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Usual interstitial pneumonia (UIP) is a histological pattern characteristic of idiopathic pulmonary
fibrosis (IPF). The UIP pattern is patchy with histologically normal lung adjacent to dense fibrotic
tissue. At this interface, fibroblastic foci (FF) are present and are sites where myofibroblasts and
extracellular matrix (ECM) accumulate. Utilizing laser capture microdissection-coupled mass
spectrometry, we interrogated the FF, adjacent mature scar, and adjacent alveoli in 6 fibrotic (UIP/
IPF) specimens plus 6 nonfibrotic alveolar specimens as controls. The data were subjected to
qualitative and quantitative analysis and histologically validated. We found that the fibrotic alveoli
protein signature is defined by immune deregulation as the strongest category. The fibrotic mature
scar classified as end-stage fibrosis whereas the FF contained an overabundance of a distinctive
ECM compared with the nonfibrotic control. Furthermore, FF were positive for both TGFBT and
TGFB3, whereas the aberrant basaloid cell lining of FF was predominantly positive for TGFB2. In
conclusion, spatial proteomics demonstrated distinct protein compositions in the histologically
defined regions of UIP/IPF tissue. These data revealed that FF are the main site of collagen
biosynthesis and that the adjacent alveoli are abnormal. This essential information will inform
future mechanistic studies on fibrosis progression.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic lung disease characterized by excessive depo-
sition of extracellular matrix (ECM). IPF histology is consistent with the usual interstitial pneumonia
(UIP) pattern. UIP is a fibrotic lung disease, marked by subpleural and paraseptal fibrosis alternating
with patchy areas of morphologically normal lung, fibroblastic foci (FF), and honeycomb pattern else-
where (1). Although UIP histology is the hallmark of IPF (a prototype lung disease of unknown cause),
UIP also manifests in other fibrotic lung conditions of unknown cause, such as sarcoidosis, connective
tissue disease, and nonspecific interstitial pneumonia, as well as lung fibrosis due to known causes, such
as pneumoconiosis and hypersensitivity pneumonitis (1-3). The presence of UIP, independent of disease
origin, is associated with rapid disease progression (4).

The areas between fibrosis and morphologically normal lung typically contain fibroblastic growths
of variable size termed the FF. These structures are sites of myofibroblast accumulation within a patho-
logical ECM, consistent with the notion that fibrosis spreads from the FF into uninvolved alveoli (5). A
3-dimensional reconstruction of the FF reveals both complex continuous structures and discrete lesions
of variable shape (6, 7). IPF is generally considered a fibro-proliferative disease; however, several
reports show that the myofibroblasts within the FF are not proliferative (8—12), suggesting that these
myofibroblasts serve other biological functions.
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It is proposed that FF form due to repetitive epithelial injury and damage responses leading to myo-
fibroblast accumulation (13). The origin of the myofibroblasts within the FF remains an active area of
investigation. Available literature suggests that resident lung fibroblasts alone are insufficient but that
damaged and stressed alveolar epithelial cells transitioning into myofibroblasts via epithelial-mesenchy-
mal transition (EMT) also contribute (14). Progenitor cells (resident or circulating) may also differentiate
into myofibroblasts to promote these lesions (15-17). A general consensus is that the FF and surrounding
tissue are an invasive front where myofibroblasts contract, synthesize collagen, and progress toward adja-
cent uninvolved alveoli (5, 11). Thus, a deeper understanding of FF is needed to determine their biological
functions and role in fibrosis progression.

Recently, our group has developed a laser capture microdissection-coupled mass spectrometry
(LCM-MS) technique to characterize the ECM of fixed and stained human lung tissue (18), which we
now apply to the FF and surrounding tissue. Here, we present a comprehensive molecular tissue atlas
that defines cell surface and ECM proteins and conduct pathway analysis of histologically defined
regions of the UIP/IPF lung in an effort to understand its pathogenesis.

Results

Spatial resolution of the UIP/IPF fibrotic front identifies distinct protein signatures. Figure 1A shows an example
of our LCM approach demonstrating precise cut and capture of the FF, adjacent mature scar, and adjacent
alveoli in a fibrotic specimen. Pentachrome stain identifies immature collagen (highlighting the FF) via the
blue color while the mature scar tissue appears yellow. We performed LCM on 6 UIP/IPF specimens, cap-
turing 3 regions per specimen: fibrotic alveoli, FF, and mature scar (a total of 18 samples). We captured
alveoli from 6 nonfibrotic controls (morphologically normal tissue adjacent to tumors during lung resection)
(Figure 1B). For this preparation (a total of 24 samples), we collected tissue volumes of roughly 0.1 mm? per
sample, which were then processed for MS. This procedure involved detergent-based heat retrieval, physical
disruption, and an in-column trypsin digest system to maximize peptide yield, as we did previously (18).

In our qualitative analysis approach, we considered a protein present within a sample if it was detected
in 3 or more of the 6 samples per group. Using this threshold, qualitative analysis of the MS data showed
that we detected 3147 proteins, with the greatest number in the nonfibrotic alveoli control (Figure 2A; a full
list of proteins in Supplemental Data 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.156115DS1). A 3-dimensional principal component analysis (PCA) based on
quantitative MS data (a differential analysis of the proteins using MSqRob v0.7.7; ref. 19) showed that each
region uniquely clustered (Figure 2B). First, we saw a clear separation of protein signatures in the nonfi-
brotic alveoli control (red dots) versus all the fibrotic samples (all other dots), including the structurally
intact fibrotic alveoli (yellow dots). Second, we found that the FF cluster (dark green dots) was the furthest
from the nonfibrotic alveoli control cluster (red dots). The mature scar is intermediate between the FF and
fibrotic alveoli. The protein signatures thus suggest that the UIP/IPF fibrotic front is a distinct environment
showing regional changes associated with fibrosis progression.

