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Single-cell RNA sequencing
reveals that lung mesenchymal
progenitor cells in IPF exhibit
pathological features early in their
differentiation trajectory

Daniel J. Beisang?, Karen Smith?, LibangYang?, Alexey Benyumov?, Adam Gilbertsen?,
Jeremy Herrera3, Eric Lock*, Emilian Racila®, Colleen Forster®, Brian J. Sandri’, Craig A. Henke?
& Peter B. Bitterman?™

In Idiopathic Pulmonary Fibrosis (IPF), there is unrelenting scarring of the lung mediated by pathological
mesenchymal progenitor cells (MPCs) that manifest autonomous fibrogenicity in xenograft models.
To determine where along their differentiation trajectory IPF MPCs acquire fibrogenic properties,

we analyzed the transcriptome of 335 MPCs isolated from the lungs of 3 control and 3 IPF patients

at the single-cell level. Using transcriptional entropy as a metric for differentiated state, we found
that the least differentiated IPF MPCs displayed the largest differences in their transcriptional profile
compared to control MPCs. To validate entropy as a surrogate for differentiated state functionally,
we identified increased CD44 as a characteristic of the most entropic IPF MPCs. Using FACS to stratify
IPF MPCs based on CD44 expression, we determined that CD44" IPF MPCs manifested an increased
capacity for anchorage-independent colony formation compared to CD44'"° IPF MPCs. To validate our
analysis morphologically, we used two differentially expressed genes distinguishing IPF MPCs from
control (CD44, cell surface; and MARCKS, intracellular). In IPF lung tissue, pathological MPCs resided
in the highly cellular perimeter region of the fibroblastic focus. Our data support the concept that IPF
fibroblasts acquire a cell-autonomous pathological phenotype early in their differentiation trajectory.

Idiopathic Pulmonary Fibrosis (IPF) is characterized by a multi-focal fibrotic reticulum that envelopes the alveo-
lar gas exchange units resulting in death by asphyxiation'. The only approved therapeutic options for this disease
include lung transplantation and two medications that slow - but do not stop - fibrosis progression®. One major
barrier to the development of efficacious therapies for IPF has been a knowledge gap regarding the cellular and
molecular mechanisms of IPF fibrosis progression®*.

We previously identified mesenchymal progenitor cells (MPCs) from human IPF lung tissue that serve as cells
of origin for IPF fibroblasts®. These cells exhibited canonical MPC properties including: (1) tri-lineage differen-
tiation potential; (2) characteristic cell-surface markers; and (3) anchorage- independent colony formation. In
contrast to lung MPCs from patient-controls, IPF MPCs displayed the following durable (i.e., cell-autonomous)
pathological features: (1) greater anchorage-independent colony formation; (2) generated daughter fibroblasts
with the characteristic IPF signaling signature that produce fibrotic lesions in zebrafish and mouse xenografts;
and (3) caused interstitial lung fibrosis in humanized mice. Bulk RNA sequencing of MPCs from IPF patients
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compared to patient-controls revealed significant transcriptomic differences including the expression of genes
governing cell proliferation and gene expression itself. Histological analysis of primary human IPF lung samples
identified MPCs at the mitotically active perimeter region of the fibroblastic focus, adjacent to relatively preserved
alveolar walls®. Thus, the IPF MPC population harbors a cell-autonomous pathological phenotype.

Data from several studies indicate that mesenchymal cells, including MPCs, represent a heterogeneous popu-
lation. Recent studies have identified lung mesenchymal cell subgroups with unique roles in airway maintenance
and repair related to their specific location and cross-talk with epithelial cells®”. MPC properties are dependent
on multiple factors including site of origin®’, gender!?, and environmental cues®. Among the IPF lung MPC pop-
ulation we observed significant cell-to-cell variability in their colony forming capacity®. Based on this evidence,
we hypothesize that heterogeneity exists amongst the MPC population.

Single-cell RNA sequencing has emerged as a powerful tool for detecting heterogeneity in a population of
cells. A fundamental challenge with single-cell sequencing experiments is organizing the cells in an unbiased
and biologically relevant fashion such that differences between groups or across a spectrum can be elucidated
with the minimum number of pre-hoc assumptions'!. Transcriptomic network entropy is a metric with these
properties. Its underlying assumption is that an undifferentiated cell (e.g., stem cell, progenitor cell) exists in a
state of transcriptomic promiscuity in its expression of cell signaling networks, such that it is poised to respond
to relevant environmental cues instructing its differentiation trajectory'? As cells differentiate, they up-regulate
pathways relevant to their ultimate biological function and down-regulate irrelevant pathways'. Network entropy
captures this concept by quantifying the variability in the expression of pathways as defined by literature curated
protein-protein interaction networks. The network entropy algorithm (Single-Cell Entropy, SCENT) has been
validated to accurately reflect differentiation trajectories using single-cell RNA sequencing data in an unbiased
manner that is robust to sequencing coverage and drop-out rate'®. Given these properties of the SCENT algorithm
(few pre-hoc assumptions, relatively unbiased, biologically validated, and biologically relevant) it represents a
powerful tool for understanding heterogeneity within single-cell sequencing experiments.

