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Abstract: Idiopathic lung fibrosis (IPF) is a progressive and fatal degenerative lung disease of
unknown etiology. Although in its final stages it implicates in a reactive manner all lung cell types,
the initial damage involves the alveolar epithelial compartment, in particular the alveolar epithelial
type 2 cells (AEC2s). AEC2s serve dual progenitor and surfactant secreting functions, both of which
are deeply impacted in IPF. Thus, we hypothesize that the size of the surfactant processing com-
partment, as measured by Lysotracker incorporation, allows the identification of different epithelial
states in the IPF lung. Flow cytometry analysis of epithelial Lysotracker incorporation delineates
two populations (Lysohish and Lyso'*v) of AEC2s which behave in a compensatory manner during
bleomycin injury and in the donor/IPF lung. Employing flow cytometry and transcriptomic analysis
of cells isolated from donor and IPF lungs, we demonstrate that the Lyso"s" population expresses
all classical AEC2 markers and is drastically diminished in IPF. The Lyso" population, which is
increased in proportion in IPF, co-expresses AEC2s and basal cell markers resembling the pheno-
type of the previously identified intermediate AEC2 population in the IPF lung. In that regard, we
provide an in-depth flow-cytometry characterization of Lysotracker uptake, HTII-280, proSP-C, ma-
ture SP-B, NGFR, KRT5 and CD24 expression in human lung epithelial cells. Combining functional
analysis with extra- and intra- cellular marker expression and transcriptomic analysis, we advance

the current understanding of epithelial cell behavior and fate in lung fibrosis.
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1. Introduction

The human lung is a highly complex organ designed specifically for gas exchange. In idio-
pathic lung fibrosis (IPF), chronic epithelial injury leads to excessive deposition of rigid extra-cellu-
lar matrix, progressive decrease in lung compliance and gas-exchange surface, causing inevitable
and fatal lung failure within 2-5 years after diagnosis'>. Although new therapies increased signifi-
cantly the duration and quality of life of IPF patients, a therapeutic regimen that would arrest or,
even better, reverse disease progression remains to be discovered*. Partly responsible for this situ-
ation is our limited understanding of the cellular states and processes that each of the more than 40
cell types in the lung undergo, in an active (causative) or reactive manner in homeostatic and injury
context>®. A number of recent studies clearly identified the chronic injury of the alveolar type 2
epithelial cells (AEC2s) as the initial site of injury in the IPF lung”™. AEC2s are facultative progeni-
tors in the distal lung, which in differentiated state serve the vital function of surfactant production
and secretion, but can also act as progenitors for other AEC2s and AEC1s in homeostatic and injury-
repair situations'!!,

Pulmonary surfactant is a phospholipoprotein mixture secreted exclusively by AEC2s which
reduces the alveolar surface tension necessary for alveoli re-opening during the respiratory cycle.
The protein component is represented by the surfactant proteins (SP) A, B, C and D, with two of
them - SP-B and C holding tension-active properties. Following the processing from pro- (proSP-B
and proSP-C) to mature (mSP-B and mSP-C) forms, they are secreted in their mature forms
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specifically by AEC2s'>4, The processing and assembly of pulmonary surfactant takes place in the
lamellar bodies of AEC2s, specialized organelles characterized by very low pH®.

In IPF, repeated alveolar injury results in the recruitment of AEC2 progenitors necessary for
the repair process!'18, In this process, the differentiated function of bona-fide AEC2s, defined as
AEC2s which synthetize, process and secrete alveolar surfactant, is impaired and leads to increase
alveolar surface tension, increased alveolar collapse which propagates the injury even further, thus
creating a self-propagating cycle of injury and repair'®?2. The acute AEC1 /2 injury creates a micro-
environment where other reactive cell types like alveolar macrophages and fibroblasts are quickly
activated and recruited to cover the basement membrane and prevent fluid leakage into the air-
space?. However, as the AEC2 progenitor pool is exhausted by injury or by extensive proliferation,
the long-term repair after or during the chronic and repeated injury relies on the recruitment of
other local epithelial progenitors, several of which have already been identified in the mouse
lung!72+2¢, In humans, the profound histological changes found in the distal IPF lung are consistent
with the expansion of a cytokeratin 5 (CK) progenitor, but its origin and differentiating trajectory
remains to be determined?. Recent landmark papers described the transcriptomic signatures of dis-
ease-free (donor) and IPF epithelial cells at single cell level, leading to the identification of tran-
scriptomic signatures for many known epithelial cell types in the lung, and the identification of
novel ones (ionocytes and CK17+/CK5-, aberrant AEC2s)'25-32_ It is unclear though how these tran-
scriptomic signatures translate into stable or transitional cellular states and processes responsible
for the disease phenotype®. The repair process in IPF is ultimately ineffective, underlying the dis-
ease progression that leads to organ failure. Thus, the ability to correlate scNGS data with protein
expression and functional behavior would greatly increase our understanding of these epithelial
fates and states, and turn this into a therapeutically actionable process for the benefit of IPF patients.