The fibrotic alveoli are enriched with immune-regulatory proteins. Previous reports suggest that the alveoli in
IPF are abnormal (20-23); instead, the transition from normal lung to fibrosis shows early pathological fea-
tures, such as airway remodeling with immune cell infiltration (T cells, B cells, and macrophages). Therefore,
we compared fibrotic alveoli with nonfibrotic alveoli controls in more detail. We found 45 proteins that were
higher in fibrotic alveoli than 211 proteins that were higher in nonfibrotic alveoli control (Figure 3A). Table 1
lists the top 15 proteins significantly upregulated and downregulated (the full list is in Supplemental Data 2).

Ontologies of the deregulated proteins led us to speculate that abnormal cell migration/invasion with-
in the fibrotic alveoli may contribute to fibrosis progression. The most increased protein, spectrin 3 non-
erythrocyte 2 (SPTBN2), is elevated in a variety of cancers and promotes cancer migration via a PI3K/
AKT signaling pathway (24). Other increased proteins include SI10047, FTL, SERPINBI2, SHCI, and SBSN,
which have characterized roles in cell migration/invasion (25-29). BRK1 (also known as HSPC300) is a
regulator of the WAVE complex that controls actin assembly and cell mobility (30). On the other hand,
proteins downregulated in the fibrotic alveoli also fit with a role for abnormal cell migration/invasion. For
instance, cadherin-13 (CDH13) inhibits cancer cell invasion (31) and is decreased in fibrotic alveoli. Arf-GAP
with coiled coil (ACAPI) regulates membrane trafficking and integrin adhesion complexes (32). Protein lin-7
homolog C (LIN7C) is involved in tight junction formation (33). Derangement of these proteins may likely
affect cell migration/invasion, which appears to be a mechanistic theme in the fibrotic alveoli.
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Figure 1. LCM of the FF, mature scar, and adjacent alveoli in a UIP/IPF specimen. (A) FFPE specimens were serially
sectioned at 5 um and stained with pentachrome (top left) or HGE (the other 8 panels). Notice that pentachrome stains
the FF (hallmark lesion in UIP/IPF) in the color blue (blue arrow), while the mature scar tissue appears yellow in color
(yellow arrow). We individually captured the FF (left middle and lower panels), the mature scar tissue (mid-middle and
lower panels), and the adjacent alveoli (right middle and lower panels) for MS preparation and analysis. (B) Similarly, a
nonfibrotic control specimen showing microdissection of alveoli. Scale bar: 100 um.

We further separated our data to identify ECM proteins (Figure 3B) that differ between fibrotic
alveoli and nonfibrotic alveoli control by matching our data set to the Human Matrisome Project
(http://matrisomeproject.mit.edu) (34). Bone marrow proteoglycan 2 (PRG2) has been shown to be
suppressed in cancer, has antiinflammatory roles (35), and is lower in fibrotic alveoli. Fibrotic alveoli
have higher levels of transglutaminase 3 (7GM3). This protein cross-links components of the ECM,
which increases matrix rigidity but has also been linked to EMT and AKT signaling pathway in col-
orectal cancer (36). PTEN is a potent negative regulator of PI3-lipids and AKT, which promote both
cell invasion and survival. AKT signaling is activated in IPF (37, 38); thus, the concept that changes in
the ECM might drive this pathway warrants further study.
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Figure 2. Spatial proteomic analysis of UIP/IPF. UIP/IPF specimens were subjected to LCM-MS to collect mature scar,
FF, and fibrotic alveoli (n = 6 UIP/IPF specimens). In addition, LCM-MS was performed to collect alveoli from nonfibrotic
controls (n = 6 nonfibrotic specimens). (A) Venn diagram showing all proteins found in each region. (B) A 3-dimensional
PCA showing that the FF (dark green dots) is most distant from nonfibrotic alveoli (pink dots), with the mature scar
(light green dots) returning toward fibrotic alveoli (yellow dots).

Utilizing the Cell Surface Protein Atlas (http://wlab.ethz.ch/cspa/) (39), we matched our data set to
the Surfaceome to determine which cell surface receptors are altered in the fibrotic alveoli (Figure 3C).
Both the cell-cell adhesion protein CEACAMG6 and the GPI-linked protein THY! were increased in the
fibrotic alveoli. Interestingly, both are involved in immune cell regulation and are overexpressed in malig-
nancies (40, 41). THY1 is also implicated in regulating integrin function in the context of fibrosis (42).
Interestingly, TOR1AIPI, a protein of the nuclear membrane, was decreased in the fibrotic alveoli. Variants
of this gene have been identified in limb-girdle muscular dystrophy, and TORIAIPI knockout in striated
muscle results in muscle weakness (43, 44). Our qualitative data identified 34 proteins detected only in
fibrotic alveoli (Figure 3D), whereas 347 proteins were unique to nonfibrotic alveoli control (Supplemental
Data 3). ACSL3, which is unique to the fibrotic alveoli, is elevated in pancreatic ductal carcinoma, where it
correlates with increased fibrosis (45).

We next used the unbiased Reactome pathway analysis to identify pathways perturbed in fibrotic alve-
oli. The 2 significantly upregulated categories in fibrotic alveoli were innate immune system and neutrophil
degranulation (Figure 3E), consistent with immune involvement in progression of fibrosis (46). Downregu-
lated pathways include late endosomal microautophagy, several categories related to TGFB signaling, and
cell junction organization (Figure 3F). Downregulated TGFB signaling at this early, prefibrotic stage would
be consistent with the elevated inflammatory status. These data suggest that early events toward disease
progression occur well before morphological changes are evident.

