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Myeloid Heterogeneity Mediates Acute Exacerbations of
Pulmonary Fibrosis

Jennifer L. Larson-Casey,* Komal Saleem,*' Ranu Surolia,*' Jyotsana Pandey,*
Matthias Mack,Jr Veena B. Antony,* Sandeep Bodduluri,*’* Surya P. Bhatt,*’i Steven R. Duncan,*
and A. Brent Carter®?

Epidemiological evidence indicates that exposure to particulate matter is linked to the development of idiopathic pulmonary fibrosis
(IPF) and increases the incidence of acute exacerbations of IPF. In addition to accelerating the rate of lung function decline, exposure
to fine particulate matter (particulate matter smaller than 2.5 pm [PM,5]) is a risk factor for increased mortality in subjects with
IPF. In this article, we show that exposure to PM, 5 mediates monocyte recruitment and fibrotic progression in mice with established
fibrosis. In mice with established fibrosis, bronchoalveolar lavage cells showed monocyte/macrophage heterogeneity after exposure to
PM, 5. These cells had a significant inflammatory and anti-inflammatory signature. The mixed heterogeneity of cells contributed to
the proinflammatory and anti-inflammatory response. Although monocyte-derived macrophages were recruited to the lung in
bleomycin-injured mice treated with PM, s, recruitment of monocytes expressing Ly6C™ to the lung promoted progression of fibrosis,
reduced lung aeration on computed tomography, and impacted lung compliance. Ly6C™ monocytes isolated from PM, s-exposed
fibrotic mice showed enhanced expression of proinflammatory markers compared with fibrotic mice exposed to vehicle. Moreover, IPF
bronchoalveolar lavage cells treated ex vivo with PM, 5 showed an exaggerated inflammatory response. Targeting Ly6C™ monocyte
recruitment inhibited fibrotic progression in mice. Moreover, the adoptive transfer of Ly6C™ monocytes exacerbated established
fibrosis. These observations suggest that enhanced recruitment of Ly6C™ monocytes with a proinflammatory phenotype mediates acute
exacerbations of pulmonary fibrosis, and targeting these cells may provide a potential novel therapeutic target to protect against acute

exacerbations of IPF. The Journal of Immunology, 2023, 211: 1714-1724.

ir pollution is the leading environmental cause of prema-

ture reversible death and disability in the world (1). The

component of air pollution containing particulate matter
smaller than 2.5 pwm (PM,;s) in diameter accounts for most health
impacts caused by air pollution. More than 13% of deaths in the
United States are attributable to exposure to PM, s (2). The adverse
effects of PM, 5 are well established in subjects with cardiovascular
disease, hypertension, type 2 diabetes mellitus, chronic kidney
disease, chronic obstructive pulmonary disease (COPD), and
asthma (1, 3, 4); however, PM, s has only recently been recog-
nized as a factor in the progression of idiopathic pulmonary fibro-
sis (IPF) (5, 6).

IPF is characterized by progressive, irreversible scarring of the
lungs (7). Approximately 30% of individuals with IPF experience
an acute exacerbation (AE), a sudden acceleration of the disease
resulting in respiratory failure. AE-IPF results in a median survival
of <3 mo (8-11). In addition to accelerating the rate of lung

function decline, exposure to PM, s increases progression and
mortality in IPF (12-15). PM, 5 exposure leads to adverse clini-
cal outcomes in IPF (12, 13, 15-18); however, critical knowl-
edge gaps exist in the cellular and molecular mechanism(s) that
mediate AE-IPF.

Increased circulating monocyte count is associated with poor out-
comes in IPF and is a prognostic marker of mortality in subjects with
fibrotic diseases (19, 20). In particular, subjects with progressive IPF
show higher monocyte counts and a poorer prognosis than those with
nonprogressive disease (19, 20). A retrospective study determined
that absolute monocyte count was an independent risk factor for
AE in individuals with progressive fibrosing interstitial lung dis-
ease (21).

In fibrotic disorders of the lung, monocyte-derived macrophages
(MDMs) have a decisive role in fibrotic remodeling of the injured
lung. We have previously shown that macrophages have an anti-
inflammatory phenotype in several models of pulmonary fibrosis,

*Division of Pulmonary, Allergy, and Critical Care Medicine, Department of Medicine,
University of Alabama at Birmingham, Birmingham, AL; ¢Department of Nephrology,
University of Regensburg, Regensburg, Germany; TUAB Lung Imaging Lab, University
of Alabama at Birmingham, Birmingham, AL; and E*Birmingham Veterans Administra-
tion Medical Center, Birmingham, AL

'K.S. and R.S. contributed equally to this work.

ORCIDs: 0000-0001-7238-7986 (J.L.L.-C.); 0009-0008-5273-1960 (K.S.); 0000-0002-
8418-4497 (S.P.B.); 0000-0001-6002-4715 (A.B.C.).

Received for publication January 20, 2023. Accepted for publication September 15, 2023.

This work was supported by the National Institute of Environmental Health Sciences,
National Institutes of Health (Grants SROIES015981-15 and P42 ES027723-03 to
A.B.C.), U.S. Department of Veteran Affairs (Grant 5101 CX001715-04 to A.B.C.; Grant
U01 HL133232-01A1 to S.R.D.; and Grant RO1 HL151421 to S.P.B.), and a University
of Alabama at Birmingham Faculty Development Grant (to J.L.L.-C.). Additional
support was provided by the Comprehensive Flow Cytometry Core through the Center
for AIDS Research (Grant A1027767), the O’Neal Comprehensive Cancer Center (Grant
CA013148), and the University of Alabama at Birmingham High Resolution Imaging
Facility.

https://doi.org/10.4049/jimmunol.2300053

J.L.L.-C. and A.B.C. developed the concept and design of the study. J.L.L.-C., K.S.,
R.S., and J.P. assisted with conducting experiments. J.L.L.-C., R.S., J.P., S.B,, S.P.B.,
S.R.D., and A.B.C. acquired data. J.L.L.-C., M.M., V.B.A,, and A.B.C. provided reagents.
JL.L.-C., MM, S.B,, S.P.B., S.R.D., and A.B.C. provided analysis and interpretation of
experiments and results. J.L.L.-C. and A.B.C. wrote the manuscript.