In our work, we delineate two functional alveolar epithelial states present in donor and IPF
lung, defined by the size of their surfactant processing compartments, as measured by Lysotracker
incorporation. Based on known intra-cellular and cell surface proteins together coupled with tran-
scriptomic analysis, we show that the Lyso"ish population consists of bona-fide AEC2s and is drasti-
cally diminished in IPF. A second population of Lyso!" cells, which uniformly expresses and pro-
cesses surfactant proteins, but bears the transcriptional foot-print of a CK5-derived (basal) popula-

tion is increased in IPF.
2. Materials and Methods

2.1 Animal studies

Animal studies were performed in accordance with the Helsinki convention for the use and care of
animals and were approved by the local authorities at Regierungsprasidium Giessen V54-19 c 2015
(1) GI 20/10 Nr. 109/2011 (Bleomycin) or V54-19 ¢ 20 15 h 02 GI 20/10 Nr. A53/2012 (untreated con-

trols).
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2.2 Patient material

The study protocol was approved by the Ethics Committee of the Justus-Liebig-University School
of Medicine (No. 31/93, 29/01, and No. 111/08: European IPF Registry), and informed consent was
obtained in written form from each subject. Explanted lungs (n=31 for sporadic IPF, IPFrx; n=6 for
COPD) or non-utilized donor lungs or lobes fulfilling transplantation criteria (n=27; human do-
nors) were obtained from the Dept. of Thoracic Surgery in Giessen, Germany and Vienna, Austria
and provided by the UGMLC Giessen Biobank, member of the DZL platform Biobanking. All IPF
diagnoses were made according to the American Thoracic Society (ATS)/European Respiratory
Society (ERS) consensus criteria®, and a usual interstitial pneumonia (UIP) pattern was proven in
all IPF patients.

2.3 Bleomycin Model of Lung Fibrosis

C57BL/6N mice (Charles River Laboratories, Sulzfeld, Germany) mice aged between 10 and 16
weeks old were used. Mice were intubated and bleomycin (Hexal, 2.5U/Kg body weight in 0.9%
saline) was aerosolized using a Microsprayer (Penncentury). At each time point saline-treated
and/or untreated mice were used as controls. Mice were weighed every day and sacrificed three,
seven, 14, 21 and 28 days later for cell dissociation and flow cytometry analysis.

2.4 Lung tissue dissociation

For both mouse and human lung, standard dispase-based dissociation protocols were used as pre-
viously described*35% and detailed in the Supplemental material.

2.5 Flow cytometry analysis and cell sorting

Standard¥, previously published methods?*%% were used for sample preparation, intra- and extra-
cellular staining in preparation for flow cytometry and fluorescence activated cell sorting. Detailed
methods and reagents including all antibodies are described in supplemental material. Single color
controls were used to compensate for spectral overlap. Fluorescence minus one (FMO) controls were
used whenever possible for positive / negative population gating. In the case of indirect intra-cellu-
lar staining, no primary control samples, consisting of the FMO control in that particular channel to
which only the secondary antibody was added, were used for data interpretation and quantifica-
tion. Data were acquired on a BD FACSCanto II (BD Biosciences) using BD FACSDiva software (BD
Biosciences). Data were further analyzed using Flow]Jo vX software (Flow]o, LLC).

2.6 Immunofluorescence analysis

The staining procedures were based on standard, previously published techniques and the reagents
are listed in Supplemental material and Supplemental Tables 1 and 2. However, given that both the
mature SP-B and proSP-B antibodies were raised in the same species (rabbit), the standard protocol
was modified as follows. Following standard deparaffinization and blocking (see Supplemental
material) , slides were incubated with mature SP-B antibody at a very low concentration (1:2000, 10
times lower than for traditional mature SP-B staining) and the fluorescent signal was amplified us-
ing the Alexa Fluor™ 555 Tyramide SuperBoost™ Kit, goat anti-rabbit IgG (Thermo Scientific). This
resulted in the covalent attachment of Alexa Fluor 555 Tyramide at the base of the antigen, which

allowed consequent stripping of the rabbit anti-mature SP-B antibody using the standard Citrate-
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based antigen retrieval solution as described in Supplemental material. Samples were re-blocked
with 5% BSA in PBS solution and incubated with the rabbit anti-proSP-B antibody followed by an
Alexa Fluor 488 labeled donkey anti-rabbit secondary. Apropriate controls demostrating the lack of
cross-reactivity were used to ascertain the specificity of the two signals (see Supplemental material).
Stainings were imaged on a wide-field fluorescence microscope (Axio Observer.Z1 fluorescence mi-
croscope, Carl Zeiss Microlmaging, Germany) and a confocal microscope (TCS SP5, Leica Microsys-

tems) and the images were processed and quantified using the Fiji package of Image] image analysis

software (www.imagej.net).

2.7 Microarray analysis

Purified total RNA was amplified using the Ovation PicoSL WTA System V2 kit (NuGEN Technol-
ogies, Bemmel, Netherlands). Per sample, 2ug amplified cDNA was Cy3-labeled using the SureTag
DNA labeling kit (Agilent, Waldbronn, Germany). Hybridization to 8x60K 60mer oligonucleotide
spotted microarray slides (Human Whole Genome, SurePrint G3 Human GE v3 8x60K Microarray;
Agilent Technologies, design ID 072363) and subsequent washing and drying of the slides was per-
formed following the Agilent hybridization protocol in Agilent hybridization chambers, with fol-
lowing modifications: 2 pg of the labeled cDNA were hybridized for 22h at 65°C. The cDNA was
not fragmented before hybridization. The dried slides were scanned at 2 um/pixel resolution using
the InnoScan is900 (Innopsys, Carbonne, France). Image analysis was performed with Mapix 8.2.5
software, and calculated values for all spots were saved as GenePix results files. Stored data were
evaluated using the R software (www.r-project.org) and the limma package® from BioConductor®.
Log2 mean spot signals were taken for further analysis. Data was background corrected using the
NormExp procedure on the negative control spots and quantile-normalized®# before averaging.
Log: signals of replicate spots were averaged, and from several different probes addressing the same
gene only the probe with the highest average signal was used. Genes were ranked for differential
expression using a moderated t-statistic®. Pathway analyses were done using gene set tests on the
ranks of the t-values®#* . Pathways were taken from the KEGG database (http://www.ge-
nome.jp/kegg/pathway.html).

