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Abstract

The mechanisms by which environmental exposures contribute to the pathogenesis of lung
fibrosis are unclear. Here, we demonstrate an increase in cadmium (Cd) and carbon black (CB),
common components of cigarette smoke (CS) and environmental particulate matter (PM), in lung
tissue from subjects with idiopathic pulmonary fibrosis (IPF). Cd concentrations were directly
proportional to citrullinated vimentin (Cit-Vim) amounts in lung tissue of subjects with IPF.
Cit-Vim amounts were higher in subjects with IPF, especially smokers, which correlated with
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lung function and were associated with disease manifestations. Cd/CB induced the secretion

of Cit-Vim in an Aktl- and peptidylarginine deiminase 2 (PAD2)-dependent manner. Cit-Vim
mediated fibroblast invasion in a 3D ex vivo model of human pulmospheres that resulted in

higher expression of CD26, collagen, and a-SMA. Cit-Vim activated NF-xB in a TLR4-dependent
fashion and induced the production of active TGF-B1, CTGF, and IL-8 along with higher surface
expression of TLR4 in lung fibroblasts. To corroborate ex vivo findings, mice treated with Cit-
Vim, but not Vim, independently developed a similar pattern of fibrotic tissue remodeling, which
was TLR4 dependent. Moreover, wild-type mice, but not PAD27~and TLR4 mutant (MUT) mice,
exposed to Cd/CB generated high amounts of Cit-Vim, in both plasma and bronchoalveolar lavage
fluid, and developed lung fibrosis in a stereotypic manner. Together, these studies support a role
for Cit-Vim as a damage-associated molecular pattern molecule (DAMP) that is generated by lung
macrophages in response to environmental Cd/CB exposure. Furthermore, PAD2 might represent a
promising target to attenuate Cd/CB-induced fibrosis.

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic disease of the lung (1, 2)
whose etiology remains unclear. Although underlying genetic factors increase susceptibility
(3), the trigger(s) that initiates the pathologic expression of the disease remains unknown.
The possible role of environmental factors, especially cigarette smoke (CS) inhalation or
exposure to particulate matter (PM) in ambient air pollution in lung fibrosis, needs further
clarification. Cadmium (Cd), a heavy metal and a recognized cause of lung fibrosis in
humans (4) and in rodents including hamster (5), rat (6), and mouse (7), can adsorb onto
carbon nanomaterials (8). Ultrafine PM (<2.5 um in diameter) from both CS and ambient
air pollution from biomass fuels and coal furnaces consists of carbon black (CB) with other
toxicants, such as Cd, adsorbed onto its surface (9—11). Adsorption onto the surface of
carbon nanoparticles is intensified by combustion in lighted cigarettes and emissions from
coal-fired power plants (12).

Up to two-thirds of subjects with IPF have a history of smoking, and CS is considered

a potential factor that contributes to the pathogenesis of lung fibrosis (2, 13-15). Each
cigarette contains 2 to 3 pg of Cd (7), and Cd accumulates in the lung because of its long
half-life of 10 to 30 years (16). Similar to Cd, CB is also a universal constituent in CS (17).

Lung macrophages can phagocytose Cd particles, and both Cd and metallothionein (MT),

a cysteine-rich Cd-binding protein, can accumulate within the lung macrophages (18, 19).
Macrophages secrete many factors that modify extracellular matrix (ECM) deposition and
collagen metabolism (20), highlighting the critical role of cell-cell interaction in lung
fibrosis (21). We have demonstrated that Cd induces a-smooth muscle actin (a-SMA)
activation, ECM protein accumulation, and collagen secretion, suggesting that Cd is
fibrogenic, in which fibroblast differentiation and ECM deposition play a critical role (7).
However, whether Cd/CB can trigger the development of lung fibrosis and whether they play
an essential role in the pathogenesis of IPF has not been completely elucidated.

Innate immune responses are prominent in subjects with IPF, suggesting the potential role of
Toll-like receptors (TLRs) in the pathogenesis of IPF (22, 23). Damage-associated molecular
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pattern molecules (DAMPS) serve as TLR ligands, and growing evidence implicates DAMP-
triggered TLR mediated in fibrotic disorders (23, 24). Citrullination, specially citrullinated
vimentin (Cit-Vim), has been linked to the pathogenesis of CCls-induced liver fibrosis (25),
rheumatoid arthritis (RA) (26), and interstitial lung disease associated with RA (RA-ILD)
(27). Moreover, smoking induces airway inflammation by triggering protein citrullination
through up-regulating peptidylarginine deiminase 2 (PAD2), a citrullination catalyzing
enzyme (28, 29). PAD2 can also be induced by silica nanoparticles (30) and is important in
inflammation and autoimmune diseases (31-33).

In the current study, we showed that secretion of Cit-Vim from lung macrophages is
augmented by Cd/CB, and this action is Aktl and PAD2 dependent. Cit-Vim drives

an invasive subtype of fibroblasts and activates lung fibroblasts. Furthermore, Cit-Vim
induced the production of active transforming growth factor—pg1 (TGF-p1), connective tissue
growth factor (CTGF), and interleukin-8 (I1L-8). We confirmed that wild-type (WT), but

not TLR4 mutant (MUT), mice developed Cit-Vim-induced, but not Vim-induced, fibrosis.
In addition, we demonstrated greater amounts of citrullinated proteins/Cit-Vim in the lung
tissue and plasma from subjects with IPF and a positive correlation between Cd and Cit-
Vim. These data suggest that Cd/CB-induced Cit-Vim acts as a DAMP to activate fibroblasts
through TLR4 signaling and contributes to the pathogenesis of IPF.