To investigate the transcriptomic underpinnings of lung MPC heterogeneity we performed single-cell
sequencing of lung MPCs, employing preparative procedures identical to those used in our previously published
studies*'*. Control and IPF lung MPCs exhibited a spectrum of differentiated states with the least differentiated
IPF lung MPCs displaying the largest differences from control MPCs. We identified CD44 and MARCKS as gene
products uniquely identifying the most undifferentiated IPF MPCs, and localized these cells in the IPF lung to the
highly cellular perimeter region of the fibroblastic focus.

Materials and Methods
Study subjects. Human lung tissue was procured and de-identified by the University of Minnesota Clinical
and Translational Science Institute (CTSI) Biological Materials Procurement Network (BioNET).

Isolation and culture of primary human lung fibroblasts. To ensure comparability of the data with previously
published findings regarding the lung MPC population, we utilized identical isolation and culture techniques. All
studies used primary human lung fibroblasts isolated as previously described' from human lung tissue including
IPF explant specimens (n =3, all tissue confirmed to fulfill diagnostic criteria for IPF including pathological
diagnosis of usual interstitial pneumonia) or control (n= 3, all cancer adjacent tissue). The use of cancer adjacent
tissue for patient-control fibroblasts enabled us to age match to the demographics of IPF and provided cells with
a background of chronic, non-fibrotic lung disease. All tissue was verified to be tumor free by a pathologist. After
isolation of fibroblasts, cells were cryopreserved until use. All cell lines were analyzed between passages two and
six to minimize confounding signal due to replicative changes.

FACS sorting and isolation of lung MPCs. Primary cells were thawed and cultured for 14 days, stained with
anti-SSEA4 Alexa Fluor 647 (AF647), and flow sorted. SSEA4M cells isolated with this approach have been shown
to demonstrate a mesenchymal progenitor cell phenotype (hereafter referred to as mesenchymal progenitor cells,
“MPCs”)'¢. MPCs were submitted to the University of Minnesota Genomics Center for single cell isolation and
library preparation.

Single cell sequencing. MPCs were stained for viability and loaded into the Fluidigm C1 large cell integrated flu-
idic circuit (IFC). Cell lysing, reverse transcription and cDNA amplification was performed on the C1 auto-prep
IFC per the manufacturer’s protocol. Libraries were constructed using the Nextera XT DNA Sample Preparation
Kit, according to the manufacturer’s recommendations. Sequencing was performed on Illumina MiSeq Sequencer
by 75bp paired-end sequencing.

Data quality control and read alignment. Sequence quality of each library was assessed using the FastQC pro-
gram, and libraries with low data quality were excluded from downstream analysis. Reads were trimmed using
the trimmomatic program'” to remove low quality bases. Reads were aligned to the human genome (GRCH38.84)
using the HISAT?2 algorithm!8. Following alignment, the number of aligned reads vs number of unmapped reads
per cell was plotted and outliers (those with very high unmapped read percentage) were removed from down-
stream analysis. Gene abundance (mapping to Ensembl Gene IDs) was estimated using HTSeq".

Data analysis. Data were analyzed in R using publicly available packages. For all downstream analyses, data
were log base 2 converted. Network Entropy was calculated using the SCENT algorithm to order cells based on
differentiated state in an unbiased and biologically relevant fashion. For the SCENT algorithm, abundance esti-
mates were linked to the Entrez Gene ID using biomart and the protein-protein interaction network was obtained
from Github as part of the SCENT algorithm. SCENT analysis included the 10000 most variable genes. Gene
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Figure 1. Overview of experimental Design. Primary mesenchymal cell populations were isolated from control
(N'=3) and IPF (N =3) human lung tissue and used between passages 2 and 6. FACS was used to isolate a single
cell suspension of SSEA4" cells (hereafter referred to as MPCs). Cells were subjected to live/dead assessment,
microscopic evaluation to ensure single cells in each chamber and sequenced on the Fluidigm C1 platform
according to the manufacturer’s protocol.

Ontology analysis was performed using GOrilla** and ToppGene?*'. Linear modeling and mixed-linear mode-
ling was performed with R packages Im and Ime4, respectively. Comparative data sets were obtained from the
gene expression omnibus (GSE75748 and GSE72056). Human embryonic stem cell and neural progenitor cell
data was extracted from GSE75748, and terminally differentiated cells including T-cells, B-cells, NK-cells, mac-
rophages and endothelial cells (but not cancer-associated fibroblasts) were extracted from the melanoma dataset
in GSE72056.