Address correspondence and reprint requests to Dr. Jennifer L. Larson-Casey, 1918
University Boulevard, 710 MCLM, Pulmonary, Allergy, and Critical Care Medicine,
University of Alabama at Birmingham, Birmingham, AL 35294. E-mail address:
jennifercasey@uabmc.edu

The online version of this article contains supplemental material.

Abbreviations used in this article: AE, acute exacerbation; AE-PF, acute exacerbation
of pulmonary fibrosis; BAL, bronchoalveolar lavage; COPD, chronic obstructive
pulmonary disease; CT, computed tomography; HU, Hounsfield unit; IPF, idiopathic
pulmonary fibrosis; i.t., intratracheally; MDM, macrophage-derived macrophage; MHC II,
MHC class II; mtROS, mitochondrial reactive oxygen species; PM, s, particulate matter
smaller than 2.5 wm; RAM, resident alveolar macrophage; WT, wild-type.

Copyright © 2023 by The American Association of Immunologists, Inc. 0022-1767/23/$37.50

20z Arenuer z0 uo Jasn jyoaunn deaujolqigsiepsionun Aq ypd-€5000€21/6928791L /7L LL/L L/ L LZ/pd-Bjome/ounwwif/Bio e s|eunolj/:dpy woly papeojumoq


http://orcid.org/0000-0001-7238-7986
http://orcid.org/0009-0008-5273-1960
http://orcid.org/0000-0002-8418-4497
http://orcid.org/0000-0001-6002-4715
https://orcid.org/0000-0001-7238-7986
https://orcid.org/0009-0008-5273-1960
https://orcid.org/0000-0002-8418-4497
https://orcid.org/0000-0002-8418-4497
https://orcid.org/0000-0001-6002-4715
mailto:jennifercasey@uabmc.edu

The Journal of Immunology

including IPF (22-27). The role of distinct subsets of macrophages,
including MDMs, has not been determined in AE-IPF. In contrast
with IPF, AE-IPF is thought to often be triggered by an acute inflam-
matory or infectious process (28).

We show that mice with established fibrosis are more susceptible
to fibrotic progression after exposure to particulate matter. In our AE
of pulmonary fibrosis (AE-PF) mouse model, mice show a combined
increase in proinflammatory and anti-inflammatory responses in iso-
lated mononuclear cells. Recruitment of Ly6C monocytes was a com-
ponent in the population of mononuclear cells. Inhibition of Ly6C™
monocyte recruitment by administration of an mAb to mice prevented
fibrotic progression and decreased the inflammatory response in our
murine model of AE-PF.

Materials and Methods

Human subjects

We obtained human bronchoalveolar lavage (BAL) cells as previously
described (29) from IPF subjects under protocols (300001124 and 01670)
approved by the Human Subjects Institutional Review Boards of University
of Alabama at Birmingham and the Birmingham Veterans Administration
Medical Center, respectively. Human BAL specimens were used for research
only. All subjects provided prior written consent to participate in the study.
IPF subjects had to meet the following criteria: (1) forced vital capacity at
least 50% predicted, (2) current nonsmoker, (3) no recent or current evidence
of infection, (4) evidence of restrictive physiology on pulmonary function
tests, and (5) usual interstitial pneumonia pattern on high-resolution chest
computed tomography (CT). Fiberoptic bronchoscopy with BAL was per-
formed after subjects received local anesthesia. Three subsegments of the
lung were lavaged with five 20-ml aliquots of normal saline, and the first ali-
quot in each was discarded. The percentage of macrophages was determined
by Wright—Giemsa stain and varied from 90 to 98%.

Animal studies

Protocols were approved by University of Alabama at Birmingham Institu-
tional Animal Care and Use Committee under protocol 22294 and were per-
formed in accordance with National Institutes of Health guidelines. Eight- to
twelve-week-old male and female wild-type (WT) CS7BL/6J mice were
intratracheally (i.t.) administered 1.75 U/kg bleomycin or saline as a negative
control. On day 14 or 21, mice were exposed to vehicle (saline) or 8.25 pg
PM, s [equivalent human dose to the maximal Environmental Protection
Agency daily standard, 35 pg/m’ (30)] it. daily for 7 consecutive days. BAL was
performed at 21 or 28 d. In some experiments mice were treated with an
anti-CCR2 mAb, clone MC-21 (20 pg ip. daily), or IgG control for 5 d,
as previously described (31). For adoptive transfer studies, 1 X 10° bone
marrow—derived, FACS-sorted Ly6C™ monocytes or media were administered i.t.
Adoptive transfer was performed 1 d before bleomycin exposure with mice
harvested on day 21, or 21 d after bleomycin exposure with mice harvested on
day 28. BAL was conducted and cytospins were generated to determine cell
differential by Wright—Giemsa stain. The lungs were removed and stained
for collagen using Masson’s trichrome staining. Blood monocytes were iso-
lated from cardiac puncture by density gradient centrifugation using Ficoll-
Paque. Bone marrow cells were isolated from the femurs and tibias of WT
mice.

Micro-CT imaging

Under isoflurane anesthesia, in vivo micro-CT images were acquired (MILabs
small animal micro-CT) in supine position at deep inspiratory phase of respi-
ration. The following image parameters were used for the image acquisition
at tube voltage (55 kV) and tube current (0.19 mA) and with 20-ms exposure.
After image acquisition, the lung parenchyma was segmented using Otsu
algorithm provided by Chest Imaging Platform package in 3D-Slicer imaging
software (32). The density threshold for lung parenchyma was automatically
selected through Otsu algorithm to separate regions of lung parenchyma. The
generated lung mask was subsequently used to identify regions higher and
lower than —500 Hounsfield units (HUs) representing nonaerated and aerated
lung regions (33).