Both Cd and CB substantially accumulate in lung tissue from subjects with IPF

As smoking is known to be associated with IPF (2, 13, 14), and both Cd and CB are present
in CS, we first investigated the accumulation of Cd and CB in subjects with IPF. MT has
been considered as an indicator of metal exposure, including Cd (34, 35). Both MT-1E

and MT-2A mRNA were increased in lung macrophages from subjects with IPF (fig. S1,

A to D), and these macrophages also showed markedly increased MT-1/2 protein (fig. S1,

E and F), and mRNA with greater expression in those cells from subjects with IPF that
smoked (fig. S1, B and D). In addition, the concentrations of Cd in IPF lung tissues were
significantly higher (< 0.001) than in control lungs and were notably higher in smokers
(Fig. 1, A and B). The clinical characteristics of the lung tissue from subjects with IPF for
cohort 1 and a detailed analysis by smoking status are shown in tables S1 and S2. To identify
the existence of CB in subjects with IPF, bronchoalveolar lavage fluid (BALF) samples were
analyzed together with lung tissues (control BALF, n=5; IPF BALF, 7= 10; Cohort 1, table
S1). A quantitative analysis of BALF cells stained with Hema 3 showed higher deposition of
CB in macrophages from subjects with IPF, especially smokers (fig. S2, A and B, and Fig.

1, C and D). Transmission electron microscopy (TEM) was further used to demonstrate the
presence of CB in lung macrophages of BALF from subjects with IPF (fig. S2, C to E).

Cd in subjects with IPF correlates with Cit-Vim, and Cit-Vim correlates with lung function
and transplant-free survival

Initial studies showed an increase of citrullinated proteins in the lung tissue from subjects
with IPF compared to controls, whereas these proteins were not detectable in normal lung
parenchyma except few lung macrophages (Fig. 2, A to C). Citrullinated proteins were
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found predominantly in cytoplasm of cells. We further found that Cit-Vim and Vim protein
expression was significantly increased (< 0.001) in lung macrophages from subjects

with IPF compared to controls (Fig. 2, D and E). Furthermore, Cit-Vim amounts were
significantly higher (£ < 0.001) in lung from subjects with IPF than in normal control lung
(Fig. 2F). Similar to Cd (Fig. 1B), Cit-Vim amounts were also notably higher in smokers
compared to nonsmokers (Fig. 2G). A significant correlation (r=0.76, A= 0.005) was also
observed between Cd and Cit-Vim in IPF lungs (Fig. 2H), suggesting that Cd may have an
important role in the pathogenesis of IPF by increasing Cit-Vim. In subjects with IPF, the
Cit-Vim amounts were also higher in plasma (Fig. 2, I and J; Cohort 2, plasma samples,
table S1) and correlated inversely with the predicted percentage of forced vital capacity
(FVC) (r=-0.69, P<0.001; Fig. 2K) and diffusing capacity for carbon monoxide (DLCO)
(r=-0.46, P<0.001; Fig. 2L). Survival analysis using our previous strategy (36) showed
that the subjects with higher Cit-Vim had significantly decreased [hazard ratio (HR) = 2.18,
P =10.04] transplant-free survival than subjects with lower Cit-Vim (Fig. 2M), suggesting
that Cit-Vim might serve as a prognostic factor in IPF.

Cd/CB-induced Vim citrullination and Cit-Vim secretion are dependent on Aktl and PAD2

activation

Lung macrophages are the first defensive cells that phagocytize environmental Cd and CB
particles (19). We explored the mechanism of Vim citrullination using lung macrophages
isolated from subjects with IPF. To evaluate the role of oxidative stress after Cd/CB
exposure, intracellular reactive oxygen species (ROS) were analyzed. Treatment with Mito-
TEMPO, an inhibitor of mitochondria ROS production, blocked Cd- and/or CB-induced
ROS production (fig. S3, A and B). We have found that CdCl, induced ECM protein
deposition and phosphorylation of Akt and Vim, especially at Ser3® and Ser®®, but caused
less phosphorylation of extracellular signal-regulated kinase (ERK), protein kinase C
(PKC), and PKA (7). Here, we demonstrated that Cd and CB in combination caused a
noticeable increase in phosphorylation of Aktl as well as expression of PAD2 (but not
PAD4) and Cit-Vim over control or either alone (fig. S3, C and D). These actions were
inhibited in the presence of Mito-TEMPO, suggesting that Aktl activation and expression of
PAD2 and Cit-Vim are redox dependent.

We further demonstrated that induction of both PAD2 and Cit-Vim by Cd/CB was blocked
by both calcium inhibitor, cyclosporine A (CsA), and Akt inhibitor, LY (Fig. 3, A and B),
indicating that both Aktl and calcium signaling pathways are important for the induction
of PAD2 and Cit-Vim, and Akt1 activation is also essential for the activation of PAD2.

Vim can be secreted in response to Cd stimulation (7). Here, by using a similar strategy,
we found that Cd and CB substantially induced the secretion of Cit-Vim compared to Cd
or CB alone (Fig. 3, C and D). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a
secreted protein (37), was used as a loading control. Secretion of Cit-Vim occurred earlier
than that for Vim (Fig. 3, E and F). Moreover, pretreating with either a PAD2 (AFM-30a)
or Akt (LY) inhibitor could effectively reverse Cd/CB-induced Cit-Vim secretion (Fig. 3, G
and H). Dose-response viability analysis indicated that the dose we used (CdCly, 1.8 ug/ml
plus CB, 10 ug/ml) did not affect viability in human macrophages (fig. S4, A to C), and the
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combination of Cd/CB did not induce apoptosis (fig. S4D), suggesting that Vim/Cit-Vim is
secreted from non-apoptotic lung macrophages.

Immunoprecipitation coupled with mass spectrometry (IP-MS) was also conducted on these
samples. Vim was the most abundant protein isolated with very few potentially nonspecific
proteins observed (fig. S5A). The Vim peptide with the citrullination (R) was identified (Fig.
31) and characterized by tandem MS2 (fig. S5B). The accompanying fragmentation was also
shown in table S3. These data suggest that Cd/CB-induced activation of Aktl and PAD2 in
lung macrophages is required for Vim citrullination and Cit-Vim secretion (fig. S6).