Immunohistochemistry/Immunofluorescence. Fixed human lung IPF tissue samples (individ-
ual or combined in TMAs) underwent serial sectioning and were stained with Hematoxylin-Eosin, or probed
with the following antibodies: anti-SSEA4 (Biolegend, #330401, 1:50), anti-CD44 (Abcam, ab101531, 1:500),
anti-MARCKS (Novus, NB110-58875SS, 1:500), anti-pro-collagen I (Abcam, ab64409, 1:500). Slides were coun-
terstained with hematoxylin. For immunofluorescence, secondary antibodies included anti-Mouse Alexa Fluor
488 (Invitrogen, A11029, 1:1000) and anti-Rabbit Alexa Fluor 594 (Invitrogen, A11072, 1:1000).

Colony forming assays. We used FACS as outlined above to generate single cell suspensions of IPF MPCs
stratified by CD44 expression (top 4% and bottom 4%). Cells were incorporated into methylcellulose gels
(STEMCELL Technologies) and maintained in MSC SFM CTS (Thermo Scientific/Gibco; 37 °C, 5% CO,) for 7
days. Colony number was quantified microscopically and colony size was quantified with Image J.

Study approval. All experiments utilizing patient-derived cell-lines were approved by the University of
Minnesota Institutional Review Board for Human Subjects Research (IRB# 1504M68341). Written informed
consent was obtained from participants prior to inclusion in the study. All methods were carried out in accord-
ance with relevant guidelines and regulations.

Please refer to the supplement for additional detailed Materials and Methods.

Results

We have previously shown that cells isolated from primary lung tissue explants following FACS for the SSEA4h!
population displayed an MPC phenotype including appropriate cell surface marker expression and tri-lineage
differentiation potential®. In contrast to MPCs from control lungs, IPF MPCs had a durable, cell-autonomous
pathological phenotype that included a distinct transcriptome and the ability to produce interstitial lung fibrosis
in humanized mice. We hypothesized that MPCs isolated from the IPF lung would exhibit heterogeneity, and
that we could elucidate this heterogeneity on the basis of their transcriptome. We analyzed lung MPCs from six
patients (three control patients and three patients with IPF) isolated in an identical manner to that previously
described!. After a quality-control assessment, we conducted single cell RNA sequencing using the Fluidigm
C1 platform. Cells were filtered based on the number of reads, percentage of reads mapped, and quality of reads.
This resulted in 335 cells (159 IPF and 176 control), which were included in downstream analyses. The exper-
imental setup is summarized in Fig. 1, and the sequencing characteristics for each sample are summarized in
supplementary table 1. The data for this publication is deposited in the BioProject repository under accession
number PRJNA641647.

To investigate for consistency with our previous results, we sought to determine whether the averaged gene
expression values determined by single-cell sequencing correlated with that determined by previously gener-
ated bulk RNA-sequencing of lung MPCs from control and IPF patients®. We compared the mean expression of
all genes detected in both the single cell sequencing and bulk RNA sequencing experiments (n = 12,102 genes,
supplementary Fig. 1). We determined the correlation by Spearman rank correlation to the bulk sequencing
expression for both the IPF (rho=0.72, p < 2.2e-16) and the control (tho=0.74, p < 2.2e-16) conditions. This
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Figure 2. Network entropy of lung MPCs compared to other cell populations of known differentiation
status. Single cell sequencing data for human embryonic stem cells (hESC), neural progenitor cells (NPC),
and differentiated cells (Diff) were from the gene expression omnibus (https://www.ncbi.nlm.nih.gov/
geo/). Network entropy was calculated for cells from these datasets and compared to IPF and control MPCs
considered as a single group (Lung MPC).

correlation was consistent with that previously published with correlation coefficients for individual genes rang-
ing anywhere from 0.7 to 0.85%2. Thus, we found acceptable agreement between bulk and single cell data.

SSEA&4" cells exhibit an MPC to fibroblast differentiation spectrum. To characterize MPCs in an
unbiased manner, we utilized the Single Cell Entropy (SCENT) algorithm, which is one method to quantify the
differentiated state of each cell?®. This algorithm estimates network signaling entropy as a proxy for differentiated
state, using literature curated protein-protein interaction databases to calculate a normalized signaling entropy
value between zero and one. Using this approach, stem cells manifest the highest network entropy (i.e., have the
least amount of cell type specific gene expression) and differentiated cells manifest the lowest network entropy
(i.e., express mainly genes typical of its differentiated state)'?. In order to calibrate our results, we calculated the
network entropy of human embryonic stem cells (n =374)%*, neural progenitor cells (n=173)** and differenti-
ated cells (n=2,826)* (data obtained from gene expression omnibus GSE75748 and GSE72056). Note that this
cross-study analysis was conducted to determine whether we could reproduce the analysis performed in the
initial description of the SCENT package®. Violin plots of this calculation (Fig. 2) showed that lung MPCs have a
network entropy similar to that of another progenitor cell type (i.e., neural progenitor cells), and between embry-
onic stem cells and terminally differentiated cells (p < 2.2e-16, Mann-Whitney U-test) supporting our prior data
that these cells are indeed progenitor cells. Lung MPCs also displayed a narrow network entropy distribution
similar to the other stem/progenitor cell types investigated, in contrast to the broad distribution of terminally
differentiated cell types. This result showed that human lung derived MPCs share transcriptomic entropy charac-
teristics with other progenitor cell types.