Heatmaps are generated from the normalized log: spot intensities (I) and show the gene-wise z-

values (where z; =(1;—mean(1))/sD(1) for j=1...n).

2.8 Data analysis

2.8.1 Flow cytometry data analysis

Frequency of parent and mean fluorescence intensity (MFI) data was exported from FlowJo v.10
and analyzed using MicrosoftExcel, R software (www.r-project.org) or GraphPad Prism (GraphPad
Software). For the bleomycin experiments, the percentage of Lyso™" and Lyso'*¥ cell populations in
control vs treated samples were first Log-transformed and the Student’s T-test was used to deter-
mine the statistical significance of their differences at each time point. To evaluate the dynamic of

the Lysohieh and Lyso'" populations over time (Figure 1C), we related the proportion of each Lysohigh
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or Lyso population in each group (bleomycin or saline) to the total Lysotracker incorporating
population in the control animals at each time-point as follows: each point on the line represents the
% change Logl0 of the respective LysoMsh or Lyso°v at DayX calculated as Log10(Lysohish or low)
Day Xbieo or control/ Log 10(Lysohe"Day X+Lyso**Day X)controt. To determine the relative difference between
the Lysoh#" and Lyso populations in each epitheilial group at each time point (Figure 1D), we
analyzed the log odds ration of these two populations using the R statistical analysis software. A
log odds ratio of 0 means that the two populations are similar and therefore the probability that an
epithelial cell is a Lyso"sh cell is equal to that of it being a Lyso'". Positive log odds ratios indicate
that the two populations are different and therefore the probability of a cell to belong to one popu-
lation is larger than the probability of it belonging to the other one. Flow cytometry data collected
from human samples were analyzed in a similar manner. Student’s t-test or two- way ANOV A were
used as appropriate (stated in the figure legend) to test the null hypotheses that the Log transformed
MFI of percentage of parent values were different in each comparison.

2.8.2 Immunoflurescence quantification and analysis

Fluorescence intensity was analyzed using the Fiji/Image ] (https://imagej.net) image analysis soft-
ware and fluorescence intensity data was exported and statistically analyzed and ploted using Mi-

crosoftExcel.

3. Results

3.1. Lysotracker incorporation delineates two populations of epithelial cells in bleomycin induced injury

To determine the dynamic behavior of AEC2s during bleomycin injury, C57BL6 mice were
treated with bleomycin (2.5U/kg) and analyzed 3, 7, 14, 21 and 28 days post-administration. Saline
or untreated mice (generally termed controls) were used as controls at each time point. Mice were
sacrificed and their lungs dissociated into single cell suspension, whose cellular composition was
analyzed by flow cytometry at each time-point. To identify AEC2s, dead cells (PI* or DAPI*) and
AECI cells (podoplanin - PDPN¥), were first excluded, and the epithelial compartment was further
identified by EpCAM expression within the CD45- (non-hematopietic) and CD31- (non-endothelial)
population (full gating path in Supplemental Figure 1A). The proportion of DAPI- CD45 CD31-
PDPN-EpCAM* population (the epithelial cell compartment from here on) was slightly decreased
in bleomycin-treated mice starting day 14 and reached statistical significance at day 28 (Supple-
mental Figure 1B). To identify AEC2s within the epithelial compartment, we took advantage of their
specific ability to uptake Lysotracker dyes**. The dynamic of Lysotracker uptake was analyzed
during the bleomycin recovery time-course, revealing three distinct populations: a Lysotrackerns
(Lysors), a Lysotracker” (Lyso*) and a Lysotracker"sh (Lysoti¢") population (Figure 1A). At all
time-points analyzed, the Lysoh" population was decreased in number, with the greatest decrease
registered at days 7 and 14, when AEC2s injury is maximal*#. This was paralleled by a proportional
increase in the Lyso'" population, that reached a maximum increase at the same time points (Figure

1B). The time-course analysis of population dynamic, showed that Lysohs" and Lyso'" populations
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behaved complementary to each other, with a maximum relative change at day 7 and partial recov-
ery by day 21 and 28. The paired analysis of the log odds ratio of the Lysohi#" vs Lyso®" population
(Log Lysohish/Lyso'o*) further supported our conclusion that the difference between the two popu-
lations is maximal in control samples and early time points, but decreases significantly at day 7 and
14 (log value of zero) (Figure 1D). Of note, lysotracker uptake was not completely recovered at day

28, suggesting long-lasting alterations in cellular phenotype (Figure 1B-D).
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Figure 1. Characterization of AEC2s in bleomycin model of lung fibrosis

(A)-(D) Bleomycin or saline was intratracheally instilled into the lung of C57B6 mice which were analyzed after 3 (control n=4, bleomycin n=5), 7
(control n=3, bleomycin n=5), 14 (control n=3, bleomycin n=5), 21 (control n=3, bleomycin n=4), and 28 (control n=4, bleomycin n=4) days. Shown is
the flow cytometry analysis of the AEC2s in the epithelial compartment defined as DAPI- CD45- CD31-PDP-EpCAM?*. (A) Representative panels of
Lysotracker uptake (Lysohish and Lysolov) as a percentage of the parent epithelial compartment of bleomycin treated mice.(B) Statistical analysis of
the Lysohish and Lyso'* populations at each time-point. Data are presented as the mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, n.s. = not significant
by ANOVA. (C) Time-course analysis of the Lysohigh and Lyso'ow populations in control mice (left panel) and bleomycin treated mice (right panel).
(D) Analysis of the log odds ratio of the LysoPish vs Lysolo¥ population (Log Lysohish/Lysole*) during the time-course of bleomycin recovery. Data are

presented as the mean and 95%confidence interval.