Cit-Vim induces fibroblast invasion in lung pulmospheres and enhances the expression of
collagen and a-SMA

The presence of Cit-Vim in lungs from subjects with IPF prompted us to investigate the
pathologic and immunogenic effects of these soluble proteins. Vim and Cit-Vim were
purified from cell culture supernatants of human lung macrophages treated with Cd/CB
that was free of endotoxin contamination (fig. S7).

Three-dimensional (3D) lung pulmospheres can determine the invasiveness of fibroblasts
(38). We questioned the effect of Cit-Vim and found a noticeable increase in the invasive
phenotype of lung pulmospheres compared to treatment with the noncitrullinated protein,
Vim (Fig. 4, A and B). CD26 (+) fibroblasts are highly proliferative and exhibit more
invasive potential compared to CD26 (-) fibroblasts (39). We found that CD26 was
markedly up-regulated in response to Cit-Vim in lung fibroblasts (Fig. 4, C and D). The
ability of Cit-Vim to initiate invasion was also confirmed by using transwell assay (fig.

S8). Furthermore, Cit-Vim, but not Vim, induced a significant increase (< 0.001) in
collal and Col3al mRNA expression (Fig. 4, E and F), and Cit-Vim treatment mediated
differentiation to myofibroblasts as indicated by the increased expression of a-SMA (Fig.
4, G and H). These data suggest that Cit-Vim regulates the phenotype of fibroblasts and
enhances the expression of collagen. We further demonstrated that the effects of Cit-Vim on
the expression of collagen are more evident when fibroblasts isolated from subjects with IPF
were used (fig. S9), suggesting the possible pathogenic role of Cit-Vim in IPF fibroblasts.

Cit-Vim activates TLR4/NF-xB signaling pathway and induces profibrotic cytokine

production

Next, we explored the potential of Cit-Vim to function as a DAMP. We initially found that
exposure of human lung fibroblasts to Cit-Vim increased the surface expression of TLR4
but not TLR1, TLR2, or intracellular TLR9 (Fig. 5, A and B). We further assessed the
critical role of TLR4 in Cit-Vim—induced fibroblast activation. Cit-Vim treatment promoted
the phosphorylation of inhibitor of nuclear factor xB (IxB) and nuclear localization of p65
in fibroblasts, and incubation together with an anti-TLR4 antibody or nuclear factor xB
(NF-xB) inhibitor remarkably blocked Cit-Vim—induced NF-xB activation (Fig. 5, C to F).

Cytokines/chemokines, such as TGF-p1 (40), CTGF (41), IL-8 (42), and monocyte
chemoattractant protein 1 (MCP-1) (43), produced by fibroblasts (for active TGF-1, CTGF,
and IL-8) and monocytes/macrophages (active TGF-p1, IL-8, and MCP-1) have previously
been shown to be increased in lung tissues, serum, and/or BALF of subjects with IPF
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and to correlate with signs of lung fibrosis, indicating an important role of these cytokines/
chemokines in the pathogenesis of IPF. Therefore, we evaluated whether the ability of Cit-
Vim to induce cytokine/chemokine production in primary lung fibroblasts was dependent
on the presence of TLR4. We observed that active TGF-p1, CTGF, and IL-8 secretion
increased substantially in response to Cit-Vim stimulation but not Vim, and noticeable
production occurred in 12 hours and peaked at 24 hours after stimulation (fig. S10). These
events occur earlier relative to the production of collagen (48 hours; Fig. 4, E and F). As
expected, human fibroblast cytokine/chemokine production in Cit-Vim-treated cultures was
diminished remarkably by pretreatment with the anti-TLR4 antibody or NF-xB inhibitor
(Fig. 5G). These data confirmed that TLR4 likely serves as a functional receptor linking
fibroblast activation with exposure to Cit-Vim.

Cit-Vim independently induces lung fibrosis

To evaluate whether Cit-Vim could independently induce lung fibrosis in vivo, TLR4

WT versus MUT mice were administered intratracheal Cit-Vim purified from the Cd/CB-
treated lung macrophages. We demonstrate that administration of Cit-Vim induced greater
architectural destruction and increased collagen deposition in TLR WT mice, whereas
the lungs from 7LR4 MUT mice had normal architecture and markedly less collagen
(Fig. 6, A and B). Cit-Vim, but not Vim, challenge significantly increased (< 0.001)
hydroxyproline content, validating biochemically the histological assessment (Fig. 6C).
Cit-Vim also substantially increased active TGF-p1, CTGF, and KC (keratinocyte-derived
chemokine) (Fig. 6, D to F) in TLR WT mice only, and the concentrations peaked at

day 14 (fig. S11). These data suggest that Cit-Vim induces lung fibrosis in mice in a
TLRA4-dependent fashion (fig. S12).

Cd and CB induce pulmonary fibrosis in mice

Next, we examined whether airway delivery of Cd/CB was able to induce fibrogenesis in
mice lungs. To achieve Cd concentrations in mice similar to those in subjects with IPF, the
concentrations of Cd in mice lung tissues after exposure to different doses of CdCl, were
measured. After 2 weeks of exposure, Cd concentration in CdCl,-treated mice (0.16 mg/kg)
(fig. S13A) was similar as human tissue from subjects with IPF (Fig. 1A). The data indicate
that we were able to achieve a similar concentration of Cd in our mouse model as those
found in the lung parenchyma of subjects with IPF.

We found that a single dose of Cd could induce signs of interstitial lung fibrosis in mice.
Cd increased collagen deposition in the lungs as evaluated by immunohistochemistry (IHC)
staining (fig. S13, B and C). The pulmonary morphological fibrotic changes were assessed
by the semiquantitative morphological index (SMI) (fig. S13D). With exposure to Cd,
hydroxyproline concentrations were increased in a concentration-dependent manner and
peaked at day 14 (fig. S13, E and F). Whether CB alone can induce fibrosis is debated (17,
44, 45). Our data showed that CB alone caused minimal hydroxyproline expression, but the
combination of Cd/CB increased hydroxyproline compared to Cd or CB alone (fig. S13,

G and H). Cd and CB exposure also induced inflammatory cell infiltration indicated by an
increase in the total cell count (fig. S13I), with the dominant cell type being macrophages
(fig. S13J). TEM images also demonstrated the presence of CB within the cytoplasm of lung
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macrophages (fig. S13, K to M). BALF analysis of Cd/CB-treated mice was characterized
by higher active TGF-p1, CTGF, KC (the murine homolog of human IL-8), and MCP-1
concentrations compared with those of saline (Sal)-treated mice (fig. S14).

