in rodents (37) As shown in Figure 9C, early (day
3) increases in AT2 Ccl17 mRNA were followed by sustained eleva-
tions in BALF TARC levels from 7 days through 6 weeks.

Together, the effector cell and cytokine patterning observed in
[ER-SP-C*TFlp mice recapitulates many of the responses reported
in BALF and transcriptomic profiles of lung tissue and cell popula-
tions from IPF patients. Furthermore, the ontogeny and selectivity
of the observed AT2 cytokine mRNA profiles suggest that epithelial-
derived chemokines play a major role in the early recruitment
of many of these effector cells to the lungs during the genesis of
SP-C"*"-induced fibrosis.
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Figure 8. Cc/l2 mRNA expression by Sftpc”*" AT2 cells precedes BALF CCL2 and recruitment of Ly6C"CD64- monocytes in lung tissue. (A) Flow cytom-
etry analysis for EpCAM (CD326) and CD45 expression in AT2 cells isolated from IR-SP-C*™7TF|p/- and I*R-SP-C73"73TF|p*/~ mice. Dot plot showing
EpCAM*CD45" (epithelial), EpCAM-CD45* (immune), and double-negative populations as a percentage of total cells from each preparation (n = 22 animals).
(B) gRT-PCR of AT2 RNA for Ccl2 expression (185-normalized) for I¥R-SP-C*""*TF|p*/- group expressed as fold change (black dots) over I®R-SP-C72/73TF|p-/-
controls pooled from both time points (gray dots). *P < 0.05 versus using 1-way ANOVA followed by Tukey's post hoc test. (C) CCL2 (MCP-1) ELISA of BALF
from IFR-SP-C7V73TF|p~/~ and |*R-SP-C7*"73TF|p*/~ cohorts. Dot plots with mean + SEM are shown. Controls were pooled from [F2-SP-C73V73TF|p~/- at all 3

time points (all less than detectable limit). *P < 0.05 versus control group using 1-way ANOVA followed by Tukey's post hoc test. (D) Representative flow
cytometry plot of lung cell suspensions for CD45*Ly6C"CD64- populations in IR-SP-C7T3TF|p-/- and IFR-SP-C7373TF|p*/- mice on day 3. Dot plot (3 mice
pooled per data point) with mean + SEM showing relative percentage of Ly6C"CD11c"CD64 CD11b*CD24-Ly6G- monocytes. Multiple comparisons were made
by 1-way ANOVA followed by Tukey's post hoc test. For Ly6C" populations, *P < 0.05 for IFR-SP-C'7'3TF|p*/~ versus day 3 I¥R-SP-C*""3TF|p~/-; **P < 0.05 for

3 day IFR-SP-C""TF|p*/~ group versus I¥R-SP-C73TF|p*/- at 7 or 14 days.

IFR-SP-C™*Flp mice elaborate multiple biomarkers observed in
human IPF. We next evaluated the temporal expression patterns
of biomarkers observed in human IPF. As proof of concept, we
first focused on 3 analytes (SFTPD, SPP1, MMP7) that recent-
ly emerged as part of a multivariate model predictive of an IPF
diagnosis in humans (38) (Figure 10, A-C). Osteopontin (OPN), a
matricellular protein, was markedly increased in BALF for up to
6 weeks after iTAM treatment (Figure 10A). Surfactant protein
D (SP-D) — a multimeric collectin synthesized by the distal air-
way epithelium that we had shown to be markedly upregulated in
multiple preclinical models of lung injury/remodeling (39, 40) —
increased in BALF early and remained elevated to 6 weeks (Figure
10B). In contrast, MMP-7, whose cleaved (activated) form plays a
role in tissue remodeling, was found to be elevated early, peaking
at 2 weeks (Figure 10C).

BALF levels of IL-6, a pluripotent cytokine found to be elevat-
ed in both acute lung injury and chronic parenchymal lung diseas-
es, were massively increased during the early inflammatory phase,
peaking at 1 week after iTAM (Figure 10D).