3.2 Lysotracker uptake in human lung epithelium
Next, we asked if the behavior of these populations is similar in the distal human donor and
IPF lung. To that end, subpleural tissue from six donor and six end-stage IPF explanted lungs were

dissociated into single cell suspension and analyzed by flow cytometry. The gating strategy was
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similar to that of the mouse lung, where the epithelium was identified as live, CD45- CD31- EpCAM*
cells (Supplemental Figure 2A). Fluorescence-minus-one (FMO) samples were used for appropriate
gating (Supplemental Figure 2B). There was no statistically different proportion of epithelial cells
between the groups (Supplemental Figure 2D). Similar to the mouse data, the proportion of IPF
Lysohish cells was dramatically decreased compared to donors, from an average of 50.3% in donors
to 10.1% in IPF. The Lyso" population behaved in a complementary fashion, increasing from an
average of 15.2% in donors to 37.1% in IPF patients (Figure 2A, B). Individual panels from each
patient are shown in Supplemental Figure 2C.

To further understand the identity of the Lyso"sh and Lyso'°" incorporating cells, we ana-
lyzed the expression of HTII-280, a well-known AEC2 marker, as a function of Lysotracker incor-
poration “. In addition to donor (n=6) and IPF (n=7) samples, COPD samples (n=7) were added as
non-IPF related controls. Quadrant gating of Lysotracker versus HTII-280 expression in the epithe-
lial cell population gated as in Figure 2A led to the identification of four populations: Q1
(Lysores/HTII-2807¢), Q2 (Lysores/HTII-280P°), Q3 (Lysoree/HTII-280r) and Q4 (Lysors/HTII-280m¢)
(Figure 2C). In donor and COPD samples, the largest proportion of epithelial cells comprised of
bona-fide AEC2s (Q2: 79.64% Donor and 67.39% COPD), which were Lysores/HTII-280%. In con-
trast, in the IPF samples, the proportion of Q2 cells was markedly reduced to an average of 14.33%,
consistent with the well establish chronic injury of AEC2s characteristic of IPF. This decrease in Q2
was paralleled by a marked increase in Q1, which represent the Lysores/HTII-2807¢, from 5.12% in
donor samples and 9.43% in COPD samples, to 47.73% in IPF (Figure 2D and E). Populations Q3
and Q4 were not significantly altered in all comparisons, with the exception of a slight but statisti-
cally increase in Q4 in the comparison COPD/IFP (Supplemental Figure 2E). The analysis was very
consistent from patient to patient, with some variability noted in the Q4 (Lysors/HTII-280r>) popu-
lation as shown in Supplemental Figure 2F.

At a first glance, the gating strategy suggests that the Q2 population consists mostly of
Lysohist cells, while the Lyso'* cells belong to Q1. Thus, we compared the mean fluorescence inten-
sity (MFI) of the Lysotracker incorporating populations Q1 and Q2, which showed a constant and
statistically significant increase in Lysotracker incorporation in Q2 compared to Q1, demonstrating
that Q2 comprises of mostly Lysohish cells and Q1 of mostly Lyso'". This difference was maintained
in all three groups regardless of their disease status (Figure 2F), suggesting that these two parame-
ters define two distinct cellular states and, in this regard, functionally homogenous populations
(Figure 2G and H). Taken together our data suggests the existence of two distinct epithelial popu-
lations with distinct levels of Lysotracker uptake characteristics, which vary in inversely correlated
manner, suggestive of compensatory behavior in IPF patients compared to donors. Moreover, the
Lysotieh population is marked by the well-established HTII-280 antibody, confirming its bona-fide
AEC2 identity.
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Figure 2. Lysotracker uptake in the epithelial compartment of the human lung. (A) Representative panels of flow cytometry analysis of the
Lysotracker uptake (Lysohigh and Lyso'ov) in the epithelial compartment (DAPI- CD45- CD31- EpCAM) of human donor (n=6) and IPF (n=6) lungs.
(B) Quantification of the Lysohi¢h and Lyso'ov populations in donor and IPF samples in (A). (C) Representative panels of Lysotracker uptake (y-axis)
as a function of HTII-280 reactivity (x-axis) in the epithelial compartment of donor (n=6), COPD (n=7) and IPF (n=7) lungs. Quadrant gating identi-
fies four different populations as follows: Q1 (Lysores/HTII-280"eg), Q2 (Lysores/HTII-280r0s), Q3 (Lysores/HTII-280rs) and Q4 (Lysores/HTII-280me8).
(D) Quantification of the data shown in (C) showing the relative contribution of the Q1 to Q4 populations to the epithelial compartment of donor,
COPD und IPF lungs. (E) Quantification of the Q1 (left diagram) and Q2 (right diagram) as the frequency of parent (DAPI- CD45- CD31- EpCAMY)
population. (F) Comparison of the Lysotracker uptake in the Lysotracker positive populations Q1 and Q2 in donor, COPD and IPF patients meas-
ured by the MFI of the respective populations. (G) Comparison of the Lysotracker uptake in the Q1 population in donor, COPD and IPF patients
measured by the MFI of the respective populations. (H) Comparison of the Lysotracker uptake (left panel) and HTII280 reactivity (right panel) in

the Q2 population in donor, COPD and IPF patients measured by the MFI of the respective populations. Data are presented as the mean + SEM of
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percentage cells from the parent population. Statistical analysis was performed on Log(10) values. *p <0.05, **p <0.01, *p <0.001, n.s. = not sig-