JCl Insight 2022;7(16):e156115 https://doi.org/10.1172/jci.insight.156115 4



RESEARCH ARTICLE

A All Proteins (3,049) B ECM Proteins (200) C Cell Surface Proteins (225)
Inaeased in Non-Fibrotic Alv. Increased in Fibrotic Al o Imrzased in Non-Fibrotic Alv. Increased in Fibmﬁcmh Increased in Non-Fibrotic Alv, Increased in Fibrotic Alv, o
10 211 : 45 » 9% 19 4 v Sl 12 7 v
i i . S1008d . TORIAIPT®
& -8 HisTIHaa | HP1BP3 &z mm: T 64 i
b AGER - TORIAIPT 2 4 : = LEMDZ §
o : i
65 NDRGH ** ; ANXAT o} ; :
T LNTC ., " % LAMB2e i © SERPING12 % 4 ch-\: i SLC12A9
o APCS - - BRK1 =1 LAMAS ® = COH13® gt
S -4 HisTiHaac - 2 FREZ®\yTNe : JSENT =4 i CEACAMS
=4 s oc\ ; DSSEPRP'I\'I:JFB'JZZ ‘é, -2 NPNT“ o * e swr b= ' i / DYNC2H1
PRGZ . AMBP ® §s TGM3 -2 cLu
S o tustareen cerr MG . KCTD14 - 3 .J 372 | " i 'n CEACAME. ...
12 - SETRNZ.. o b ge o '
0 ! 0 = —t——r—r 0 T —r—T—T
5 5 -5 0 5 5 0 5

Log2 (Fibrotic Alveoli / non-Fibrotic Alveoli)

Log2 (Fibrotic Alveoli / non-Fibrotic Alveoli) Log2 (Fibrotic Alveoli / non-Fibrotic Alveoli)

Down-regulated in Fibrotic Alveoli

D F
. . . . . Pathway name/reactome
Proteins unique to the Fibrotic Alveoli pathway identifier (R-HAS)
ACSL3, AP1M2, BPIFB1, CAV2, DMTN, DNAJC3, ) Late endosomal
EEFSEC, EPS8, FAF1, FAHD2A, FCN1, GCHFR, microautophagy/R-HSA- 1.23E-03 8
HBG1, HLA-DMA, ICT1, IGHV1or15-1, MAP2K2, 9615710
MICAL2, MLYCD, MROH1, MRPS27, NCF1/1B, PKN1, .
RENBP, RFPL1/2/3, RPIA, RPL37A, SCIN, STX16, phogg]';:;a‘ﬁg’r?‘:s dNaF;?att?;n | e |
SYNJ2BP, TIMMBA, TTN, TXLNA, VWAS IKKs/R-HSA-445989
E Up-regulated in Fibrotic Alveoli Chaperone mediated 3 14E-03 7
autophage/R-HSA-9613829 ’
Pathway name/reactome “E
pathway identifier (R-HAS) Signaling by MET/R-HSA-
1442490 4.13E-03 6
Innate Immune System/R-HSA-
168249 sdlEe i Transcriptional activity of
SMAD2/SMAD3:SMAD4 1.23E-03 8
Neutrophil degranulation/R-HSA- 5.41E-03 14 heterotrimer/R-HSA-2173793
6798695 . . L
Cell junction organization/R- 9.82E-03 8
Figure 3. Immune dysregulation defines fibrotic alveoli. (A-C) Volcano plots HSA-446728
comparing fibrotic alveoli and nonfibrotic alveoli control showing the negative : :
natural log of the FDR values plotted against the base 2 log (fold change) for Signaling by TGF-beta receptor 9.82E-03 8
each protein. The data in A are for all proteins, whereas data in B were matched complex/R-HSA-170834
against the Human Matrisome Project (34) and C were matched against the Si i GEB fami
Cell Surface Protein Atlas (39). (D) Proteins unique to fibrotic alveoli. Reactome ignaling by TGFB family 9.82E-03 8

pathways showing the most (E) upregulated or (F) downregulated for fibrotic

members/R-HSA-9006936

alveoli compared with nonfibrotic alveoli control.

Spatial organization of alveolar epithelial cells and TGFB in UIP/IPF. Based on our finding that the
UIP/IPF alveolus was abnormal, we next sought to determine the distribution of macrophages, type I
alveolar epithelial cells (AECI), and type II alveolar epithelial cells (AECII) within the fibrotic alveoli
and FF in UIP/IPF specimens (n = 5 UIP/IPF specimens). To distinguish between AECI and AECII,
we stained for aquaporin 5 (AQ5) to identify AECI and prosurfactant C (pSC) to identify AECII (47—
49). Increased macrophages were previously reported in the IPF lung (21), and we indeed found an
accumulation of macrophages (CD68-positive cells) within the airspace adjacent to the FF (Figure 4, A
and B). Of interest, we found expression of both AQ5 and pSC within the epithelial cells lining the FF,
a lining that was intentionally avoided or laser ablated when collecting the FF and adjacent fibrotic alve-
oli for MS. These cells were previously defined as aberrant basaloid cells (not found in control lung),
and we now term this as the aberrant basaloid cell lining (50). Interestingly, the aberrant basaloid cell
lining showed a remarkable reduction of pSC stain (red arrow) compared with adjacent cells (yellow
arrow). Within the adjacent alveoli, we detected both AECI and AECII along the outer lining of the
thickening alveoli. However, we speculate that other cell types (e.g., fibroblasts and progenitor cells)
accumulate within the interstitium to cause the thickening.