Cd/CB-induced pulmonary fibrosis is PAD2 dependent

To explore the role of PAD2 in Cd/CB-induced Cit-Vim secretion and lung fibrosis, we used
PADZ7~ mice. PAD2 expression in lung macrophages was absent in 2AD2~~ mice, and
PAD2 expression was increased after exposure to Cd plus CB only in WT mice (Fig. 7, A
and B). The production of Cit-Vim in plasma and BALF was markedly inhibited in 2AD27~
mice compared to WT mice (Fig. 7, C and D). Furthermore, WT mice exposed to Cd/CB
had lung architectural destruction and collagen deposition, whereas the lung from PAD27/~
mice showed less collagen (Fig. 7, E to G). To investigate the role of macrophage Aktl

in the production of Cit-Vim, we generated mice harboring a conditional deletion of Aktl
(Akt1™~Lyz2-cre) in macrophages (46). The expression of p-Akt1 and Aktl in type Il lung
epithelial cells was found in both strains of mice (46). Similar results were also obtained

by using Akt1™~Lyz2-cre mice (fig. S15). As expected, decreases in lung compliance (Fig.
7, H and 1) and inspiratory capacity (Fig. 7J) and increases in whole lung airway resistance
(Fig. 7K), central airway resistance (Fig. 7L), alveolar tissue resistance (Fig. 7M), and
tissue stiffness (Fig. 7N) were observed in CdCl,/CB-exposed mice using respiratory system
mechanics after increasing methacholine challenge. However, the decreased compliances

or increased resistance was markedly recovered in 2AD27~ mice compared to WT mice
after CdCl,/CB administration. These data suggest that PAD2 likely plays a critical role in
Cd/CB-induced Vim citrullination and might be linked to the pathogenesis of lung fibrosis.

Cd/CB-induced pulmonary fibrosis is TLR4 dependent

To link Cd/CB-mediated Cit-Vim production to the pathogenesis of fibrosis, we examined
whether Cd/CB-induced fibrogenesis is dependent on TLR4. Our data showed that the
combination of Cd/CB induced extensive fibrosis in TLR4 WT mice, but notin 7.R4
MUT mice, as assessed by the histological observations (Fig. 8, A and B) and biochemical
confirmation (Fig. 8D). Citrullinated proteins were decreased in 7LR4 MUT mice, and there
was a greater increase in WT mice after Cd/CB exposure (Fig. 8, A and C). Furthermore,
Cd/CB significantly increased (P < 0.001) Cit-Vim in plasma and BALF collected from
WT mice, but not from 7LR4 MUT mice (Fig. 8, E and F). TLR4 expression in lung
fibroblasts was clearly expressed in WT mice but absent in 7.R4 MUT mice (Fig. 8, G
and H). Fibroblasts isolated from TLR4 WT mice showed an increase in both collagen-1
and a-SMA expression when they were incubated with BALF from Cd/CB-treated mice
(Fig. 8, 1 to L). However, the collagen-1 and a-SMA expression was essentially less in
fibroblasts isolated from 7LR4 MUT mice, suggesting that TLR4 is essential for Cd/CB-
induced collagen synthesis and fibroblast differentiation. These observations indicate that
the environmental toxins, Cd and CB, might mediate lung fibrosis through a distinct
macrophage-fibroblast interaction via the production of Cit-Vim.
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DISCUSSION

Despite the identification of genetic variants that predispose individuals to the development
of lung fibrosis, environmental influences on the overall risk of this disease cannot

be overstated. Several reports have demonstrated that Cd/CB deposit within the lung
macrophages and induce an increase in the percentage of lung macrophages (>90%) in mice
BALF (19, 47). Here, we identify Cd and CB, known constituents of CS and environmental
PM, as inducers of Cit-Vim production by lung macrophages, sentinel host defense cells

of the mammalian lung. Our data demonstrate that Cit-Vim is present in plasma and

lung tissue of subjects with IPF, especially smokers. Cit-Vim in lungs from subjects with
IPF correlated positively with Cd in lungs. The presence of Cit-Vim in the plasma may

be a quantitative marker of Cd exposure and directly correlates with lung function and
transplant-free survival. We further show that Cit-Vim functions as a DAMP to activate
TLR4-dependent fibrogenic pathways in lung fibroblasts. Our results indicate that CB/Cd
mediate fibrotic effects in the lung. These effects are triggered by macrophage-derived
Cit-Vim that activates TLR4-dependent NF-xB signaling in lung fibroblasts. We therefore
speculate that Vim citrullination is a specific process that activates macrophages and has
pathogenic effects in fibroblasts by binding TLR4, although other citrullinated proteins such
as Cit-fibrinogen may also activate this pathway in RA (48). The relevance of this pathway
to human disease is supported by the findings of higher amounts of Cit-Vim in association
with Cd and CB in IPF lungs.