nificant by ANOVA

3.3 Surfactant protein expression defines two populations of AEC2s in donor and IPF Lung

Surfactant protein production, processing and secretion is the most defining characteristic of
AEC2s. Thus, we asked what is the pattern of proSPC expression in relation to HTII-280. To that
end, following the usual cell surface staining ( CD45, CD31, EpCAM, HTII-280), the same six donor
and six IPF single cell preparations used in the previous analysis were fixed, permeabilized and
stained intracellularly with a proSP-C specific antibody. Because the lysotracker signal is lost during
the fixation process, we relied on HTII-280 reactivity for the identification of the bona-fide AEC2s
(DAPIrs CD45¢ CD31neg EpCAMPos HTII-280r°%). Analysis of HTII-280 vs proSPC expression in
these samples resulted in four populations: Q1 (proSP-Cres/HTII-280¢8), Q2 (proSP-Cros/HTII-280r°),
Q3 (proSP-Cres/HTII-2807) and Q4 (proSP-Cres/HTII-2808) (Figure 3A and Supplemental Figure
3A and B). Similar to the Lyso/HTII-280 analysis (Figure 2), donor bona-fide AEC2s (Q2, proSP-
Cros/HTII-280r°s) were the highest represented population (Q2=66.7%) and their proportion was
markedly decreased in IPF samples to 6.75% (Figure 3B). Also, a population that was HTII-280"¢s,
but expressed lower levels of proSP-C than Q2 was present in both patient groups, and it was mark-
edly increased in IPF (donor Q1=17.31% vs IPF Q1=33.84% - Figure 3B, C). Confirming previously
known data, analysis of the amount of proSP-C expressed, as measured by the proSP-C MFI of each
population showed that in IPF the bona-fide AEC2s (Q2) expressed significantly less proSP-C com-
pared to donors. However, the Q1 (proSP-Cres/HTII-280"8) population which was increased pro-
portionally in IPF patients, did not differ in the amount of proSP-C expressed (Figure 3B-D). This
suggests that while in IPF the number and SP producing function of AEC2s is decreased, the poten-
tially compensatory proSP-Clev HTII-280<5 (QQ1) population, expresses lower levels of proSP-C. Ad-
ditionally, there was a statistically significant increase in the proSP-Cree HTII-280"¢ (Q4) population
which suggested the increased presence of non-AEC2 cells in the distal IPF lung (Figure 3D). The
Q3 population, representing proSP-Cree HTII-280P>s was negligible and did not vary significantly
with the disease state (Supplemental Figure 3C).

Although characteristic for the alveolar epithelium, expression of proSP-C and proSP-B has
been previously noted in the non-alveolar compartment of the human lung. However, only AEC2s
have the unique ability to process and secrete the mature forms (mSP-C and mSP-B). Thus, we an-
alyzed the expression of mature SP-B (mSP-B) by intracellular staining of the same donor (n=6) and
IPF (n=6) samples as in the previous analyses, in conjunction with the usual cell surface markers.
Similar to the proSP-C data, mSP-B was expressed in the majority of the bona-fide AEC2s (Q2: HTII-
280ros mSP-Brs) in both donor and IPF, and their proportion was drastically reduced in IPF (Figure
3E and F) . However, the IPF Q1 (HTII-280"¢ mSP-Brs) population expressed higher levels of mSP-
B than donor Q1, suggesting an up-regulation of the surfactant processing ability in this population

in disease conditions. Of note, the expression level of mSP-B in Q1 of IPF remained below that of
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Q2 (HTII-280r mSP-Bre), suggesting a distinct functional state of this population (Figure 3E-H).
Similar to the proSP-C data, there was no significant change in the proportion of Q3 (HTII-280r°
mSP-Bres) population but a significant increase in the Q4 (HTII-280ms mSP-Br<s) cells.
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Figure 3. Surfactant protein expression in the epithelial compartment of donor and IPF lung. (A) Representative flow cytometry panels of proSP-C
and HTII-280 expression in the epithelial compartment (DAPI- CD45 CD31-EpCAM) of donor (n=6) and IPF (n=6) lung preparations. (B) Average
contribution of the Q1-Q4 populations to the epithelial compartment of the samples shown in (A), showing the change in epithelial composition in
IPF lung compared to donors. Left column: donors; right column: IPF. (C) Quantification of the population frequency of Q1 and Q2 in donor (blue
dot) and IPF (red square) lung samples shown in (A). (D) Quantification of the MFI as a measure of proSP-C expression level (Logl10 MFI) in the Q1
and Q2 populations of the samples shown in (A). (E) Representative flow cytometry panels of mSP-B and HTII-280 expression in the epithelial com-
partment (DAPI- CD45- CD31- EpCAMY) of donor (n=6) and IPF (n=6) lung preparations. (F) Average contribution of the Q1-Q4 populations to the
epithelial compartment of the samples shown in (E). Left column: donors; right column: IPF. (G) Quantification of the population frequency of Q1
and Q2 in donor and IPF lung samples in (E). (H) Quantification of the MFI as a measure of mSP-B expression level in the Q2 population of the

