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CCR10* epithelial cells from idiopathic
pulmonary fibrosis lungs drive remodeling
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Idiopathic pulmonary fibrosis (IPF) is a devastating fibrotic lung disease of unknown etiology

and limited therapeutic options. In this report, we characterize what we believe is a novel CCR10*
epithelial cell population in IPF lungs. There was a significant increase in the percentage of CCR10*
epithelial cells in IPF relative to normal lung explants and their numbers significantly correlated to
lung remodeling in humanized NSG mice. Cultured CCR10-enriched IPF epithelial cells promoted
IPF lung fibroblast invasion and collagen 1 secretion. Single-cell RNA sequencing analysis showed
distinct CCR10* epithelial cell populations enriched for inflammatory and profibrotic transcripts.
Consistently, cultured IPF but not normal epithelial cells induced lung remodeling in humanized
NSG mice, where the number of CCR10* IPF, but not normal, epithelial cells correlated with
hydroxyproline concentration in the remodeled NSG lungs. A subset of IPF CCR10" epithelial cells
coexpress EphA3 and ephrin A signaling induces the expression of CCR10 by these cells. Finally,
EphA3‘CCR10" epithelial cells induce more consistent lung remodeling in NSG mice relative to
EphA3-CCR10" epithelial cells. Our results suggest that targeting epithelial cells, highly expressing
CCR10, may be beneficial in IPF.

Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common clinical form of interstitial lung disease (ILD),
with poor prognosis and a median survival of 3-5 years after diagnosis. This devastating disease is
characterized histologically by the presence of usual interstitial pneumonia (UIP), containing fibro-
blastic foci, which are believed to be the site of active tissue remodeling. The incidence of IPF ranges
from 14.6-28.8 cases per 100,000 persons (1-3) and its prevalence increases with age. The fibrotic trig-
gers in IPF are unknown but it is speculated that persistent lung injury leads to alveolar epithelial cell
injury and death, and subsequent epithelial progenitor exhaustion and/or dysfunction lead to disrepair
mechanism(s) that ablate the alveolus. Currently, 2 therapeutics have been approved for the treatment
of IPF, Esbriet (4, 5) and OFEV (6, 7), both of which have been shown to slow down but not halt
disease progression, and neither drugs promote disease regression and lung regeneration. Thus, there
is significant effort underway to develop next-generation therapeutics that might further slow or halt
progressive lung remodeling in these patients.

Due to its idiopathic nature, several epidemiological studies have assessed potential links between
lifestyle, environmental contaminants and this disease, leading to a consensus that epithelial injury and
subsequent aberrant and chronic activation of stromal cells may be important contributing factors to the
progressive remodeling observed in IPF lungs. Utilizing mouse models of this disease, several studies have
identified PDGFR-expressing interstitial fibroblasts/lipofibroblasts and pericytes as the major contribu-
tors to collagen-expressing fibroblasts and myofibroblasts in fibrotic mouse lungs (8—11). Further, other
studies have observed an expansion of KRT5* cells into the alveolar parenchyma of bleomycin-injured or
influenza-infected mouse lungs (12, 13), with one study suggesting that these cells may be distinct from
airway basal and club cells (12). Consistently, several studies have reported an expansion of KRT5" and
SCGB1A1* epithelial cells in fibrotic IPF lungs (14-16); however, the role of these epithelial cells in the
relentless and progressive lung remodeling observed in this disease remains elusive.

Herein, we show that there is a significant increase in the percentage of EpCAM*CCR10" epithelial
cells in IPF relative to normal explanted lung tissues. Utilizing a humanized mouse model of IPF (in
which IPF structural and immune cells are intravenously administered into immunocompromised NSG
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mice induce fibrotic lung remodeling; see ref. 17), the numbers of engrafted EpCAM*CCR10* human epi-
thelial cells in NSG lungs significantly correlated with lung remodeling in the humanized mice. Utilizing
several in vitro culture techniques, airway KRT5* and SCGB1A1* epithelial cells from explanted normal
and IPF lung tissues were expanded and characterized. Conditioned supernatants (CSs) from cultured IPF
epithelial cells enhanced IPF lung fibroblast invasion and collagen 1 secretion. Single-cell transcriptomic
analysis of EpCAM*CCR10" epithelial cells identified distinct KRT5* and SCGB1A1* proinflammatory
and profibrotic epithelial cell populations. Intravenous administration of cultured IPF (CCR10* epithelial
cell enriched), but not normal (containing significantly less CCR10* cells than IPF), epithelial cells induced
lung remodeling in NSG mice. Importantly, the numbers of CCR10* IPF but not normal epithelial cells
significantly correlated with hydroxyproline concentration in the remodeled mouse lung tissues. Further,
the majority of epithelial cells highly expressing CCR10 also express the receptor tyrosine kinase EphA3,
and activation of Ephrin A signaling promoted CCR10 expression on the same cells. Finally, intravenous
administration of EphA3* epithelial cells, that highly express CCR10 transcript (i.e., CCR10™), promoted
more consistent lung remodeling in humanized NSG mice relative to EphA3- epithelial cells, expressing
low levels of CCR10 transcript (i.e., CCR10"), from the same explanted IPF lung. These studies suggest that
CCR10" epithelial cells promote lung fibrosis in IPF and that targeting profibrotic mechanisms elaborated
by these cells may be beneficial in this disease.

Results

Abundance of EpCAM*CCR 10" epithelial cells in explanted IPF lungs that correlate with lung remodeling in human-
ized NSG mice. We have recently shown that CCR10 is highly expressed in progressive IPF patients’ diag-
nostic biopsies and on structural cells from IPF, but not normal lung explants (18). To further assess the
expression of CCR10 on structural cells, normal, COPD, and IPF explanted lung cellular suspensions were
stained with fluorescently conjugated anti-CD45, -EpCAM, and -CCR10 antibodies and flow cytometrical-
ly analyzed. There was significant increase in the percentage of CD45 EpCAM* cells and CD45 EpCAM*
cells expressing CCR10 in IPF compared with normal lung explants (Figure 1, A and B and quantified in
Figure 1, D and E). Further, the percentage of EpCAM CD45 CCR10* cells was significantly reduced in
IPF relative to normal lung explants (Figure 1C and quantified in Figure 1F). These results suggest that
CCR10-expressing epithelial cells are abundantly detected in IPF lung explants.

To assess the potential role of CCR10-expressing epithelial cells in lung remodeling, a humanized
NSG model of IPF was utilized (17). Thirty-five days after IPF cellular administration in NSG mice trans-
genically expressing GFP (NSG-GFP), GFP-EpCAM*CCR10* human cells engrafted in the lungs of NSG
mice as shown by the significant increase in the numbers of these cells in humanized relative to naive,
nonhumanized, NSG lungs (Figure 1G). Further, there was a significant positive correlation between the
numbers of engrafted CD45 EpCAM*CCR10* cells and hydroxyproline concentration in humanized NSG
lungs (Figure 1H). These results suggest that IPF CCR10* epithelial cells engraft and promote fibrotic lung
remodeling in humanized NSG mice.

To assess potential heterogeneity of CCR10-expressing cells in IPF lungs, IPF lung explant cells were
magnetically enriched using anti-CCR10 antibodies. Quantitative PCR (qPCR) analysis of the sorted and
nonsorted cells showed that both groups expressed CCR10 transcript, with the sorted group having signifi-
cantly higher CCRI0 transcript expression (not shown). Thus, sorted and nonsorted cells were designated
as CCR10" and CCR10, respectively, based on transcript expression. To assess the role of IPF CCR10"
and CCR10" cells in the promotion of lung remodeling in vivo, 2.5 x 10° sorted cells were i.v. administered
into NSG mice (Figure 2A). Thirty-one days after cellular administration, there were visible skin lesions in
the CCR10" humanized NSG group (Figure 2B). Given the severity of these lesions, the experiment was
terminated after 35 days, when there was more consistent histological evidence for mild interstitial consoli-
dation and focal regions of remodeling in the lungs of NSG mice humanized with IPF CCR10" (Figure
2C, right), relative to CCR10" or naive NSG groups (Figure 2C, middle and left, respectively). At this time,
lung hydroxyproline was significantly elevated in CCR10°, but not CCR10", humanized relative to the
naive NSG groups (Figure 2D). Finally, flow cytometric analysis showed a significant increase in the num-
bers of CD45 EpCAM*CCR10* cells in CCR10" compared with CCR10" humanized NSG groups (Figure
2E, and quantified in Figure 2F). Consistently, IPF CD45" EpCAM"* epithelial cells showed significantly
lower geometric mean fluorescence intensity (GMFI) staining for CCR10 compared with CD45* immune
cells. These results suggest that epithelial cells express less CCR10 protein on their cell surface relative to

https://doi.org/10.1172/jci.insight.122211 2


https://doi.org/10.1172/jci.insight.122211

. RESEARCH ARTICLE

A Normal COPD IPF D
» 804
ko .
[&]
12K 126 +
= 601 Las
B e 2 1
EpCAM+ w N
; lo 401
o] o a' ;;__ A
o o
€ 201 s
8 w :
o . K3 &
B] EnCAM - BV421 EoCAM - BV421 Normal COPD IPF
. E o
126 Q
o A
R e: o
. - - . 5 o & 40
CCR10+ CCR10+ CCR10+ ' 8 =%
8.20 11.9 50.4 m ou
- m § o £
@) 5 5 201 . at
300 00 o ... A
. ¥ 2 *
0" 107 10 10° 10° 10° 107 10° 10° C T T T
CCR10-PE CCR10 - PE CCR10 - PE Normal COPD  IPF
c F :
\ 4 v v 7 801
. @) 8 *
) 5560 .
- - - S xS
(é)] O a
: Sl s .
o P c 0 A
| LU O B e
-CCR10+ (CCR10+ . S O . e
m 367 “‘" 310 C)? 0 o 207 . s
N <
100 10" 10 10° w0t 10° 10! 10? 10° w0t ' C T T T
CCR10-PE CCR10 - PE Normal COPD IPF
Gzo, H  400- ) 0.9925
2 29 ,, ) IPFO2-15 0007
é . 2 300+ n=4
0 1504 o
8 O
5 . © 200
< 1004 s Z
ey <
s . O 100+
o 50 — . 2
3 i -
g C 1 L L) 1
z 0 80 90 100 110 120