DAMPs trigger TLR signaling indicated by the activation of NF-xB and the secretion of
profibrotic cytokines (23, 24). Our data indicate that Cit-Vim, but not Vim, functions as a
DAMP to promote TLR4-dependent NF-xB activation. This finding is important because
Cit-Vim is sufficient to provoke fibroblast activation in vitro and elicit profibrotic cytokine/
chemokine production and TLR4-dependent lung fibrosis in vivo. TGF-B1 (40), CTGF

(41), and 1L-8 (42) are essential profibrotic cytokines/chemokines that play crucial roles in
macrophage/fibroblast activation. Binding of TGF-B1 with both the TGF- receptor type

1 (TBR-1) and TRR-1I is required for the activation of TGF-p1 and their effects, such as
synthesis of connective tissue proteins (49). Both receptors are present on all cells of normal
lung. In IPF, however, only interstitial fibroblasts express both TBR-1 and TBR-I1, whereas
TPR-I is markedly reduced in most cells of IPF (40), suggesting that active TGF-B1 is
predominantly from interstitial fibroblasts. In the current study, exposure of fibroblasts to
Cit-Vim induced the secretion of active TGF-p1, CTGF, and IL-8. Pathological lung fibrosis
in IPF might be similarly elucidated through TLR4-dependent fibrosis driven by endogenous
DAMPs induced by Cd/CB within the injured microenvironment. Endogenous production of
Cit-Vim functions as a DAMP and activates an innate immune response in lung fibroblasts.

CS has been reported to be a risk factor in the pathogenesis of IPF (2, 13-15), yet

little is known about the mechanisms underlying the fibrogenic actions of CS. Cd can be
adsorbed spontaneously onto the surface of carbon particles in environmental PM, and this
phenomenon may enhance the abundant accumulation of metals in human lungs (8). Our
data demonstrate that Cd/CB is a risk factor not only in subjects with IPF that smoked

but also in nonsmokers. Higher concentrations of Cd in patients that do not smoke may

be caused by exposure to Cd through food and/or occupation/environment (50). So far,
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the precise mechanisms underlying the effects of both CB and Cd remain incompletely
understood. The inhibition of Cit-Vim expression and secretion with specific PAD2 and Akt
inhibitors as well as the use of PAD27~ and Akt1™~Lyz2-cre mice demonstrate that the
production of Cit-Vim by macrophages requires Aktl and PAD2 activation and emphasize
the critical role of lung macrophages in the development of lung fibrosis.

In our studies, we provide evidence that Cit-Vim increased invasion by fibroblasts compared
with native Vim in 3D lung pulmospheres, and confirmed by transwell analysis and
increased CD26 expression, suggesting that, compared to native Vim, Cit-Vim might cause
fibroblasts to invade; the binding sites and/or binding receptors of Cit-Vim on the fibroblast
surface may be specific. Invasive fibroblasts in keloid skin lesions are characterized by
accelerated proliferation and aberrant ECM deposition (39, 51). The fact that only Cit-Vim
induces an increase in CD26 surface expression and the fact that CD26" keloid fibroblasts
have excess collagen and ECM deposition compared to CD26™ fibroblasts (39) suggest that
CD26 may be a surface marker to distinguish invasive activated subtypes of fibroblasts

from the noninvasive subtype. In response to Cit-Vim stimulation, increased expression of

a more differentiated type of myofibroblast is also recognized using a.-SMA staining on
flow cytometry analysis and induction of collagen expression by different fibroblasts derived
from control or subjects with IPF strengthens the possible pathogenic role of Cit-Vim.

Protein citrullination is increasingly recognized as a critical pathway in mediating
profibrotic effects in various clinical syndromes, in particular, connective tissue—associated
RA-ILD (27). Cit-Vim peptides have been identified in the lung, plasma, and synovial tissue
from subjects with RA (26). The presence of these peptides in plasma before the joint
involvement suggests that initiation of the disease-specific immune response might occur
at extra-articular sites, such as the lung, rather than at articular sites. Citrullinated proteins
have been found highly expressed in lung sample from patients with chronic obstructive
pulmonary disease (COPD) (52) and IPF (53). We demonstrated here that Cit-Vim was
up-regulated in both lung and plasma from subjects with IPF in a large cohort, suggesting
that Cit-Vim might play a role in lung fibrosis and can then be found in the circulation.
The development of RA and the interaction of CS with the human leukocyte antigen
(HLA)-DR shared epitope genes trigger immune response to citrulline-modified protein
(54), suggesting the important role of gene-environment interaction in the etiology of RA.
Recently, several cytokeratins have also been recognized as major citrullination targets for
Cd exposure in lung epithelial cells (55). Together, these data suggest that Cd exposure
may be a common etiological factor for RA-ILD, COPD, and IPF. A proposed working
hypothesis for IPF is that exposure to Cd/CB through CS and/or other environmental PM
may trigger mechanisms that induce Vim citrullination by activating both Aktl and PAD2
in lung macrophages before the development of lung fibrosis. Our study also suggests that
CdCl,-induced interstitial fibrosis in mice is a potential disease model for lung fibrosis and
IPF. Compared to bleomycin-induced fibrosis (56, 57), CdCly-induced interstitial fibrosis
occurs early, lasts longer, and cannot be reversed even after 28 days of exposure (fig. S13,
D and F) and therefore is more similar to IPF. This finding may be attributed to the long
half-life of Cd.
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PAD2 and PAD4 are the primary PADs expressed in macrophages (33). Here, we
demonstrate that PAD2, but not PAD4, was induced by Cd/CB stimulation in macrophages
isolated from subjects with IPF. The protective role of PAD inhibition has been observed
in several diseases. One study reported that a pan-PAD inhibitor reduced disease severity
in a collagen-induced arthritis model (58). PAD2 enzyme inhibition was also found

to impair NLRP3 inflammasome assembly and IL-1p release in macrophages primed

with lipopolysaccharide (LPS) and NLRP3 inflammasome activator (33). In vivo, PAD2
modulated autoimmunity and T cell function in TLR7-dependent lupus model indicated
by lower amounts of autoantibodies and down-regulation of T helper 1 (Ty1) and TH17
responses in PAD2~/~ mice compared to WT mice (32). Our finding that PAD27~ mice
displayed protection from lung fibrosis with preservation of lung architecture, lower
collagen deposition, and absence of the decreased lung compliance and other abnormal
lung physiological parameters raises the possibility that PAD2 inhibition could function as a
promising strategy for treating Cd/CB-induced lung fibrosis.