samples in (E) Data are presented as the mean + SEM of the Log10 (MFI) values. *p < 0.05, ***p < 0.001, ns = not significant by Student t-test.
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Throughout our analysis we noticed very consistent similarities among the Lysotracker, proSP-
C and mSP-B expression pattern in relation to HTIII-280: the Q1 and Q2 populations behaved simi-
larly in all samples in each analysis. The co-staining of Lysotracker with intra-cellular markers is
technically not feasible because of the loss of Lysotracker fluorescence during the fixation/permea-
bilization process necessary for intra-cellular staining. However, comparative and concomitant
analysis of the Q1-Q4 profile with the three markers in the same donor (n=6) and IPF (n=6) patient
samples showed that the proportion of cells belonging to Q1-4 in each population was very similar
in the three parallel analyses (Figure 4A). This suggested, in a correlative manner that the Q1 pop-
ulation represents a Lyso'", proSP-Cl*v, mSP-Bl** population of AEC2-like cells, while the Q2 pop-
ulation represents the Lysohish, proSP-Chish, mSP-Chish population of bona-fide AEC2s. To confirm
the existence of mSP-B expressing cells outside of the lysotracker incorporating compartment, donor
and IPF peripheral lung tissue sections were co-stained for mSP-B and ABCA3, a protein specifically
expressed in the lamellar bodies of mature AEC2s. Indeed, in the donor lung mSP-B was present in
most all ABCA3 expressing AEC2s, while in IPF extensive epithelial areas (identified morphologi-
cally) were characterized by mSP-B expression in the absence of ABCA3 (Figure 4B). The expression
of Lysotracker and proSP-C was very consistent within each patient group (Do vs IPF and Supple-
mental Figure 4). However, the intensity of the mSP-B staining was highly variable within the same
patient group, suggesting that the existence of variable mSP-B processing capacity (Figure 4A and
Supplemental Figure 4A). To confirm that the variability processing ability of AEC2 cells was not
an artefact of the cell isolation procedure, donor (n=4) and IPF (n=4) paraffin embedded tissue sec-
tions were co-stained for pro- and mSP-B, and the fluorescence intensity of each was quantified.
Linear regression analysis showed that the processing ability of each sample, represented by the
regression’s slope was variable within each group, but an overall flattening of the slope was noted
between IPF and donor samples. Moreover, the two values yielded were positively correlated in
most donor samples (positive R? values), but this correlation was lost in three out of the four IPF
samples (R?=0, Fig 4C and D). Analzying the spatial distribution of the two signals, we noticed that
in donors they were tightly co-expressed, but in IPF there was a heterogenous distribution of areas
of co-localization (particularly in non-affected areas) and areas where the mSP-B was low or absent
in cells that expressed the pro- forms (Figure 4D). Together, these data show that albeit variable in

donor samples, mSP-B processing ability is decreased in IPF.
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Figure 4. Comparative expression of Lysotracker, proSP-C and mSP-B expression in donor and IPF lung. (A) Six donor and six IPF lung preparation
were co-stained in parallel with HTII-280, Lysotracker, proSP-C and mSP-B. Representative flow cytometry panels of Lysotracker (upper), proSP-C
(middle) and mSP-B (lower) vs HTII-280 expression in the epithelial compartment of one donor (left column) and one IPF (right column) lung. (B)
Representative immunofluorescence images of mature (red) and ABCA3 (green) in donor and IPF paraffin embedded lung tissues. (C) Quantifica-
tion of the fluorescence intensity of mature SP-B and proSP-B immunofluorescence signal in 4 donor and 4 IPF patients showing the slope (s) of the
linear regression and the correlation index (R?) for each patient. (B) Representative immunofluorescence images of mature (red) and proSP-B

(green) in donor and IPF tissue shown in (C).
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3.5 Transcriptional characterization of the IPF Lyso* population

Given the recent single cell NGS data that identified the existence of transitional AEC2 states
with distinct transcriptomic signatures in normal and IPFlungs?-3'47, we asked if the Lyso** popu-
lation in IPF, which has an intermediate expression profile in terms of Lysotracker and surfactant
protein expression, resembled any of the previously mentioned intermediate populations. Thus, we
used microarray analysis to compare the transcriptomic profile of eigth FACS sorted donor Lysores
AEC2s, composed in majority of Lyso"ish cells (see Figure 2A) , and Lysor> cells from six IPF lungs,
consisting in majority of Lyso'" cells ( Figure 2A and 5A). Principal component analysis of the data
showed the lack of variance between the two groups (Supplemental Figure 5A) suggesting great
similarities between the two populations. However, in this analysis 612 genes were up-regulated
(LFC > 2), and 1382 genes were down-regulated (LFC < -2) in IPF Lysor* compared to donor Lysor>
AEC2s. Interestingly, the first 50 upregulated genes in the Lysor> population of IPF patients in-
cluded several genes known to be upregulated in IPF, while several surfactant related genes were
noted in the 50 most downregulated genes (Figure 5B and Supplemental Figure 5B). Validating our
data, KEGG analysis identified metabolic pathways and pathways related to protein synthesis/pro-
cessing and oxidative phosphorylation as being the most significantly down-regulated pathways in
IPF (Figure 5C). In order to determine the phenotype of the Lysore IPF population, we superim-
posed the transcriptomic signatures of several relevant cell types from two recent publications onto
our differentially expressed gene expression data*3!. First, we defined the signatures of all relevant
cell types in each data set using the first 30 most differentially expressed genes for each cell-type:
AEC2, signaling AEC2, basal, differentiating and proliferating basal, AEC1, ciliated and club cells
(Travaglini et al), and AEC2, AEC1, basal, aberrant basal, ciliated and club (Adams et al). These
signatures were then superimposed onto our donor Donor / IPF Lysotracker comparison, showing
an overall down-regulation of the AEC2 signature in the IPF Lysor° population. However, a closer
look at the surfactant compartment genes revealed the significant down-regulation of several sur-
factant synthesis and processing genes (NAPSA, ABCA3, LAMP3, LPCAT1), while the surfactant
proteins genes SFTPB and SFTPC were not significantly regulated (SFTPC LFC=-0,25, LOG(p) =0.24
and SFTPB LFC=-0.30, LOG(p)=0.50). This suggested that the two populations which homogenously
express proSP-B and proSP-C mRNA (Figure 5D) and protein (Figure 3), differ in the expression of
the processing machinery that would normally commit them to a bona-fide AEC2 fate. In addition,
two fundamental regulators of AEC2 fate had opposite patterns of expression: IPF Lysors cells ex-
pressed markedly decreased levels of ETV5 (LFC =-3.42, LOG(p)=2.32), but SOX9 (LFC=3.25,
LOG(p)=8.93) was one of the top overexpressed genes in our data set (Figure 5D and Supplemental
Figure 5 C,D). Further analysis showed the upregulation of basal, differentiating basal and aberrant
basal transcriptomic signatures in IPF, suggesting the presence of cells belonging to the basal cell
lineage. Ciliated, club and AEC1 signatures did not unequivocally superimposed with any of the
up or down-regulated transcriptomic profiles (Figure 5E and Supplemental Figure 5C,D). Taken