Discussion

Multiple reports of sporadic or inherited mutations in the SFTPC
gene appearing in ILD patient cohorts provide a strong rationale
for the hypothesis that AT2 cell dysfunction is an important com-
ponent in the pathogenesis of DPLD in children and adults. How-

ever, a direct causal role for the encoded mutant proSP-C protein
isoforms in disrupting AT2 homeostasis and any resultant intrin-
sic cascade of downstream proinflammatory and/or profibrotic
events has not to our knowledge been previously demonstrated.
In this report, preclinical knockin mouse models expressing ILD-
associated Sfipc" alleles were developed and phenotyped. We
have been able to define an ontogeny of events emanating from
the mistrafficking of expressed mutant proSP-C”*" protein, specif-
ically alterations in cell quality control (macroautophagy), and a
selective profile of chemokines and fibrotic mediators elaborated
by the AT2 epithelial cell early after induction of Sfipc™" transcrip-
tion. The resultant phenotype manifested a spontaneous sequence
of acute alveolitis, parenchymal injury, and fibrotic remodeling
reflecting multiple features of human IPF not attributable to either
an immune response to the HA epitope tag (Supplemental Figure
15) or toxicity from Flp recombinase (Supplemental Figure 12). In
total our data offer proof of principle that SP-C"*T expression in
AT?2 epithelia drives aberrant lung injury and repair.

Prior preclinical murine models used to study the pathogenesis
of fibrotic lung diseases such as IPF have been hampered by a vari-
ety of issues that complicate feasibility and relevance (reviewed
in ref. 16). These include a dependence on injury by exogenous
agents (e.g., bleomycin, fluorescein isothiocyanate) to achieve
fibrotic endpoints, overexpression of profibrotic genes that may
skew mechanistic interpretation (e.g., TGF-p1, TGF-qa, IL-13), a
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Figure 9. Cytokine expression profiles of I"*-SP-C"*"FIp mice after tamoxifen treatment. (A) IL-5, CCL11 (eotaxin), and CXCL1 (KC) were measured in BALF
of IR-SP-C"?T"3TF|p~/- (gray dots) and IFR-SP-C”""3F|p*/- (black dots) cohorts at the indicated times after induction. Dot plots with mean + SEM are shown.
*P < 0.05 versus [FR-SP-C7BTE|p~/- or |ER-SP-C'T/73TE|p*/- 35 indicated using 1-way ANOVA followed by Tukey's post hoc test. (B) gRT-PCR for //5, Cc/11, and
CxclT mRNA in isolated AT2 cells. dCT values were normalized to 18S RNA and data expressed as fold change in IFR-SP-C*"73TF|p*/- samples (black dots)
versus [FR-SP-C7"7TE|p-/- controls (gray dots). *P < 0.05 versus I*R-SP-C3773TF|p~/- or 2-week I®R-SP-C*"TF|p*/~ groups as indicated by 1-way ANOVA fol-
lowed by Tukey's post hoc test. (C) Left: BALF CCL17 (TARC) levels at 1, 2, 4, and 6 weeks after iTAM determined by Luminex assay. Right: gqRT-PCR for Ccl/17
mRNA expression in AT2 cells from IER-SP-C72"73TF|p*/~ (black dots) and I¥R-SP-C*"73F|p~/- controls (gray dots) 3 and 14 days after iTAM. Data are present-
ed as dot plots with mean + SEM shown. *P < 0.05 versus IFR-SP-C7T7TE|p~/- or [R-SP-C737'TF|p*/~ using 1-way ANOVA followed by Tukey’s post hoc test.

failure to develop IPF-like (UIP) histopathology, and/or impracti-
cality imparted by extended lag periods in acquiring fibrotic phe-
notypes (e.g., ionizing radiation). The expression of rare disease-
associated SFTPC mutants using the endogenous mouse Sfipc
locus offers several theoretical advantages in modeling human
IPF. Among them are that SFTPC expression is limited to AT2 cells
(41) and that a case for a dose-dependent toxic gain of function has
already been established in humans, as almost 100% of affected
patients are heterozygous for mutant SFTPC alleles (42). Indeed,
prior attempts at transgenically expressing mutant SP-C isoforms
confirmed this dose-dependent toxic gain of function but were
limited by an inability to temporally control gene dose to a suffi-
cient extent to yield tractable fibrosis models. Overexpression of
an aggregation-prone human SFTPC folding mutant (SP-CAexon)
using a 13-kb human SFTPC promoter fragment resulted in devel-
opmental lethality from disrupted lung morphogenesis (43). Con-
versely, inducible expression of an ILD mutant SFTPC!$5Q trans-
gene only achieved mRNA levels approaching approximately 10%
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of endogenous alleles and failed to produce spontaneous fibrosis
despite increased sensitivity to exogenous bleomycin (44).

