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By single-cell RNA-sequencing we identify three discrete pulmonary macrophage subsets, including
one expressing highly upregulated SPPI and proliferating in fibrotic IPF lower lobes, accompanied by
marked deposition of osteopontin in the matrix http:/bit.ly/2wIRNqF
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ABSTRACT A comprehensive understanding of the changes in gene expression in cell types involved in
idiopathic pulmonary fibrosis (IPF) will shed light on the mechanisms underlying the loss of alveolar
epithelial cells and development of honeycomb cysts and fibroblastic foci. We sought to understand
changes in IPF lung cell transcriptomes and gain insight into innate immune aspects of pathogenesis.

We investigated IPF pathogenesis using single-cell RNA-sequencing of fresh lung explants, comparing
human IPF fibrotic lower lobes reflecting late disease, upper lobes reflecting early disease and normal
lungs.

IPF lower lobes showed increased fibroblasts, and basal, ciliated, goblet and club cells, but decreased
alveolar epithelial cells, and marked alterations in inflammatory cells. We found three discrete macrophage
subpopulations in normal and fibrotic lungs, one expressing monocyte markers, one highly expressing
FABP4 and INHBA (FABP4™), and one highly expressing SPP1 and MERTK (SPP1™). Spp1™
macrophages in fibrotic lower lobes showed highly upregulated SPP1 and MERTK expression. Low-level
local proliferation of SPP1™ macrophages in normal lungs was strikingly increased in IPF lungs.

Co-localisation and causal modelling supported the role for these highly proliferative SPP1"
macrophages in activation of IPF myofibroblasts in lung fibrosis. These data suggest that SPP1™
macrophages contribute importantly to lung fibrosis in IPF, and that therapeutic strategies targeting
MERTK and macrophage proliferation may show promise for treatment of this disease.
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Introduction

The complex pathogenesis of idiopathic pulmonary fibrosis (IPF) involves multiple cell types [1], namely
the injury and loss of alveolar epithelial cells [2, 3]; formation of honeycomb cysts lined by several
epithelial cell lineages (p63*, goblet and ciliated cells) [4]; expansion of reparative basal stem cells [5-7];
and development of fibroblastic foci composed of myofibroblasts acting as fibrotic effector cells [8].

In murine bleomycin-induced pulmonary fibrosis, several studies suggest that inflammation and
monocyte-derived macrophages drive fibrosis, through overactive reparative responses to alveolar cell
injury. CCR2 deletion depletes bleomycin-induced pulmonary macrophages and fibrosis [9]. Similarly,
deletion of CD11b-expressing monocyte-derived macrophages ameliorates bleomycin-induced lung fibrosis
[10]. A recent study has indicated that monocyte-derived alveolar macrophages drive bleomycin-induced
lung fibrosis [11].

Recent studies show that in most tissues resident macrophages are derived from embryonic progenitors.
Alveolar macrophages develop from embryonic progenitors originating in the yolk sac and fetal liver [12,
13]. Interstitial macrophages also derive from yolk sac and fetal liver macrophages, although a second
group of interstitial monocyte/macrophages appears to derive from circulating monocytes [13, 14]. Thus,
in normal adult mouse lungs most resident macrophages are derived from embryonic progenitors, but a
subset of interstitial cells derives from monocytes. Multiple studies have shown that murine macrophages
are capable of self-renewal. Tissue-resident macrophages have a long life span and proliferate under the
influence of macrophage colony-stimulating factor (M-CSF) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) [15, 16], and interleukin (IL)-4 stimulates resident macrophage
proliferation during nematode infections [17]. M-CSF is required for proliferation of both inflammatory
bone marrow-derived macrophages and resident macrophage populations in zymosan-induced peritonitis
[18]. Whether proliferation of resident macrophages contributes to human IPF is less studied.

We used single-cell RNA-sequencing (scRNA-seq) to provide a comprehensive view of altered cell
numbers and transcriptomes associated with IPE. As a criterion for IPF disease progression we examined
changes in upper (early disease) and lower (late fibrotic disease) lobes compared to normal lungs. We
identify subpopulations of macrophages in normal lungs that in IPF show increased proliferation and
highly upregulated expression of SPP1, suggesting that these cells play an important role in IPF
pathogenesis.

Methods

Healthy control lungs were obtained under a protocol approved by the University of Pittsburgh
Committee for Oversight of Research and Clinical Training Involving Decedents, following rejection as
candidate donors for transplant. IPF lung tissue was obtained under a protocol approved by the University
of Pittsburgh institutional review board, during transplantation surgery. Detailed methods are included in
the supplementary material. scRNA-seq data can be accessed at the Gene Expression Omnibus:
GSE128033.