Respiratory mechanics analysis

Anesthetized mice (xylazine, 5 mg/kg and ketamine, 130 mg/kg) were
subjected to FlexiVent (SCIREO, Montreal, QC, Canada), as previously
described (34). In brief, tracheotomy was performed for intubation. Mice were
mechanically ventilated at 150 breaths/min, tidal volume of 10 ml/kg, and a
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positive end expiratory pressure of 3 cmH,0O. Compliance was evaluated using
the PV-Loop Salazar Knowles equation. Investigators were blinded to treat-
ment conditions during experiments and when assessing the outcome.

Quantitative real time PCR

Total RNA was isolated and reverse transcribed, and quantitative real-time
PCR was performed as described previously (23). Data were calculated by
the cycle threshold (*ACT) method, normalized to B-actin, and expressed in
arbitrary units. The following primer sets were used: mouse Arginase | RNA,
mouse arginase I: 5'-CAG AAG AAT GGA AGA GTC AG-3' and 5'-CAG
ATA TGC AGG GAG TCA CC-3'; mouse TGF-B1: 5'-CGG AGA GCC
CTG GAT ACC A-3' and 5'-TGC CGC ACA CAG CAG TTC-3; mouse
Ly6C: 5'-CTG CAG TGC TAC GAG TGC TA-3" and 5'-TGC AGA ATC
CAT CAG AGG CG-3'; mouse TNF-a: 5'-CAC TTG GTG GTT TGC
TAC GA-3" and 5'-CCA CAT CTC CCT CCA GAA AA-3'; human Argi-
nase-1: 5'-TTC TCA AAG GGA CAG CCA CG-3' and 5'-TAG GGA TGT
CAG CAA AGG GC-3'; human iNOS: 5'-CGG TGC TGT ATT TCC TTA
CGA GGC GAA GAA GG-3' and 5'-GGT GCT GCT TGT TAG GAG
GTC AAG TAA AGG GC-3'; human TGF-B1: 5'-CGT GGA GCT GTA
CCA GAA ATA C-3' and 5'-CAC AAC TCC GGT GAC ATC AA-3';
human TNF-a: 5'-CAG CCT CTT CTC CTT CCT GA-3' and 5'-AGC
CTT GGC CCT TGA AGA-3".

Flow cytometry

Cells were blocked with 1% BSA containing TruStain fcX (anti-mouse
CD16/32) Ab (101319; BioLegend), followed by staining with Abs. Abs
used were Rat anti-mouse CD45-PE (12-0451-82; eBioscience), LIVE Dead-
eFlour506 (65-0866; Invitrogen), Rat anti-mouse CDI1b-allophycocyanin-
Cy7 (101225; BioLegend), anti-mouse CD64-PE-Cy7 (139313; BioLegend),
Rat anti-mouse Ly6G-AF700 (561236; BD), Rat anti-mouse Siglec F-allo-
phycocyanin (155507; BioLegend), Rat anti-mouse Ly6C: eFlour450 (48-
5932-82; Invitrogen), and Rat anti-mouse MHC class II (MHC II)-PerCP-
Cy5.5 (562363; BD). A hierarchical gating strategy was used to represent
resident alveolar macrophages (RAMs) as CD45"CD11b""Ly6G~CD64 ™"
Ly6C Siglec F"; MDMs as CD45"CD11b"""Ly6G~CD64 " Ly6C™Siglec
F° Ly6C as CD45"CD11b*Ly6G~CD64""MHC II Ly6C"Siglec F~;
Ly6C* as CD45"CD11b"Ly6G CD64""MHC II"Ly6C"Siglec F~; and
Ly6C"™ bone marrow—derived monocytes and blood monocytes as CD45™
CDI11b*Ly6G Ly6C". Data were acquired on FACSAria II, LSR Fortessa,
or LSR II (BD Biosciences) using BD FACSDiva software (version 8.0.1).
Data were analyzed using FlowJo (FlowJo) software (Version 10.5.0).

Confocal imaging

BAL cells were fixed with 4% paraformaldehyde in PBS for 45 min at
room temperature, followed by permeabilization for 3 min and incubated
with PBS containing 5% BSA for 45 min. Cells were incubated with rat
anti-Ly6C-FITC (ab25025; Abcam) and counterstained with DAPI. Nikon
Al Confocal was used for imaging.

Immunohistochemistry

The immunohistochemistry protocol was previously described (22). In brief,
lung tissue sections from mouse (4 pwm thick) were prepared and deparaffi-
nized. Tissues were rehydrated with gradient series of ethanol followed by
blocking and incubated with TruStain FcX PLUS anti-mouse CD16/32
(156604; BioLegend). All the sections were stained with ZO-1 anti-rabbit
polyclonal (61-7300; Thermo Fisher), Goat Anti-Rabbit IgG (H+L), Mouse/
Human ads-TRITC (4050-031; Southern Biotech), and then counterstained
with DAPI (MP Biologicals). Tissue sections were fixed using Vecta Mount,
permanent mounting medium (Vector Laboratories) followed by confocal
microscopy. The Nikon A1 confocal microscope was used for imaging.

ELISA

Active TGF-B1, TNF-a, and CCL2 expression were determined in BALF
using ELISA kits (R&D Systems) according to the manufacturer’s instruc-
tions. Mouse albumin ELISA was determined as previously described (23).

Hydroxyproline analysis

Lung tissues were dried to a stable weight and acid hydrolyzed with 6N
HCI for 24 h at 110°C. Samples were resuspended in 1.5 ml PBS followed
by incubation at 60°C for 1 h. Samples were centrifuged at 13,000 rpm,
and the supernatant was taken for hydroxyproline analysis by using chlora-
mine-T. Hydroxyproline concentration was normalized to the dry weight of
the tissue (23).

202 Alenuer Zo uo Jasn Jyoeun JesuoNqIgsHalsIoAun Ad Jpd-€S000€ZI/6928791L /L LLIL L/ LZ/pd-ajolie/ounwwi/B10 e s|eunol//:diy woy papeojumoq



1716

Mitochondrial ROS generation

MitoSOX, a mitochondrial superoxide indicator (Thermo Fisher Scientific),
was used to detect mitochondrial superoxide anion according to the
manufacturer’s protocol. Equal numbers of cells were treated with 5 uM for
30 min at 37°C and subjected to fluorescent reading (excitation, 510 nm;
emission, 580 nm).