Our approach utilizing a strategic knockin of a mutant Sftpc
allele extended these prior observations in humans and mouse
models by achieving the ability to temporally control expression
of mutant Sfipc in a spatially restricted fashion over a full range
of gene doses. The founder line, SP-C"*™™ functionally hypo-
morphic due to the retained intronic PGK-Neo cassette, expressed
low basal levels of Sfipc mRNA while acquiring a limited and pro-
tracted age-dependent fibrotic phenotype (Figure 1). The induc-
ible homozygous I**-SP-C”*V73TFp line provided a “sweet spot”
by permitting postnatal, AT2 cell-specific expression of mutant
Sfipc”*” mRNA in relative amounts (~60%-70% of WT) approx-
imating those in affected humans carrying a single mutant SFT-
PC allele (Figure 3B) while developing translationally relevant
features of IPF, including a histology with some UIP features and
expression of IPF-related chemokines, cytokines, and putative
biomarkers. Induction of heterozygous I*X-SP-C7*VWIFlp*/~ mice
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Figure 10. I**-SP-C"*"FIp mice express IPF biomarkers. Western blotting of BALF (20 pl/lane) for OPN (A), SP-D (B), and MMP-7 (C) from |R-Sp-C727/73T
Flp*/- mice obtained at 3 days to 6 weeks after tamoxifen as indicated. Controls (Ctl) consisted of IR-SP-C'*""*TF|p~/- mice 2 weeks after tamoxifen treat-
ment. Densitomteric band intensities, expressed as relative units (A), percent control (B), or fold increase (C), are presented as dot plots with mean + SEM.
*P < 0.05 versus [F®R-SP-C"73TF|p~/- (CTL) by 1-way ANOVA followed by Tukey's post hoc test. (D) ELISA for IL-6 content of BALF obtained 1, 2, and 6 weeks
after tamoxifen treatment. Dot plots with mean + SEM are shown for I*R-SP-C7*"73TF|p*/- mice (black dots) and IR-SP-C7*"3TF|p~/- controls (gray dots). At
all 3 time points, controls were below the limit of detection. *P < 0.05 versus [¥R-SP-C7*""73TF|p~/~ by 1-way ANOVA followed by Tukey’s post hoc test.

was also informative, as this resulted in mild alveolitis and inflam-
matory histological changes 2 weeks after induction but failed to
yield to frank fibrosis (Supplemental Figure 11). While our qRT-
PCR method cannot assess allele-specific expression, based on
data from the induced homozygous I**-SP-C737/73TF]p line (Fig-
ure 3B), heterozygous I**SP-C7*VWIFlp animals likely express
Sfipc mRNA at levels in the range of approximately 30%-40% of
those in WT mice and represent an intermediate phenotype, with
some early inflammation that is below the threshold needed to
promote late fibrosis.

In contrast to the adult lung, our attempt to constitutively
remove PGK-Neo from Sfipc" alleles was successful but resulted
in neonatal lethality from an allele-dependent arrest in lung devel-
opment (Figure 2). The failure to obtain meaningful numbers of

live postnatal heterozygous C™"P-SP-C7*VWT mice using this strate-
gy contrasts with human SP-C"*"-associated disease, in which the
prevailing genotype is heterozygosity and which is associated with
live birth and delayed symptom presentation (4, 7, 21). This likely
reflects either an enhanced sensitivity of the developing mouse
lung epithelia to mutant proSP-C"*" protein and/or the inability
of lungs of CMP-SP-C"*"WT pups with saccular disruption (Figure
2A) to support the transition from liquid to air breathing, possi-
bly due to the high degree of dependence of the murine lung on
postnatal alveolarization (45). Alternatively, differences in genet-
ic background that modify expression of SP-C”*" or injury repair
pathways in mice could contribute to perinatal phenotypes.