together, this data demonstrates that the Lysor* population in IPF represents most likely a
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heterogenous population of basal-derived cells with the common property of surfactant proteins B
and C expression, but lacking a mature surfactant processing compartment necessary to compensate

the surfactant defects known to occur in IPF.
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3.6 Basal cell markers expression in donor and IPF lung

Our data, in consensus with the existing literature, suggested an increase in basal and aber-
rant basaloid cells in the distal lung epithelium of IPF patients, which have been in the past identi-
fied by their cytokeratin 5 (CK5, the protein product of KRT5 mRNA) intracellular or NGFR cell
surface expression®. First, we determined by flow cytometry the expression of the CK5 protein in
the epithelial compartment of six donor and six IPF lungs. Of note, CK5 expression as a function of
HTII-280 demonstrated that HTII-280r° cells did not express CK5 in neither donor nor IPF lung,
and the CK5 up-regulation was strictly limited to the HTII-280"s compartment (Figure 6A and Sup-
plemental Figure 6A). Indeed, the number of CK5r* cells was greatly increased in the epithelial
compartment of IPF lung (average Q3 = 37.86%) compared to donor (average Q3 = 12.15% Figure
6A, B and Supplemental Figure 6B). We also determined in a similar manner the cell surface expres-
sion of NGFR in six donor and six IPF lung cell preparations (Figure 6C, D and Supplemental Figure
6 C, D). Albeit the number of NGFRP cells also increased significantly in proportion in IPF com-
pared to donor epithelial cells (average 20.1% IPF vs 3% donor), their proportion was much lower
than that of CK5p cells in both groups (donor and IPF), suggesting the existence of a population of
CK5pos cells that do not express NGFR. Of note, in our transcriptomic analysis, NGFR showed levels
of expression in both AEC2 populations below the threshold above which a gene was considered to
be expressed (Figure 6B and Supplemental Figure 6B). We next asked if the expression of the two
markers defines distinctly localized populations of epithelial cells in either donor and/or IPF lung.
Thus we analyzed by immunofluorescence staining the pattern of expression of CK5 and NGFR
together with the AEC2 marker ABCAS3 in six donor and six IPF lung samples. Representative con-
focal images (Figure 6 E) show that in both donor and IPF, ABCA3 expressing AEC2s expressed
neither CK5 nor NGFR, confirming the flow cytometry data in Figure 6A and C. Additionally, in
donor lung, extensive areas of basal cells were labeled with either CK5 alone or co-expressed with
NGEFR (CK5pos NGFRres cells) in a clonal fashion. In the IPF lung, CK5ros NGFRr*s cells were found
in either normal appearing basal cells in the conducting airways or in simple or pseudo-stratified
epithelium lining epithelial cysts in distal fibrotic areas. CK5r NGFRs cells were present predom-
inatly as highly metaplastic areas in the fibrotic distal lung (Figure 6D). Together these data demon-
strate that NGFR expression differentiate two populations of CK5r*s basal cells with different be-

havior in IPF.
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Figure 6. CK5 and NGFR expression in donor and IPF epithelial cells. (A) Representative flow cytometry panels of CK5 vs HTII-280 expression in
the epithelial cell compartment of donor (n=6, left) and IPF (n=6, right) lungs. (B) Quantification of the CK5res HTII-280"8 (Q3) population shown in
(A). (C) Representative flow cytometry panels of NGFR vs HTII-280 expression in the epithelial cell compartment of donor (n=6, left) and IPF (n=6,
right) lungs. (D) Quantification of the NGFRres HTII-2807¢¢ (Q3) population shown in (C). Data are presented as the mean + SEM of percentage cells
from the parent population. Statistical analysis was performed on Log(10) values. *p <0.05, **p <0.01, *p <0.001, n.s. = not significant by

ANOVA (E) Representative confocal images of proSP-C (white signal), CK5 (red signal) and NGFR (green signal) in different locations of donor

(upper images) and IPF (lower images) lung.
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3.7. CD24 upregulation in IPF

CD24 was identified as a cell surface marker highly expressed by aberrant basaloid cells® and

in the KRT5-/KRT17+ intermediate cells® (Figure 7A and Supplemental Figure 7A). In our tran-
scriptomic analysis, CD24 was also markedly increased in IPF Lyso'" cells (LFC =2.92, LOG(p)=3.1).