Materials

Bleomycin was obtained from the University of Alabama at Birmingham
Animal Resources Program. PM, s was collected from ambient air in an
urban area and purchased from National Institute of Standards and Tech-
nology standard reference material.

Statistics

Statistical comparisons were performed using a Student # test when only two
groups of data are presented, or one-way ANOVA with a Tukey’s post hoc
test. All results were expressed as mean + SEM, and p < 0.05 was con-
sidered to be significant. GraphPad Prism statistical software was used for
all analyses.

Study approval

We obtained BAL cells under approved protocols 300001124 and 01670 by
the Human Subjects Institutional Review Board of the University of Alabama
at Birmingham and the Birmingham Veterans Administration Medical Center,
respectively. Human BAL specimens were used for research only. All subjects
provided prior written consent to participate in the study. Animal experiments
were approved by the University of Alabama at Birmingham Institutional
Animal Care and Use Committee under protocol 22294 and were performed
in accordance with National Institutes of Health guidelines.

Results

Fibrotic progression occurs in AE-PFs

Recent epidemiological evidence indicates that PM, s can cause
AE-IPF (15, 35). To determine whether fibrotic progression occurred
in an early stage of fibrosis (36), we subjected mice to daily exposure
of PM, s starting on day 14 after bleomycin exposure. On day 21,
histology revealed that bleomycin exposure led to increased colla-
gen deposition in the lungs compared with mice receiving saline
(Fig. 1A). Mice exposed to PM, 5 showed evidence of inflamma-
tion compared with vehicle-exposed mice, whereas mice exposed
to PM, s in early established fibrosis showed similar collagen
deposition to mice that received vehicle (Fig. 1B).

Because increased circulating monocyte count is a prognostic
marker of mortality in patients with fibrotic diseases (19, 20),
we determined whether monocyte recruitment was involved in
PM, s-mediated AE-PF. Although monocytic cells were the
predominant cell type in the BAL (>90%) from control and
fibrotic mice exposed to vehicle or PM, s (Fig. 1C), the number
of BAL cells in fibrotic mice exposed to PM, s was not signifi-
cantly different from bleomycin-injured mice exposed to vehicle
(Fig. 1D). There was also no difference in survival throughout
the 21 d in the mice that received bleomycin (Fig. 1E).

Data indicate that AEs occur in individuals with advanced intersti-
tial lung disease (8). We questioned whether PM, 5 mediated fibrotic
progression in mice with greater established fibrosis. At 21 d after
mice were exposed to saline or bleomycin, mice received daily expo-
sure to vehicle or PM, s for 7 consecutive days. On day 28, collagen
deposition was detected in the lungs of bleomycin-exposed mice
(Fig. 1F); however, mice exposed to PM, s with established fibrosis
showed further architecture destruction and widespread collagen depo-
sition. These results were confirmed biochemically with hydroxypro-
line analysis (Fig. 1G). Monocytic cells were the predominant cell
type in the BAL regardless of exposure (Fig. 1H), and the number of
cells in the BAL was significantly increased in mice exposed to
PM, 5 compared with bleomycin-exposed mice receiving vehicle
(Fig. 1I). Fibrotic mice that received PM, 5 beginning on day 21
showed a significant reduction in survival compared with fibrotic

Ly6C" MONOCYTES MEDIATE FIBROTIC PROGRESSION

mice receiving vehicle (Fig. 1J). These data suggest PM, 5 mediates
fibrotic progression in mice with more advanced established fibrosis.

BAL cells in mice have a mixed phenotype in AE-PF

Although monocytic cells are critical in initiating an innate immune
response to injury, they are also involved in tissue repair responses.
Macrophages are highly plastic and polarize to a predominant phe-
notype in response to environmental stimuli (22, 23, 37). Because
macrophages have an anti-inflammatory phenotype in several models
of pulmonary fibrosis, we questioned whether macrophage/monocyte
polarization regulated fibrotic progression in our mouse model of
AE-PF. PM, 5 exposure induced a proinflammatory phenotype
in BAL cells with increased 7nf and Nos2 mRNA expression
(Fig. 2A, 2B), whereas BAL cells from bleomycin-injured mice
had a reduction in proinflammatory markers below the saline con-
trol. The anti-inflammatory genes, 7gfbl and Argl, were increased
after bleomycin (Fig. 2C, 2D), whereas exposure to PM, s led to a
greater increase in these anti-inflammatory genes compared with
bleomycin-injured mice.

Exposure to PM, 5 increased the inflammatory microenvironment
in the lung. TNF-a levels in BAL fluid were significantly increased in
mice that had AE-PF compared with bleomycin-injured mice (Fig. 2E).
In addition, active TGF-B1 levels were increased further in the BAL
fluid from mice with established fibrosis that received PM, s compared
with fibrotic mice (Fig. 2F). These data suggest that BAL cells have a
mixed phenotype in a murine model of AE-PF that may contribute to
the enhanced fibrotic remodeling seen in these mice.

Evidence indicates that anti-inflammatory cytokines are expressed
in pulmonary fibrosis, and lung macrophages from IPF subjects polar-
ize to an anti-inflammatory phenotype (22, 23, 27, 38). To understand
the role of macrophage/monocyte phenotype in our model of AE-PF,
IPF BAL cells exposed ex vivo to PM, s showed a significant
increase in 7NF and NOS?2 expression (Fig. 2G, 2H). Potentially due
to the predominance of MDMs in IPF BAL (25, 39), TGFBI and
ARG]I levels remained unchanged in PM, s-exposed IPF BAL cells
(Fig. 21, 2J). These observations suggest that PM, 5 exposure pro-
moted an inflammatory phenotype in IPF BAL cells.