A significant difference in survival between male and female
animals expressing Sfipc”*" was found. Notably, the enhanced sen-
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sitivity of males occurred in the early (inflammatory) phase after
tamoxifen administration (7-14 days) (Figure 3F). Male mice were
similarly more susceptible than females to both spontaneous lung
fibrosis and low-dose bleomycin injury in a model of tamoxifen-
induced telomere dysfunction (46). Despite reanalysis of several
of our data sets, we found no significant sex differences in BALF
cell numbers, BALF total protein, or lung mechanics (Supplemen-
tal Table 4). While tamoxifen has been shown to alter the course
of renal fibrogenesis in a model of unilateral ureteral obstruction
(47) and to affect myofibroblast differentiation in vitro (48), given
the early timing of the mortality coupled with the fact that male
rodents were shown to be more sensitive to bleomycin (49) and
hyperoxic injuries (50) these events are likely to be tamoxifen and
fibrosis phase independent.

The AT2 cell has been affirmed as a key progenitor (stem)
cell in the distal lung contributing to a niche that mediates nor-
mal alveolar maintenance and repair (51). In preclinical model
systems, selective depletion of AT2 cell mass through transgenic,
spatially restricted expression of the diphtheria toxin (dT) recep-
tor in AT2 cells followed by exogenous dT administration results
in either spontaneous lung fibrosis (52, 53) or enhanced suscep-
tibility to exogenous bleomycin injury (51). Our results contribute
to this growing collection of evidence for the critical role of dis-
rupted AT2 cell homeostasis (in either function or numbers) as a
proximal component in the pathogenesis of fibrotic lung remod-
eling. AT2 cell dysfunction manifested as acquired (either age-
dependent or tamoxifen-induced) abnormalities in cellular quali-
ty control and ultrastructure phenocopied features we found pre-
viously in both an SP-C7" cell line (i.e., proSP-C mistrafficking,
a block in macroautophagy, impaired mitophagy) and a patient
with ILD expressing the identical mutation (24). The similarities
between the SP-C"*T AT2 phenotype and the AT2 phenotype in
humans with Hermansky-Pudlak syndrome (HPS) or in mouse
models of HPS (24, 54-56), as well as their common association
with altered macroautophagy (57), suggest that disrupted AT2 cell
quality control represents an important contributing factor for
fibrotic lung disease (54, 55, 57). However, because this autophagy
block is downstream from initiation (coupled with a lack of effect
of torin on LC3 turnover in our model; Supplemental Figure 4B),
therapeutic approaches aimed at directly stimulating autophagy
flux are potentially problematic. Despite this, a recent preclini-
cal study using manipulation of epithelial endosomal/lysosomal
dynamics through modulation of the master regulator of lysosom-
al biogenesis pathways TFEB in the lung raises the potential for
future manipulation of epithelial cell quality control as a targeted
therapeutic strategy (58).

Mutations in genes expressed by AT2 cells other than SFTPC
and HPS, such as surfactant protein A (SP-A; SFTPA) and the lamel-
lar body lipid transporter ABCA3, have been described in patients
with confirmed DPLD (4,12,59). Alterations in telomere lengthina
subgroup of IPF patients with mutations in key telomere-regulatory
genes (WTERT, hTR, RTELI) have been mechanistically confirmed
in 2 mouse models wherein disruption of telomere homeostasis in
AT?2 cells through disruption of telomerase genes (¢7f1; t7f2) results
in a fibrotic lung remodeling (46, 60). However, while telomere
dysfunction was shown to result in failure of alveolar stemness in
vitro (61), the time to development of a fibrotic phenotype in these
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models is protracted (~6-8 months) or requires a “second hit” (e.g.,
bleomycin), suggesting that telomere length exerts a smaller effect
than SFTPC mutation in driving disease.

Although the exact role of inflammation in IPF remains con-
troversial, some component of an inflammatory response appears
to be necessary for fibrogenesis (12). The importance of inflam-
mation in these processes is particularly evident during AE-IPF, a
well-known clinical syndrome characterized by the acute onset of
significant respiratory deterioration in previously known or con-
currently diagnosed IPF characterized by evidence of widespread
alveolar abnormalities (10). These events have been attributed to
disease acceleration and thus play a major role in IPF mortality. A
striking feature of Sfipc”*"-driven lung disease in this model has
been the rapid development of a multiphasic, polycellular alveoli-
tisin affected animals composed not only of alveolar macrophages
but also secondary waves of both neutrophils and eosinophils (Fig-
ure 4). The “clinical syndrome” associated with this mouse model
is marked temporally by weight loss, respiratory distress, hypox-
emia, and radiological pulmonary infiltrates and a high mortality
mimicking that of AE-IPF patients (10). Furthermore, the BALF
inflammatory cell and cytokine profiles also phenocopy those of
IPF patients, in whom increased numbers of eosinophils and neu-
trophils have been detected (62). While their role in IPF progres-
sion has not been completely established, this model represents
a platform for further delineation of the individual and collective
contributions of inflammatory cell populations in these processes.