Na'ive + IPF' cells

Hydroxyproline (ug/ml)

Figure 1. EpCAM*CCR10* epithelial cells are abundant in IPF lung explants and their numbers correlated to lung remodeling in humanized NSG mice.
(A-C) Normal, COPD, and IPF lung explant cellular suspensions were stained with fluorescently conjugated anti-CD45, anti-EpCAM, and anti-CCR10
antibodies and analyzed by flow cytometry. Shown are representative dot plots from normal (left, n = 10), COPD (middle, n = 3), and IPF (right, n = 12) lung
explants depicting CD45-EpCAM* (A), CD45 EpCAM*CCR10* (B) and CD45-EpCAM-CCR10* (C) cells. (D-F) Shown is the percentage of CD45-EpCAM* (D),
CCR10" cells within CD45-EpCAM* (E) and CD45"EpCAM- (F) cells in normal, COPD, and IPF lung explants. Data shown are the mean + SEM. *P < 0.05; ***P
< 0.001; ****P < 0.0001 via 1-way ANOVA corrected with Dunnett’s test. NSG-GFP or NSG mice were intravenously administered with IPF lung explant
cells; 35 days after cellular administration, lung cellular suspensions were analyzed by flow cytometry and hydroxyproline concentration was quantified
from lung homogenates. (G) Depicted is the mean number of GFP-EpCAM*CCR10* cells in the lungs of naive and IPF humanized NSG-GFP mice. Data
shown are the mean + SEM. *P < 0.05 via unpaired Mann-Whitney 2-tailed nonparametric test. (H) Depicted is a correlation analyses of hydroxyproline
concentration and number of human CD45 EpCAM*CCR10" cells in 1gG-treated NSG lungs after 35 days of IPF cell administration. n = 4-5/group. P values
indicated. IPF, idiopathic pulmonary fibrosis; NSG, NOD Cg-PrkdcSt"® IL2rg™™Szi; NSG-GFP, NOD.Cg-Prkdct® |L2rg'™Wi Tg (CAG-EGFP) 10sb/Sz].

immune cells. Further, the numbers of CCR10" epithelial cells were significantly higher in the lungs of
IPF CCR10" cell-humanized NSG mice, thus leading us to speculate that CCR10* epithelial cells in these
samples may have promoted lung remodeling in the humanized mice.

Given the histocompatibility mismatch between the human and murine cells, it is possible that human
CCRI10* T cells may induce injury leading to a remodeling response involving CCR10* epithelial cells.
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Figure 2. CCR10"-expressing epithelial cells engraft and promote fibrosis in the lungs of humanized NSG mice. (A) Magnetically sorted IPF CCR10"

and CCR10" cells were intravenously administered into NSG mice (0.25 million cells/mouse) and after 35 days, the mice were sacrificed, their lungs were
collected for histological, biochemical, and flow cytometric analyses. (B) Shown is an image of IPF CCR10"-humanized NSG mice, 31 days after cellular
administration. (C) Shown are representative images of lung tissues, from naive (left), IPF CCR10"-humanized (middle), and IPF CCR10"-humanized (right)
NSG groups taken at x100 magnification. (D) Depicted is the hydroxyproline concentration in the lungs of naive, nonhumanized, or humanized NSG mice
that received IPF CCR10" or CCR10" cells. n = 5-10 mice/group. Data shown are the mean + SEM. ns, not significant; *P < 0.05 via 1-way ANOVA corrected
for multiple comparison via Dunnett’s test. (E) CCR10" or CCR10" humanized NSG mouse lung suspensions were analyzed by flow cytometry for human
CD45, EpCAM, and/or CCR10 expression. Depicted are representative dot plots showing EpCAM? cells (left) and the percentage of EpCAM* cells expressing
cell surface CCR10 (right) in IPF CCR10" (top) and CCR10 (bottom) humanized NSG lungs. (F) Shown is the average number of EpCAM*CCR10* cells in IPF
CCR10" and CCR10" humanized NSG mice. n = 5/group. Data shown are the mean + SEM. *P < 0.05 via 2-tailed Mann-Whitney nonparametric test. (G) IPF
lung explant cells were stained with anti-CD45, anti-EpCAM, and anti-CCR10 antibodies. Shown is the mean GMFI for CCR10 staining on CD45* and CD45"
EpCAM- cells. n = 12/group. Data shown are the mean + SEM. ****P < 0.0001 via 2-tailed Mann-Whitney nonparametric test. IPF, idiopathic pulmonary
fibrosis; NSG, NOD Cg-Prkdc®t® IL2rg™™iSzi,

Thus, to assess T cell independent roles of CCR10* epithelial cells in lung remodeling using this human-
ized model, FACS-isolated CD3 CCR10* cells were intravenously administered into NSG mice (Supple-
mental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.122211DS1). Thirty-five days after cellular administration, the number of CD45 EpCAM*CCR10*
cells positively correlated with hydroxyproline levels in humanized NSG lungs (Supplemental Figure 1B).
These results suggest that CCR10-expressing epithelial cells may be enriched in CCR10° samples that
induced lung remodeling in humanized NSG mice. Further, the number of these CCR10* epithelial cells
positively correlated with the concentration of hydroxyproline in remodeled NSG lungs humanized with a
mixture of immune and nonimmune IPF lung explant cells.

In vitro culture, expansion and characterization of normal and IPF explanted lung—derived airway epithelial cells.
Given the abundance of CCR10-expressing epithelial cells in IPF lungs, in vitro culture optimization and char-
acterization of normal and IPF lung epithelial cells was undertaken. Normal and IPF lung epithelial cells were
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Figure 3. Characterization of in vitro-cultured airway epithelial cells. Normal and IPF explant lung cellular suspensions were cultured in CRC or PEB
media. (A and B) Depicted are representative images taken at x100 magnification showing the morphology of cultured epithelial cells in CRC (A) or PEB
(B) media over the duration of 3 days. (C and D) Cultured epithelial cells were dissociated using Accutase cell detachment solution, stained with fluores-
cently conjugated anti-EpCAM antibodies, and analyzed by flow cytometry. Shown are representative dot plots of EpCAM? cells cultured in CRC (C) or PEB
(D) media. n =7 CRC; n = 2 PEB medium. (E) RNA was extracted from PEB- or CRC-cultured epithelial cells and quantitative PCR analysis was performed
for markers of epithelial cell lineages, quiescence/senescence, fibrosis, and inflammation. Depicted is a Morpheus-generated heatmap (broadinstitute.
org) showing fold change of expression in CRC- relative to PEB-cultured epithelial cells from 2 distal lung tissues (IPF02-17 and IPF 1883-17 distal) and 1
proximal tissue (IPF1883-17 proximal) derived from 2 explanted IPF lungs. Colors depict the relative expression of each transcript, where higher or lower
expression is depicted in red or blue, respectively. The numbers in each quadrant indicate the fold change of expression. CRC, conditionally reprogrammed
cell medium; PEB, PneumaCult-Ex Plus Medium; IPF, idiopathic pulmonary fibrosis.