Recruitment of Ly6C-expressing monocytes in AE-PF

Evidence indicates that MDMs are required for fibrotic remodeling
in IPF (22, 36, 39). To investigate the role of MDMs within PM, s-
mediated AE-PF, we subjected BAL cells from exposed mice to
FACS analysis (Supplemental Fig. 1). Bleomycin-induced injury sig-
nificantly increased MDMs compared with saline. MDM recruitment
was similar in bleomycin-injured mice receiving PM, s (Fig. 3A, 3B).
Mice receiving bleomycin showed a significant reduction in the
number of RAMs. PM, 5 exposure in mice receiving saline did not
alter RAM or MDM numbers compared with vehicle. The increase
in MDMs in bleomycin-injured mice correlated with greater CCL2
levels in BAL fluid (Fig. 3C). Interestingly, PM, s-exposed mice
receiving saline showed elevated CCL2 similar to bleomycin-injured
mice that received vehicle, whereas CCL2 was further increased in
bleomycin-injured mice with AE-PF even though numbers of MDMs
were unchanged.

Because mice with AE-PF had increased cellular recruitment and
CCL2 levels, we investigated the role of the two major subsets of
murine monocytes, Ly6C" (classical monocytes) and Ly6C'® (non-
classical). Ly6C" monocytes are recruited from the bone marrow
and accumulate at sites of injury and inflammation, whereas Ly6C'
monocytes are involved in early inflammatory responses (40). Con-
focal analysis in BAL cells showed Ly6C staining was increased to
a greater extent in fibrotic mice with AE-PF (Fig. 3D, 3E). These
results contrasted with vehicle-exposed mice that had an absence of
Ly6C staining.
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Fibrotic progression occurs in AE-PF. WT mice were exposed to saline or bleomycin (Bleo; 1.75 U/kg i.t.). At day 14, mice were exposed to

saline (vehicle) or PM, s (8.25 pg in saline, i.t.) daily. Lungs were excised and BAL was performed on day 21. (A) Representative Masson’s trichrome stain-
ing of lung tissues. n = 8. Scale bars, 200 um. (B) Hydroxyproline analysis of lung homogenates. n = 8. (C) Cell differential using Wright—Giemsa stain to
identify mononuclear (mono), neutrophil (PMN), and lymphocytes (lymph). » = 9. (D) Total number of BAL cells. n = 5. (E) Kaplan—Meier survival curve.
n = 5. WT mice were exposed to saline or bleomycin. At day 21, mice were exposed to vehicle or PM, s daily. Lungs were excised, and BAL was performed
on day 28. (F) Representative Masson’s trichrome staining of lung tissues. n = 5. Scale bars, 200 pm. (G) Hydroxyproline analysis of lung homogenates.
n = 8-10. (H) Cell differential of BAL cells. n = 9-10. (I) Total number of BAL cells. n = 8-10. (J) Kaplan—Meier survival curve. n = 8. Values shown repre-
sent means + SEM. One-way ANOVA followed by Tukey’s multiple comparison test was used for (B—-D) and (G-I), and a log-rank (Mantel-Cox) test was used
for (E) and (J). Data shown were pooled from three independent experiments. **p < 0.001, **#p < 0.0001.

Determining the contribution of each monocyte subset, BAL cells
subjected to FACS analysis showed an absence of Ly6C™ and Ly6C°
monocytes in vehicle-exposed mice regardless of receiving saline or
bleomycin (Fig. 3F, 3G). The exposure of mice to PM, 5 led to the
emergence of Ly6C™ and Ly6C'® monocytes, and the number in each
subset was significantly increased in PM, s-exposed mice with estab-
lished fibrosis. Although the number of Ly6C™ monocytes was
greater than Ly6C'® monocytes, the number of Ly6C™ monocytes
increased further in mice with established fibrosis.

To further investigate Ly6C monocyte recruitment to the lung after
PM, 5 exposure, we harvested bleomycin-exposed mice 1, 4, and 7 d
after PM, 5 exposure. Recruitment of Ly6CM monocytes was apparent
1 d after PM, s exposure, and the number of Ly6C™ monocytes
increased significantly in a time-dependent manner (Fig. 3H). A
similar increase was seen in the number of Ly6C10 monocytes,

although the number of Ly6C'® monocytes was markedly less
than Ly6C™ monocytes.

Because Ly6C monocytes were identified in the BAL, lung tissue
sections were analyzed for loss of epithelial barrier integrity. Com-
pared with mice receiving vehicle, PM, s-exposed mice showed
reduced tight junction protein, ZO-1, as well as punctate staining,
suggesting a loss of tight junction barrier of the alveolar epithelium
(Fig. 31, 3J). Moreover, PM, s-exposed mice that received saline had
increased albumin in the BAL compared with bleomycin-injured
mice. Mice with AE-PF showed significantly greater levels of albu-
min in the BAL than PM, s-exposed mice (Fig. 3K). In aggregate,
these data demonstrate that there is continuous recruitment of Ly6C-
expressing monocytes, and there are increased numbers of Ly6C™
and Ly6C'® monocytes in the BAL because of greater loss of barrier
integrity in AE-PF.

20z Atenuer Z0 uo Jasn Jyoann YeawoNqIgselsIaAn Ad Jpd-€S000€ZI/69.8Y9 L b LLIL LI L LZ/Pd-ejoie/ounwwf/Bio 1ee's|eunolj/:dny wou papeojumod