Due to the reality of limited or single sampling in IPF patients,
defining the temporal events, mechanistic pathways, and molecu-
lar mediators underlying either acute exacerbations or fibrogenic
responses in the disease process has been challenging. Among sev-
eral key events defined in the current study using the I**-SP-C"*"
Flp model, the elaboration of CCL2/MCP-1 represents one of the
most proximal upstream events detectable following induction of
Sfipc™T expression. Signatures of this classic monocyte/macro-
phage chemokine can be detected in both AT2 cells and BALF as
early as 3 days after tamoxifen administration, coinciding with the
appearance of increased numbers of lung tissue monocytes. Previ-
ously we had shown that the onset of pulmonary fibrosis in mouse
models of HPS also involved the early expression of MCP-1 by AT2
cells (55). Together with recent studies showing the importance of
crosstalk between AT2 cells and macrophages in propagating fibrot-
ic susceptibility in HPS mice, our Sfipc”" mouse models contribute
to a growing body of evidence that AT2 cell dysfunction is a proxi-
mal component in the pathogenesis of fibrotic remodeling (63).

Perhaps the most striking paradigm shift suggested by data
from SP-C"3T mice is the lack of a classic Th2 response previously
associated with fibrogenesis. Although overexpression of IL-4 or
IL-13 in the lung of transgenic mice confirmed that both cytokines
could function as profibrotic mediators (64, 65), we were unable
to detect significant amounts of either cytokine in BALF (Supple-
mental Table 2). While the use of neutralizing antibodies against
IL-4/IL-13 signaling afforded protection in preclinical models of
lung fibrosis, our data would predict a lack of efficacy in target-
ing this pathway in human patients with SFTPC™" mutations, and
perhaps more widely in IPF. To date, clinical trials in IPF adopting
such an approach have not yet reported efficacy. As an alternative
to IL-4/1L-13, we also show here that AT2 cells from SP-C"3" mice
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elaborate CCL11, IL-5, and TARC (CCL17), which could contrib-
ute to the observed alveolar eosinophilia/neutrophilia (Figure 8).
Furthermore, both the CCL17/CCR4 axis and IL-5 signaling path-
ways have been shown to be profibrogenic by recruiting many of
these effector cell populations (37, 66, 67). Thus, expression of
ILD-related SFTPC mutants in mice could offer a new preclinical
platform to sort out well-known chemokine-receptor signaling
redundancies and better define which stages of pulmonary fibro-
sis offer optimal targeting.

Following induction of Sfipc”" expression, we noted chang-
es in BALF levels of a triad of biomarker analytes (SP-D, MMP-7,
OPN) previously validated in human IPF (38) (Figure 10, A-C).
Another important putative biomarker, IL-6, shown by Collard
and colleagues to be elevated during acute exacerbations of IPF
(10), was also increased in BALF of I*R-SP-C7*Flp mice, with levels
peaking at 2 weeks, consistent with the timing of maximal inflam-
mation (Figure 10D). Taken together, the expression of these 4
human IPF biomarkers coupled with the appearance of several
other putative biomarker candidates including MCP-1 and CCL17
support the translational relevance of using I**-SP-C"*Flp mice for
preclinical biomarker discovery, target identification, and target
validation for IPF.

In summary, the present study has shown that expression of
an ILD-associated SFTPC mutant in the pulmonary epithelium of
mice in an allelic, inducible fashion recapitulates many features of
the human IPF phenotype. In addition to providing proof of con-
cept for a critical role for the AT2 cell in distal lung homeostasis,
the SP-C"*T mouse models represent a preclinical, translationally
relevant platform for exploring IPF disease pathogenesis, identify-
ing IPF biomarkers, and testing novel genetic and pharmaceutical
therapeutic approaches.

