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ARTICLE INFO ABSTRACT

Keywords: Airborne biohazards are risk factors in the development and severity of rheumatoid arthritis (RA) and RA-
Collagen induced arthritis associated lung disease, yet the mechanisms explaining this relationship remain unclear. Lipopolysaccharide
1L-33

(LPS, endotoxin) is a ubiquitous inflammatory agent in numerous environmental and occupational air pollutant
settings recognized to induce airway inflammation. Combining repetitive LPS inhalation exposures with the
collagen induced arthritis (CIA) model, DBA1/J mice were assigned to either: sham (saline injection/saline
inhalation), CIA (CIA/saline), LPS (saline/LPS 100 ng inhalation), or CIA + LPS for 5 weeks. Serum anti-
citrullinated (CIT) protein antibody (ACPA) and anti-malondialdehyde-acetaldehyde (MAA) antibodies were
strikingly potentiated with co-exposure (CIA + LPS). CIT- and MAA-modified lung proteins were increased with
co-exposure and co-localized across treatment groups. Inhaled LPS exacerbated arthritis with CIA + LPS > LPS >
CIA versus sham. Periarticular bone loss was demonstrated in CIA and CIA + LPS but not in LPS alone. LPS
induced airway inflammation and neutrophil infiltrates were reduced with co-exposure (CIA + LPS). Potentially
signaling transition to pro-fibrotic processes, there were increased infiltrates of activated CD11c¢"CD11b*
macrophages and transitioning CD11c*CD11b™ monocyte-macrophage populations with CIA + LPS. Moreover,
several lung remodeling proteins including fibronectin and matrix metalloproteinases as well as complement C5a
were potentiated with CIA + LPS compared to other treatment groups. IL-33 concentrations in lung homogenates
were enhanced with CIA + LPS with IL-33 lung staining driven by LPS. IL-33 expression was also significantly
increased in lung tissues from patients with RA-associated lung disease (N = 8) versus controls (N = 7). These
findings suggest that patients with RA may be more susceptible to developing interstitial lung disease following
airborne biohazard exposures enriched in LPS.

Rheumatoid arthritis
Interstitial lung disease

1. Introduction RA-associated lung disease [3-8], and the risk associated with these

exposures appears to be disproportionately higher in men even though

Rheumatoid arthritis (RA) is a systemic autoimmune disease
affecting up to 1% of the population worldwide. Although its primary
manifestations relate to inflammatory arthritis, respiratory-related
deaths are the most over-represented cause of death in men and
women with rheumatoid arthritis (RA) [1-3].Various airborne
biohazard exposures have been implicated as risk factors in RA and in
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RA is more common among women [4]. These biohazards include not
only cigarette smoke exposure [3,8], but also other exposures related to
ambient air pollution, military duties (burn pits, organic dusts, military
waste disposal), and various workplace environments (agriculture
organic dusts, textiles, silica, construction, mining) [3-6,8,9]. More
common in men with RA than women with RA, pulmonary
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manifestations such as interstitial lung disease (ILD) are observed in up
to 40% of RA patients. These epidemiologic observations also align with
emerging evidence linking the generation of autoantigens and RA-
specific autoimmunity to extraarticular sites, particularly the respira-
tory mucosa [10-13]. Correspondingly, patients with RA and chronic
lung diseases have increased articular disease activity and higher
circulating disease-specific autoantibody concentrations [14,15]. How-
ever, the precise mechanisms underpinning the relationship of airborne
exposure induced airway inflammation with the development and pro-
gression of RA are unknown.

Utilizing animal modeling strategies, it has been demonstrated that
repetitive inhaled exposure to agriculture-related organic dust extracts
(complex mixtures comprised of an abundance of bacterial products and
particulates) in the setting of arthritis induction resulted in a potentia-
tion of inflammatory arthritis and increases in pro-fibrotic indices in
lung tissues [16]. Sex differences were recapitulated in this pre-clinical
mouse model whereby male mice were profoundly more susceptible to
most effects of co-exposure. Repetitive inhaled exposures to these dust
extracts has also resulted in increased expression of autoantigens in lung
tissues, including both citrullinated (CIT)- and malondialdehyde acet-
aldehyde (MAA)- modified lung proteins [17], with associated increases
in anti-MAA autoantibodies [16]. In the setting of collagen-induced
arthritis (CIA), repetitive inhalant exposure to these dust extracts
induced higher circulating concentrations of anti-citrullinated protein
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antibody (ACPA) [16]. These findings are highly relevant recognizing
that ACPA responses are highly-specific and pathogenesis in RA, while
anti-MAA autoantibodies have been identified as novel biomarkers of
RA-associated lung disease [18].