Results

Macrophage subpopulations in normal lungs

We analysed single-cell transcriptomes of 24220 cells from seven normal lung samples using scRNA-seq,
including one technical replicate together with t-distributed stochastic neighbour embedding (t-SNE) and
coloured by groups of cells (supplementary table S1). This analysis showed 16 different clusters of cells
(figure 1la), using previously described markers, including inflammatory, epithelial, vascular and
mesenchymal cell types, as indicated (supplementary figures S1 and S2, table S2 and supplementary
results). Cells identified by the subject of origin ensured that clusters included cells from each sample
(figure 1b).

Normal control lungs showed three discrete populations of monocyte/macrophages, all of which expressed
high levels of CDI163 and AIFI (supplementary figure S1 and figure la, clusters 0, 1 and 3). The first
group of macrophages (FABP4™ macrophages, figure 1a—d, cluster 0) expressed high levels of FABP4 and
INHBA, and relatively low levels of SPPI, MERTK, LGMN and SIGLECIO. A second group of
macrophages (SPP1", figure 1a—d, cluster 1) expressed relatively high levels of SPP1, as well as MERTK,
LGMN and SIGLECI0 and relatively low levels of FABP4 and INHBA. A third macrophage population
(FCN1" monocyte/macrophages) expressed relatively high levels of FCN1, as well as several marker genes
associated with monocytes: CDI4, IL1B, INSIG1, OSM, ILIR2 and THBSI [14], and low to no expression
of FABP4, INHBA, MERTK and SPPI (figure la-d, cluster 3, and data not shown). Previously defined
flow cytometry markers did not distinguish these subsets well (supplementary figure S3). A fourth
population of cells adjacent to the macrophage populations discretely expressed CDIC and therefore most
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FIGURE 1 Characterisation of normal lung macrophages. T-distributed stochastic neighbour embedding (T-SNE) of normal lung cells indicates 10
cell types including a large central grouping of macrophage/monocytes/dendritic cells composed of clusters 0, 1, 3 and 10 (panel a] All four of
these clusters express AIF1 and all but the dendritic cell cluster (cluster 10) express CD163 (supplementary figure S1). The subject of origin for
each of the samples in indicated by a different colour in panel b. The three different macrophage/monocyte clusters (clusters 0, 1 and 3] can be
distinguished in feature plots (panel c, purple intensity indicates level of gene expression) and dot plots (panel d, dot size indicates percent of
cells expressing and the intensity of purple the level of expression) by expression of FABP4 and INHBA (FABP4" macrophages, cluster 0); SPPT,
MERTK, LGMN and SIGLEC10 (SPP1" macrophages, cluster 1); or IL1B and FCNT (FCN1M monocyte/macrophages, cluster 3). Dendritic cells,
expressing CD1C, are found in cluster 10 (see also supplementary figure S1). Macrophage monocyte cell types in bronchoalveolar lavage (BAL)
clusters can be distinguished by gene expression (panels c and d), showing FABP4 and INHBA (FABP4" macrophages, cluster 0); SPP1, MERTK,
LGMN and SIGLEC10 (SPP1™ macrophages, cluster 1); or /L1B and FCN7 (FCN1"" monocyte/macrophages, cluster 3). Double immunoflorescent
staining for MERTK, FABP4 and FCN1 encoded proteins in serial sections show mostly discrete staining for these three macrophage populations,
all three co-stain for CD163. Scale bar=500um (panel e]. BAL cells from a healthy subject clustered by t-SNE show discrete clusters of
macrophages (panel f).

https://doi.org/10.1183/13993003.02441-2018 3


http://erj.ersjournals.com/lookup/doi/10.1183/13993003.02441-2018.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.02441-2018.figures-only#fig-data-supplementary-materials

BASIC SCIENCE AND INTERSTITIAL LUNG DISEASE | C. MORSE ET AL.

likely represented dendritic cells (figure 1a, supplementary figures S1 and S2; cluster 10). Re-clustering
only the myeloid cells showed the same cell subsets (supplementary figures S4 and S5).

Immunofluorescent staining of normal lungs showed that discrete cells co-stained for CD163 and either
FABP4 or SPP1/osteopontin (not shown). Although SPP1-expressing cells were detected, staining of SPP1/
osteopontin, a matricellular protein, also stained extracellular matrix. Immunofluorescent staining of
MERTK better identified the SPP1™ subset of macrophages that was generally discrete from FABP4
staining of FABP4™ macrophages, although some overlap in protein expression of each of these markers
was seen, as was seen at the level of MERTK and FABP4 gene expression (figure le and supplementary
figure S6). The staining for these markers was more discrete in IPF tissues, as described later. FCN1
staining showed smaller cells, representing FCN1M macrophages. All three macrophage populations could
be found in the interstitial space in normal lung samples.