We next sought to determine whether single-cell network entropy values correlated with transcriptional char-
acteristics expected of lung derived MPCs. We performed linear regression analysis, controlling for donor iden-
tity using a linear model whereby gene expression was dependent upon network entropy and donor identity. This
analysis revealed 4,586 genes either positively or negatively correlated with network entropy (at a false discovery
rate of 0.05 via g-value analysis®®). Gene ontology analysis of all correlated genes using ToppGene?*! revealed a
significant enrichment of GO functions involved in cell cycle and mitosis. We investigated the expression pattern
of canonical myofibroblast genes and as expected found that many, including COL1A2, Fibronectin, and MMP11,
showed increasing average expression as network entropy decreased (negative correlation with entropy).

Given the trend for increased canonical myofibroblast gene expression across decreasing network entropy, we
sought to determine whether single cell transcriptomes showed a trend of increasing similarity to myofibroblast
transcriptomes with decreasing network entropy. To investigate this, bulk RNA sequencing data from freshly iso-
lated MPCs and their differentiated progeny (i.e. fibroblasts) were downloaded from the gene expression omnibus
(GSE97038)°. Replicate samples were averaged to define a reference transcriptome from the bulk sequencing data.
Single cell transcriptomes were filtered to only include those genes that were identified in bulk sequencing data-
sets and were compared to both MPC and progeny transcriptomes via Spearman rank correlation. The log of the
ratio of the correlation coefficients for each single cell to its reference transcriptome was then calculated. Shown in
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Figure 3. Decreasing network entropy correlates with fibroblast differentiation. Single cell expression patterns
were assessed for similarity to bulk sequencing of primary human MPCs (and their progeny) from control and
IPF patients (averaged together). For the bulk data, cells were analyzed immediately post-FACS (Day 0, i.e.
MPCs), or after being allowed to proliferate and differentiate under standard tissue culture conditions for 21
days post-FACS isolation (Day 21, i.e. differentiated fibroblasts). Shown is the log base 2 ratio of the Spearman
rank correlation of each individual cell to day 0 and day 21 cells. Cells are ordered based on network entropy.
Data was smoothed using a Gaussian smoothing algorithm in R.
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Figure 4. t-SNE analysis of MPCs. We performed dimensional reduction analysis using the t-distributed
Stochastic nearest neighbor embedding (t-SNE) algorithm including the 10,000 most variable detected genes.
Individual donors are represented by different symbols, and colors indicate donor disease status (red = Control,
black = IPF).

Fig. 3 is a heatmap of the log-ratios, with cells ordered according to network entropy. A Gaussian smoothing algo-
rithm was used to display the underlying trend. Cells exhibited a spectrum of increasing similarity to the progeny
gene expression pattern with decreasing network entropy. Taken together, these results support a model in which
the highly entropic (i.e., least differentiated) cells show altered proliferation; whereas the less entropic (i.e., more
differentiated) cells displayed transcriptomic features consistent with differentiation down a fibroblast lineage.

Disease status is a major determinant of MPC transcriptomes. We next performed dimen-
sional reduction analysis to examine the relationships among the IPF and control lung MPCs. We per-
formed t-Distributed Stochastic Neighbor Embedding (t-SNE)?”28 as well as principle component analysis on
log-transformed TPM expression values, including the top 10,000 most variable genes among all those expressed
in at least one cell (n =27,061 ensembl gene IDs meeting this criteria). Inspection of the t-SNE plot (Fig. 4) and
PCA plot (Fig. 5a) revealed two levels of organization. First, on the t-SNE plot and PCA plots, cells were grouped
primarily by disease tag (IPF vs Control), indicating that the donor’s disease status is a primary parameter distin-
guishing these cells. Second, on the t-SNE analysis we observed that cells clustered according to donor identity.
Opverlaid on the PCA plot in Fig. 5a is the network entropy of each cell with blue designating the lowest network
entropy and yellow designating the highest network entropy. We also performed PCA analysis on a drop-out
rate corrected dataset using the CIDR algorithm and this revealed similar results (supplementary Fig. 2). Visual
inspection of these plots suggested that the greatest separation between IPF and control MPCs occurred amongst
the most highly entropic cells. In order to rigorously test this observation, we calculated the Euclidean distance
in the principle component 1 and 2 space between the centroid of the IPF and Control cell clusters across the