Lipopolysaccharides (LPS) or endotoxin are common in various
environmental settings (air pollution, agriculture production, military
waste, textiles, silica, construction) that are associated with RA, RA-lung
disease, and other chronic lung diseases [4-9,19-22]. For instance, LPS
accounts for textile workplace-associated airway disease or Byssinosis
[21]. Likewise, occupational silica and sand dusts are contaminated with
LPS that exacerbates silica-induced pulmonary fibrosis [23-25]. Beyond
these observations, innate immune responses, including those mediated
by the LPS-binding Toll-like receptor (TLR) 4, appear to be central to RA.
TLR4 is highly expressed in RA synovial tissue [26] and implicated as a
potential target in the treatment of not only RA, but also pulmonary
fibrosis [27,28]. Lastly, it is recognized that a number of endogenous
TLR4 ligands are also likely to play a critical role in RA progression
[29-34].

The objective of this study was therefore to investigate the combi-
nation of repetitive inhalant LPS exposure with the CIA model in
arthritis-susceptible mice (i.e. DBA/1J strain) to understand the mech-
anisms and potential biomarkers underlying the dynamic interplay of
lung inflammation with the arthritis and systemic autoimmunity that
characterize RA.
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Fig. 1. Combined modeling of repetitive lipopolysaccharide (LPS)-induced airway inflammation with collagen-induced arthritis (CIA) with arthritis, bone deteri-
oration, and serum pentraxin-2 and autoantibodies. (A) Schematic of experimental design. (B) Line graph depicts mean with SE bars of arthritis inflammatory scores.
Statistical difference versus sham denoted as “a” (p < 0.0001); versus CIA denoted as “b” (p < 0.05) with 9-10 mice/group/time point. (C) A representative 3D
reconstructed image for region of interest of proximal tibia. Note the loss of trabecular bone in the CIA and CIA + LPS, but not LPS treatment groups as compared
with Sham. Scatter plots depict mean with SE bars of (D) bone mineral density, trabecular separation and trabecular number with data representing the difference
induced by treatments divided by sham. Serum levels of the (E) acute-phase reactant protein pentraxin 2 levels and (F) levels of IgG anti-citrullinated protein
antibody (ACPA) levels to citrullinated (CIT) peptides, IgG antibody to malondialdehyde-acetaldehyde (MAA)-modified proteins, and combined anti-MAA-CIT au-
toantibodies. Statistical difference versus sham (#p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001) and between groups as noted by lines (**p < 0.01, ***p

< 0.001, “p < 0.0001).



T.R. Mikuls et al.

2. Materials and methods
2.1. Study design for animal studies

We used an established 5-week exposure model [16] modified to
replace organic dust extract with LPS. Mice were randomized to 1 of 4
treatment groups including Sham (saline injection/saline inhalation);
collagen-induced arthritis (CIA) alone (CIA injection/saline inhalation),
LPS alone (saline injection/LPS inhalation), and CIA + LPS (CIA injec-
tion/LPS inhalation) (Fig. 1A, overview schematic). Male mice were
utilized for all studies because we have previously demonstrated that
female DBA/1J mice are strikingly less susceptible to LPS-enriched
organic dust extract-associated lung disease, autoimmunity, arthritis,
and periarticular bone loss in the setting of arthritis induction [16].
Arthritis-prone DBA/1J mice between 6 and 8 weeks of age were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) and allowed to
acclimate for one week prior to initiation of experiments. CIA was
induced as per the Chondrex protocol (Chondrex, Inc, Redmond, WA)
[16]. Airway inflammation was induced using an established intranasal
inhalation repetitive LPS exposure animal model [35] whereby mice
were lightly sedated under isoflurane and received daily treatment with
either 50 pl of sterile saline or LPS (100 ng in 50 pl sterile saline) from
Escherichia coli (055:B5; Sigma, St. Louis, MO) daily for up to 5 weeks
(weekends excluded). Animals were euthanized 5 h following the final
exposure. No respiratory distress, signs of stress, or weight loss were
observed throughout the exposure period. Animal procedures were
approved by the Institutional Animal Care and Use Committee and were
in accordance with the NIH guidelines for the use of rodents.