JCl Insight 2022;7(16):e156115 https://doi.org/10.1172/jci.insight.156115 5
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Table 1. Highest and lowest 15 proteins within the fibrotic alveoli versus nonfibrotic alveoli control

Increased in fibrotic alveoli Decreased in fibrotic alveoli

Protein Log, FDR Protein Log, FDR
SPTBN2 3.09 1.72E-02 HIST2H2BD -3.97 1.63E-02
KCTD14 3.01 3.46E-03 PRG2 -2.88 3.46E-03
MFN2 2.71 2.25E-03 AGER -2.75 1.21E-07
KIAA1328 2.20 3.90E-02 HIST1H2AC -2.60 1.74E-04
THY1 2.09 1.07E-02 HIST1H2A) -2.48 1.29E-03
S100A7 2.08 9.43E-03 APCS -2.43 2.39E-05
FTL 2.02 3.54E-02 ACAP1 -2.34 5.29E-04
SERPINB12 1.74 3.23E-04 APOE =213 5.29E-04
SHC1 1.72 1.72E-02 DHX16 -2.06 5.53E-04
LBP 1.71 3.40E-02 CDH13 -1.98 2.06E-04
FTH1 171 2.19E-02 HIST1H4A -1.97 3.3E-08
SBSN 1.71 3.02E-03 ADH1B -1.94 1.06E-03
psC1 1.70 4.89E-03 FBP2 -1.94 6.97E-03
DSP 1.66 719E-04 LIN7C -1.92 4.88E-06
Brk1 1.65 1.58E-05 SRP14 -1.84 1.36E-04

We next sought to spatially characterize TGFB expression within the fibrotic alveoli and FF based
on the changes in TGFB pathways in our reactome pathway analysis. Utilizing RNAscope (in situ RNA
hybridization), we identified a potentially unique expression pattern for TGFBI, TGFB2, and TGFB3. Prior
single-cell RNA-Seq (scRNA-Seq) data demonstrated that TGFBI is broadly expressed in a variety of cells
(epithelial, mesenchymal, and immune cells) in IPF specimens. By contrast, TGFB2 expression is restricted
to epithelial cells, and TGFB3 is highly expressed in mesenchymal cell lineages (51). Our RNAscope data
showed that TGFBI was also widely expressed in cells within the FF, aberrant basaloid cell lining, macro-
phages, and adjacent alveoli (Figure 4C). TGFB2 was predominantly expressed along the aberrant basaloid
cell lining but not in adjacent alveoli, suggesting that this lining (positive for both pSC and AQ5) is distinct
(Figure 4C, panels with black arrows pointing to the lining). Finally, TGFB3 was largely within the FF
(Figure 4C). Thus, our results are in good agreement with reported scRNA-Seq findings. Additional images
of fibrotic specimens (n = 5 UIP/IPF specimens total) are in Supplemental Figures 1 and 2. Nonfibrotic
controls can be found in Supplemental Figure 3. We note that TGFBI was expressed in a variety of cells in
nonfibrotic control (like the fibrotic alveoli) and that TGFB2 and TGFB3 expressions were less pronounced.

The mature scar is consistent with end-stage fibrosis. A comparison of the mature scar with nonfibrotic
alveoli control identified 81 proteins increased and 651 proteins decreased in the mature scar compared
with nonfibrotic alveoli control (Figure 5A; a full list in Supplemental Data 2). The endoplasmic reticulum
chaperone protein MZBI was highly elevated in the mature scar, consistent with a report that MZB1-pos-
itive plasma B cells (that coexpress CD38) are found in end-stage lung and skin fibrosis (52). Supporting
possible B cell involvement, CD38 was among the uniquely expressed proteins in mature scar tissue (Fig-
ure 5D). The epithelial polarity and scaffolding protein LLGL2 was decreased in mature scar, consistent
with its high expression in polarized epithelial cells and its loss during EMT (53).

We again matched our data set with the Matrisome project (Figure 5B). Multiple annexin family pro-
teins were decreased in mature scar. Annexin Al (ANXAI) has antiinflammatory effects, and its loss of
function exacerbates inflammation in bleomycin-induced lung injury models (54). ANXA3 is decreased
in UIP/IPF but reportedly promotes inflammation (55), whereas ANXA2 is antiinflammatory (56).
Among collagen proteins, COL14A1 was the most highly upregulated in mature scar. This gene was also a
marker for a fibroblast cluster found in bleomycin-induced lung injury by scRNA-Seq (57). Interestingly,
collagen XIV is elevated in high-mechanical stress environments, where it regulates fibrillogenesis (58).

We also matched our data set to the Surfaceome (Figure 5C). The transmembrane Ig superfamily pro-
tein PTGFRN was strongly increased in mature scar. This protein was previously shown to be increased
in IPF and in bleomycin-induced lung injury (59). By contrast, the laminin receptor BCAM was decreased
in mature scar, consistent with decreased expression of laminin proteins in this region (60). Reactome
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(n =5 UIP/IPF specimens, representative image shown).
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pathway analysis demonstrated that the categories most strongly upregulated in mature scar were kera-
tinization and formation of the cornified envelope (Figure 5E), whereas metabolism of lipids was most
strongly decreased (Figure 5F). These changes likely reflect the heavily cross-linked, rigid structure and
low metabolic activity of end-stage fibrosis (61).

The FF shows elevated collagen biosynthesis. A previous study using LCM of the FF coupled with RNA-Seq
and a novel weighted gene coexpression network analysis showed elevation of genes associated with cell
cycle, inflammation/differentiation, translation, and cytoskeleton/cell adhesion (62). Our analysis identi-
fied 100 proteins increased and 211 decreased in the FF compared with nonfibrotic alveoli control (Figure
6A; a full list in Supplemental Data 2). These data were also matched to both the Matrisome project and
the Surfaceome (Figure 6, B and C). The 22 proteins uniquely expressed in the FF are shown in Figure 6D.