1718 Ly6Chl MONOCYTES MEDIATE FIBROTIC PROGRESSION
*kk Sk
|_|*** *k% & ——
A s BALC * %% B = BALC P C 5 BALC f———l D s BALC YeXe%
- 25 o L)
= = 20 % a — 41 e
Lé”" o AEX % Ng a8 °® é 3 ﬁ g “ °
= 8210 {% 8 2] ﬁ ‘é’ =)
LS5 tos v o] =~ 2 & o 8 h
£ 2 - FE Y ° %:_0 -
A 8 5 LA s
G T oo & 3 s e
Saline  Bleo Saline  Bleo Saline Bleo Saline  Bleo Saline  Bleo  Saline  Bleo Salne Bleo Saline  Bleo
Vehicle PM; 5 Vehicle PM; 5 Vehicle PM, 5 Vehicle PM; 5
*kk
=t
1501 89 51 69
E BALF —kkk F BALF prEk, G *:* H Rl
_ Kk _— &': _ 4 _ H
§ 1004 5 k% £ £
2 I I . B e LI 23 =
L2 e =24 £§ S -
"§ gl % %E O";_I 8 21 &# £ o °
: Tl | e Rk ok
o— : : ol— r r r 0l—Q T o
Saline  Bleo Saline  Bleo Saline  Bleo Saline  Bleo Vehicle PM; s Vehicle PM; s
Vehicle PM; 5 Vehicle PMzs IPF BAL cells IPF BAL cells
| 2.0 J 2.5
@ 1.5 ° * g M o )
= E ® \-'E 1.54
g e 5| g
=3 <z 9 % o
5 5

o
P
o
o
1

0.0y
Vehicle PM; s
IPF BAL cells

0.04———7—
Vehicle PM. s
IPF BAL cells

FIGURE 2. BAL cells in mice have a mixed phenotype in AE-PF. WT mice were exposed to saline or bleomycin. At day 21, mice were exposed to vehicle
or PM, 5 daily. BAL was performed on day 28. mRNA expression for (A) 7nf, (B) Nos2, (C) Tgfbl, and (D) Argl in BAL cells. n = 9-10. (E) TNF-a and
(F) active TGF-B1 levels in BAL fluid. n = 8-10. IPF BAL cells were obtained by BAL and exposed ex vivo to PM, 5 (10 pg/cm?). mRNA expression of
(G) TNF, (H) NOS2, (I) TGFBI, and (J) ARG levels in BAL cells. n = 9. Values shown represent means = SEM. One-way ANOVA followed by Tukey’s
multiple comparison test was used for (A—F). Two-tailed ¢ test statistical analysis was used for (G-J). Data shown were pooled from three independent

experiments. ***p < 0.0001.

PM, 5 induces recruitment of inflammatory Ly6C" monocytes to
mediate AE-PF

To understand the involvement of macrophage/monocyte subsets in
our murine model of AE-PF, FACS-sorted RAMs showed elevated
expression of 7nf and Nos2 that remained stable regardless of expo-
sure compared with the reduced expression in MDMs (Fig. 4A-C).
Bleomycin-induced injury increased 7gfbl and Argl mRNA expres-
sion in MDMs; however, these levels were not increased further in
mice with AE-PF (Fig. 4A, 4D, 4E).

The sorted Ly6C™ and Ly6C'® monocytes showed prominent
phenotypic signatures after PM, 5 exposure. The proinflammatory
phenotype was markedly increased in Ly6C™ monocytes with
elevated 7nf and Nos2 mRNA expression that increased to nearly
15-fold and 6-fold greater in mice with established fibrosis exposed
to PM, 5 (Fig. 4F-H). In contrast, sorted Ly6C]0 monocytes were
anti-inflammatory in PM, s-exposed mice with increased 7gfb/ and
Argl expression that were significantly increased in mice with estab-
lished fibrosis (Fig. 4F, 41, 4J).

The recruitment of Ly6C™ monocytes into the lung of mice with
established fibrosis correlated with enhanced fibrotic remodeling on
lung imaging. Micro-CT imaging of lungs at 28 d after bleomycin
exposure showed increased tissue density consistent with fibrosis that
was not present in saline-exposed mice receiving vehicle or PM, 5
(Fig. 4K). Mice with established fibrosis that were administered
PM, 5 showed evidence of fibrosis with increased lung tissue density.
These results were confirmed using —500 HUs to discriminate
between acrated (green) and nonaerated lung tissue (red).
Although HUs were unchanged in mice exposed to saline, mice
with established fibrosis that received vehicle showed an increase in
HUs that was further increased in fibrotic mice exposed to PM, s
(Fig. 4L). Bleomycin-exposed mice had a reduction in the percent-
age of aerated lung tissue, and exposure to PM,s in mice with

established fibrosis showed further reduction in lung aeration (Fig.
4M). Taken together, these results indicate that Ly6C monocytes
have both proinflammatory and anti-inflammatory phenotypes that
are associated with fibrotic progression to mediate AE-PF in mice.

The generation of mitochondrial reactive oxygen species (mtROS)
play a critical role in lung injury and fibrosis (22, 23, 29). Although
BAL cells isolated from fibrotic mice exposed to vehicle showed
augmented superoxide generation, mice with AE-PF had signifi-
cantly increased mtROS (Fig. 4N). BAL cells isolated from saline-
exposed mice that received PM, s also showed elevated mtROS
levels compared with saline-exposed receiving vehicle. To identify
whether Ly6C™ monocytes contributed to mtROS, FACS-sorted
Ly6C™ monocytes exposed to PM, s showed increased superoxide
generation (Fig. 40). Metals are a component of PM, s, and metals
often induce mtROS (41, 42). Ly6C™ monocytes treated with the che-
lating agent, EDTA, showed reduced mtROS levels to that seen in
the vehicle control, suggesting, at least in part, that metals in PM, s
contribute to mtROS.

Ly6C" monocytes mediate fibrotic progression in mice with
established fibrosis

To validate that Ly6C™ monocytes are critical in mediating fibrotic
progression, we performed adoptive transfer of FACS-sorted pro-
genitor Ly6C™ monocytes into WT mice i.t. Mice were exposed to
bleomycin the following day, and BAL was performed 21 d after
exposure (Supplemental Fig. 2A). No difference was detected in the
number of cells in mice that had the adoptive transfer compared with
saline (Supplemental Fig. 2B). Similar expression of inflammatory
and anti-inflammatory markers was seen in isolated BAL cells from
mice that received Ly6C™ monocytes or saline before bleomycin
exposure (Supplemental Fig. 2C-F). There was no difference in
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the degree of fibrosis in the mice that received bleomycin
(Supplemental Fig. 2G, 2H).