Normal alveolar macrophages are composed primarily of FABP4M macrophages

Since morphological evaluation of immunofluorescent staining of macrophages in normal lung tissues did
not provide a clear localisation of macrophage subsets between alveolar and interstitial spaces, we analysed
cells from normal lung bronchoalveolar lavage (BAL) (figure 1f). The cell types identified by marker genes
were all inflammatory cells, mostly macrophages, expressing CDI163 and AIFI, but also discrete clusters
that included both T-cells (expressing CD3D) and natural killer (NK) cells (expressing KLRF1, GNLY and
NKG7, cluster 2) and B-cells (expressing MS4A1/CD20, cluster 4; supplementary figures S7 and S8). As
seen in normal lung tissue, three macrophage populations could be distinguished. Most of the
macrophages showed gene expression features of FABP4™ macrophages, expressing relatively high levels of
FABP4 and INHBA, and lower levels of SPP1, MERTK, SIGLEC10, LGMN, IL1B and FCNI (figure 1c and
d, cluster 0). However, minor populations of SPP1™ and FCN1™ macrophages were also seen in BAL
(figure Ic, d and f, clusters 1 and 3). Clustering of the macrophages from this healthy BAL with
macrophages from a second normal BAL with brushing showed essentially the same results with a
predominance of FABP4™ macrophages (supplementary figures $9 and S10).

Consistent with these observations, when the BAL cells were analysed with the normal lungs cells by
t-SNE, most of the cells clustered with the FABP4"" macrophages (supplementary figure S11). However, on
this combined analysis, consistent with t-SNE clustering of the BAL cells alone, some of the BAL
macrophages clustered with the SPP1™ and others with the FCN1™ macrophages (supplementary figures
$10 and S11). Thus, alveolar macrophages were composed primarily of FABP4™ macrophages, but all three
macrophage populations, as well as lymphocyte subsets, were found in BAL.

Lung samples from patients with IPF show alterations in cellular composition compared to

healthy controls

In order to better understand the changes in populations and gene expression of cell types associated with
the development of IPF, we analysed freshly digested lung explants from three patients with IPF, and three
healthy controls showing the least changes on pathology and analysed using the same chemistry (V2 10X
Genomics) by scRNA-seq (table 1 and supplementary table S1). Since fibrotic changes in IPF lungs
typically are first evident at the lung bases and the disease then progresses apically, we analysed samples
from both the right upper and lower lobes to capture disease at different points in evolution. Lower lobe
pathology showed classical changes associated with IPF, including honeycomb cysts and fibroblastic foci
(figure 2a), as well as smooth muscle actin staining myofibroblasts and collagen deposition
(supplementary figures S12A and S12B). Two of the three IPF upper lobes showed markedly less fibrosis,
and similar or more inflammation.

Different cell types in normal and IPF lungs revealed by scRNA-seq

Single-cell transcriptomes of 47771 cells, representing 17231 cells from healthy lungs and 30540 cells
from IPF lungs from the different lung samples were analysed together by t-SNE and coloured by groups
of cells (figure 2b), showing 23 different cell clusters. In addition, cells were identified by the subject of
origin to ensure that clusters represented cell types found in all samples (supplementary figure S13).
Furthermore, cells were identified by the disease status (normal, upper lobes and lower lobes) to show the
change in patterns of cell types with disease (figure 2c). Using previously described markers most clusters
were identified as discrete cell types, including inflammatory, epithelial, vascular and mesenchymal cell
types (supplementary results and figures S14-S16; supplementary table S3). Epithelial cell types (cluster 7,
8, 9, 12, 14, 20, 21) were reanalysed and low-quality cells filtered, allowing for discrimination of each
epithelial cell type (figure 2d and e, supplementary figure S17).

Macrophages and dendritic cells identified by AIFI and CDI163 expression were found in five different
clusters (figure 2b, supplementary figures S15 and S16; clusters 0, 1, 6, 15 and 16). Cells in cluster 0
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TABLE 1 Lung sample analysed by single-cell RNA sequencing, demographics and associated review of pathology