Collagen biosynthesis is a complex, multistep process that involves collagen hydroxylation, triple helix
formation, cross-linking/maturation, secretion via a specific pathway, and uptake/turnover (reviewed in
ref. 63). Collagen is also posttranslationally modified by prolyl-4-hydroxylases (P4HA proteins) and lysyl
hydroxylases (PLOD proteins) to promote its stability and function. Consistent with collagen posttransla-
tional modifications, the prolyl-4-hydroxylase P4HA2 is unique to the FF. The lysyl hydroxylase PLOD2 is
unique to both the FF and mature scar, while PLOD! is significantly increased in the FF.

The next step in collagen biosynthesis is the formation of the triple helix. FKBPI0, which plays a
critical role in triple helix formation, is increased in the FF, as is SERPINHI (HSP47), which functions as
an essential collagen-specific chaperone needed for collagen synthesis via effects on triple helix formation
and modification (63, 64). In addition, prolyl-3-hydroxylase 3 (LEPREL?) is required for proper collagen
folding and assembly (65) and is unique to the FF. Collagen is cross-linked/matured by a host of enzymes
such as the TGM family. TGMI and TGM3 are increased in the FF. Last, collagen uptake is mediated by
the integrin subunits a-1, -2, -10, and -11 and -1, whereas collagen cleavage is mediated by MMPs. MMPI14
was increased and MMP2 uniquely expressed in the FF. Integrin o-11 subunit (I7GA1I), a type collagen
I-specific receptor, is unique to the FF, while integrin o-1 (I7GAI) and -1 (ITGBI) are decreased. The con-
sequences of these changes are unknown, but effects on collagen fibril organization or turnover are likely.

Reactome pathway analysis showed that FF were indeed enriched for collagen biosynthesis and modifying
enzymes, collagen formation, and collagen degradation (Figure 6E), which is in accord with prior data showing
that the FF uniquely stains with pro-collagen (active collagen synthesis) (66—68). Interestingly, pyruvate metab-
olism and citric acid (TCA) cycle were downregulated in FF, which may correlate with low cell proliferation in
this region (Figure 6F). These data strongly suggest that the FF is the main site of active collagen biosynthesis.

The FF experience a dramatic ECM switch. We next aligned all of our data (FF, mature scar, fibrotic alveoli,
and nonfibrotic alveoli control) to derive a heatmap of all statistically significant ECM proteins matched
to the 6 matrisome categories (glycoproteins, proteoglycans, ECM-affiliated proteins, ECM regulators,
secreted factors, and collagens) (Figure 7A). In every case, the ECM proteins comprising the FF showed
the greatest difference from nonfibrotic alveoli control. For instance, it is well known that collagen IV, a
major constituent of epithelial basement membranes, decreases in IPF (69). We also found that collagen
IV was low in both the FF and mature scar and high in both fibrotic alveoli and nonfibrotic alveoli control.
Similarly, collagen I was high in both mature scar and FF and low in both fibrotic alveoli and nonfibrotic
alveoli control (Figure 7A). Overall, fibrotic alveoli tended to resemble the nonfibrotic alveoli controls,
whereas mature scar tended to resemble the FF, with substantial deviations. Examination of the qualitative
data to determine the numbers of ECM proteins by categories and per region (Supplemental Figure 4) also
revealed no dramatic difference in the types of ECM proteins found within each region. Taken together,
these results reveal a dramatic switch of ECM in the FF.

Similarly, we created a heatmap of the highest and lowest 30 statistically most changed proteins (Figure
7B; a full list in Supplemental Data 4). The top 3 proteins expressed in the FF were PPIC, ALDH3BI, and
PDLIM7. PPIC is associated with protein folding and is upregulated in CCL4-induced liver injury. PPIC loss
of function was shown to improve liver injury, suggesting it may be involved in fibrosis progression (70).
Similarly, ALDH3BI, which is involved in oxidative stress, is highly expressed in lung cancer (71). PDLIM7
regulates cellular senescence (72), a process that likely contributes to IPF (73). Analysis of the 12 highest
and lowest statistically changed cell surface proteins (Figure 7C) identified CRTAP and RCN3 as the most
increased in the FF. Both genes are critical for collagen biosynthesis (74, 75). According to reports showing
that FF are hypoxic (76), FF showed increased steroid sulfatase (S7S), a gene involved in steroid hormone
synthesis that was reported to induce hypoxia inducible factor 1 (HIF) expression (77). We also noted that
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Figure 5. End-stage fibrosis defines mature scar. (A-C) Volcano plots comparing mature scar to nonfibrotic alveoli control showing the negative natural
log of the FDR values plotted against the base 2 log (fold change) for each protein. The data in A are for all proteins, whereas data in B were matched
against the Human Matrisome Project (34) and C were matched against the Cell Surface Protein Atlas (39). (D) Proteins unique to mature scar. Reactome
pathways showing the most (E) upregulated or (F) downregulated for mature scar compared with nonfibrotic alveoli control.

both integrin-v (ITGAV;, cell surface protein) and latent TGF-B-binding protein 1 (LTBPI; ECM protein) were
increased in the FF, consistent with their roles in activating latent TGFB (78). This study provides us a list of
some established and many potentially new region-specific proteins to begin exploring their collective func-
tions in the pathogenesis of UIP/IPF.