Because AEs occur in patients with advanced interstitial lung
disease (8) and our data indicate that PM, s mediates recruitment
of Ly6C" monocytes to promote fibrotic progression in mice with
established fibrosis, we performed an adoptive transfer of Ly6C™
monocytes into mice 21 d after exposure to bleomycin (Fig. 5A).
Mice receiving Ly6C™ monocytes had nearly a 2-fold increase in
BAL cell number compared with mice that received saline (Fig. 5B).
The BAL cells showed heterogeneity with increased inflammatory
genes, Tnf and Nos2 (Fig. 5C, 5D), and anti-inflammatory genes,
Tgfbl and Argl (Fig. 5E, 5F), in fibrotic mice with the adoptive trans-
fer of Ly6C" monocytes. To determine whether the adoptive transfer
of Ly6C™ monocytes regulates fibrotic progression, we excised lungs,
which showed widespread collagen deposition and destruction of lung
architecture in mice that received Ly6C™ monocytes (Fig. 5G). These
results were confirmed by hydroxyproline analysis (Fig. SH). These
data indicate Ly6C™ monocytes do not play a role in fibrotic initiation
but rather regulate fibrotic progression after fibrosis is established.

Ly6Chi monocytes are required for AE-PF

Because exposure to PM, 5 increased recruitment of Ly6Chi mono-
cytes, we targeted recruited Ly6C™ monocytes in vivo. On day 21
after exposure to saline or bleomycin, mice were exposed to vehicle
or PM, 5 daily. Mice were treated with an anti-CCR2 mAb, clone
MC-21, or IgG control daily beginning on day 23. As expected, at
day 28, bleomycin exposure had increased the number of MDMs,

and PM, 5 exposure did not alter the number of RAMs or MDMs in
IgG-treated mice (Fig. 6A, Supplemental Fig. 3A). Although RAM
numbers were unaffected in mice treated with the anti-CCR2 com-
pared with IgG, the number of MDMs was reduced in bleomycin-
exposed mice. Compared with IgG-treated mice, mice receiving the
anti-CCR2 Ab showed nearly complete absence of Ly6C™ monocytes
in mice exposed to PM, 5 (Fig. 6B, 6C). Treatment with anti-CCR2
did not alter recruitment of Ly6C'® monocytes.

Treatment of mice with the IgG control Ab led to increased Tnf
and Nos2 expression in PM, s-exposed mice, whereas the absence
of Ly6CM monocytes in anti-CCR2-treated mice significantly
inhibited 7nf and Nos2 mRNA expression in mice receiving PM; s
(Fig. 6D, 6E). Compared with control mice, anti-CCR2—treated mice
showed a significant reduction in 7gfb! and Argl levels in fibrotic
mice exposed to PM, s (Fig. 6F, 6G). No difference in 7gfbl and
Argl levels was seen in saline-exposed mice receiving IgG or anti-
CCR2. In addition, the inflammatory cytokine TNF-o was signifi-
cantly reduced in the BAL fluid from PM, s-exposed mice treated
with anti-CCR2 (Supplemental Fig. 3B). BAL fluid also showed a
reduction in active TGF-B1 in mice with established fibrosis exposed
to PM, s and treated with anti-CCR2 (Supplemental Fig. 3C).

Exposure to PM, 5 increased the number of Ly6C™ monocytes
in the bone marrow; however, mice receiving anti-CCR2 showed
an even greater increase in Ly6Chi monocytes after PM; s exposure
(Supplemental Fig. 3D). Mice treated with IgG control showed
Ly6C™ monocytes egress from the bone marrow into the circulation
in response to PM, 5 exposure, and significantly greater numbers of

20z Arenuer z0 uo Jasn jyoaunn deaujolqigsiepsionun Aq ypd-€5000€21/6928791L /7L LL/L L/ L LZ/pd-Bjome/ounwwif/Bio e s|eunolj/:dpy woly papeojumoq



The Journal of Immunology 1721
) g *%k%
A LyBC" monocyte B 0 Fdek C *TeaLc ® D *kk
adoptive transfer < 2l CXC) _
| =15 2 2 %
_;_ - 3 ® o i
0 7 1a 21 28days 310 %—g&c— cE, ° 8¢ °®
B o] e
? ? Z 05 3 .| o“=meo kS
Bleomycin Harvest &
exposure 0.0 : T T L ;
Saline Lysc" Saline LyeC" Saline LysC"
Bleomycin Bleomycin Bleomycin
Bleomycin
51 5
E BALC *.** F BALC g G Saline
54 .Eé' 74 e
= 5 3 ~53 —:!l.—
E”Ez- e °® ggz 983859 .
E’ 1 E 1
o v v . .
Saline LysC" Saline LyeC"!
Bleomycin Bleomycin
H = *kk
2E 223
5 2 501
2o | omgd
S o
S E 251
£2
[

Saline Lysc™
Bleomycin

FIGURE 5. Ly6Chi monocytes mediate fibrotic progression in mice with advanced fibrosis. (A) Schematic indicating Ly6Chi monocytes derived from bone
marrow (1 x 10°) were adoptively transferred i.t. into bleomycin-exposed WT mice 21 days after exposure. (B) Total number of BAL cells. n = 8. mRNA
expression in BAL cells for (C) 7nf, (D) Nos2, (E) Tgfbl, and (F) Argl. n = 7-8. (G) Representative Masson’s trichrome staining of lung tissues. n = 7.
Scale bars, 250 um. (H) Hydroxyproline analysis of lung homogenates. n = 8. Data shown are representative from two independent experiments. Values shown
represent means = SEM. Two-tailed ¢ test statistical analysis was used. ***p < 0.0001.

Ly6C" monocytes were seen in the blood from bleomycin-injured
mice with AE-PF (Supplemental Fig. 3E). Despite elevated Ly6Chi
monocytes in the bone marrow, mice treated with anti-CCR2 had
reduced circulating Ly6C™ monocytes similar to IgG saline controls.