SCIENTIFIC REPORTS |

(2020) 10:11162 | https://doi.org/10.1038/s41598-020-66630-5


https://doi.org/10.1038/s41598-020-66630-5

www.nature.com/scientificreports/

Z
L

)
k=l
<]
k=
o
]
8
@
2
8 1 c | =
C E o |
T ©
tc 3 TE- }m
. ° -
¢ 2 =
~ ®
g © g
o o . c
C o
[ 2 g A
°
o
@
3
c
8
2
o a
2 c
§ =1
o
©
E
[in}
T T T T T T T T T T T T
-100 -50 0 50 100 150 200 0.92 0.93 0.94 0.95 0.96
PC1 Network Entropy

Figure 5. Principle component analysis (PCA) of MPCs. (A) We performed PCA using the prcomp algorithm
in R, based on the 10,000 most variable, detected genes. Plotted are the first two principle components from

the analysis. MPCs from IPF and control donors are identified (I=IPF, C= Control). Each point is colored to
denote its relative network entropy (yellow = high entropy, blue=low entropy). (B) Euclidean distances between
the centroids of the IPF and Control cell clusters were calculated across the network entropy spectrum. Cells
were analyzed in a sliding boxcar fashion, with the width of the boxcar including approximately 25% of the
observed network entropy range, and with steps of 1/100% of the observed network entropy range. Error bars
represent the 95% confidence interval, calculated using a bootstrap approach. A weighted first order fit has a
positive slope that is non-zero (p-value < 2.2 x 10716).

entropy spectrum using a sliding boxcar approach, and estimated the error in this distance metric by bootstrap-
ping. There was a significantly positive trend to the inter-centroid distance as a function of network entropy
(Fig. 5b). This shows that MPCs from control and IPF tissue have increasingly discernible transcriptional profiles
with increasing network entropy. Taken together, these data show that disease status as well as donor identity are
major determinants of the MPC transcriptome, and that the divergence between control and IPF cells increases
with increasing network entropy (i.e. the least differentiated cells differ the most).

In order to investigate for systematic biases in the network entropy calculation, we tested for an influence of
read depth as well as cell cycle phase on network entropy. Although network entropy has been previously shown
to be relatively insensitive to sequencing depth, given the reliance of our analysis on network entropy, we sought
to ensure that read depth did not significantly confound our network entropy calculations. We compared read
depth to the first 10 individual principle component loadings from the PCA analysis, and found that no individ-
ual principle component was correlated with read depth until principle component 6 (Spearman correlation coef-
ficient of —0.32, bonferonni corrected p-value 3.4 x 10~°). We found that principle component 6 explained only
0.39% of the variability of our data, and thus did not pursue correction for read depth in downstream analyses.
Network entropy has previously been shown to not be biased by cell cycle phase'®. In order to ensure that this held
true for our analysis, we calculated G1S and G2M cell cycle phase scores as previously described'**. These scores
reflect the average number of standard deviations away from the mean for genes involved in a particular cell cycle,
such that the higher the score the more likely a cell is in that phase of the cell cycle. No cell had a G1S or G2M
score outside of the range —1 to 1 (supplementary Fig. 3). Reassuringly, there was no bias for a higher cell cycle
phase score based on network entropy. This is consistent with previous findings that the network entropy value
is not biased towards a particular cell cycle phase’®. In total, we did not identify systematic bias in the network
entropy calculation either related to read depth or cell cycle phase.

To define gene interactions involved in the differentiation of lung MPCs, we utilized network analysis for
identification of genes driving expression changes across the differentiation spectrum. We utilized the SCODE
algorithm*® which infers networks from single cell sequencing data across a differentiation trajectory. In this
analysis we utilized network entropy as a surrogate for the degree of differentiation (i.e. the location along the
differentiation trajectory), corrected the data for patient ID in order to isolate gene expression changes across dif-
ferent cells using linear modeling in R, and included the 1000 genes with the highest variability. Shown in Table 1
are the 10 most highly connected genes from this analysis. Here, connectivity for a given gene refers to the num-
ber of other genes whose expression pattern is correlated with it across the differentiation spectrum, with high
connectivity genes likely to be drivers of differentiation-dependent transcriptome changes. Several of these genes
(e.g. AURKB) have previously been shown to play a role in pluripotent cell biology and in promoting phenotypes
associated with IPF mesenchymal cells®!-%.

Comparison of network entropy between IPF and control MPCs. We next sought to determine
whether MPCs derived from IPF and control patients displayed different network entropy (Supplementary
Fig. 4). To account for the patient ID-derived signal noted in the dimensional reduction analyses shown above
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Gene Symbol | Gene Name Connectivity
1 FHL2 Four gnd a Ha@f Lim 413
Domain Protein
2 PCID2 PCI Domain Containing 2 | 399
Ubiquitin Specific
3 USP4 Peptidase 4 396
4 CDH13 Cadherin 13 338
5 SUSDS6 gushl Domain Containing 336
6 AURKB Aurora Kinase B 332
7 SEMA3A Semaphorin 3 A 331
8 CSEILL Chfomosome Segregation 331
1 Like
Kinesin Family Member
9 KIF20A 20A 321
10 | METTL22 Methyltransferase Like 22 | 319

Table 1. Most Highly Connected Hub Genes in SCODE Analysis.