Sample ID Single Tissue type Sex Age Cells Pathological assessment of adjacent lung tissue
cell ID years analysed n
2017-025-NOR SC56 Control lung Female 57 4334 Normal healthy lung
2017-029-NOR SCh9 Control lung Male 18 3155 Healthy lung tissue; a bit of bronchitis probably due to
ventilator. Some of the small airways are prominent and more
muscular than expected, which may indicate that this patient
had allergies or some asthma
2017-105-NOR SC155 Control lung Female 23 4122 Normal healthy lung
SC156 5620
2017-064-1PF SC87 IPF lung Female 70 10479 UIP: acute exacerbation of UIP, diffuse alveolar damage and
lower lobe inflammation
SC87 IPF lung 4717 Mostly UIP; more diffuse than lower lobe. Some mixed fibrotic
upper lobe and cellular NSIP (acute). Some honeycomb cysts
2017-067-IPF SC93 IPF lung Male 69 5920 Classic end-stage lung: honeycomb cysts, bronchial
lower lobe metaplastic cells, some smooth muscle metaplasia
SC94 IPF lung 2146 Scarring around the airways, smoker, much better than the
upper lobe lower lobe. Some of the scarring may be from previous acute
exacerbations. No UIP or fibrosis, maybe some COPD
2017-100-IPF SC153 IPF lung Female 69 3259 Complete replacement of the lung architecture by scar tissue
lower lobe with honeycomb change and end-stage lung disease
SC154 IPF lung 4019 Nearly complete replacement of the lung architecture by scar
upper lobe tissue with honeycomb change with end-stage lung disease

IPF: idiopathic pulmonary fibrosis; UIP: usual interstitial pneumonia; NSIP: nonspecific interstitial pneumonia; COPD: chronic obstructive
pulmonary disease.

expressed FABP4 most highly and represented the same FABP4™ macrophage population described earlier
in normal lungs. Cells in cluster 1 expressed SPP1 most highly and SPP1™ healthy control macrophages
fell into this cluster, which also expressed the highest levels of MERTK, LGMN and SIGLECIO0. Cells in
cluster 6 expressed FCNI most highly as well as CD14, IL1B, INSIGI, OSM, ILIR2 and THBSI, the other
markers shown above to be associated with the FCN1™ monocyte/macrophage subset in normal lungs.
Cluster 15 represented proliferating macrophages analysed further later. Cluster 16 represented
CDIC-expressing dendritic cells, again as seen in normal lungs. Thus, this combined analysis recapitulated
the macrophage/monocyte/dendritic cell subsets seen in healthy lungs.

Increased and decreased proportions of cell types changed in a graded fashion between normal,
upper lobe IPF and lower lobe IPF

The proportions of different cell populations changed in IPF compared to normal lungs. In almost all
cases, changes in lower lobes were more dramatic than changes in upper lobes, compared to normal lungs
(figure 3a and b). Several inflammatory cell populations decreased in this graded fashion, including
FABP4" and FCN1" macrophages, and NK cells. In contrast, SPP1™ macrophages trended toward
modestly increased proportion in IPF lower lobes. The proportion of T-cells, B-cells and plasma cells
showed little difference between normal, IPF upper and IPF lower lobes.

MUC5"- (MUC5AC and MUC5B), FoxJ1"- (FOXJ1) and p63*- (TP63) expressing cells, which make up
honeycomb cysts [19] associated with goblet cells (cluster 9), ciliated cell (cluster 8) and basal cells (cluster
14), respectively, as well as club cells, were all highly increased in IPF lungs (figure 3b). Consistent with
their marked expansion, we detected increased numbers of cells with club and basal cell markers that
co-expressed markers of cell proliferation (supplementary table S4). AGER-expressing AT1 and
SFTPC-expressing AT2 cells declined in fibrotic lower lobes although not reaching statistical significance
(figure 3b), and we did not detect proliferating AT2 cells, although this might represent the relative
paucity of AT2 cells surviving digestion [20]. We did see rare bipolar cells described to have makers of
both AT1 and AT2 cells in normal or IPF lungs (supplementary figure S18); however, there were no
distinctive markers for these cells and thus we are uncertain whether these represent cellular transitions or
doublet cells.

The proportion of alveolar and bronchiolar epithelial cells in normal lungs appeared lower than
anticipated. Overall gene expression between bulk tissue RNA-seq, RNA-seq of digested cells and
combined scRNA-seq gene expression correlated well between these three groups (data not shown).
However, expression of selected marker genes of cells after digestion indicated a selective loss of
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FIGURE 2 Combined t-distributed stochastic neighbour embedding (t-SNE) analysis of single-cell transcriptomes from three normal, three
idiopathic pulmonary fibrosis (IPF] upper and three IPF lower lobes. a) Tissue sections of i] three control lung samples show preserved lung
architecture with no significant pleural, subpleural or interstitial fibrosis and no increase in inflammatory cells. Tissue sections from patients with
IPF showed iii] usual interstitial pneumonia lower lobes with a predominant cicatricial process and complete replacement of the lung architecture
by scar tissue with honeycomb change, increased inflammatory cells and fibroblastic foci. ii] In comparison, the upper lobes showed relatively
uninvolved lung tissue with preserved architecture and only mild interstitial organisation and mildly increased interstitial mononuclear cells
suggestive of acute/subacute inflammation in samples SC88 and SC94 with more extensive fibrosis in SC154. Scale bar=1 mm. b) The t-SNE plot
shows 20 clusters, with cell types identified by marker genes (supplementary figures S13 and S14). c,e) The tissue origin of the cells stratified by
the type of tissue (control, IPF upper or IPF lower lobes] is indicated by different colouring of the cells. d) Reclustering of epithelial cells, showing
the discrete clusters of club, ciliated (cluster 1) goblet and AT1 and AT2 cells, as identified by marker genes (supplementary figure S15).
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FIGURE 3 Percentages of cell types captured in control, upper idiopathic pulmonary fibrosis (IPF) and lower
IPF lung samples. The average proportion of cell subgroups as a percentage of total cells analysed, in
control, upper IPF lobes and lower IPF lobes are shown for each cluster as shown in figure 2a and
subclusters as shown in figure 2d. *: p<0.05.