Methods
Mouse models. The SP-C"*" founder line (SP-C"*™N¢°) was produced using
BAC recombineering strategies to selectively knock in coding sequenc-
es for expression of an NH,-terminal HA-tagged murine SP-C”" into
the endogenous mouse Sfipc locus based on a targeting strategy we
previously used for generation of an ABCA372%?" line (68). Depicted in
Figure 1A, the targeted allele contained an HA tag in exon 1 (the NH,
terminus), an Ile-for-Thr substitution in exon 3a, and a FRT-PGK-gb2-
Neo/km-FRT cassette (herein termed PGK-Neo) in intron 1. Additional
details of its production are provided in Supplemental Methods.
Constitutive removal of PGK-Neo from Sftpc™™ alleles. A second line
was generated by backcrossing SP-C73™< mice to a FLP-e recombinase
(“deleter”) line [strain B6.129S4-Gt(ROSA)26Sor™ FLPiym/Rain]; stock
009086; The Jackson Laboratory] and progeny designated C™P-SP-C7T.,
Genotyping was performed as described in Supplemental Methods.
Tamoxifen-inducible model of Sfipc™" expression. For inducible remov-
al of PGK-Neo from Sfipc”™ alleles, a Flp-O recombinase deleter line,
which contained an optimized FLP-e recombinase variant (Flp-O) under
control of the mutated ER2 receptor knocked into the Rosa26 locus
[strain  B6N.129S6(Cg)-Gt(ROSA)26Sortm3 (CAG-FLPo/ERT2)Al/]],
was purchased from the Jackson Laboratory (stock 019016) and crossed
with the HA-SP-C"3T« line. Genotyping of the resultant line, termed
[*R-SP-C*TFlp, was performed as described in Supplemental Methods.
All mouse strains and genotypes generated for these studies
(SP-C73TNeo - CFle-SP-C73T) and IPR-SP-C"*Flp) were congenic with
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C57BL/6]. Both male and female animals (aged 8-14 weeks) were uti-
lized in tamoxifen induction protocols. All mice were housed under
pathogen-free conditions in an approved barrier facility at the Perel-
man School of Medicine.

Materials and reagents. Culture medium was produced by the Cell
Center Facility, University of Pennsylvania. Cytological stains used
were KwikDiff (Thermo Fisher Scientific) and Giemsa (GS500; Sigma-
Aldrich). Tamoxifen (non-pharmaceutical grade) was purchased from
Sigma-Aldrich. Except where noted, all other reagents were electro-
phoretic or immunological grade and purchased from either Sigma-
Aldrich or Thermo Fisher Scientific.

Antibodies. A polyclonal proSP-C antiserum (NPRO-SP-C) raised
against the Met10-Glu23 domain of rat proSP-C; polyclonal anti-SP-B
(PT3) raised against bovine SP-B; and polyclonal anti-SP-D (antisera
1754) raised against 2 synthetic SP-D peptides were each produced
in-house in rabbits and validated as previously published (28, 69, 70).
The other antibodies used for these studies were obtained from com-
mercial sources (Supplemental Table 5).

Lung histology and morphometry. Whole lungs were fixed by tra-
cheal instillation of a 1.5% glutaraldehyde/1.5% paraformaldehyde
mixture in 0.15 M HEPES buffer at a constant pressure of 25 cm H,O.
6-um sections were stained with H&E or Masson’s trichrome stains
by the Pathology Core Laboratory of Children’s Hospital of Phila-
delphia. Morphometric analyses to determine air/tissue ratios as a
metric of parenchymal remodeling were performed on H&E sections
encompassing multiple lobes and multiple levels. Five to 10 random
peripheral lung images per slide were acquired at x20 magnification
and transferred to a computer screen. Total surface area, corrected for
the presence of any large airways/bronchovascular bundles, was seg-
mented into tissue and air densities using thresholds assigned in NTH
Image] software, and air/tissue ratios were determined.

BALF collection and processing. BALF collected from mice using
sequential lavages of lungs with five 1-ml aliquots of sterile saline was
processed for analysis as described previously (71). A 200-pl aliquot of
each cell-free, “first-return” BALF was removed and stored at -80°C
for cytokine analysis.