Gene Symbol | Gene Name Connectivity

RAS-Related Protein

1 RAB22A RAB-22A 380

5 SUSD6 zushi Domain Containing 374

3 CDC20 gloell-Division Cycle Protein 370
Chromosome 1 Open

4 Clorf198 Reading Frame 198 349
Scavenger Receptor Class

5 SCARA3 A Member 3 341
Insulin Like Growth Factor

6 IGFBP3 Binding Protein 3 327

7 ccl2 Cc-C Motif Cheomkine 318
Ligand 2
Ubiquitin Specific

8 USP4 Peptidase 4 311

9 METTL22 Methyltransferase Like 22 | 307
Nuclear Receptor-

10| NRIP3 Interacting Protein 3 288

Table 2. Most Highly Connected IPF-Sepcific Hub Genes in SCODE Analysis.

(Figs. 4 and 5), we utilized a mixed-model approach where disease status (IPF vs Control) was treated as a fixed
variable and a random patient-specific effect term was included. Using this approach, we did not find a significant
difference in network entropy in IPF versus Control MPCs (x? = 2.44, p=0.12).

Network analysis reveals an IPF-MPC specific differentiation signature. In order to discern the
genes driving the transcriptome changes across the differentiation spectrum in IPF MPCs, we again utilized the
SCODE algorithm on the patient ID corrected dataset to identify an IPF-specific gene interaction network. We
first performed a SCODE analysis separately on the IPF and control MPC populations, as described above. This
resulted in separate association matrices for IPF and Control MPC populations. We next subtracted the two
association matrices to determine the IPF-specific association matrix®. In principle, elements in the association
matrix that either strengthened in absolute terms or changed sign in IPF compared to control MPCs were sub-
tracted to determine the change in association. Interactions that weakened in absolute terms in IPF compared
to control conditions were set to zero®®. Using this approach, we rank-ordered genes based on their connectivity
in the IPF-specific network, with the top 10 connected genes shown in Table 2. We performed gene ontology
enrichment analysis on this rank-ordered IPF specific gene list using GOrilla?’. Of the 19 ontologies found to be
significant with a false discovery rate <0.05 based on g-value analysis, we found 18 ontologies related to the reg-
ulation of mitotic cell cycle and one ontology related to regulation of the MAPK cascade (supplementary table 2).
We next looked for upstream hub molecules influencing gene expression patterns. We utilized ingenuity path-
way analysis to query previously annotated interaction networks to identify regulatory factors that were enriched
in annotated associations with our IPF specific gene list. The top 5 identified upstream regulators included
ERBB2, TP53, TGFB1, CDKN1A, and EGFR; a result consistent with a strong fibrosis signal for IPF MPCs.

Identification of pathological MPCs in IPF lung tissue. To assess the clinical relevance of our single
cell sequencing data, we conducted a morphological analysis to localize the highly entropic MPCs in IPF lung

SCIENTIFIC REPORTS |

(2020) 10:11162 | https://doi.org/10.1038/s41598-020-66630-5


https://doi.org/10.1038/s41598-020-66630-5

www.nature.com/scientificreports/

H&E pCol 1

| SSEA-4 (Brown)

Ry BN T

IF

SSEA-4 (Green) MARCKS (Red) Merged w/ DAPI

Figure 6. Cells expressing CD44, SSEA-4 and MARCKS reside in the cellular perimeter region of the
fibroblastic focus. An Idiopathic Pulmonary Fibrosis (IPF) specimen was serially sectioned at 4 pm and
processed for histology, immunohistochemistry (IHC) and immunofluorescence (IF). IHC: Representative
images for Hematoxylin and Eosin (H&E) staining (scale bar represents 50 um left and 20 um right) with

an asterisk labeling a fibroblastic focus; Immunostaining for anti-procollagen type I (brown, scale bar

20 pm); anti-CD44 (red, scale bar 20 pm, dashed outline box, scale bar 20 pm); anti-SSEA4 (brown, scale bar
20 pm, dashed outline box, scale bar 10 um). Lower panel: Immunostaining anti-SSEA-4 (green), MARCKS
(red), DAPI (blue, scale bar 20 um). A small apoptotic body is noted adjacent to the cell on the right.
Immunofluorescence images obtained at the perimeter of the fibroblastic focus.