mesenchymal and alveolar epithelial cells compared to inflammatory cells (supplementary table S5). This
skewing of cell types associated with cell survival during digestion was consistent between two control and
two IPF samples analysed in this manner, indicating that although the absolute proportions of cells
represented reflect the loss, the relative changes between samples are accurate.

Our results are generally consistent with a previous report (supplementary figure S19) in which epithelial
cell adhesion molecule purified cells in normal lungs were mainly AT2 cells [21]. Ciliated, goblet, club and
basal cells showed large increases in proportion of total cells in IPF. Fibroblasts, representing only 2% of
cells in normal lungs, increased to 9% of cells in fibrotic lower lobes. Pericytes, endothelial cells and
lymphatic endothelial cells showed little difference in cells numbers comparing IPF to control samples
(figure 3a and b).
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lower lobes, while FABP4" macrophages are a higher percentage of the cells in healthy and IPF upper lobes. c] Violin plots of combined IPF/
control lung data show expression of FABP4, SPP1, LGMN, MERTK, FCN1 and IL1B limited mainly to macrophage populations (clusters 0,
FABP4" macrophages; cluster 1, SPP1M macrophages and cluster 6, FCN1" monocyte/macrophages; figure 2). d) (and supplementary figure S19)
FABP4 expression is increased in FABP4M macrophages, although it is also expressed at lower levels in spp1hi macrophages; SPP1, MERTK and
LGMN show highly increased expression in Spp1n macrophages; FCN1 and IL1B are most highly expressed in FCN1"" monocyte/macrophages.
Immunofluorescent staining for SPP1 shows macrophages embedded in the SPP1/osteopontin matrix; while staining for MERTK and FABP4
reveals these largely two discrete macrophage populations with increased FABP4-staining macrophages in upper lobes and increased MERTK
macrophages in lower lobes. Scale bar=100 um.
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Macrophage subpopulations in IPF lungs

IPF upper lobes showed relatively few SPP1™ macrophages, and many FABP4™ macrophages, similar to
control lungs (figure 4a and b). Macrophages expressing high levels of SPPI and FABP4 were in large part
mutually exclusive (figure 4a and c). Immunofluorescent staining showed the same pattern of expression,
with mainly FABP4-staining cells in the upper lobes, low level SPP1-staining and few MERTK-staining
cells (figure 4d and supplementary figure S21). IPF lower lobes showed higher numbers of
SPPI-expressing cells compared to control or upper lobe IPF (figure 4a and b and supplementary figure
$21). Immunofluorescent staining of IPF lower lobes showed much brighter diffuse staining for SPP1 as
well as cells embedded in the SPP1 matrix, many MERTK-staining cells and relatively few FABP4-staining
cells (figure 4c, supplementary figure S21). Staining of serial sections of lower lobes confirmed that the
three macrophage populations were distinct and co-stained with CD163 (supplementary figure S22).

SPP1 stained much more highly in IPF lower lobe than upper lobe, staining most intensely surrounding
and within fibroblastic foci (figure 5a, supplementary figure S23). MERTK discretely stained macrophages
surrounding and within fibroblastic foci.

Gene regulation in IPF fibroblasts

Altered average gene expression was associated with each cluster in IPF upper and lower lobes and healthy
lungs (table S6; https://dom.pitt.edu/rheum/centers-institutes/scleroderma/systemicsclerosiscenter/database/).
IPF fibroblasts showed many highly upregulated matrix genes, including TNN (no denominator, nd),
COLI10AI (612-fold), COMP (17-fold), POSTN (470-fold), COLIAI (170-fold). Wnt-related genes that are
expressed by dermal fibroblast subtypes [22] were also upregulated, SFRP4 (5.1-fold) and SFRP2 (8.8-fold)
(figure 5b).