cultured as described in the Methods section using a modified conditionally reprogrammed cell (CRC) culture
technique (19, 20) or using PneumaCult-Ex Plus Medium containing 10 uM Y27632 (i.e., PEB medium). After
approximately 2-3 weeks, epithelial colonies were apparent in these cultures (Figure 3, A and B), in which
epithelial cells cultured in CRC medium showed a hyperplastic and less cuboidal structure (Figure 3A and
Supplemental Video 1) compared with cells cultured in PEB medium (Figure 3B and Supplemental Video 2)
over a duration of 3 days. Epithelial cells cultured in CRC medium showed a partial reversion to a cuboidal-like
structure after the replacement of CRC medium with PEB medium (Supplemental Video 3). Confluence of
epithelial cells and the number of passages prior to growth arrest were generally higher under CRC conditions.
Flow cytometric analysis showed that the majority of CRC or PEB cultured cells highly expressed EpCAM
(96%—98%; Figure 3, C and D). Transcriptomic analysis showed that both normal and IPF lung epithelial cul-
tures were enriched for basal (KRT5) and club cell (SCGB1A41) markers; however, these cells also expressed lower
levels of MUC5B and SFTPC transcripts (Supplemental Figure 2). Cells cultured in CRC medium expressed
lower levels of CDKNI1A, CDKNI1B, MUC5B, SFTPC and, less consistently, CCR10 transcripts relative to PEB-
medium-cultured cells (Figure 3E). Finally, CRC-cultured cells expressed higher levels of IL1B, SCGB1AI, TNF,
KRT5 and, less consistently, TGFBI transcripts relative to cells cultured in PEB medium (Figure 3E). These
results suggest that primary airway epithelial cells can be cultured using either CRC or PEB media, where cells
cultured under CRC conditions appear to proliferate more rapidly and express less cell cycle inhibitory proteins.
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CRC culture conditions were reported to require irradiated feeder cells for optimal cellular growth
(19, 20). Given that irradiation of feeder cells induces their senescence (21), we hypothesized that factors
generated by senescent fibroblasts may mediate cell survival and/or proliferation of the cultured epithelial
cells. Further, given the expansion of airway epithelial cells in IPF lungs (14-16), we also hypothesized
that cytokines abundantly expressed in IPF lung tissues may promote the survival and/or proliferation of
these cells. To test these hypotheses, lung epithelial cells were cultured in DMEM containing 15% FBS,
antibiotics, and L-glutamine in the presence or absence of 10 pM Y27632 or various components that were
previously reported to be generated by lung fibroblasts and/or senescent lung fibroblasts (i.e., hypomethyl-
ated CpG-DNA [CpGl; ref. 22, or IL-1B/IL-18; refs. 23-25) or abundantly detected in IPF lung tissues (i.e.,
IL-4/1L-13; refs. 26-32). As a control, epithelial cells were cultured in CSs from senescent lung fibroblasts
(Sen C/S) in the presence or absence of 10 uM Y27632. Kinetic live cell imaging analysis using an Incu-
cyte Zoom system showed that epithelial cells cultured in the absence of senescent medium or Y27632
progressively died in culture, as evident by their decreased confluence overtime (Supplemental Figure 3,
A-C, black line). Similar findings were also observed with cells cultured in PEB medium in the absence of
Y27632 (Supplemental Video 4). Senescent medium, CpG, and IL-13 consistently improved the survival
(Supplemental Figure 3, A—C and G-I) and IL-4, IL-1f, or IL-18 also improved the survival, albeit less
consistently, (Supplemental Figure 3, G-I and M-O) of untreated epithelial cells. Cells cultured in the pres-
ence of 10 uM Y27632 proliferated over the duration of the experiment (Supplemental Figure 3, D-F, black
line and Supplemental Videos 1 and 2) and this proliferative response was promoted by the addition of
senescent medium, CpG, or IL-13 (Supplemental Figure 3, D-F and J-L). Further, IL-4, IL-1B, and IL-18
less consistently promoted the proliferation of epithelial cells cultured in the presence of 10 uM Y27632
(Supplemental Figure 3, J-L and P-R). These results suggest that Y27632 is required for the proliferation
of epithelial cells and senescent medium, and either hypomethylated-CpG DNA or IL-13 further enhance
this proliferative response. Thus, all subsequent characterization and functional studies were performed in
the presence of 10 pM Y27632 in Sen C/S or PEB medium.

IPF but not normal lung airway epithelial cells’ CSs induce IPF lung fibroblast invasion and collagen 1 secretion.
To assess the modulation of lung fibroblasts by cultured normal and IPF epithelial cells, lung epithelial cells
were cultured in PEB medium for 24 hours, after which their CSs were collected and utilized to stimulate
lung fibroblasts. As controls, CSs were collected from empty cell-free wells treated in a similar manner (cell-
free). IPF epithelial cell CS promoted invasive wound healing of IPF (Figure 4B and quantified in Figure
4, D and E) and, to a lesser extent, normal lung fibroblasts (Figure 4A and quantified in Figure 4C) relative
to normal epithelial cell CS. Further, both normal and IPF epithelial cell CS induced a modest elevation
of collagen 1 protein in normal lung fibroblasts (Supplemental Figure 4A); however, IPF epithelial cell CS
more consistently induced a significant elevation in collagen 1 protein secretion from IPF lung fibroblasts
(Supplemental Figure 4, B and C). These results suggest that IPF epithelial cells promote lung fibroblast
invasion and collagen 1 secretion.

Single-cell transcriptomic analysis of CCR10" IPF epithelial cells. Given the correlation between the numbers
of CCR10" epithelial cells and hydroxyproline concentration in IPF explant-cell-humanized NSG lungs
and the promotion of lung fibroblast invasion and collagen 1 secretion by cultured IPF epithelial cells, we
hypothesized that CCR10" epithelial cells may be inherently profibrotic and thus their abundance in IPF
samples might contribute to the observed fibroblast activation and invasive responses in vitro and remodeling
responses in vivo. To elucidate potential profibrotic mechanisms elaborated by CCR10* IPF epithelial cells
and heterogeneity within these cells, IPF epithelial cells were generated by culturing lung explant suspen-
sions in CRC medium (to promote rapid cell expansion; as shown in Figure 3A) and then transferred into
PEB medium and incubated overnight (to promote CCR10 expression; as shown in Figure 3E). Epithelial
cells were then dissociated and stained with anti-EpCAM and -CCR10 antibodies. EpCAM*CCR10* and
EpCAM*CCRI10- epithelial cells were then FACS isolated and 3,575 CCR10* and 3,863 CCR10- epithelial
cells were captured and single-cell RNA sequenced using the 10X Genomics platform. RNA-seq analysis
yielded 88,840 (5,704 median genes/cell) and 75,271 (5,342 median genes/cell) mean reads per CCR10*
and CCR10 epithelial cells, respectively. The resulting data were then aggregated, where graph-based analy-
sis showed that CCR10" epithelial cells were distinct from CCR10- epithelial cells (Figure 5A, blue versus
black, respectively). There were 2 clusters that were distinctly enriched for CCR10* cells, graph-based clus-
ters 3 and 6 (Figure 5B, brown and green clusters). Further, graph-based cluster 5 (Figure 5B, purple) was
also enriched for CCR10" cells but contained a few CCR10" epithelial cells. Transcript analysis for epithelial
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Figure 4. IPF cultured epithelial cell-conditioned supernatants promote lung fibroblast invasion. Normal and IPF explant suspensions were cultured in
PEB medium until epithelial cell colonies were apparent. After 2-3 passages, cells were cultured in 6-well plates for 24 hours, after which culture super-
natants (CSs) were collected and frozen at -20°C. Lung fibroblasts were then plated into 96-well plates, scratched using a WoundMaker, and treated with
normal or IPF epithelial cell CS mixed with Matrigel. Lung fibroblast invasion was monitored using an Incucyte Zoom live cell imager. (A and B) Depicted
are representative images showing the closure of wounded areas (blue) by normal (n = 1; A) or IPF (n = 2; B) lung fibroblasts (yellow) after treatment with
normal (n = 2; top) or IPF (n = 4; bottom) epithelial cell CS over the span of 48 hours. (C-E) Depicted is the average wound closure (relative to the initial
wound) over 90 hours of normal (n = 1) or IPF (n = 2) fibroblasts treated with 2 normal (red) or 4 IPF (black) PEC CSs. Data shown are the mean + SEM. PEB,
PneumaCult-Ex Plus Medium + 10 pM Y27632; PEC, pulmonary epithelial cells; IPF, idiopathic pulmonary fibrosis.