2.2. Arthritis evaluation

Mice were assessed weekly for the development of arthritis using the
semi-quantitative, mouse arthritis scoring system provided by Chondrex
(www.chondrex.com). This protocol is based on hind-foot examination
with a range of 0 (no inflammation) to 4 (erythema and severe swelling
encompassing ankle, foot, and digits).

2.3. Micro-CT analysis of the bone

Tibias were isolated and processed for micro-CT scanning and
analysis [16,36]. Periarticular bone was scanned using high-resolution
micro-CT (Skyscan 1172; Bruker, Kontich, Belgium) with bone posi-
tion corrected using Dataviewer (Skyscan) to assure proper orientation
[16,36]. The scanning parameters were set as the following: acquisition
resolution at 8.66 pm, with X-ray source voltage and current set at 48 kV
and 187pA, respectively, scanning rotation step at 0.4°, and frame
averaging at 4. NRECON (Sky-scan) software was used to reconstruct
scanned images. Analysis of the reconstructed tibia images was per-
formed using CTAn (Skyscan) software, with final analysis conducted on
a volume of interest of trabecular bone. Specifically, the region of in-
terest (ROI; periarticular region) was defined as the region starting at the
0.98 mm away from epiphyseal plate and continued for 1.00 mm. Bone
mineral density (g/cm?), trabecular number, and trabecular separation
were calculated with data presented as the difference induced by
treatments divided by sham compiled from independent studies [36,37].

2.4. Serum

Whole blood was collected from mice at the time of euthanasia from
the axillary artery [16]. Pentraxin-2 (murine acute phase reactant pro-
tein) levels were quantified by Quantikine ELISA according to manu-
facturer’s instructions (R&D Systems, Minneapolis, MN). Anti-MAA
antibodies (IgG) were quantified as previously described [38]. Anti-
citrullinated protein antibody (ACPA) and anti-MAA-CIT (IgG) anti-
bodies were quantified using an ELISA and human serum albumin as the
substrate antigen [39].
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2.5. Lung autoantigen, extracellular protein staining and antigen capture
assay

Paraffin embedded lung sections from mice were rehydrated and
subjected to antigen retrieval using citrate buffer and steam. Sections
were then blocked with goat serum and incubated with a Zenon Alex
Fluor™ 594 label (Invitrogen, Carlsbad, CA) rabbit polyclonal IgG
antibody to MAA and a mouse monoclonal anti-peptidyl-citrulline, clone
F95 IgMk (Millipore Sigma, Burlington, MA). Detection of the F95
antibody was done using an Alexa Fluor® 488 AffiniPure donkey anti-
mouse IgM, u chain specific antibody (Jackson Immunoresearch, West
Grove, PA). DAPI (4,6-diamidino-2-phenylindole; to identify nuclei)
was added and samples were sealed with Fluormount-G (Southern
Biotech, Birmingham, AL). Fluorochrome detections were done using a
Revolve fluorescent microscope (ECHO, San Diego, CA). Images were
quantified using ImageJ (NIH, Bethesda, MD) and colocalization done
using the Image J FLJI plugin Coloc 2 as previously described [40].

To determine whether proteins co-modified with MAA and CIT were
present in the lungs, a capture assay was developed. Briefly, rabbit IgG
polyclonal anti-MAA antibody was coated onto ELISA plates and incu-
bated overnight at 4 °C. Plates were then washed, blocked in 2% casein,
washed, and incubated with lung tissue homogenates overnight at 4 °C.
Samples were rewashed and the mouse monoclonal anti-peptidyl-
citrulline, clone F95 IgMk incubated on the plate for 1 h. Plates were
washed and incubated with an HRP donkey anti-mouse IgM, p chain
specific antibody (Jackson Immunoresearch). Following a washing step,
the complex was developed using TMB substrate, stopped with 2 N
H2SO4 and reactivity detected at 450 nm using Epoch plate reader
(BioTek, Winooski, VT) and analyzed using Gene 5 Software (BioTek).