Inhibiting recruitment of Ly6C™ monocytes did not alter normal
lung architecture, but there was reduced cellular inflammation in
saline-exposed mice receiving PM, s (Fig. 6H). Although collagen
deposition occurred in bleomycin-exposed mice treated with anti-
CCR2, the extent of fibrosis was dramatically reduced in bleomycin-
injured mice that received PM,s and anti-CCR2 compared with
IgG-treated mice. These histological observations were verified
with hydroxyproline analysis (Fig. 6I). The recruitment of Ly6C™
monocytes was associated with restrictive physiology. Bleomycin-
injured mice with AE-PF showed a significant reduction in lung com-
pliance compared with bleomycin-injured mice that received vehicle
(Fig. 6J). In addition to inhibiting fibrotic progression, anti-CCR2
treatment reduced the restrictive physiology in mice with established
fibrosis exposed to PM, s compared with IgG control mice. Taken
together, these observations suggest that therapies to prevent recruit-
ment of classical proinflammatory monocytes may be a novel thera-
peutic modality to halt AE-IPF.

Discussion

The natural history of IPF is highly variable, and the disease course
is difficult to predict (8). AEs are the primary cause of mortality in
IPF (11) because a single exacerbation increases the risk of death
10-fold (43). The etiology of AEs is poorly understood; however,
potential triggers include infection, aspiration, drug toxicity, or proce-
dure/operation (7). Data indicate that AE-IPF is more common in
individuals with advanced fibrosis. Lower baseline lung function,
especially reduced forced vital capacity, has been associated with the
increased risk for AE-IPF (8). Extensive disease on high-resolution
CT and a history of prior AE-IPF also increase the risk of AE (16, 44).

Our data showed that AE-PF occurs in mice with advanced fibrosis
compared with mice in the early stage of fibrosis, which correlates
clinically because AEs occur in individuals with advanced interstitial
lung disease (8).

PM, 5 exposure contributes to mortality (45), and elevated levels
of air pollution are associated with respiratory disease progression
in individuals with COPD, asthma, and lung cancer (46). Moreover,
exposure to increased levels of air pollution is associated with
AE-IPF (12, 13, 15, 16, 18, 35). In addition to PM, s, prior stud-
ies show that ozone and nitrogen dioxide are also associated with AE-
IPF (12, 16). The PM, 5 constituents sulfate, ammonium, and black
carbon were associated with rapid disease progression and higher mor-
tality in patients with interstitial lung disease (47). These PM, s constit-
uents correlated with increased global DNA methylation in peripheral
blood samples from IPF subjects with the highest PM,s exposure
(48). Ultrafine particles originating from combustion sources contain
sulfur and metals that may mediate the increased risk of respiratory
mortality after exposure (49, 50). Although we did not evaluate spe-
cific constituents of PM; s, our studies suggest that metals in PM; s
contribute, in part, to the increased oxidative stress seen in our
mouse model of AE-PF.

Cytokine expression in plasma and BAL cells strongly suggests
cellular heterogeneity in AE-IPF disease. Cultured AE-IPF BAL cells
showed increased secretion of CCL2 compared with stable IPF, sig-
nifying there is increased monocyte recruitment in AE-IPF (51).
Although the proinflammatory cytokines IL-8 and CXCL1 were
induced, cultured BAL cells showed a significant increase in cyto-
kine secretion associated with anti-inflammatory and wound heal-
ing processes in AE-IPF compared with stable IPF patients (51).
In contrast, other studies have identified an exaggerated inflamma-
tory response occurs with elevated IL-6 and C-reactive protein and
reduced chitinase 3-like 1 levels (8, 52, 53) in plasma from AE-
IPF subjects.
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Deposition of PM, s in the alveoli has long been associated with
alveolar inflammation and systemic inflammatory response (42),
which is seen in exacerbations of asthma and COPD (54). Although
previous findings indicate that macrophages have an anti-inflammatory
phenotype in several models of pulmonary fibrosis, including IPF
(22-27), our data support that an inflammatory response occurs in IPF
BAL cells exposed ex vivo to PM,s. We also identified that
an inflammatory response occurs in fibrotic mice with AE-PF.
Because our results also identified an increased anti-inflammatory
response in isolated BAL cells, the mixed heterogeneity of cells in the
BAL may contribute to the proinflammatory and anti-inflammatory
response that occurs in AE-IPF subjects.

PM, 5 exposure has been previously reported to promote mono-
cyte recruitment. Although the Ly6C™ subset has been shown to be
present in blood from PM, s-exposed mice, the role these cells play
and their presence in the lung in response to PM, s exposure have
not been described (55). A study using adoptive transfer of Ly6C™
bone marrow—derived monocytes into bleomycin-injured mice during
the progressive phase of pulmonary fibrosis showed exacerbation of
pulmonary fibrosis (56). The increased fibrosis seen by the adoptive

transfer of Ly6C™ in mice correlated with an increase in anti-
inflammatory lung macrophages; however, the anti-inflammatory
lung macrophages were host derived and not from the donor Ly6C™
population. Our data also support that recruited Ly6C™ monocytes
exacerbate established fibrosis, and we extend these findings by
determining the recruited Ly6C" monocytes exert an inflammatory
response to mediate fibrotic progression. Administration of anti-CCR2
Ab inhibited Ly6Chi monocyte recruitment in PM, s-exposed mice;
however, we determined the number of MDMs was also reduced in
bleomycin-exposed mice receiving the CCR2 Ab. This agrees with
prior evidence that depletion of circulating monocytes using CCR2™~
mice reduced fibrosis severity (22). This also may explain the reduc-
tion in anti-inflammatory mediators in the BAL, because the num-
ber of Ly6C'® monocytes was not affected. In aggregate, our
observations suggest that recruitment of Ly6C™ monocytes in mice
exacerbates established pulmonary fibrosis providing a potential
mechanism by which elevated PM, s levels are associated with
AE-IPF. Furthermore, we identified that inflammatory classical
monocyte recruitment is a potential novel therapeutic target to pro-
tect against AE-IPF.
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