lineage markers (enriched using our culture techniques [as shown in Supplemental Figure 2]) showed that
cells from cluster 3 highly expressed the club cell marker, SCGB1A1 (Figure 5C), and cells from cluster 6
highly expressed the basal cell marker KRT5 (Figure 5D). K-mean cluster analysis of CCR10* cells subclus-
tered cells from graph-based cluster 6 (Figure 5B, brown) into 2 clusters, K-mean clusters 4 and 6 (Figure 5E,
purple and gray); showed 2 additional KRT5-expressing clusters (K-mean clusters 1 and 3; Figure 5E, blue
and green) and 2 SCGB1A 1-expressing clusters (K-mean clusters 2 and 5; Figure 5E, orange and black). Dif-
ferentially expressed transcriptomic analysis on these K-mean clusters showed that cells from K-mean cluster
6 expressed high levels of stromal cell markers, including COLIA1, COLIA2, COL3A1, FNI, PDGFRB, and
THYI (Figure 5F, gray and Supplemental Table 1). Further, these cells expressed a few keratin proteins,
including KRT34 and KRT$1. Cells from K-mean cluster 4 expressed fewer COL1A1, COLIA2, COL3A1, and
FNI transcripts, expressed similar levels of KRT8] transcripts relative to K-mean cluster 6, and were specifi-
cally enriched for TNC, FBX032, HOXBS5, ARLAC, THBS1, FN1, CDH2, AMTN, and SERPINE2 transcripts
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Figure 5. Single-cell RNA-seq analysis of EpCAM*CCR10* and EpCAM*CCR10" epithelial cells shows unique epithelial cell populations enriched by CCR10.
IPF epithelial cells were generated in CRC medium and then incubated in PEB medium overnight to promote CCR10 expression. Cells were then dissociated
using Accutase and stained with fluorescently conjugated anti-EpCAM and -CCR10 antibodies. EpCAM*CCR10* and EpCAM*CCR10" epithelial cells were
FACS isolated and single-cell RNA-seq analysis was performed using the 10x Genomics platform. (A and B) Depicted are images showing CCR10* versus
CCR10" sequenced epithelial cells (A) and graph-based clustering of sequenced epithelial cells (B). Unique cell populations enriched in CCR10* (blue) rela-
tive to CCR10- (black) epithelial cell populations are highlighted (brown and green circles). (C and D) Depicted are images showing SCGB1A1-expressing (C)
or KRT5-expressing (D) epithelial cells. (E and F) Shown is K-mean cluster analysis of CCR10* epithelial cells (E) and a heatmap of differentially expressed
transcripts in cells from each K-mean cluster (F). CRC, conditionally reprogrammed cell medium; PEB, PneumaCult-Ex Plus Medium + 10 pM Y27632; FACS,
fluorescence-activated cell sorting; IPF, idiopathic pulmonary fibrosis.

relative to the other clusters (Figure 5F, purple and Supplemental Table 1). Cells from K-mean cluster 1
(graph-based cluster 5; enriched for CCR10* cells but also contained CCR10- cells; Figure 5, A, B, and E)
were enriched for SOX7, LYAR, GAL, FST, WNT7A, POU2F2, AREG, PLTP, GJAI, and IL33 transcripts
relative to the other clusters (Figure 5F, blue). SCGB1A1* cells from K-mean clusters 2 and 5 expressed simi-
lar overall transcripts but were specifically enriched for AGR2, CLDN10, CXCL17, GSTAI, SLPI, TSPANS,
S100P, MSMB, SCGBI1A1, and WFDC2 in K-mean cluster 2 and INSR, MUC4, WNK2, NEBL, CECAMS,
ATOHS, TRIM2, TMPRSS2, GPRC5C, and STEAP4 in K-mean cluster 5 relative to the other clusters (Figure
SF, orange and black, respectively; Supplemental Table 1). These results suggest that CCR10" epithelial cells
contain distinct epithelial cell populations relative to CCR10" cells, and several populations in the former
group express proinflammatory and profibrotic transcripts.

To further assess pathways enriched in CCR10* cells, population transcriptomic assessment was per-
formed. Single-cell transcriptomic datasets were imported into SeqGeq (FlowJo, LLC) and the samples
were concentrated. PCA and tSNE analysis were performed to generate statistically distinct population
of cells (Supplemental Figure 5A, CCR10* cells in red and CCR10" cells in blue). Consistent with our
graph-based analysis (Figure 5, A-D), CCR10" cells were enriched in SCGB1Al-expressing (Supple-
mental Figure 5B) and KRT5-expressing (Supplemental Figure 5C) cell populations. To perform popula-
tion analysis, KRT5*CCR10*, KRT5*CCR10", and SCGB1A1*CCR10* cells were gated (Supplemental
Figure 5D) and significantly differentially expressed genes in these CCR10* versus CCR10 cell popula-
tions were determined (Supplemental Figure 5, E-G) and uploaded onto Ingenuity IPA (QIAGEN Inc.,
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis) for pathway and upstream
analysis. Ingenuity canonical pathway analysis of transcripts that were enriched in KRT5*CCR10* versus
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KRT5*CCR10 (Supplemental Figure 5E) cells showed enrichment for transcripts involved in oxidative
phosphorylation, mitochondrial dysfunction, phagosome maturation, molecular mechanisms of cancer,
death receptor signaling, and interferon signaling Ingenuity canonical pathways (Supplemental Table
2). Ingenuity upstream regulator analysis predicted the activation of several inflammatory and profibrot-
ic upstream regulators including IFNA2, TNF, HNF4A, IFNG, TP53, NFKB (complex), OSM, IRF7,
TGFBI1, and STAT1 (Supplemental Table 3) in KRT5*CCR10* versus KRT5"CCR10™ cells. Ingenuity
canonical pathway analysis of SCGB1A1*CCR10* cells versus KRT5"CCR10" cells (Supplemental Figure
5F) showed an enrichment of transcripts involved in oxidative phosphorylation, mitochondrial dysfunc-
tion, phagosome maturation and Interferon signaling pathways in the former cell populations (Supplemen-
tal Table 4). Ingenuity upstream regulator analysis also predicted the activation of several inflammatory
and profibrotic regulators including, HNF4A, IFNG, IFNA, TNF, IFNA2, STAT1, OSM, STAT5A, IRF7,
IL1B, and IRF1 in SCGB1A1*CCR10* relative to KRT5*CCR10- epithelial cells (Supplemental Table 5).
Finally, Ingenuity canonical pathway analysis of CCR10-expressing SCGB1A1* versus KRT5* epithelial
cells (Supplemental Figure 5G) showed that SCGB1A1* cells were enriched for transcripts involved in
mitochondrial dysfunction, NRF2-mediated oxidative stress responses, aryl hydrocarbon receptor signal-
ing, oxidative phosphorylation, unfolded protein response, and ER stress pathways (Supplemental Table 6).
Ingenuity upstream regulator analysis showed that the inflammatory and profibrotic upstream regulators,
IFNG, TNF, STAT5A, HNF4A, STAT1, IFNA2, and IL1B were predicted to be activated in CCR10-
expressing SCGB1A1* versus KRT5* cells (Supplemental Table 7). These results suggest that CCR10*
epithelial cells are enriched for proinflammatory and profibrotic transcripts relative to CCR10- cells and
SCGB1A1*CCR10* cells were enriched for transcripts involved in epithelial stress responses relative to
KRT5*CCR10* cells.

IPF but not normal epithelial cells induce lung fibrosis in humanized NSG mice. Flow cytometric analysis of
cultured epithelial cells showed that there was significant increase in the percentage of CCR10* epithe-
lial cells in IPF relative to normal epithelial cultures (Figure 6, A and B). To assess the function of these
epithelial cells in vivo, 5.0 X 10° normal or IPF epithelial cells were intravenously administered into NSG
mice, and 63 days later the mice were sacrificed, and lungs were collected for flow cytometric assessment
of EpCAM*CCR10* human epithelial cells, histological, and biochemical analysis for collagen deposi-
tion. Sixty-three days after epithelial cell administration, there was evidence of interstitial thickening in
NSG mice that received cultured IPF (Figure 6, D and E), and to a lesser extent, normal (Figure 6C) lung
epithelial cells, as assessed histologically via Masson’s trichrome staining. Most importantly, the lungs of
NSG mice that received cultured IPF epithelial cells more consistently showed a significant elevation in
hydroxyproline concentration compared with lungs of NSG mice that received normal epithelial cells (Fig-
ure 6F). Finally, flow cytometric quantification of human-CCR10-expressing epithelial cells in both groups
of humanized NSG mice showed that there was a significant positive correlation between the number of
CD45 EpCAM*CCR10* epithelial cells and hydroxyproline concentration in the lungs of NSG mice that
received IPF (Figure 6G) but not normal (Figure 6H) epithelial cells. Together, these results demonstrate
that epithelial cells from IPF, but not normal lungs, induce consistent lung remodeling in NSG mice at day
63 after intravenous administration and this remodeling response positively correlated with the number of
engrafting IPF CCR10* epithelial cells.