Last, we sought to compare the FF with mature scar tissue (Supplemental Figure 5; a full list in Sup-
plemental Data 5). The FF showed greater upregulation of proteins involved in collagen biosynthesis
and ECM organization. Major ECM proteins highlighted here include TNC, CTHRCI, SERPINHI, FNI,
VCAN, and COLI12A1, all of which are involved in assembly or stabilization of the fibrotic ECM.

To validate some of these results, we immunostained for SERPINHI and COLI2AI in 4 UIP/IPF
specimens and 2 nonfibrotic controls. Consistent with the proteomic analysis, we found both specifically
enriched within the FF (Figure 8A and Supplemental Figure 6). Expression of SERPINHI (essential for
collagen synthesis) within the FF was consistent with its role in collagen biosynthesis. By contrast, neither
SERPINH]I nor COL12A41 was detected in nonfibrotic controls (Figure 8B).
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Discussion

The availability of spatial omics makes it possible to reveal previously inaccessible clinical features of
human disease. Herein, we produced spatial proteomic profiles of the UIP/IPF fibrotic front to char-
acterize the protein composition of nonfibrotic alveoli, fibrotic alveoli, the FF, and mature scar. We
create a tissue atlas of the UIP/IPF fibrotic front (Figure 9) defining the ECM and cell surface proteins
of each region in an effort to inform novel hypotheses about cell/ECM systems in fibrosis progression.
Recent work utilizing atomic force microscopy to define mechanical properties of the different zones
of UIP/IPF tissue showed that FF (2.0 kPa) were surprisingly as soft as adjacent fibrotic alveoli (1.5
kPa), whereas the mature scar was much stiffer (9.0 kPa) (79). Unfortunately, nonfibrotic controls were
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not included in that report. The low stiffness of FF was surprising, especially in light of our finding
of increased levels of a variety of collagen and ECM proteins. We speculate that the enrichment of
glycoproteins and proteoglycans, which have the capacity to hydrate tissues (80), may be responsible
for the softness of the FF.

JCl Insight 2022;7(16):e156115 https://doi.org/10.1172/jci.insight.156115 11



. RESEARCH ARTICLE

Extensive evidence suggests that normal-appearing alveoli within the UIP/IPF lung are in fact signifi-
cantly abnormal. RNA-Seq of tissue from different regions of the IPF lung showed that structurally normal
IPF tissue had over 1000 differentially expressed genes compared with nonfibrotic tissue (20). Increased
immune cell infiltration (innate and adaptive) has also been observed in structurally normal regions of IPF
lung (21). A 3-dimensional image analysis of the IPF lung (specifically looking at regions with no evidence
of microscopic fibrosis) showed reduced numbers of small airways and thickening of terminal bronchiolar
walls, suggesting that early remodeling is crucial to IPF pathogenesis (23). An important unanswered ques-
tion is whether the changes of the alveoli observed here indicate early steps in fibrosis, which eventually
lead to the development of the FF and then mature scar tissue. Alternatively, it may be that the FF and
mature scar affect surrounding lung tissue, potentially through secreted factors that act directly, by promot-
ing immune cell infiltration, or by altering lung mechanics. Future studies analyzing spatial proteomics in
multiple regions of the uninvolved fibrotic lung are needed to address this question.

The mature scar region in UIP/IPF is consistent with end-stage fibrosis. McDonough et al. (20) similarly
sampled regions of the IPF lung from structurally normal to increasing fibrosis (IPF level 1 through 3). They
concluded that at the transcriptional level, the transition from level 2 to level 3 (the most fibrotic tissue) involves
genes characteristic of end-stage disease (20), consistent with the higher stiffness in these regions (79). In regard
to this study, we find some agreements in the proteome as compared with the transcriptome. For instance,
THY1 is decreased at both the RNA (IPF levels 1-3) and protein (fibrotic alveoli, FF, and mature scar) level in
fibrotic specimens. AGER (the gene for the inflammatory receptor RAGE) is a central mediator of inflamma-
tion and is transcriptionally decreased in IPF regions 2 and 3 (not level 1, the most normal), whereas AGER
protein was suppressed in all fibrotic regions looked at here (20, 81). Similarly, COL1A1, COL1A2, COL5A1, and
COLI15A1 were shown to be transcriptionally increased in IPF levels 1-3; however, we only find that these col-
lagen proteins are increased in the FF and mature scar (not the fibrotic alveoli). Although there are substantial
deviations, these may be attributed to effects on message translation, protein stability, and ECM assembly that
can account for differences with RNA levels, as well as perhaps the low resolution of spatial transcriptomics.

FF are the signature lesions of UIP/IPF (1) and are consistently described as the site of collagen
synthesis. Our data defining the protein constituents of this domain lead to 2 major conclusions. First, a
large fraction of the proteins necessary for collagen biosynthesis are either increased or uniquely expressed
within the FF. The FF region is, therefore, the primary region of active collagen biosynthesis. Second, we
provide evidence that the ECM of the FF is completely switched from nonfibrotic alveoli controls, with
near-complete replacement of the epithelial basement membrane with an interstitial collagenous ECM. We
speculate that the synthesis and assembly of matrix within the FF may be critical for migration of myofi-
broblasts or their precursor into uninvolved airspaces. Local inhibition of collagen biosynthesis machinery
may, therefore, be a pharmaceutical approach to stopping fibrosis progression.

The aberrant basaloid cells lining the FF are a unique feature, as these cells are not found in controls.
In fact, they only comprise 3.5% of the IPF epithelial population by scRNA-Seq (50). Histologically, the
cells within this lining are flat or cuboidal with centrally located and bland-looking nuclei. Our group
and others have reported that the expression of procollagen I (active collagen synthesis) is strongest in
fibroblasts adjacent to the airway (66, 82), which is immediately adjacent to the aberrant basaloid cell lin-
ing. Thus, it is likely that TGFB2 acts locally on these fibroblasts to promote collagen biosynthesis. Simi-
larly, the expression of TGFBI and TGFB3 within the FF could be acting to induce the aberrant basaloid
cell lining. Although TGFB isoforms bind similar receptors and signal through the same pathways (83),
the spatial organization of TGFB along the fibrotic front warrants further investigation.