A two-strike model can be postulated for the pathogenesis of pulmonary fibrosis, where
genetically susceptible individuals who are exposed to environmental Cd/CB through the
induction of Cit-Vim subsequently develop lung fibrosis. Our results suggest a link between
environmental Cd and Cit-Vim-induced lung fibrosis.

One of the limitations of this study is that although mice were treated with Cd to achieve
similar concentrations in lung tissue to those in subjects with IPF, only a single dose of

Cd cannot completely recapitulate the pathogenic course of IPF, a chronic, progressive, and
irreversible lung disease. Another limitation of our study is the relatively small size of cohort
1 (lung tissue), especially when smoking status of the subjects was analyzed. Therefore,

a larger cohort is necessary to evaluate the importance of smoking as a risk factor for

IPF. Although Cit-Vim can be accurately measured in plasma and lung tissues, it may also
be present in other body fluids, such as BALF and exhaled breath condensate. Given the
existence of many toxins in CS and activation of multiple signaling pathways, it still remains
difficult to determine quantitively the degree to which Cd/CB contribute to the pathogenesis
of IPF.

MATERIALS AND METHODS

Study design

This observational study was designed to investigate the role of Cit-Vim and the
pathogenesis of Cd/CB-induced Cit-Vim in lung fibrosis. To evaluate Cd and Cit-Vim
accumulation in tissue, lung biopsies from 25 subjects with IPF (8 never-smokers and 17
smokers) and 14 control (8 never-smokers and 6 smokers) were processed in parallel for
Cd using inductively coupled plasma mass spectrometry (ICP-MS) (7) and, for Cit-Vim,
using IHC, immunoblot, and sandwich enzyme-linked immunosorbent assay (ELISA). IPF
lung specimens were obtained from diseased parts removed from therapeutic transplantation
or by video-assisted thoracic surgery (VATS). Control lung specimens were obtained from
resections or lobectomy during surgery, or the uninvolved lobes of control subjects during
VATS who did not have any lung parenchymal abnormality. Random selection of 10 BALF
from subjects with IPF and 5 BALF from control subjects was obtained for evaluating the

Sci Transl Med. Author manuscript; available in PMC 2021 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 11

existence of CB using Hema 3 (Thermo Fisher Scientific) and TEM. Plasma contents of
Cit-Vim were determined in 84 subjects with IPF (19 never-smokers and 65 smokers) and
57 healthy control (35 never-smokers and 22 smokers). The diagnosis was based on standard
criteria (1), and samples were recruited from the University of Alabama at Birmingham
(UAB) ILD Clinic after approval by the institutional review board. FVC and DLCO were
performed for pulmonary function. Primary lung macrophages isolated from subjects with
IPF were purified for evaluating the secretional mechanisms of Cit-Vim, and primary lung
fibroblasts isolated from normal control or subjects with IPF were used to assess the

roles of Cit-Vim ex vivo or in vitro, as described previously (7, 46). In vitro experiments
were performed in triplicate unless specified. Three mice models, including 7TLR4 MUT,
PADZ7~, and Akt1™~Lyz2-cre mice, were used to evaluate the role of TLR4, PAD2, and
Aktl in Cit-Vim- or Cd/CB-induced lung fibrosis, respectively. Fibrosis was evaluated by
IHC and hydroxyproline assay. Cit-Vim amounts and Cd/CB-induced cytokine/chemokine
production were evaluated by ELISA. Downstream protein expression was assessed by
immunoblot analysis. Animal experiments were approved by the Institutional Committee

of Animal Care at UAB. Mice were randomly assigned to experimental groups. Treatment
groups were blinded, and no outliers were excluded from the datasets. An equal number of
female and male mice (6 to 8 weeks old) were selected in this study. Mice were evaluated at
the endpoints of days 3, 7, 14, 21, and 28.

Mice models of lung fibrosis

To evaluate the fibrogenetic role of Cit-Vim, C3H/HeOuJ 7LR4WT and C3H/HeJ 7LR4
MUT (a spontaneous mutation in the TLR4 gene, 7/r4/°Sd, The Jackson Laboratory) mice
were treated by intratracheal instillation (IT) once to Sal, native Vim, or Cit-Vim (2 mg/
kg). In other experiments, PADZ7~ mice (provided by S. A. Coonrod), AktI™~Lyz2-cre
mice with a conditional deletion of Aktl in macrophages (46), and 7LR4MUT and WT
mice in parallel were given once with CdCl, (0.16 mg/kg, Sigma-Aldrich) and/or CB

(5.0 mg/kg, Sigma-Aldrich). For BALF, three instillations of 1 ml of phosphate-buffered
saline (PBS) were performed for each mouse and the differential number of cells in BALF
was counted according to standard hematological procedures. Lung tissues were dried and
acid-hydrolyzed (6 N HCI at 95°C for 20 hours), and collagen deposition was assessed by
checking hydroxyproline concentration as per the manufacturer’s protocols (Chondrex).

Citrulline and collagen-1 expression in lung biopsies

Immunostaining in formalin-fixed, paraffin-embedded lung sections (4 um) was performed
to assess expression of citrulline (1:400; MilliporeSigma) or collagen-1 (1:200; Rockland) in
lung tissues using a diaminobenzidine (DAB) staining kit (Dako). Immunofluorescence was
assessed and quantified using Bioquant Imaging Analysis software. The average positive
area density in each subject was calculated from 10 random areas.

Evaluation of invasive capacity in ex vivo pulmospheres

3D pulmospheres from normal human lungs were prepared in Hema-coated (5 mg/ml in
95% ethanol) plates as described previously (38). To perform invasion assay, 96-well plates
were coated with collagen—Dulbecco’s modified Eagle’s medium (DMEM) solution (3.98
mg/ml, pH 7 to 7.4) and single lung pulmospheres were seeded onto wells with 100 pl of
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the collagen-DMEM solution in the presence or absence of Vim or Cit-Vim (2 pg/ml) and
cultured for 12 hours. Images were acquired and analyzed using an AxioCam camera and
imaging software (Carl Zeiss). The invasiveness of pulmospheres was evaluated using the
percentage of zone of invasion (ZOl) after the calculation was reported (38).