Genes upregulated in SPP1 macrophages in IPF lungs

To highlight genes regulated by SPPI1 macrophages in IPF patients, we ranked genes by fold change
between IPF and normal SPP1™ macrophages. To limit detection of ambient RNA, we selected genes that
were more highly expressed by lower lobe IPF SPP1™ macrophages than any other cell type, and low-level
expressed genes (expressed at an average level of <0.01 by SPP1™ lower lobe macrophages) were excluded
(supplementary table S7). The most highly upregulated genes in lower lobe IPF compared to control lungs
included LEP (nd), KCNJ5 (15.76-fold), HS3ST2 (15.58-fold), SPPI1 (7.56-fold), SIGLECI5 (7.43-fold),
ATP6VOD2 (7.12-fold), LGMN (6.07-fold), MERTK (4.96-fold) and MMP9 (3.81-fold). LEP, HS3ST2,
SPP1, SIGLEC15, LGMN, MERTK, LGMN and MMP9 were most specifically upregulated in IPF spp1™
and proliferating macrophages (supplementary figure S24). Many other genes that were highly upregulated
in SPP1™ IPF macrophages showed a graded increase in gene expression comparing control macrophages
to upper lobe IPF macrophages to lower lobe IPF macrophages, suggesting a continuum in differentiation
of these cells throughout disease progression (supplementary table S8)

We examined IL4, IL13, MRCI and TMG?2 expression, the latter two genes markers of human M2
macrophages [23, 24]. Although expressed at very low levels, IL4 was expressed and upregulated mainly
T-cells in IPF compared to controls, whereas IL13 expression was downregulated in mast cells
(supplementary figure S25). TGM2 was modestly upregulated in all IPF macrophage subsets, although
much more highly expressed in non-macrophage cell types. MRCI was modestly downregulated in all
macrophage cell types.

Proliferating cells in IPF lungs

We found in cluster 15 from control/IPF lung clustering (figure 2b) cells expressing highest levels of G2/M
markers and specific markers of cell proliferation, including MKI67 (i.e. Ki67), KIAA0101/PCLAF
(PCNA-associated factor), BIRC5 (survivin) and UBE2C/UBCHI0 ubiquitin-conjugating enzyme E2 C
(figure 6b and d). Both FAPB4™ and SPP1™ macrophages were proliferating. More FAPB4™ macrophages
were proliferating in the IPF upper lobe, but when adjusted for the paucity of these cells in lower lobes,
the percentage of proliferating cells was similar (10.59% compared to 16.95%, supplementary table S4).
SPP1™ macrophages were rarely proliferating in healthy lungs (0.072%), but showed dramatically increased
proliferation in the IPF upper (2.01% of SPP1" macrophages) and lower lobes (3.50% of spp1hi
macrophages; figure 6¢ and e and supplementary table S4), representing the most common proliferating
macrophage in IPF lower lobes (2.8% compared to 1.7% and 0.3% proliferating FABP4 and FCNI,
respectively, of total macrophages, table S4). Epithelial cells were also proliferating. Low numbers of
proliferating AT1, AT2, club and ciliated cells did not clearly trend toward altered rates of proliferation in
IPF (table S4, figures S26 and S27). However, KRT5" basal cells showed a clear trend toward increased
proliferation with control, IPF upper and IPF lower lungs showing, respectively, none (0%), one (1.49%)
and 33 (4.64%) of basal cells proliferating. These cells also showed highly upregulated expression of TP63
(p63, supplementary figure S28).
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FIGURE 5 SPP1 macrophages and myofibroblasts in idiopathic pulmonary fibrosis (IPF) lungs. a) Fibroblastic
foci in IPF lungs were stained with a-smooth muscle actin (SMA; red). Macrophages were stained with SPP1
or MERTK as indicated (green). b] Violin plots, indicating expression of several genes associated with fibrosis
in control, IPF upper and IPF lower lungs.

https://doi.org/10.1183/13993003.02441-2018 10



BASIC SCIENCE AND INTERSTITIAL LUNG DISEASE | C. MORSE ET AL.

a
] 404 ) Cluster 15 b) 40 f’\:1K|67 0 Fil_RCS
) , 3
20 2 20 :
o~ 1 o~
n 0 ) 0
=z 0 Z 0
204 %} %]
-20 -20
:\ -40 -20 0 20 40 -40  -20 0 20 40
% 0 tSNE_1 tSNE_1
40 UBEEC 40 KLAA[HD’I
— <4 # e A
20 3 0 3
20 2 2
~ 1 ~ 1
LLI‘ 0 LLI‘ 0
= =z 0
2 0 L %
-40 -20 0 20 40 -20
tSNE_1 20
-40 -20 0 20 40 -40 -20 0 20 40
tSNE_1 tSNE_1
S MKI67 BIRC5 d
. . U &a
. . o
3
el SOP
2 \ o e
® ¢ . ? 4
.t @ ®
L
L J 1 " It e s ° -f‘ D (L
Tl ; il ; A b ) o
bl r k] k N 114 R I Pt
012345678910111213141516171819202122 345678 910111213141516171819202122 " Q ., S
%o & 0 ® ;‘ R e
a
"% 5% *
UBE2C KIAAD101 (5
4
©
3 ¥ @ High SPP1
@ High FABP4
@ High both
LT
| ] | ok O o
o 4 :: F
Sk 4; feal” | Y :
. \ JLE |
012345678910111213141516171819202122 012345678910111213141516171819202122

e) IPF lower lobe IPF lower lobe explant f)

IPF lower . .
IPF upper - ‘ [ ]

IPF upper - ° .