EphA3 is expressed by epithelial cells lining micro-honeycombing cysts, where its signaling induces CCR10 expres-
sion in IPF but not normal epithelial cells. We have recently shown that a subset of CCR10" structural cells coex-
press the receptor tyrosine kinase EphA3 (ref. 18 and manuscript in revision), a putative pulmonary mes-
enchymal marker (33). Given the expression of a few mesenchymal markers in single-cell RNA-sequenced
KRT5*CCR10* epithelial cells (as shown in Figure 5, E and F), the expression of EphA3 on CCR10*
epithelial cells was assessed. Flow cytometric analysis of CCR10" epithelial cells in normal and IPF lung
explant cells showed that a subset of normal CCR10* epithelial cells expressed cell-surface EphA3 but not
PDGFRa protein (another mesenchymal marker in the lung; refs. 8, 34) (Figure 7A and quantified in Fig-
ure 7, C and D); however, there was a significant increase of the percentage of EpCAM*CCR10"EphA3*
(Figure 7B and quantified in Figure 7C) and EpCAM*CCR10"PDGFRa" (Figure 7B and quantified in
Figure 7D) epithelial cells in IPF relative to normal lungs. Further, there was a significant increase in the
percentage of EphA3* cells and EphA3 GMFI on CCR10-expressing epithelial cells in IPF relative to
normal lung explants (Figure 7, E and F). To assess the relative expression of EphA3 on CCR10" versus
CCRI10" epithelial cells in normal and IPF lung explants, flow cytometric analysis from normal and IPF
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Figure 6. IPF epithelial cells induce lung remodeling in NSG mice. (A) CRC-cultured normal (n = 3) and IPF (n = 4) epithelial cells were dissoci-
ated using Accutase solution, stained with fluorescently conjugated anti-EpCAM and -CCR10 antibodies and analyzed by flow cytometry. Shown
are representative dot plots of EpCAM* cells (left) and CCR10* cells within the EpCAM* cells (right) from normal (n = 3; top) and IPF (n = 4; bottom)
epithelial cell cultures. (B) Shown is the percentage of CCR10* epithelial cells from normal and IPF epithelial cell cultures. Data shown are the mean
+ SEM. n = 3-4/group. *P < 0.05 via unpaired parametric t test. (C-E) Normal and IPF culture-expanded epithelial cells were injected intravenously
into NSG mice and allowed to engraft for 63 days, after which the mice were sacrificed, and their lungs were analyzed for remodeling. Representa-
tive Masson’s trichrome staining taken at x50 magnification of NSG mouse lungs, 63 days after normal (C) and IPF (D and E) epithelial cell admin-
istration. (F) Depicted is the average hydroxyproline content in the superior and middle lobes in unchallenged, naive, and epithelial cell-challenged
NSG mice. Data shown are the mean + SEM. n =5 from 1 normal donor lung; n = 10 from 2 IPF patients’ lungs. *P < 0.05 via 1-way ANOVA corrected
with Dunnett’s test. (G and H) Cellular suspensions from humanized NSG lung tissues were generated and analyzed by flow cytometry for human
EpCAM*CCR10" cells. Depicted are correlation analyses of hydroxyproline concentration and number of human CD45-EpCAM*CCR10* cells in NSG
lungs humanized with IPF (G) or normal (H) epithelial cells at day 63 after cell injection. n = 5 from 1 normal donor lung; n = 10 from 2 IPF patients’
lungs. P values indicated. IPF, idiopathic pulmonary fibrosis; NSG, NOD Cg-Prkdcst® IL2rg™™'Szi; Hyp, hydroxyproline.

lung explant cell samples comparing the 2 populations was performed. Both CCR10" and CCR10™ normal
and IPF lung epithelial cells populations contained cells that stained for EphA3 (Supplemental Figure 6,
A and B); however, in a subset of IPF patients, the majority of EphA3" epithelial cells in IPF lung tissues
coexpressed CCR10 (Supplemental Figure 6B and quantified in Supplemental Figure 6C). Further, both
normal and IPF CCR10* epithelial cells showed a significantly higher GMFTI for EphA3, and IPF CCR10*
cells showed a significantly higher GMFI for EphA3 relative to normal CCR10* cells (Supplemental Fig-
ure 6D). These results suggest that a subset of IPF patients’ CCR10-expressing epithelial cells abundantly
expressed EphA3 protein, and that IPF CCR10* epithelial cells expressed significantly higher levels of
EphA3 protein relative to CCR10~ and normal CCR10* epithelial cells.

To determine the potential localization of CCR10/EphA3-expressing epithelial cells in explanted
lung tissues, dual-color immunohistochemical (IHC) analysis was performed. CCR10-immunopositive
(red) and EphA3-immunopositive (brown) cells localized in the interstitium in normal lungs explants
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Figure 7. EphAS3 is expressed by a subset of CCR10* epithelial cells. (A and B) Normal and IPF lung explant cellular suspensions were stained with fluores-
cently conjugated anti-CD45, -EpCAM, -CCR10, -EphA3 and/or -PDGFRo antibodies and analyzed by flow cytometry. Shown are representative dot plots from
normal (A) or IPF (B) lung explants depicting CD45-EpCAM* (top left), CD45-EpCAM*CCR10* (top right), CD45-EpCAM*CCR10*PDGFRo (bottom left), and CD45
EpCAM*CCR10*EphA3* (bottom right) cells. (C-F) Shown is the percentage of CD45-EpCAM*CCR10*EphA3* (€) and CD45 EpCAM*CCR10*PDGFRa (D) cells in nor-
mal and IPF lung explants; and the percentage (E) and GMFI (F) of EphA3* cells within the CD45-EpCAM*CCR10* gate. n = 10 normal, n = 12 IPF. Data shown are
the mean + SEM. ***P < 0.001; ****P < 0.0001 via unpaired Mann-Whitney 2-tailed nonparametric test. (G and H) Representative IHC images stained for CCR10
(red) and EphA3 (brown) in normal lung (G), and IPF lung explants (H) taken at x100 magnification. Dual-stained epithelial cells are highlighted in black circles
and increased magnification images (H right, arrow heads) n = 5-8/group. IPF, idiopathic pulmonary fibrosis; GMFI, geometric mean fluorescence intensity.

insight.jci.org

(Figure 7G) and in interstitial cells and cuboidal epithelial-like cells lining microcystic structures in

IPF lung explants (Figure 7H, circled regions and arrow heads). Further analysis using polyclonal anti-
EphA3 antibodies (specific C-terminal tail of EphA3, which does not bind to its ligands) showed that this
protein is expressed by a subset of interstitial cells and in structures resembling microcapillaries in nor-

mal lung tissues (Supplemental Figure 7, A and B); however, this protein was predominantly expressed
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Figure 8. EphA3 signaling induces CCR10 and EphA3 transcript expression and promotes TGF-f1-induced VIM and FN1 transcript expression in IPF
relative to normal epithelial cells. (A) Normal and IPF CRC-cultured epithelial cells were stained with fluorescently conjugated anti-EpCAM, -CCR10, and
-EphA3 antibodies and analyzed by flow cytometry. Shown are representative dot plots from normal (top) and IPF (bottom) epithelial cultures depicting
EpCAM*CCR10*EphA3* cells. (B) Shown is the percentage of EpCAM*CCR10*EphA3* cells in normal and IPF epithelial cultures. n = 3-4/group. Data shown
are the mean + SEM. *P < 0.05 via unpaired parametric 2-tailed t test. (C) Magnetic sorting of EphA3* or EphA3- cells followed by gPCR analysis for various
lineage markers. n = 6/group. Data shown are the mean + SEM. **P < 0.01 via 2-way ANOVA corrected with Bonferroni's test. (D) RNA was extracted from
PEB- or CRC-cultured epithelial cells and gPCR analysis was performed for EphA3. Shown is the average EphA3 expression in CRC-cultured epithelial cells
normalized to PEB-cultured cells. n = 3/group. Data shown are the mean + SEM. *P < 0.05 via unpaired parametric 2-tailed t test with Welch’s correction.
(E-)) PEB-cultured normal (n = 2; black bars) and IPF (n = 4; white bars) epithelial cells were stimulated with 20 nM preclustered EFNA5-FC, 10 nM TGF-,
or both for 24 hours. As a control, cells were stimulated with saline (vehicle). After stimulation, RNA was extracted, and gPCR analysis was performed
for various transcripts. Depicted is the average expression of CCR10 (E), EphA3 (F), KRT5 (G), COL17A1(H), FN1 (1), and VIM ()) transcripts in stimulated
epithelial cells relative to vehicle-treated cells. Data shown are the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 normal versus IPF via 2-way ANOVA
corrected with Tukey's test. IPF, idiopathic pulmonary fibrosis.

by immune-like interstitial and epithelial cells lining honeycombing cysts in IPF lung tissues (Supple-
mental Figure 7, C—F). Finally, IHC analysis of serial sections for KRT5, EphA3, and KRT81 (which
was highly expressed in KRT5*CCR10" epithelial cells; Figure 5F) showed that a subset of KRT5* epi-
thelial cells that localized adjacent to fibroblastic foci (Supplemental Figure 7G) stained with anti-EphA3
(Supplemental Figure 7H) and KRT81 (Supplemental Figure 7I) but not nonspecific IgG control anti-
bodies (Supplemental Figure 7J). These results suggest that EphA3 is abundantly expressed by CCR10*
epithelial cells in IPF lungs and that a subset of these EphA3* epithelial cells are localized adjacent to
fibroblastic foci and honeycombing cysts in IPF lung tissues.
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Figure 9. CCR10*EphA3* epithelial cells induce consistent lung remodeling in NSG mice. (A) Magnetic sorting of EphA3* and EphA3- IPF explant cells,
followed by expansion of epithelial cells via CRC culture and subsequent i.v. administration into NSG mice. (B and €) Shown are images of CRC-expanded
EphA3- (B) and EphA3* (C) epithelial cells acquired at x100 magnification. (D and E) Masson’s trichrome staining of NSG lungs 63 days after EphA3- (D)

or EphA3* (E) epithelial cell administration. (F) Depicted is the average hydroxyproline concentration in lungs tissues from naive or humanized NSG mice.
Naive: n = 4; IPF CRC: n = 5/group. *P < 0.05 via 1-way ANOVA corrected with Dunnett’s test. (G) Shown are representative dot plots depicting IPF xeno-
grafted EpCAM* epithelial cells (top) staining for CCR10 (middle) and EphA3 (bottom) proteins in IPF EphA3- (left) or EphA3* (right) epithelial cell-human-
ized NSG lungs. (H and 1) Shown is the percentage of CD45-EpCAM*CCR10*EphA3* (H) and CCR10 GMFI of CD45-EpCAM* cells in the lungs of mice human-
ized with EphA3- or EphA3* IPF epithelial cells. Data shown are the mean+ SEM.; n = 5/group. *P < 0.05; **P < 0.01 via unpaired Mann-Whitney 2-tailed
nonparametric test. IPF, idiopathic pulmonary fibrosis; CRC, conditionally reprogrammed cell culture medium; NSG, NOD Cg-PrkdcS®® |L2rg™™i!Szj,