2.6. Bronchoalveolar lavage fluid cell analysis

Bronchoalveolar lavage fluid (BALF) was collected using 3 x 1 mL
PBS. Total cell numbers from the combined recovered lavage were
enumerated and differential cell counts determined from cytospin-
prepared slides (cytopro cytocentrifuge, ELITech Group, Logan, UT)
stained with DiffQuick (Siemens, Newark, DE). From cell-free supernate
of the first lavage fraction, tumor necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6) and murine neutrophil chemokines, CXCL1 and
CXCL2, were quantitated by ELISA (R&D Systems, Minneapolis, MN;
limits of detectability of 7.2, 1.8, 2.0, and 1.5 pg/ml, respectively), as
these analytes have been implicated in airborne biohazard-induced lung
inflammation [41-43].

2.7. Lung cell staining and flow cytometry

Following vascular perfusion and removal of BALF, harvested lungs
(right lung) were subjected to an automated dissociation procedure
using a gentleMACS Dissociator instrument (Miltenyi Biotech, Auburn,
CA) [16]. Viability of total lung cells was assessed by trypan blue
exclusion and a LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen,
Carlsbad, CA). Less than one percent of gated cells were not viable, with
no differences by treatment group (data not shown). Lung cells from
each animal were incubated with CD16/32 (Fc Block, BD Biosciences,
San Jose, CA) to minimize non-specific antibody staining, and then
stained with monoclonal antibodies (mAb) directed against rat anti-
mouse CD45 (clone: 30-F11; eBiosciences), CD11b (clone: M1/70; Bio-
legend), Ly6G (clone 1A8; Biolegend), and CD11c (clone: N418; Invi-
trogen). Gating strategies for CD11c*CD11b' alveolar macrophages,
CD11ctCcD11bM activated macrophages, CD11¢™CD11bM transitioning
monocytes-macrophages, CD11¢~CD11b" monocytes, and Ly6G* neu-
trophils were as previously reported [16]. The percentage of all
respective cell populations was determined from live CD45" lung leu-
kocytes after excluding debris and doublets. This percentage was
multiplied by the respective total lung cell numbers to determine spe-
cific cell population numbers for each animal.
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2.8. Lung histopathology

Following lavage, left lungs were excised and inflated to 15 cm Hy0
pressure with 10% formalin (Fisher Scientific, Fair Lawn, NJ) for 24 h to
preserve pulmonary architecture [16]. Sectioned (4-5 pm) lungs were
H&E stained and semi-quantitatively assessed for the degree and dis-
tribution of lung inflammation utilizing a previously published scoring
system [44]. This scoring system evaluates the spectrum of inflamma-
tory changes for alveolar and bronchiolar compartments whereby each
parameter is independently assigned a value from 0 to 4, with a higher
score indicating greater inflammation. Lung sections were also stained
for collagen with modified Masson’s Trichrome (collagen: blue) and
Sirius Red/Fast Green Collagen Staining kit (Chondrex, Inc, Woodin-
ville, WA) and quantified using Image J F1JI plug in with color thresh-
olding set for blue for Masson’s Trichrome (Rasband, W.S., ImageJ, U.S.
National Institutes of Health, Bethesda, MD, https://imagej.nih.gov
/ij/1997-2016) [16].

2.9. Lung homogenate mediator analysis

To facilitate analyte detection, tissue homogenates were prepared by
homogenizing lung samples in 500 pl of sterile PBS. Matrix metal-
loproteinases (MMPs) and metallopeptidase inhibitor (TIMP-1) levels
were determined by Magnetic Luminex Assay (R&D), with lower levels
of detection of 4.8 pg/ml for MMP-3; 1276.5 pg/ml for MMP-8, 33.9 pg/
ml for MMP-9, 24.7 pg/ml for TIMP-1. Complement component/ana-
phylatoxin C5a (R&D, lowest limit of detection of 15.6 pg/ml), alarmin
IL-25 (Invitrogen, lowest limit of detection of 3.9 pg/ml) and alarmin IL-
33 (R&D, with sensitivity of 14.3 pg/ml) were determined by individual
ELISAs.