T T T
FCN1 FABP4 SPP1

FIGURE 6 Proliferating cells in idiopathic pulmonary fibrosis (IPF) and normal lungs. a) Proliferating cells from control and IPF lungs form a
distinct cluster (cluster 15, green G2/M phase cells marked by arrow; see also figure 2b, cluster 15). b, c] Cluster 15 cells highly express MKI67
(Ki-67), BIRC5, UBE2C and KIAAQ101. d) Reclustermg of cluster 15 cells shows macrophages expressing either FABP4 or SPP1. Using KIAA as a
marker for proliferating cells, both FABP4 and SPP1" cells are proliferating in this cluster. e) MERTK- expressmg macrophages from IPF lower
lobe lung explant co-stained with MERTK and proliferation marker KIAA0101. Macrophages labelled in vitro by incubation with EdU (red),
co-stained by immunofluorescent with MERTK (green). f] Examining gene expression by only the proliferating macrophage subset shows low level
prohferatlon of FCN1/(IL1B-expressing] macrophages in control lungs; prlmarlly proliferation of FCN1/(IL1B-expressing] macrophages and
FABP4" macrophages in IPF upper lobes and primarily proliferation of SPP1" macrophages in IPF lower lobes [size of dot indicates the
proportion of cells and intensity of purple the relative level of gene expression). Scale bar=100 pm.

Proliferating cells were identified by KIAA010I/PCLAF staining by immunofluorescence. KIAA0101/
PCLAF cells co-expressed SPPI in lower lobes and FABP4 in the upper lobes (figure 6e, supplementary
figure S14B). Proliferating IPF cells in explant culture, incorporating EAU (5-ethynyl-2’-deoxyuridine),
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co-stained with CD163, confirming proliferating macrophages (figure 6e). Expression of CSF1, whose gene
product CSF-1 is known to stimulate monocyte/macrophage proliferation, was strongly upregulated in IPF
mast cells (supplementary figure S25).

Connectivity maps of cell subtypes

We built a graphical model to observe the direct relationships between differentially expressed genes for
SPPI/MERTK macrophages, fibroblasts and various epithelial cell types. The resulting network showed the
most densely connected gene groups were between SPP1 macrophages and fibroblasts, suggesting a causal
relationship between these two cell types (supplementary figure S29, table S9 and supplementary results).

In addition, we examined gene expression associated with each of the macrophage populations using gene
ontology (GO) analysis. FABP4™ macrophages expressed genes involved in lipid metabolism more highly,
SPP1™ macrophages expressed genes involved in the stress response more highly and FCN1" macrophages
expressed genes associated with the immune response more highly (supplementary table S10). In addition,
we compared GO terms activated in IPF compared to control IPF macrophages, showing upregulated
expression of genes associated with extracellular matrix organisation.

Discussion

SPPI1/osteopontin is a consistently observed marker of IPF [25]. Our results show that SPPI is a highly
selective marker for an expanded subpopulation of macrophages found in human IPF. SPPI is selectively
expressed by a subgroup of macrophages found in normal healthy lungs but seen rarely in BAL, indicating
that they are part of the interstitial macrophage compartment. In contrast to another recent description of
scRNA-seq data in IPF [26], our data indicate that SPP1™ macrophages do not arise as a new macrophage
population in IPF, but are present in normal lungs as well. In our reclustering of the data from this
previous study [26], we found similar populations of SPP1™, FABP4™ and FCN1™ macrophages in normal
lungs, indicating that SPP1" cells in IPF probably arise from a macrophage population already present in
normal lungs. However, SPP1 expression increased dramatically in this macrophage subset in IPF,
particularly in the fibrotic IPF lower lobe. The SPPI gene product, osteopontin, was strikingly deposited in
fibrotic IPF lower lobes, where it was associated with fibroblastic foci. Osteopontin supports monocyte/
macrophage proliferation [27], suggesting that macrophage secretion of this matrix protein might support
SPP1 macrophage proliferation in IPF. Deletion of SPPI in bleomycin-induced lung fibrosis reduces
upregulated expression of collagen type 1 and MMP2 [28, 29]. SPP1 deletion ameliorates
bleomycin-induced dermal fibrosis and carbon nanotube-induced lung fibrosis [30, 31]. Osteopontin is
increased in the serum of patients with systemic sclerosis [30], and has been implicated in renal cardiac
and bone marrow fibrosis, suggesting that SPP1 macrophages may have a more general role in promoting
fibrosis [32-35]. We propose that SPP1™ macrophages represent a profibrotic macrophage population in
IPF lungs.