Although UIP is the characteristic histological pattern in IPF, the UIP pattern has been reported in
other lung diseases such as sarcoidosis, connective tissue disease, nonspecific interstitial pneumonia, pneu-
moconiosis, and hypersensitivity pneumonitis. In our 6 specimens, all had a UIP pattern (5 with an IPF
diagnosis and 1 with a sarcoidosis diagnosis). We found that the sarcoidosis specimen was not an outlier in
our data set, and its removal did not substantially alter the results (Supplemental Figure 7). Although the
small sample size is a limitation to our study, this outcome raises the possibility that the UIP pattern may
be similar, independent of the origin.

Recently, a gene expression analysis (utilizing Nanostring Technologies fibrosis-specific gene panel)
was performed on the FF in UIP/IPF and sarcoidosis as compared with nonfibrotic lung (84). We find
high agreement with this study. They reported increased THBS2 and FAP, which were both unique to
the FF at the protein expression level. They showed increased COLIAI, COL1A2, COL5A1, COL6A3, and
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Figure 8. SERPINH1 and COL12A1 are enriched in the FF. A total of (A) 4 UIP/IPF specimens and (B) 2 nonfibrotic control specimens were serially sectioned and
stained for H&E, pentachrome, anti-SERPINHT, and anti-COL12A1. We show a representative FF per specimen (depicted with a red asterisk). Scale bar: 100 um.

COL14A1 mRNA, all of which were increased in the FF at the protein expression level. Decreased in the
transcriptome were LPCAT1, FASN, CYBB, PGK1, PECAMI, CD36, and CAT, all of which were decreased
by protein expression level. Of interest, mRNA for GOT2, NDUFS3, PGM1, UQCRB, ALDH7A1, HADH,
and PSMDI3 were significantly increased, but these were decreased at the protein expression level. These
results likely reflect effects on translational efficiency of protein turnover (85, 86). The authors concluded
that FF are remarkably similar, independent of origin (UIP/IPF or sarcoidosis), consistent with this being
a site of collagen biosynthesis.

In another report, LCM-coupled RNA-Seq was performed on the FF in UIP/IPF (62). This work used
a novel weighted analysis to predict pathways of interest to the FF. However, these data do not agree well
with our findings. For instance, the strongest featured node within their network analysis includes RHOA/
RACI/ROCK signaling and their regulators ARHGEF1/ARHGEF2/AKAPI3. By contrast, these proteins
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Figure 9. The FF. The lesion of UIP/IPF is termed the FF and can be envisioned as the invasive front. The FF progresses toward adjacent alveoli, leaving
behind a dense mature scar tissue. Herein, we provide a list of proteins (ECM and cell surface) that are abundantly and significantly overexpressed per
region. We define the FF as a collagen biosynthesis factory that expresses both TGFB7 and TGFB3, while embedded in a unique ECM, a switch from
normal. Adjacent to the FF, the mature scar is characterized as end-stage fibrosis, which is stiffer than the rest of the fibrotic tissue. The alveoli adja-
cent to the FF accumulate macrophages and are defined by immune dysregulation. The epithelial lining along the FF (termed the aberrant basaloid cell
lining; ref. 50) is positive for both AECI and AECII markers (AQ5 and pSC, respectively) and predominantly expresses TGFB2.

were significantly downregulated in the FF compared with nonfibrotic alveoli controls. Their next positively
correlated node is JAK1/STAT1/STAT3; again, both STAT1/STAT3 proteins were decreased in the FF,
while JAK1 was undetected. These studies used very different methods and comparisons; thus, firm con-
clusions await a more direct experimental comparison. If these findings are confirmed, changes in protein
translation, stability, or detection could account for these differences.
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Herein we create an unbiased tissue atlas of the UIP/IPF fibrotic front utilizing LCM-MS. We demon-
strate that there are regional changes in protein signatures associated with fibrosis progression and provide
detailed lists of proteins that suggest hypotheses concerning UIP/IPF pathology and progression. The
finding that uninvolved alveoli within the fibrotic lung are highly abnormal suggests that this region may
contain novel targets for therapeutic intervention.

Methods

Histological staining. Human lung specimens were FFPE and sectioned at 5 pm on appropriate slides. H&E
staining was achieved using an automated stainer (Leica XL) at the University of Manchester’s Histology
Core. Briefly, the slides were heated at 60°C for 20 minutes, dewaxed with xylene, dehydrated by alcohol
treatment, and rinsed in tap water. Slides were then hematoxylin stained for 2 minutes, acid-alcohol treated,
and stained for 1 minute in eosin. Slides were then washed in 100% ethanol and allowed to air-dry. These
slides were stored at 4°C for up to 1 week while performing LCM. For pentachrome staining, we used a
modified Russel-Movats pentachrome stain protocol, which we have previously described in detail (18).

For IHC, we utilized the Novolink Polymer Detection Systems (Leica, catalog RE7200-CE) as previously
described in detail (66). Deparaffinized and rehydrated 5 pm FFPE sections were subjected to antigen heat
retrieval using citrate buffer (Abcam, catalog ab208572) in a preheated steam bath (100°C) for 20 minutes,
before cooling to room temperature for 20 minutes. Slides were then treated with 3%—4% hydrogen peroxide
(Leica Biosystems, catalog RE7101) for 10 minutes, blocked in SuperBlock buffer (TBS; Thermo Scientific, cat-
alog 37581) for a minimum of 1 hour, and probed with primary antibodies overnight at 4°C in 10% SuperBlock
solution in Tris-buffered saline Tween 20 solution (TBS-T; pH 7.6). Primary antibodies used were as follows:
SERPINHI (titer 1:20,000; Abcam, catalog ab109117) and COL12A1 (titer 1:200; Abcam, catalog ab21304).