Cell pellets recovered from centrifugation were resuspended in 1
ml PBS and total cell counts determined using a Z1 Coulter Counter
(Beckman Coulter). Differential cell counts were determined manual-
ly from cytospins of BALF cell pellets stained with KwikDiff (Thermo
Fisher Scientific) or modified Giemsa (Sigma-Aldrich, GS500).

Cytokine analyses: multiplex and ELISA. Aliquots of first-return,
cell-free BALF were analyzed for levels of a panel of cytokines (MCP-1,
MIP1a, Mip2, Rantes, TNF-q, eotaxin [CCL-11], IL-4, IL-13, IL-17, IL-5,
IL-6,1L-10, GM-CSF, IFN-y, IL-1B, KC [GroA]) using the Luminex plat-
form (panel MCYTOMAG-70K-17) by the Human Immunology Core
at the Perelman School of Medicine. TGF-B1 and CCL17 (TARC) were
measured separately, also using Luminex kits (panel TGFBMAG-64K
and MECY2MAG-73K). For select cohorts, MCP-1 was measured
using a CCL2 ELISA kit (DY479-05, R&D Systems).

Immunohistochemistry and immunofluorescence. Immunohisto-
chemical staining of paraffin-embedded lung sections was performed
with primary antisera at the indicated dilutions as described previously
(19). Immunoreactivity was visualized using a commercial horserad-
ish peroxidase-based method (Vectastain Elite Rabbit IgG ABC Kit,
PK6101; Vectastain DAB Substrate Kit, SK410; Vector Laboratories).
Developed sections were counterstained with Mayer’s hematoxylin.
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Immunofluorescence staining of lung sections and coverslips
was performed with combinations of primary antisera and secondary
Alexa Fluor-conjugated anti-IgG (Supplemental Table 5) as described
previously (27). Fluorescence images were viewed on an Olympus I-70
inverted fluorescence microscope, captured with a Hamamatsu 12-bit
coupled-charged camera, and processed using Metamorph version
7.8.4.0 (Universal Imaging).

Quantitative determination of total, proliferating, and apoptotic
AT?2 cells was performed using double-label fluorescence immunos-
taining of lung sections with anti-HA and either anti-cleaved caspase-3
or anti-Ki-67. Five consecutive x20 images were obtained from 2 dif-
ferent lobes (10 peripheral lung fields per section). AT2 cell number
was determined by manual counting of HA-positive cells and reported
as average number of AT2 cells per x20 field. Proliferative (percentage
of Ki-67/HA double-positive AT2 cells per total HA-positive cells) and
apoptotic (percentage cleaved caspase-3/HA double-positive cells per
total HA-positive cells) indices were determined by manual counting.

Mouse AT2 cell isolation. Mouse AT2 cells were isolated as previ-
ously reported (55). Briefly, perfused mouse lungs were digested with
Dispase (BD Biosciences), mechanically dissociated using a McIlwain
tissue chopper (Metrohm USA) and treated with 20 pg/ml DNAase I
(Sigma-Aldrich). Negative selection of mesenchymal cells (fibro-
blasts) was done by differential adherence on plastic culture dishes.
CD45-positive cells were removed by negative selection using simul-
taneous incubation with a Dynabeads Untouched Mouse T Cells Kit
(11413D) and Dynabeads Mouse DC Enrichment Kit (11429D; Ther-
mo Fisher Scientific). Recovered cells were collected and flash frozen
at-80°C or placed into primary culture. Subaliquots were analyzed for
purity by flow cytometry for EpCAM, CD45, and viability (Supplemen-
tal Table 5). Purity was also determined by immunostaining prepa-
rations adhered overnight to 10% Matrigel-coated coverslips using
DAPI in combination with primary antisera for HA, proSP-C, NKX2.1,
and/or vimentin (Supplemental Table 5). Manual counts in five x20
fields per sample were done, and purity was defined as number of HA*
cells (AT2 cells) divided by total nuclei.

Preparation of subcellular fractions and surfactant. Subcellular
fractions enriched in lamellar bodies or endoplasmic reticulum (mic-
rosomes) were prepared from whole lungs using upward flotation on
sucrose density gradients as described previously (27).

Large-aggregate (LA) surfactant fractions were prepared from
cell-free BALF by centrifugation at 20,000 g for 60 minutes at 4°C as
described previously (71).