Highly increased co-expression of SPP1 and MERTK by SPP1™ macrophages may be key to a role for
these cells in IPF tissue repair and fibrosis. MERTK is a receptor for complexes of Gas6 or protein S
bound to phosphatidylserine, exposed on apoptotic cells [36, 37], and the main apoptotic cell receptor on
macrophages [38, 39]. Alveolar cell apoptosis is a feature of IPF [40], and blocking Gas6 inhibits markers
of fibroblast activation [41]. Macrophage efferocytosis suppresses inflammation, in part through
upregulated transforming growth factor-f, prostaglandin E2 and platelet-activating factor [42]. In addition,
MERTK engagement by apoptotic cells stimulates macrophage production of pro-resolving lipid mediators
[43]. Supporting the notion that spp1™ macrophages are reparative macrophages, MERTK macrophages
aid tissue repair after cardiac or liver injury [44, 45]. As inhibiting MERTK leads to apoptosis of myeloid
cells [46], MERTK inhibitors under clinical development [46-48] might deplete profibrotic macrophage
and fibroblast activation in IPF lungs. In the central nervous system microglial cells not only clear
apoptotic cells, but also target live, damaged cells [49], referred to as phagoptosis [50, 51]. Thus,
macrophages expressing increased MERTK might phagocytose live, damaged or senescent alveolar
epithelial cells.

FABP4" macrophages represented a second subset of lung macrophages, making up most of the
macrophages in alveoli showed dramatically decreased numbers in IPF in lower lobes. FABP4 expression
by macrophages induces inflammation associated with obesity and atherosclerosis [52, 53]. Deletion of
macrophage FABP4 is associated with increased intracellular fatty acid and increased unfolded protein
response [54]. In other studies, FABP4 expression in macrophages is associated with pro-inflammatory
macrophages and IL1 secretion [55].

FCN1™ macrophages represented a third population of macrophages with marker closely related to
monocytes. Although these could include true intravascular monocytes, they were not consistently seen in
blood vessels in IHC; the normal healthy lungs were always on ex vivo lung perfusion prior to harvest,
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probably washing out most or all blood associated monocytes; and a small fraction were captured in BAL.
Thus, they probably represent a third macrophage subpopulation found primarily in the interstitial
compartment. Complementary expression of several marker genes suggests that SPP1™, FABP4" and
FCN1™ macrophages represent discrete macrophage subsets.

Both FAPB4™ and SPP1"™ macrophage subsets increased their rate of proliferation in IPF lungs, SPP1™
macrophages particularly in fibrotic lower lobes. FCN1™ monocyte/macrophages showed lower rates of
proliferation that were relatively constant between healthy and IPF lungs (~2%). Observed basal
proliferation of both FCN1"™ and FABP4™ macrophages supports some degree of self-renewal of these
populations in healthy lungs.

Tissue resident macrophages self-renew under the influence of M-CSF and/or GM-CSF [15, 16, 18, 56].
We found increased expression of CSFI in lung mast cells, suggesting that this might contribute to
increased macrophage proliferation in IPF. In addition, IL-4 stimulates resident macrophage proliferation,
suggesting that proliferation might be a feature of M2 macrophages [17]. IL-4/IL-13 have been implicated
in murine lung fibrosis [57, 58]. We saw increased IL4 mRNA expression by IPF T-cells, although
low-level expression of IL4 and IL13 make these results uncertain. In IPF lungs, SPP1™ macrophages
upregulated DC-SIGN (CD209), LGMN and CHI3LI, all regulated by IL-4 and/or IL-13 [59-62]. Together
these results are consistent with possible CSF-1-, IL-4- and/or IL-13-induced local macrophage
proliferation.

Despite increased proliferation of FABP4™ macrophages, the total percentage of these cells decreased
particularly in IPF lower lobes. Thus, proliferating FAPB4™ macrophages appear to be either dying or
changing phenotype. We speculate that FAPB4™ macrophages, which are the primary cell type in alveol,
might die in fibrotic IPF lower lobes. Alternatively, these cells might transition into SPP1™ macrophages in
IPF lungs. In summary, our data show striking changes in cell populations in IPF that include marked
increases in local proliferation of two populations of macrophages, one of which is highly associated with
IPF diseased lungs.
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