The following day, the specimens were subjected to Novolink Polymer Detection Systems (Leica Bio-
systems, catalog RE7270-RE) per the manufacturer’s recommendations, with multiple TBS-T washes. Sec-
tions were developed for 5 minutes with DAB Chromagen (Cell Signaling Technology, catalog 11724/5)
before being counterstained with hematoxylin, dehydrated through sequential ethanol and xylene, and cov-
erslipped with Permount mounting medium (Thermo Fisher Scientific, catalog SP15).

RNAscope. FFPE 5 pm tissue sections were created a day before probe was applied following the man-
ufacturer’s guidelines (Bio-Techne). We utilized RNAscope 2.5 High Definition Brown Assay (catalog
322300) and probed for human TGFBI (catalog 489221), TGFB2 (catalog 489241), and TGFB3 (catalog
489231) (Bio-Techne). Sections were counterstained with hematoxylin and coverslipped with permount.

Histological imaging. Stained slides were imaged using a DMC2900 Leica instrument with Leica Appli-
cation Suite X software.

LCM. To precisely perform this experiment, 3 serial sections were created per specimen. The first
section was placed onto a standard glass slide for pentachrome stain, and the next 2 serial sections were
placed onto 2 separate Molecular Machines & Industries (MMI) membrane slides (catalog 50102) for
H&E staining (see above for staining details). The MMI CellCut Laser Microdissection System can load
up to 3 slides. In the first slot, we loaded the first pentachrome-stained slide followed by the 2 H&E-
stained MMI slides. We used MMI CellCut software to perform a complete CellScan of the pentachrome
slide and H&E slides to allow for careful tissue registration. Using the pentachrome slide as a guide, we
then used a closed-shape drawing tool to outline regions of interest. Automated cutting was achieved by
adjusting the settings to a laser focus of 350 um, a 60% laser power, and 50 um/s speed. Using adhesive
MMI transparent caps (catalog 50204) and MMI CapLift technology, we gently lifted dissected specimens
onto the adhesive caps, which were stored in —20°C for several weeks until all samples were collected
and processed for MS. Ultimately, we used up to 30 sections (in sets of 3) to capture desired volumes
(~0.1 mm?®) per region of the IPF specimen.

MS sample preparation. Samples were prepared using a multistep method as previously described in our
detailed technical report with minor modifications (18). First, after samples are trypsin digested, instead
of eluting in 50% acetonitrile with 0.2% formic acid, we now elute in 30% acetonitrile with 0.2% formic
acid. In addition, after those samples are dried by speedvac, we now resuspend in 3% acetonitrile with
0.1% formic acid (instead of 5% acetonitrile with 0.1% formic acid). Last, our final elution after desalting
our samples now uses 30% acetonitrile (instead of 50% acetonitrile). These were important as we began
experiencing downstream contamination that we speculated was due to high acetonitrile concentrations, a
problem that was resolved by lowering acetonitrile.
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Liquid chromatography-coupled tandem MS. As previously described, peptides were resuspended in 10 pL
of 3% acetonitrile, with 0.1% formic acid, and 1 pL was used for evaluation by liquid chromatography-cou-
pled tandem MS using an UltiMate 3000 Rapid Separation LC system (Dionex Corporation) coupled to a
Q Exactive HF mass spectrometer (Thermo Fisher Scientific).

Data availability. The MS proteomics data have been deposited to the ProteomeXchange consortium
via the PRIDE (87) partner repository with the data set identifier PXD029341.

Statistics. Raw data were processed using MaxQuant software (v1.6.17.0) (88) against the human pro-
teome obtained from Uniprot (May 2021) (89). Variable modifications were set as methionine oxidation
and N-terminal acetylation, with a fixed modification of carbamidomethylation of cysteine. The protein
and PSM FDRs were set at 0.01 and “match between runs” was enabled.

Comparative statistical analysis was performed using MSqRob (v0.7.7) (19) in the R environment (v4.1.0)
(90). Proteins significantly changing between conditional comparisons were taken at 5% FDR. Reactome path-
way analysis of differentially expressed proteins was performed using the R package ReactomePA (1.36.0) (91).

Study approval. Tissue from patients who provided written informed consent was collected following
University of Manchester Health Research Authority—approved protocols (REC 14/NW/0260; provided
by JFB and RVV) for fibrotic specimens during lung transplantation and (REC 20/NW/0302; provided
by MAM) for nonfibrotic control specimens. The specimens were diagnosed as IPF having characteristic
UIP, FF, and honeycomb pattern as defined by current guidelines (1). Nonfibrotic controls were collected
from morphologically normal lung tissue distal to tumors during resection. In this study, we used 5 IPF
specimens plus 1 end-stage lung fibrosis specimen from a patient with a history of sarcoidosis with UIP
pathology who was clinically treated as patient with IPF before transplantation (Supplemental Table 1).
Reexamination of the specimen from this patient collected for our research showed no evidence of sarcoid-
osis. Instead UIP, FF, and honeycombing pattern was observed. We now collectively term our fibrotic spec-
imens UIP/IPF. This UIP/sarcoidosis specimen was not an outlier, did not alter our results when removed,
and was thus kept throughout the analysis (Supplemental Figure 7).
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