To assess the functional relevance of EphA3 on CCR10-expressing airway epithelial cells, in vitro analy-
sis of this receptor in normal and IPF cultured epithelial cells was performed. Consistent with flow cytomet-
ric analysis of fresh lung explant derived epithelial cells, there was a significant increase in the percentage of
CCRI10"EphA3* epithelial cells in IPF relative to normal epithelial cell cultures (Figure 8A and quantified
in Figure 8B). Transcriptomic comparative analysis of magnetically sorted EphA3* cells versus nonsorted
EphA3- cells from epithelial cell cultures showed that the EphA3* epithelial cells expressed significantly
higher levels of CCRI0 and SCGBIAI transcripts relative to EphA3- epithelial cells (Figure 8C), which is
consistent with the flow cytometric analysis of fresh and cultured epithelial cells (Figure 7, E and F and
Figure 8, A and B). Further, transcriptomic analysis of CRC versus PEB medium—cultured IPF epithelial
cells showed that PEB medium promoted the expression of EphA3 transcripts (Figure 8D). Thus, to assess
the function of EphA3 signaling in IPF epithelial cells, normal (CCR10 and EphA3-poor) and IPF (CCR10
and EphA3-rich) cells were cultured in PEB medium and stimulated with 20 nM preclustered EFNAS5-FC (a
known ligand for EphA3; refs. 35, 36) in the presence or absence of 10 ng/ml TGF-f1 for 24 hours followed
by transcriptomic analysis. EFNAS5-FC stimulation significantly increased EphA3 and CCRI0 transcripts in
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IPF relative to normal epithelial cells (Figure 8, E and F). Further, EFNAS5-FC promoted TGF-B1-induced
expression of basal epithelial cell markers, KRT5 and COLI17A1 (Figure 8, G and H), FNI (Figure 8I), and
VIM (Figure 8J) transcripts in IPF relative to normal epithelial cells. These results suggest that EphA3 signal-
ing may be required for the expression of EphA3 and CCR10 on IPF epithelial cells and for TGF-B1-medi-
ated responses by these cells.

EphA3* epithelial cells that highly express CCR10 induce more consistent lung remodeling relative to EphA3- epi-
thelial cells in humanized NSG mice. To confirm the profibrotic potential of EphA3*CCR10* epithelial cells in
vivo, EphA3* cells were magnetically sorted, and both EphA3* and EphA3- nonsorted epithelial cells were
in vitro expanded in CRC medium (to promote their proliferation) and then intravenously administered
into NSG mice. Sixty-three days after administration of sorted and nonsorted cells, mice were sacrificed
and their lung tissues were collected for flow cytometric, histological, and biochemical analysis (Figure
9A). Culture-expanded EphA3* and EphA3- cells showed distinct morphological structures, where the
former were hyperplastic and sparsely grew in the cell culture plates (Figure 9B) and the latter grew in
distinct colonies with frequent cell-cell contact (Figure 9C). Sixty-three days after cellular administration,
EphA3* cells more consistently induced mild histological interstitial consolidation and remodeling (Figure
9, D and E) and significant increase in hydroxyproline concentration in humanized NSG lungs (Figure 9F)
relative to naive, nonhumanized, NSG mice. Consistently, mice receiving EphA3* epithelial cells had a sig-
nificantly higher percentage of CD45" EpCAM*CCR10*EphA3* epithelial cells (Figure 9G and quantified
in Figure 9H) and human CD45 EpCAM?" epithelial cells with significantly higher CCR10 GMFT (Figure
90), relative to mice receiving EphA3- epithelial cells. Collectively, these results suggest that EphA3* cells,
highly expressing CCR10, promote more consistent lung remodeling in humanized NSG mice relative to
EphA3- cells and suggest that these epithelial cells may promote fibrotic progression in IPF lungs.

Discussion

Lung remodeling in IPF is characterized by the expansion of matrix-producing mesenchymal cells and a loss
of the alveolar cell-regenerating progenitor, alveolar type II epithelial cells. Despite the loss of alveolar type
II epithelial cells, several reports have observed an expansion of airway KRT5* and SCGB1A1* cells in the
lungs of IPF patients (14-16). However, the role of these epithelial cells in the fibrotic lung progression and/
or repair remains elusive. In this manuscript, we demonstrated that there is an expansion of CCR10"EphA3*
epithelial cells in IPF relative to normal explanted lung tissues. Further, using in vitro culture techniques, we
demonstrated that epithelial cells cultured from explanted normal and IPF tissues express airway epithelial
markers and that conditioned supernatants from IPF epithelial cells promoted IPF lung fibroblast invasion
and collagen 1 secretion. Single-cell transcriptomic analysis of FACS-isolated CCR10* IPF epithelial cells
showed that this chemokine receptor is expressed by KRT5* and SCGB1A1* epithelial cell populations,
both of which showed transcriptomic evidence of mitochondrial dysfunction and proinflammatory and pro-
fibrotic pathway enrichment. Consistently, IPF but not normal epithelial cells induced lung remodeling in
humanized NSG mice, where EphA3* epithelial cells that highly expressed CCR10 induced more consistent
lung remodeling compared with EphA3- cells that expressed low levels of CCR10. These results describe
what we believe is a novel population of epithelial cells in primary human IPF lung tissues that may promote
lung remodeling in this fibrotic lung disease.

CCRI10 is a C-C chemokine receptor (also known as GPR2), that is expressed on skin- and mucosa-
homing T cells (37, 38), IgA-producing plasma cells (39), and antigen-presenting cells (40). While CCR10
has been frequently reported on immune cells, its expression on epithelial cells has been previously reported
in murine models of allergic asthma (41) and in pancreatic ductal adenocarcinoma (42). Elevated expres-
sion of this chemokine receptor in IPF lungs led us to hypothesize that cells expressing this receptor may
promote lung remodeling IPF. However, due to the limited numbers of CCR10* epithelial cells in normal
lung tissues, we were unable to perform studies comparing CCR10* normal and IPF epithelial cells.

Given the limited recovery of CCR10* epithelial cells from explanted lung tissues, in vitro culture tech-
niques were developed to expand and characterize these CCR10-enriched epithelial cell cultures. Cells were
initially cultured using a modified version the previously described CRC cell culture technique (19, 20, 43),
where irradiated feeder cells were replaced with senescent primary lung fibroblast CS. Additionally, cells
were cultured in a predefined commercial medium that is optimized to grow airway epithelial cells (i.e., PEB
medium). In vitro analysis revealed that senescent conditioned supernatants promoted epithelial cell survival,
potentially due to the abundance of hypomethylated mitochondrial DNA (22) and the addition of Y-27632
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(which was required for epithelial cell proliferation). This is consistent with other reports observing similar
effects with Y27632 on several cell types including airway epithelial cells (44), mesenchymal stem cells (45),
astrocytes (46), corneal endothelial cells (47), limbal epithelial cells (48), and keratinocytes (49). In our stud-
ies, PEB-cultured cells expressed higher levels of CCR10 and EphA3 transcripts relative to CRC-cultured cells.
Cells cultured under CRC conditions were morphologically hyperplastic and less cuboidal, and appeared to
proliferate more rapidly, which is consistent with lower expression of the cell cycle regulatory proteins CDK-
N1A and CDKNIB, relative to PEB-cultured cells. Finally, CRC-cultured cells seemed to revert to cuboidal
epithelial cells after 24- to 72-hour culture with PEB medium. It is interesting to note that EphA3 transcript
was only detected by qPCR analysis and not in our single-cell RNA sequencing analysis of cultured epithelial
cells. We hypothesize that its relatively low expression levels in these cells (as observed via qPCR analysis)
may render this transcript below the coverage limit of our single-cell sequencing analysis. Thus, in our studies,
CRC medium was utilized to generate enough cells for in vitro and/or in vivo analysis and PEB medium was
utilized to promote CCR10 and/or EphA3 expression by these cells.