Measurements of cytokines/chemokines

ELISA was used to measure cytokine/chemokine concentrations in culture media, lung
tissue suspensions, and BALF according to the manufacturer’s instructions. Mouse
interferon-y (IFN-vy), IL-6, IL-10, and MCP-1 were detected using the BD Cytometric Bead
Array (BD Biosciences). ELISA kits for mouse IL-4, IL-13, KC, human IL-8, and CTGF
were provided by R&D Systems, for active TGF-B1 by BioLegend, and for mouse CTGF by
Lifespan Biosciences.

Flow cytometric analysis

For apoptosis analysis, lung macrophages were stained with annexin V-FITC (fluorescein
isothiocyanate) and propidium iodide (PI) (Imgenex Corporation) together with Vim-

PE (phycoerythrin) (BD). ROS production was evaluated by staining cells with 2",7"-
dichlorodihydrofluorescein diacetate (DCFDA; Abcam) for 30 min and then cultured for
additional 2 hours with CdCl, and/or CB in the presence or absence of Mito-TEMPO
(Sigma-Aldrich) before analysis by flow cytometry. Human fibroblasts were stained

with CD26-PE (BioLegend), TLR1-FITC (Abcam), TLR2-FITC (Abcam), or TLR4-PE
(Abcam) for measuring their surface expression in response to Vim or Cit-Vim (2 pg/ml)
stimulation. Intracellular expression of a-SMA was detected by staining cells with a-
SMA-APC (allophycocyanin) (R&D Systems), and TLR9 was characterized by staining
unlabeled anti-TLR9 (Novus) followed by counterstaining with APC-conjugated anti-mouse
immunoglobulin G (IgG). Data were acquired with LSR 1l (BD Biosciences) and analyzed
using FlowJo software (version 10.6.1).

Statistical analysis

Two-tailed ftest was performed for two group comparisons and one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test for three or more group comparisons.
Spearman rank correlations were used to analyze the relationships between variables.
Product-limit estimation was used for survival analyses, and HR and 95% confidence
intervals (Cls) were established using Cox proportional hazard regression. A P value of
<0.05 was considered significant. Values are shown as means + SEM unless specified.
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Fig. 1. Cd and CB accumulate highly in lung tissue from subjects with | PF, especially smokers.
(A and B) Cd contents by ICP-MS from lung tissues for (A) control (Con) (7= 14) and

IPF (n=25) and (B) control never-smoker (NS) (n = 8), control smoker (S) (n=6), IPF
never-smoker (n=8), and IPF smoker (7= 17). (C and D) Quantification of CB-positive
macrophages from Hema 3-stained BALF for (C) control (n=5) and IPF (7= 10) and (D)
control never-smoker (7= 3), control smoker (n=2), IPF never-smoker (7= 4), and IPF
smoker (7= 6). **P< 0.01 and ***P < 0.001 using two-tailed ¢test for (A) and (C) and
one-way ANOVA followed by Tukey’s post hoc analysis for (B) and (D).
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Fig. 2. Cd positively correlateswith Cit-Vim, and Cit-Vim correlates with lung function
parameter s and transplant-free survival.

(A) Representative human lung histology with citrulline staining (arrows: stained brown)
from control (7= 8) and subjects with IPF (7= 9). (B) Higher magnification of inset from
(A). Open arrow indicates CB. Scale bars, 100 um. (C) DAB staining density from (A)
was quantified. (D) Immunoblot analysis of Cit-Vim and Vim in lung macrophage. (E)
Quantification of Cit-Vim and Vim expression from (D). (F) Cit-Vim amounts by ELISA
in lung tissues and (G) analyzed by smoking status. (H) Correlation analysis of Cd with
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Cit-Vim in lung tissue from subjects with IPF (7= 25). (1) Cit-Vim amounts by ELISA in
plasma and (J) analyzed by smoking status. Correlation analysis of plasma Cit-Vim with
predicted percentage of (K) FVC and (L) DLCO. Pand rvalues were determined using
Spearman rank correlations. (M) Transplant-free survival analysis during the next 2 years
between the subjects with higher Cit-Vim and subjects with lower Cit-Vim. HR and CI
values were established by Cox proportional hazard regression. **£< 0.01 and ***P<
0.001 using two-tailed #test for (C) and (F) and one-way ANOVA followed by Tukey’s post
hoc analysis for (E), (G), and (J).
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Fig. 3. The secretion of Cit-Vim isdependent on the activation of Aktl and PAD2, and
citrullinated arginine (R) isidentified by IP-MS.

(A) Immunoblot analysis in lung macrophages treated with Sal or CdCl, (1.8 pug/ml) plus
CB (10 pg/ml) for 2 hours. Cells were pretreated with vehicle (\Veh), CsA (20 uM), or LY
(20 uM) for 2 hours. (B) Quantification of PAD2, Cit-Vim, and Vim expression from (A)
(n=13). (C) Supernatants were concentrated and analyzed by immunoblot analysis at 48
hours. (D) Quantification of Cit-Vim and Vim expression from (C) (n= 3). (E) Different
time points by CdCl, plus CB. (F) Quantification of Cit-Vim and Vim expression from (E)
(n=13). (G) Pretreatment with AFM-30a (5 uM) overnight or LY for 2 hours, followed

by CdCls plus CB for 48 hours. (H) Quantification of Cit-Vim expression from (G) (n=

3). (1) Immunoprecipitated samples were performed with MS analysis for the citrullinated
cites. The deamination (also termed citrullination) site was indicated by R (as highlighted in
magenta; the residue number is AA175 based on the UniProtKB sequence). *£< 0.05, **P
<0.01, and ***P< 0.001 using one-way ANOVA followed by Tukey’s post hoc analysis.
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Fig. 4. Cit-Vim exposure induces a more invasive subtype of fibroblast and enhancesthe

expression of collagen and a-SMA.