tissue. We first sought to identify distinguishing transcriptomic features of the most highly entropic IPF MPCs by
performing linear modeling in R such that gene expression was modeled as a function of entropy, donor identity,
disease tag, as well as a cross term between entropy and disease tag. We selected all genes with a significant cross
term such that there was a greater slope with increasing entropy in IPF vs Control cells (using FDR <0.05 as a
significance threshold). We found 148 genes matching this criterion, making them potential biological markers
for the highly entropic IPF MPCs (supplemental table 3). Inspection of this list revealed two gene products, CD44
and MARCKS, whose expression profile was predicted to identify highly entropic IPF MPCs. We performed
histological analysis of IPF tissue to identify cells expressing SSEA4 (i.e. MPCs), CD44, and MARCKS. TMAs
were serially sectioned, and stained with H&E, CD44, SSEA4, SSEA4/MARCKS dual-immunofluoresence, and
human procollagen I. Fibroblastic foci were identified as regions with a procollagen I positive core region and a
perimeter cellular region. A representative fibroblastic focus is shown in Fig. 6, with additional foci from the same
patient shown in supplementary Fig. 5, and foci from two additional patients shown in supplementary Fig. 6A,B.
High resolution images from Fig. 6 are available for review along with our supplemental information. Cells in
the core of the focus express procollagen I*’, bounded by highly cellular perimeter regions’. Consistent with our
previous results, we identified cells expressing SSEA4 within the perimeter region of the focus®. Additionally, we
found that the CD44 positive cells co-localized with SSEA4 within the perimeter region of the focus. A subset
of cells co-expressed SSEA4 and MARCKS. While a quantitative analysis of the co-localization of these markers
cannot be conducted with the serial sectioning approach used here, we qualitatively found that SSEA4, MARCKS
and CD44 co-localized to the perimeter region of the IPF fiboblastic focus. These findings indicate that the most
highly entropic MPCs reside within the cellular perimeter region of the IPF fibroblastic focus, placing them in the
correct anatomic location to fulfill a pathogenic role in disease progression.

CDA44" IPF MPCs exhibit greater colony forming capacity than CD44" IPF MPCs.  Our bioinfor-
matics and histological analyses predict that the most highly entropic IPF MPCs, marked by high expression of
the cell surface marker CD44, will exhibit progenitor cell properties. A defining feature of stem/progenitor cells is
the capacity to form colonies in an anchorage-independent manner. To test this prediction, we used FACS to sep-
arate IPF MPCs into CD44" and CD44" fractions, which represented the top and bottom 4% of CD44 expression,
respectively. These freshly sorted cells were seeded onto methylcellulose gels and colony number and size were
quantified after one week in culture. As shown in Fig. 7, the CD44" IPF MPC population formed more colonies
with a larger average colony size. These results confirm our bioinformatics prediction that the IPF MPCs with
highest network entropy would exhibit the greatest colony forming capacity.
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Figure 7. CD44" IPF MPCs exhibit greater colony forming capacity. IPF MPCs were incorporated into
methylcellulose gels and cultured for 7 days. (A) Examples of colony images (white bar = 100 micrometers). (B)
Colony number. (C) Colony size. P-values calculated with unpaired student t-test.

Discussion

Through single-cell RNA sequencing and bioinformatics analysis of MPCs derived from control and IPF lung tis-
sue, we found that IPF MPCs represent a heterogeneous population with the least differentiated MPCs displaying
the greatest distinction from control MPCs. Using this transcriptomic signature as a guide, we identified these
cells at the perimeter of the fibroblastic focus, sharply demarcated from myofibroblasts residing in the fibroblastic
focus core. Our data support a model in which IPF disease progression is mediated by MPCs that acquire fibro-
genic properties early in their differentiation trajectory, giving rise to a-smooth-muscle actin positive myofibro-
blasts actively synthesizing extracellular matrix.

We have previously shown that SSEA4M lung cells have the biological characteristics of MPCs®. Here we
showed that this population of cells has transcriptomic network entropy values between differentiated cells and
human embryonic stem cells; and similar to another progenitor cell type (neural progenitor cells). Based on
their transcriptome, SSEA4™ cells exist along a differentiation continuum between an undifferentiated state and
differentiated fibroblasts. Our data support this trajectory toward a fibroblast lineage based on upregulation of
canonical ECM-related genes and comparative analysis to reference transcriptomes. Our results provide strong
evidence that SSEA4M cells are MPCs capable of differentiating into lung fibroblasts.

We previously published that the IPF MPC population is enriched for pathogenic, pro-fibrotic cells capable
of recapitulating many aspects of IPF in xenograft models®. Here we show that the MPC population exhibits a
spectrum of differentiated states based on the organization of transcriptomic signatures. Dimensional reduction
analysis revealed that when comparing control and IPF MPC populations, it is the most highly entropic cells that
differ the most. Notably, we found that the lung MPC population exists along a spectrum of differentiated states
and did not identify distinct clusters of cells. However, our data do not exclude the possibility that small subpop-
ulations may exist that our study was underpowered to detect.