Physiologically, pulmonary epithelial cells were observed to promote fibroblast quiescence (50, 51);
however, under injury conditions, these cells can promote fibroblast proliferation and myofibroblast dif-
ferentiation (52-55). Our in vitro studies suggest that IPF epithelial cells may promote fibroblast invasion
and collagen 1 secretion. This is consistent with one study showing that CCR10 signaling on pancreatic
cancer ductal epithelial cells promoted the recruitment and activation of stromal pancreatic stellate cells
(42). Further, our in vitro studies suggest that EphA3 signaling promoted CCR10 expression and single-
cell transcriptomic analysis of CCR10-expressing IPF epithelial cells showed abundant expression of the
CCR10-ligand, CCL28, by these cells (not shown). These results suggest that EphA3 and CCR10 signal-
ing in IPF epithelial cells may cooperate to promote lung remodeling as follows: EphA3 signaling may be
required to express or maintain the expression of CCR10 and autocrine CCR10 signaling may induce the
secretion of fibroblast recruiting and activation proteins; thus, leading to fibroblast recruitment, activation
and subsequent lung remodeling. Unfortunately, we were unable to generate epithelial cells that lacked
both transcript and cell-surface expression of CCR10, thus rendering it difficult to utilize a reductionist
approach to assess the role of this receptor on the observed epithelial cell phenotype. Future studies are
warranted utilizing genetic knockdown and overexpression approaches for CCR10 to better assess the role
of this chemokine receptor in airway epithelial cells phenotype and function.

To assess the role of CCR10" epithelial cells in the promotion of lung remodeling in vivo, a humanized
model of this disease was utilized in which immune and structural cells are intravenously administered into
NSG mice (17). In this model, CCR10* human epithelial cells engrafted into the humanized NSG lungs, where
the numbers of these cells correlated with hydroxyproline concentration in the remodeled lungs. Similarly,
when FACS-isolated CD3-CCR10* cells were administered into NSG mice, there was a positive correlation
between the numbers of CCR10-expressing epithelial cells and hydroxyproline concentration. When magneti-
cally sorted CCR10"° and CCR10" samples (based on transcript expression) were utilized in this model, only
the former group induced lung remodeling after 35 days, and xenografted epithelial cells expressing CCR10
were enriched in the fibrotic lungs of mice receiving CCR10" cells. This finding is consistent with the reduced
expression levels of this chemokine receptor in epithelial relative to immune cells. In separate studies, CCR10-
expressing T cells were also observed to promote lung remodeling after 63 days of i.v. administration into NSG
mice, but this remodeling response may be dependent on other phenotypic determinants on these cells, includ-
ing their expression of costimulatory proteins (i.e., CD28 and CTLA4; Habiel et al., in press).

Due to limited recovery of CCR10* epithelial cells from IPF lung tissues, we were unable to perform
NSG studies utilizing FACS-isolated EpCAM*CCR10* cells. To overcome this limitation, we expanded
these cells in vitro prior to administration into NSG mice. Sixty-three days after administration, the number
of CCR10* epithelial cells from IPF, but not normal, lungs correlated with hydroxyproline concentration
in fibrotic humanized NSG lung tissues. Consistent with the expression of various mesenchymal markers
by single-cell RNA-sequenced CCR10* epithelial cells, flow cytometric analysis showed that these cells in
IPF lungs highly express the receptor tyrosine kinase EphA3, which has been previously reported to be
enriched on mesenchymal cells in developing murine lungs (33). Further, a subset of epithelial cells that
highly express CCR10 and EphA3 proteins more consistently induced lung remodeling in humanized mice
relative to epithelial cells from the same patient expressing low levels of CCRI0 transcript and no EphA3
protein. However, given the expression of EphA3 by a minor population of CCR 10 epithelial cells from IPF
lungs, it is possible that this population of cells may also have contributed to the observed lung remodeling
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in vivo. Thus, future studies are warranted using xenograft tracking and genetic knockdown/overexpression
techniques to better characterize the role of epithelial cells expressing these 2 proteins in lung remodeling.

The contribution of epithelial cells to the pool of fibroblasts and myofibroblasts in fibrotic mouse lungs
remains controversial, with some studies showing no contribution (56, 57) and others showing some contri-
bution (58-60) from these cells. KRTS5* cells have been previously observed in the alveolar parenchyma of
bleomycin-injured or influenza-infected mouse lungs (12, 13), with one study suggesting that these cells may
be distinct from airway basal and club cells (12). In our studies, CCR10* epithelial cells highly coexpressed
a putative mesenchyme-specific receptor tyrosine kinase, EphA3 (33). However, flow cytometric analysis of
CCR10*EphA3* epithelial cells from explanted normal and IPF lung tissues showed that very few epithelial
cells expressed another cell surface mesenchymal marker, PDGFRa (8, 34). Further, transcriptomic analysis
of mesenchymal marker expression showed that the expression of COLIAI, COLIA2, and COL3A1 tran-
scripts by CCR10* IPF epithelial cells is minor compared with that observed in fibroblasts (data not shown).
This suggests that the contribution of extracellular matrix (ECM) by these cells might be minor compared
with the contribution of ECM by professional fibroblasts/myofibroblasts. Thus, profibrotic IPF epithelial
cells may indirectly lead to increased matrix deposition in humanized NSG lungs and IPF lungs via the
activation of lung fibroblasts.

Collectively, our results have shown that there is significant elevation in the percentage of
EpCAM*CCR10"EphA3* epithelial cells in IPF compared with normal lung tissues. Single-cell transcrip-
tomic analysis showed that these cells were enriched for inflammatory and profibrotic pathways and/or
upstream regulators of these pathways. These epithelial cells promoted lung fibroblast invasion and colla-
gen 1 secretion in vitro and lung remodeling in humanized NSG mice in vivo. Collectively, our results sug-
gest that the selective targeting CCR10* epithelial cells (or profibrotic mediators elaborated by these cells)
possibly via EphA3 activity may be beneficial in ameliorating progressive remodeling in IPF.

Methods

Isolation of mixed cells from IPF explants

Normal and IPF lung explants were acquired from consented donors. IPF progression (i.e., rapid versus
slow progression) was defined as previously described (61). Fresh explant cells were isolated as previously
described (17).

Culturing normal and IPF lung explant-derived airway epithelial cells

Normal and IPF lung epithelial cells were generated by culturing normal or IPF explant suspensions
using CRC as previously described (19, 20, 62) with few modifications or in PneumaCult-Ex Plus
Medium (STEMCELL Technologies) containing 10 uM Y27632 (STEMCELL Technologies, PEB
medium). For CRC culture, normal and IPF explant suspensions were cultured in 50% senescent stro-
mal cell-conditioned supernatants, 50% complete medium (DMEM [Lonza], 15% FBS [Atlanta Bio-
logical], 100 IU penicillin and 100 pg/ml streptomycin [Mediatech], 292 pg/ml L-glutamine [Medi-
atech], and 100 pg/ml Primocin [Invivogen]) and 10 uM Y-27632. Senescence of lung fibroblasts was
validated via assessment of morphologic enlargement of the cells, increased B-galactosidase activity
and CDKNIA transcript expression. Conditioned supernatants from senescent lung fibroblasts were
collected every 3 or 4 days and filtered through a 0.2-um filter prior to utilization. Explant suspensions
were cultured in CRC or PEB media for 2—4 weeks on tissue culture—treated T75 flasks until epithelial
colonies were apparent. Contaminating stromal colonies were removed by trypsinizing the cells for
15-20 seconds followed by gentle tapping of the flasks. Once epithelial colonies become relatively
dense, cells were detached using Accutase dissociation solution (STEMCELL Technologies) treatment
for 10 minutes at 37°C. Cells were passaged 3 or 4 times prior to utilization for flow cytometry, in vitro,
or xenograft experiments.

Single-cell RNA sequencing and bioinformatic analysis

IPF explant suspensions were cultured in CRC medium until epithelial colonies were apparent, and
cells were then transferred into PEB medium overnight and dissociated using Accutase dissociation
solution as described above (Culturing normal and IPF lung explant derived airway epithelial cells sec-
tion). Cells were then stained with BV421 anti-EpCAM (clone 9C4, BioLegend) and PE anti-CCR10
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antibodies (clone 6588-5, BioLegend). EpCAM*CCR10* and EpCAM*CCRI10" epithelial cells were
then FACS isolated using a FACSAria IIT cell sorter (BD Biosciences). Sorted epithelial cells were
spun down, counted, and resuspended and single-cell sequencing was performed as recommended by
the manufacturer (10X Genomics). All sequencing files have been uploaded onto the NCBI's Gene
Expression Omnibus (GEO GSE115982). Detailed methods pertaining to the single-cell data analysis
are provided in the online supplement.

In vitro assessment of EphA3 signaling and epithelial-stromal cross-talk

Normal and IPF epithelial cells were cultured at a concentration of 0.4 x 10° cells/well in a 6-well plate
in PEB medium. EFNAS5-FC (R&D Systems) was preclustered by incubating it at an EFNA5-FC/anti—
His-tag antibody (R&D Systems) ratio of 10:1 in Dulbecco’s PBS (DPBS) for approximately 20 minutes
at room temperature. Epithelial cells were then stimulated with 20 nM preclustered EFNAS5-FC, 10 ng/
ml TGF-f1 (R&D Systems), or a combination of the stimuli. Cells were then incubated for 24 hours at
37°C and 10% CO,. As a control, similar stimuli were added to a cell-free 6-well plate and incubated for
24 hours. After incubation, conditioned supernatants were collected and frozen at —20°C until utiliza-
tion with fibroblast studies and 1 ml of TRIzol (Thermo Fisher Scientific) was added to the stimulated
epithelial cells. RNA was extracted from the epithelial cells and utilized for gPCR analysis.