Primary human lung fibroblasts (5 x 10°/ml) isolated from normal subjects were incubated
with Vim or Cit-Vim (2 pg/ml). (A) Representative phase-contrast images of pulmospheres
from normal human lung (n7=5) with Vim or Cit-Vim for 12 hours. Scale bars, 250

um. (B) Invasiveness of pulmospheres evaluated using the percentage of ZOl. Each dot
represents each subject indicated by the mean value of ZOI from six lung pulmospheres.
(C) Representative histograms on flow cytometry showing expression of CD26. (D)
Quantification of CD26 expression in (C) using the mean fluorescence intensity ratio
(MFIR) calculated by dividing the MFI of medium (dot line), Vim (dashed line), or
Cit-Vim (solid line) by the MFI of isotype control (gray-filled histogram). (E) Co/Ia 1
and (F) Col3a1 mRNA expression in fibroblasts stimulated with Vim or Cit-Vim. Data
are representative from three individual subjects. (G) Representative histogram on flow
cytometry showing expression of a-SMA. (H) Quantification of a-SMA expression in (G)
using MFIR as shown in (D). *P< 0.05, **P< 0.01, and ***P < 0.001 using one-way

ANOVA followed by Tukey’s post hoc analysis.
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Fig. 5. Cit-Vim exposure induces TL R4/NF-xB-mediated cytokine/chemokine production.
(A) Representative histograms on flow cytometry showing surface expression of TLR1,

TLR2, TLR4, and intracellular TLR9. (B) Quantification TLR expression using the MFIR
as shown in Fig. 4D. Lung fibroblasts isolated from normal subjects were incubated for 48
hours, and each dot represents each subject. (C) Immunoblot analyses of p-IxB and IxB
expression in whole fractions. (D) Quantification of p-IxB expression from (C) (n= 3). (E)
p65 and lamin A/C expression in nuclear extracts. (F) Quantification of p65 expression from
(E) (n=3). Lung fibroblasts were preincubated with 1gG control, anti-TLR4 antibody (10
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ug/ml), vehicle, or NF-xB inhibitor (pyrrolidine dithiocarbamate, PDTC, 100 uM) for 1 hour
and then stimulated with Vim or Cit-Vim (2 pg/ml) for 2 hours. Lamin A/C was used as

a nuclear protein loading control, and a-tubulin was used as a cytoplasm protein control.

(G) Cytokine/chemokine concentrations by ELISA in fibroblast supernatants stimulated
with Cit-Vim for 24 hours in the presence of IgG control, anti-TLR4 antibody, vehicle, or
PDTC. **P< 0.01 and ***P < 0.001 using one-way ANOVA followed by Tukey’s post hoc
analysis.
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Fig. 6. Cit-Vim, but not Vim, can effectively induce cytokine/chemokine production and lung
fibrosis.

TLR4 WT or 7TLR4MUT mice (n=5 per group) were treated intratracheally with Vim or

Cit-Vim (2 mg/kg). (A) Representative lung histology with collagen-1 staining at day 14.
(B) DAB staining density from (A) was quantified. Scale bars, 100 pum. (C) Hydroxyproline
content at day 14. Cytokine/chemokine concentrations by ELISA at day 14 in lung tissue

suspensions for (D) active TGF-B1, (E) CTGF, and (F) KC. Each dot represents individual
mouse. **£< 0.01 and ***£ < 0.001 using one-way ANOVA followed by Tukey’s post hoc
analysis.
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Fig. 7. Cd/CB-induced Vim citrullination and lung fibrosis are dependent on PAD2 expression,
and respiratory mechanics analysis demonstrates decreased disease susceptibility in PAD2/~
mice.

(A) Immunoblot analysis in mice lung macrophages from WT (Sal, n=4; Cd + CB, n

= 6) and PAD2~mice (Sal, n=5; Cd + CB, = 5) treated with Sal or CdCl, (0.16
mg/kg) plus CB (5.0 mg/kg). Arrow represents specific band. (B) Quantification of PAD2
expression from (A) (n7= 3). Cit-Vim amounts by ELISA in (C) plasma and (D) BALF

at day 14. (E) Representative lung histology with collagen-1 staining at day 14. (F) DAB
staining density from (E) was quantified. Scale bars, 100 um. (G) Hydroxyproline content
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at day 14. Respiratory mechanics analysis was performed in paralyzed and mechanically
ventilated mice 14 days after Sal or CdCl, plus CB administration. The parameters (H) Cst,
(1) K, and (J) A were assessed using the baseline values. (K) Rrs, (L) Rn, (M) G, and (N) H
were evaluated using both baseline values (top) and average values from 12 measurements at
different concentrations of methacholine (bottom). Each dot represents individual mouse. *P
<0.05, **P<0.01, and ***P < 0.001 using one-way ANOVA followed by Tukey’s post hoc
analysis.
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Fig. 8. Cd/CB-induced interstitial fibrosisin miceis TL R4 dependent.
TLR4 WT or TLR4MUT mice (n =5 per group) were treated intratracheally with Sal

or CdCl, + CB (CdCls, 0.16 mg/kg; CB, 5.0 mg/kg). (A) Representative lung histology
with collagen-1 and citrulline staining at day 14. DAB staining densities from (A) for

(B) collagen-1 and (C) citrulline were quantified. Scale bars, 100 um. (D) Hydroxyproline
content at day 14. Cit-Vim amounts by ELISA in (E) plasma and (F) BALF at day 14 after
mice exposure. (G) Immunoblot analysis of TLR4. (H) Quantification of TLR4 expression
from (G) (= 13). (1) Collagen-1. (J) Quantification of collagen-1 expression from (I) (n
=3). (K) a-SMA. (L) Quantification of a-SMA expression from (K) (7= 3) in lung
fibroblasts isolated from TLR4 WT or 7LR4 MUT mice. For checking collagen-1 and
a-SMA expression, cells were cultured with BALF collected from Sal- or CdClI, + CB-
treated mice. Each dot represents individual mouse. ***£< 0.001 using one-way ANOVA
followed by Tukey’s post hoc analysis.
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