To determine which epithelial cells express CD24, we stained four donor and three IPF lung cell

do0i:10.20944/preprints202112.0033.v1

preparations with the usual cell surface markers in combination with a CD24 antibody and its ex-

pression was analyzed in the epithelial compartment as a function of lysotracker uptake. In donor

epithelial cells, the proportion of CD24rs cells was very small (average 1.4% in Lyso"s" and 3.41%

in Lyso'*¥ population), but its expression was markedly increased in both IPF Lyso"sh and Lyso'ow

populations (average 15.2% and 28.5% respectively — Figure 7B-D, individual patient data in Sup-

plemental Figure 7B, C). Given the basal/AEC2 profile of the Lyso'*~ CD24r°s population suggested

by our transcriptomic data, our cell surface expression analysis allows us to speculate that the

CD24pros Lyso'o™ cells might represent a sub-population of IPF specific intermediate cell type.
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compartment (left panel). Right panels show the expression of CD24 in the Lyso™s" and Lyso'** populations shown in the panels on
the left. (D) Quantification of the data in (B) and (C) showing the difference between donor and IPF Lyso"is" and Lyso'*"
populations. Average donor Lysohish CD24ros 1.4%, donor Lyso'*vCD24ros 0.34%,; IPF Lysohish CD24p°s 15.2% and IPF Lysolow CD24pos
28.53%. Data are presented as the mean + SEM of percentage cells from the parent population. Statistical analysis was performed
on Log(10) values. *p <0.05, **p < 0.01, **p < 0.001, n.s. = not significant by ANOVA

4. Discussion

Here we provide an in-depth phenotypical analysis of human alveolar epithelial cells iso-
lated from donor and end-stage IPF explanted lungs. In doing so, we identify two populations
which differ markedly in their ability to process and secrete surfactant, the defining differentiated
function of AEC2s. During bleomycin induced lung fibrosis the two populations vary in comple-
mentary directions, suggestive of correlative behavior. Comparing the transcriptome of the IPF and
donor Lysor* populations in human lung, we determine that the IPF Lysore population co-ex-
presses markers of basal and AEC2 lineages. We further confirm by flow cytometry and immuno-
fluorescence analysis the CK5r*s cell expansion in IPF, and show that CK5 and NGFR expression
define two distinct basal cell populations with differential behavior in IPF. The increased expression
in IPF of CD24, a cell surface marker known to be highly expressed in cancer cells® and aberrant
epithelial cells in IPF®3, is also confirmed, offering a potential cell surface marker to sub-type to-
gether with Lysotracker incorporation various populations of epithelial cells in donor and IPF lung.

The emergence of single cell transcriptomics led to the in-depth profiling of already known
populations of cells, and the identification of other novel ones in the mouse and human lung?:»-
31354041 Recent landmark papers led to the identification of epithelial populations with an interme-
diate transcriptomic signature in the IPF lung. First, a population of cells with “intermediate phe-
notype” that resembled the transcriptomic profiles of both AEC2s and basal cells was identified by
Xu et al®®. Recently, a similar population of cells specific for IPF called aberrant basal cells was de-
scribed by Reyfman et al and by Adams et al*%3!.

Similarly, we find that the Lysor> population in IPF expresses several markers defining these
intermediate populations. Characteristic markers like KRT5, 15 and 17, ITGA2, Sox4, Sox9 and CD24
are expressed at high levels, together with AEC2 genes SFTPB and C. Genes involved in surfactant
protein processing and secretion are also expressed in the IPF Lysor* population, although they do
not reach the level of expression of the donor AEC2s, which correlates well with the low, interme-
diate levels of Lysotracker incorporation in this population. Interestingly, two genes defining the
AEC2 cell fate, ETV5 and SOX9 are also expressed in the IPF Lysores population, but while SOX9 is
expressed at levels exceeding that of bona-fide AEC2s, ETV5 expression is much lower, suggesting
that the they regulate different aspects of the IPF alveolar epithelial fate. Indeed, SOX9 role is crucial
for mouse and human distal lung epithelium specification®>*, while ETV5, acting downstream of
SOX9 %7 and FGF signaling®® is crucial for AEC2 fate maintenance, and is downregulated in tran-
sitional states as the AEC2 to AEC1 transition®. Interestingly, a recent paper identified a population

with similar characteristics in the mouse lung®. Lineage tracing alveolar epithelial cells using the
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SFTPCcreER / Rosa26™Tmate double transgenic mice revealed a TdTomato population of cells
which express low levels of AEC2 markers proSP-C, etv5 and Fgfr2b, and has progenitor cell prop-
erties. This suggests that a similar population with intermediate AEC2 characteristics and progeni-
tor properties exists in the mouse lung, which is supported by our data showing the maximum
expansion of the Lyso®" population at the peak of epithelial proliferation (day 14) following bleo-
mycin injury.

There are multiple circumstances that require the transition through an intermediate fate.
First, it has been shown that multiple progenitors can participate in the repair of the alveolar epi-
thelium®. It is thus conceivable that they converge on a common intermediate state on their way to
becoming fully differentiated AEC2s. Second, aberrant progenitors, that in a normal state do not
participate in alveolar repair can be recruited when the local progenitor pool is exhausted, as is the
case of the IPF lung, converging towards the same intermediate fate. Third, AEC2 divergent
interemediate fates could also emerge, such as (1) AEC2s differentiating into AEC1s*, (2) AEC2s
de-differentiating in order to assume progenitor function? or (3) AEC2s that temporarily limit their
differentiated function to allow recovery from injury. Thus, although the Lyso'** population appears
homogenous from a phenotypic perspective, as seen by the surfactant protein expression and
Lysotracker incorporation, one cannot exclude that it might represent a lineage-diverse population.
Based on our data we propose that the Lyso'®" population represents a stable cellular state on the
way to or from a mature AEC2, rather than a particular cell type. Our population level tran-
scriptomic analysis does not allow us to draw conclusions about the lineage composition or tran-
scriptomic heterogeneity of the Lyso' population, but flow cytometry analysis offers a modality of
isolating cells in this intermediate state for further analysis.

In conclusion we show that Lysotracker incorporation defines two cellular states in donor
and IPF distal epithelial lung, with the Lyso"i" state representing bona-fide AEC2s and the Lyso'*"

state characterizing an intermediate cell population displaying both basal and AEC2 characteristics.
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