Fibroblast invasion analysis

Lung fibroblasts were generated from explanted lung tissues as previously described (63). Conditioned
supernatants from normal or IPF epithelial cells were added to lung fibroblasts and fibroblast invasion was
assessed as previously described (63).

Mice and in vivo studies

Six- to 8-week-old, female, pathogen-free NOD Cg-PrkdcSc'P IL2rg™!iSzi (NSG) or NOD.Cg-Prkdc5c™P
IL2rg™Wi Tg (CAG-EGFP) 10sb/SzJ (NSG-GFP) mice were purchased from Jackson Laboratories
and housed in Cedars-Sinai Medical Center’s high isolation animal rooms. NSG mice were allowed
a minimum of 1 week to acclimate in the facility and then each mouse received nothing (i.e., nonhu-
manized); 1 X 10° IPF explant cells; 1.5 x 10° CD3-CCR10" cells; 2.5 x 10° CCR10" or CCR10" cells;
5 x 10° cultured normal or IPF epithelial cells or 8 x 10 cultured CCR10"EphA3* or CCR10°EphA3-
epithelial cells by intravenous injection (i.e., humanized). In vivo studies with explanted lung cells
utilized bio-banked cells from liquid N, storage that were rapidly thawed and washed in serum-free
medium prior to injection into NSG mice. All NSG groups were monitored daily and mice were sac-
rificed if there was evidence of morbidity such as weight loss of more than 20%, loss of fur, paralysis
and/or lack of responsiveness when handled. At the indicated times after human cell injection, bron-
choalveolar lavage (BAL) fluid and serum were collected for protein analysis, the superior and middle
lobes were collected for biochemical hydroxyproline quantification, the inferior lobe and spleens for
flow cytometric analysis, post-caval lobe for qPCR analysis, and the left lung for histological analysis
from each NSG mouse. For studies where cells were magnetically sorted prior to administration into
NSG mice, lung explant cells were stained with PE-conjugated anti-CCR10 antibodies (clone 6588-5,
BioLegend) and then magnetically sorted using anti-PE microbeads (Miltenyi Biotec or STEMCELL
Technologies) as recommended by the manufacturer. Enrichment for CCR10" cells was confirmed
by qPCR analysis for CCR10 transcript in sorted versus nonsorted normal and IPF cells. For human-
ized NSG experiments, 0.25 million sorted cells/mouse were i.v. administered into NSG mice. Mice
were monitored daily for any clinical signs of distress and/or morbidity. Thirty-five days after cellular
administration, the mice were sacrificed, and their lung tissues were collected and analyzed as indi-
cated in the mouse studies methods section.

Hydroxyproline assay

Lung tissue was hydrolyzed and total lung hydroxyproline was analyzed as previously described (64). To
compare changes in hydroxyproline concentration, humanized lung samples were assayed together with
hydrolyzed lung samples from naive mice housed in the same facility and treated similarly (17).
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Histological analysis

Lung tissue was fixed in 10% neutral buffered formalin (NBF) solution for 24 hours and subsequently trans-
ferred into tissue cassettes and kept in a 70% ethanol solution for approximately 24 hours. Lungs were then
processed using routine histological techniques and stained using Masson’s trichrome. A Zeiss Axio Observ-
er Z1 microscope and the Zeiss Zen 2012 v.1.1.2.0 software were used to obtain representative images.

Flow cytometry

Mouse lung cell suspensions. Murine lung cellular suspensions were generated using a mouse lung dissocia-
tion kit, C-tubes, and a GentleMacs dissociator (Miltenyi Biotec). Cell suspensions were centrifuged and
resuspended in 1 ml of RBC lysis buffer (BioLegend), incubated at room temperature for 1-2 minutes and
then equilibrated by adding 25 ml of DPBS to each tube. Cells were centrifuged and resuspended in flow
cytometric wash/staining buffer (DPBS + 2% FBS) in the presence of human and mouse Fc receptor—
blocking antibodies (BioLegend). Cells were then stained with anti-human CD45 (clone HI30, BioLegend),
-EpCAM (clone 9C4, BioLegend) and -CCR10 (clone 6588-5, BioLegend) antibodies for 20 minutes at 4°C.
Unstained, isotype controls, fluorescence-minus-one (FMO) controls, and staining in nonhumanized murine
lung and spleen suspensions were utilized to gate out any nonspecific antibody binding and background
fluorescence (Supplemental Figures 8 and 9). Flow cytometric data were acquired within 1 week of staining
using a MACSQuant 10 flow cytometer (Miltenyi Biotec) and data were analyzed using FlowJo software
v.10.2 (Tree Star). Due to the presence of a population of GFP- cells in naive, nonhumanized NSG-GFP
mice, all of our comparisons were performed relative to nonhumanized NSG-GFP mice. The resulting gates
from nonhumanized NSG-GFP mice were used to identify human EPCAM- and CCR10-stained cells.

Human lung cell suspensions. Human lung cells were added to flow cytometry wash/staining buffer and
blocked with anti-human Fc receptor antibodies (BioLegend) for 15 minutes at 4°C. After blocking, cells
were stained with PE-conjugated anti-human CCR10 (clone 6588-5, BioLegend, 341504), BV421- or APC-
conjugated anti-human EpCAM (clone 9C4, BioLegend, 324220 and 324208, respectively), PE/Cy7- or
BV421-conjugated anti-human CD45 (clone HI30, BioLegend, 304016 and 304032, respectively), PE/
Cy7-conjugated anti-PDGFRa (clone 16A1, BioLegend, 323508) or biotin-conjugated anti-human EphA3
(clone ITIA4, supplied by Humanigen, Inc.) and FITC-conjugated streptavidin (Thermo Fisher Scientific)
for 20 minutes at 4°C. Cells were then washed twice with flow cytometry wash/staining buffer and fixed
in 5% NBF. Flow cytometric data were acquired using a MACSQuant 10 flow cytometer and data were
analyzed using FlowJo software v.10.2. Cells were gated using isotype and/or FMO controls as shown in
Supplemental Figure 10.

Cultured epithelial cells. CRC- or PEB-media-cultured epithelial cells were dissociated using Accutase
cell dissociation solution. Cells were washed, resuspended in flow cytometric wash/staining buffer and
blocked with anti-human Fc receptor antibodies (BioLegend) for 15 minutes at 4°C. After blocking, cells
were stained with PE-conjugated anti-human CCR10 (clone 6588-5, BioLegend, 341504), BV421- or APC-
conjugated anti-human EpCAM (clone 9C4, BioLegend, 324220 and 324208, respectively) or biotin-con-
jugated anti-human EphA3 mAD (clone IITA4, supplied by Humanigen, Inc.) and FITC-conjugated strep-
tavidin (Thermo Fisher Scientific) for 20 minutes at 4°C. Cells were then washed twice with flow cytometry
wash/staining buffer and fixed in 5% NBF. Flow cytometric data were acquired using a MACSQuant 10
flow cytometer and data were analyzed using FlowJo software v.10.2.

Magnetic epithelial cell sorting for CCR10

Lung epithelial cells were dissociated using Accutase cell dissociation solution and spun down as described
above (Cell culture and culture conditions). Cells were resuspended at a concentration of 5 x 10° cells/ml and
stained with biotinylated anti-EphA3 antibodies (clone I1TA4, supplied by Humanigen, Inc.). After stain-
ing, cells were washed and then magnetically sorted using streptavidin magnetic beads (Miltenyi Biotec) as
recommended by the manufacturer.

gPCR analysis

Cells were lysed in TRIzol reagent. RNA was extracted as recommended by the manufacturer and 1 pg of
RNA was reverse transcribed into cDNA using Superscript II reverse transcriptase (Life Technologies) as
previously described (61). Complementary DNA (cDNA) was subsequently loaded into a Tagman plate
(Thermo Fisher Scientific) and gene expression analyses were performed using predesigned primers and
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probes for human CCR10, KRT5, MUC5B, SCGB1A1, SFTPC, EphA3, CDKNI1A, CDKNIB, IL1A, ILIB, IL6,
TGFBI1, TNF, COL17A1, FNI, VIM, and RNA18S5 (Thermo Fisher Scientific). All Tagman analyses were
performed using an Applied Biosystems Viia 7 instrument (Thermo Fisher Scientific). The results were
then exported, normalized to RNA18S5 expression (Thermo Fisher Scientific), and fold-change values were
calculated using DataAssist software (Thermo Fisher Scientific).

Statistics

Two-tailed parametric ¢ test, 1-tailed Mann-Whitney nonparametric test, 2-tailed Mann-Whitney nonpara-
metric test, 1-way ANOVA or 2-way ANOVA statistical analyses (as indicated in the figure legends) were
performed using GraphPad Prism software version 7. Multi-sample comparison was corrected using Dun-
nett’s test, when comparing to a normal or vehicle control, or Tukey’s test when comparing all samples to
each other. P < 0.05 was considered significant.
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