Total protein content of BALF, surfactant, cells, and tissue frac-
tions was assayed by the Bradford method as previously published (71).

SFTPC expression plasmids. For in vitro proSP-C trafficking stud-
ies, A549 cells (ATCC CCL-185) were transiently transfected with a
family of previously validated SFTPC expression vectors encoding
for untagged, HA epitope-tagged, or EGFP-fused WT (SFTPC"") or
mutant (SFTPC) isoforms as previously published (23, 24, 29, 33,72).

SDS-PAGE and immunoblotting. SDS-PAGE using Novex Bis-
Tris gels (NP0O301, Thermo Fisher Scientific) and immunoblotting
of PVDF membranes with primary antisera (Supplemental Table 5)
followed by species-specific horseradish peroxidase-conjugated
secondary antisera were performed as previously published (24,
33). Bands detected by enhanced chemiluminescence (ECL2 80196
Thermo Fisher Scientific or WesternSure 926-95000, LI-COR)
were acquired by exposure to film or direct scanning using an
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LI-COR Odyssey Fc Imaging Station and quantitated using the
manufacturers’ software.

RNA isolation and gRT-PCR. cDNA was prepared from RNA tem-
plate purified from whole lung or AT2 RNA using the RETROscript
Kit. Quantitative single-plex PCRs (QRT-PCR) were performed in trip-
licate using Taq polymerase and TagMan RT-PCR kits (Applied Bio-
systems, Thermo Fisher Scientific) on an ABI Prism 7900 system and
a QuantStudio 7 Flex Real-Time PCR System. Commercial primer sets
for mouse genes are listed in Supplemental Table 6.

Determination of lung collagen content. Total acid soluble colla-
gen content in harvested left lungs was determined using the Sir-
col assay (Biocolor) according to the manufacturer’s instructions as
described previously (55).

Picrosirius red staining. Staining for collagen was performed using
the Picrosirius Red Stain Kit following the manufacturer’s instructions
(Polysciences Inc.). Digital morphometric measurements were per-
formed using Image] using 10 random fields of peripheral and central
lung (without large airways) for each section and analyzed at a final
magnification of x400. The mean area of each lung field in each sec-
tion staining for Picrosirius red was calculated and expressed as a per-
centage of total section area (73).

Multichannel flow cytometry. Blood-free perfused lungs were
digested in DMEM + 5% FBS + 2 mg/ml collagenase D (catalog
11088866001, Roche), passed through 70-um nylon mesh to obtain
single-cell suspensions, and then mixed with Gibco RBC Lysis Buffer
(A10492-01, Thermo Fisher Scientific). Cell pellets collected by cen-
trifugation were resuspended in PBS + 0.1% sodium azide and aliquots
removed for determination of cell number using a NucleoCounter
(New Brunswick Scientific). Cells were blocked with anti-mouse
CD16/32 antibody (Fc block, eBioscience), followed by incubation
with antibody mixtures (or isotype controls) and conjugated viability
dye (see Supplemental Table 5).

Fixed cells were analyzed with an LSR Fortessa (BD Biosciences).
Cell populations were defined, gated, and analyzed with Flow]Jo soft-
ware (FlowJo LLC). Immune populations were identified by forward
and side scatter followed by doublet discrimination of CD45* viable
cells and a FACS strategy modified from Misharin et al. (74). Ly6C"
monocytes were identified as SigF°’Ly6G CD11b*CD11c"CD64". The
relative percentages of neutrophils (Ly6G*) and eosinophils (SigF™
Ly6G) present among CD45* viable BALF cells were analyzed to con-
firm cytospin staining.

Statistics. All data are presented with dot plots and group mean +
SEM unless otherwise indicated. Statistical analyses were performed
with GraphPad Instat or SigmaStat 13 (Systat Inc.). Student’s ¢ test (1 or
2 tailed as appropriate) was used for data describing 2 groups. Multiple
group comparisons were performed by ANOVA using post hoc testing as
indicated. Survival analyses were performed using log-rank testing. In all
cases, statistical significance was considered at P values less than 0.05.

Study approval. Mice were housed in pathogen-free facilities, and
studies were performed according to protocols approved by the IACUC
of the Perelman School of Medicine at the University of Pennsylvania.
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