Through comparative network analysis, we showed that highly entropic IPF MPCs have a unique transcrip-
tomic signature characterized by activation of proliferation pathways, developmental programs, and influences of
P53 and TGFbeta. This finding is consistent with previous reports of both TGFbeta, as well as P53 degradation
in an S100A4 mediated manner'¢, having significant roles in the biology of IPF MPCs and the development of
fibrosis.

Several publications have investigated mesenchymal cells from IPF or models of lung fibrosis using single
cell sequencing. We investigated our data for evidence that IPF MPCs had expression characteristics of previ-
ously identified mesenchymal cell subgroups including Axin-2, Axin2-Palpha, Acta2, FGF7, Pdgfrb, LGR5, or
LGR6%#12, No clear pattern of expression was detected. This likely reflects the fact that our study exclusively
investigated cells harboring an embryonic determinate (i.e. SSEA4), and thus the cell population investigated here
is upstream of previously identified mesenchymal cell subgroups. Future studies will be required to delineate the
differentiation pathways from MPC to the previously identified mesenchymal cell populations.

We utilized histopathology of IPF lung tissue to identify the anatomic location of the most highly entropic
MPCs in our cell population, marked by expression of the proteins CD44 and MARCKS. Intriguingly, CD44
has been shown to play a role in the development of pulmonary fibrosis as a regulator of fibroblast invasion®’.
Furthermore, in several cancer models, CD44 is highly expressed on cancer stem cells. Further investigation
has elucidated a mechanistic role for CD44 in maintaining the cancer stem cell phenotype as well as in cancer
invasion and metastasis*%. Our lab has previously shown that hyaluronic acid, a ligand for CD44, is enriched in
the fibroblastic focus. These findings suggest that the interaction between undifferentiated CD44" MPCs and
hyaluronic acid in the fibroblastic focus may serve to drive progression of fibrosis in IPE. MARCKS is a target of
protein kinase C that serves to catalyze actin filament crosslinking to promote cell motility and mitogenesis*.
MARCKS has been linked to metastasis in multiple cancers*®, and plays a role in maintaining the cancer asso-
ciated fibroblast phenotype*. Given the body of literature on these two proteins, it is intriguing that in addition
to being highly expressed in the least differentiated IPF MPCs, they may play functional roles in conferring a
pathological phenotype.
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A limitation of our experimental design was the focus on cell autonomous features and the loss of environ-
mentally mediated signals. This limitation was exemplified by our inability to identify MPCs as participating
in the cell cycle, despite previous in vivo data from IPF lung tissue showing that IPF MPCs express Ki-67. This
suggests that IPF MPC cycling is likely not cell autonomous, but rather depends upon signals in the fibroblastic
focus niche derived from the ECM as well as neighboring epithelial and immune cells. Additionally, our study
is limited based on the comparison of cells isolated from IPF tissue to cells isolated from cancer adjacent tissue
which, while histologically normal, likely has transcriptomic signatures different from normal lung. Notably, lung
cancer and IPF occur in the aging lung in a chronic inflammatory context. Given this, the comparison of IPF to
cancer adjacent tissue allows for isolation of the cellular response leading to progressive fibrosis, from that due
solely to lung inflammation; whereas comparison of IPF to entirely normal would likely give rise to confounding
signals representing both chronic underlying inflammation and progressive fibrosis.

The data presented here suggests that IPF fibroblasts acquire a pathological phenotype at the earliest stages
of their differentiation. This unexpected finding begs the question of how this phenotype is acquired. Given the
growing body of literature on mesenchymal cell - monocyte/macrophage crosstalk, and the co-localization of
macrophages and MPCs at the fibroblastic focus perimeter, it is enticing to speculate that aberrantly activated
tissue macrophages might participate in the corruption of a fraction the tissue resident MPCs. The finding that
the pathological MPCs highly express the hyaluronic acid (HA) receptor CD44 raises the possibility that the
acquisition of an aberrant MPC phenotype could occur indirectly through the secretion of cytokines to modify
hyaluronic acid synthesis and/or degradation through cellular intermediates. These hypotheses require further
experimental exploration beyond the scope of the present work

The cell-autonomous characteristics of pathological IPF MPCs we have described motivate multiple ques-
tions. One question is how IPF MPCs interact with their unique extracellular niche. We have shown that IPF
MPCs reside within the mitotically active perimeter region of the fibroblastic focus, and that this region is rich
in the ECM component hyaluronic acid (HA)*. The interaction of CD44 with HA may be an important aspect of
the unique biology of IPF MPCs. A second question is how the interaction of MPCs with other cells, including
epithelial and inflammatory/immune cells, within and around the fibroblastic focus drives and/or maintains a
pathological phenotype. Through understanding the MPC interaction with the ECM and other cells, we hope to
uncover novel therapeutic opportunities targeting this crucial cell of origin for IPE.

Endnote. Supplementary data available at the following link: https://github.com/dbeisang/MPC_single_cell/
blob/master/Supplementary%20data.pdf
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