2.10. Human lung studies

Human lung sections of control subjects and patients with RA-
associated lung disease were obtained from the University of Nebraska
Medical Center institutional IRB-approved lung and/or rheumatology
bio-banks. De-identified samples from normal donor human lungs
(“controls™) (all with limited clinical information and deemed unsuit-
able for transplant) were obtained from lungs free from disease, or
current smoking were accepted from the local organ procurement ser-
vice, Live On Nebraska. All donors were de-identified and deceased. This
protocol was reviewed by the University of Nebraska Medical Center IRB
and was determined to be “non-human subjects research.”

2.11. Murine and human lung staining for IL-33 and vimentin

Lung tissue sections from mice (one section from each mouse/
experimental group) as well as healthy human controls (n = 7) and
patients with RA-associated lung disease (n = 9) were stained with
mouse anti-IL-33 (AF3626, 2.5 ug/100 pl; R&D Systems) or human anti-
IL-33 (AF3625, 2.5 pg/100 pl) and anti-vimentin (Abcam, AB 92547,
1:200). Donkey anti-goat (AlexaFluorPlus555, A32816) and anti-rabbit
(AlexaFluor488, A21206; Thermo Fisher, Grand Island, NY) at 1:100
dilutions were used as secondary antibodies. DAPI (4'6-diamidino-2-
phenylindole) was used to identify cell nuclei. Photographs (10 per lung
section per patient/mouse) of lung parenchyma were taken from the
entire section under a Zeiss fluorescent microscope at 20X for humans or
40X for mice. Sections (1 per patient, one from each mouse/experi-
mental group) were then analyzed. Integrated densities (the product of
area and mean gray value) of each protein were measured as single color
on black background with color threshold determined by Image J FIJI
plug in (version: 2.1.0/1.53c).

2.12. Statistical analysis

Data are presented as the mean =+ standard error of mean (SEM). To
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detect significant changes among 3 or more groups, a one-way analysis
of variance (ANOVA) was utilized and a post-hoc test (Tukey/LSD) was
performed to account for multiple comparisons if the p value was <0.05
or nonparametric Mann-Whitney test to detect significant changes
among 2 groups. A two-way ANOVA for 2 variables (i.e., treatment
groups vs. time point) was applied to determine differences in arthritis
severity score. In confocal studies, the FLJI plugin, Coloc 2 in ImageJ was
used to quantify the magnitude of co-localization of MAA or CIT using
five regions of interest from each image. Pearson’s correlation co-
efficients were calculated based on the overlap of two colors to generate
an R%-value. R%-values from the five regions of interest were averaged
for each mouse and compared using a one-way ANOVA with Tukey’s
post hoc test to account for multiple comparisons. All statistical analyses
were performed using GraphPad Prism (version: 9.0.0) software and
statistical significance accepted at p < 0.05.

3. Results
3.1. Arthritis severity and periarticular bone loss

Throughout the 5-week experiment, arthritis scores increased in
mice treated with CIA + LPS, LPS alone, and CIA alone vs. Sham
(Fig. 1B). At 5-weeks, the highest arthritis score was for CIA + LPS, but
this score did not differ significantly vs. LPS alone. Arthritis scores were
significantly increased for both CIA + LPS (p < 0.05) and LPS (p < 0.05)
vs. CIA alone at 5 weeks. Micro-CT analysis of periarticular tibia
demonstrated that CIA and CIA + LPS resulted in significant trabecular
bone loss (Fig. 1C). Compared with Sham, CIA and CIA + LPS resulted in
significant declines that were similar in magnitude for bone mineral
density (—16% and —27%) and trabecular number (-22% and -33%)
and associated with commensurate increases in trabecular separation
(+17% and +31%) (Fig. 1D). LPS alone did not result in significant bone
loss vs. Sham.

3.2. Serum pentraxin-2 and autoantibodies

Serum concentrations of the murine acute phase reactant protein,
pentraxin-2, were increased in CIA and CIA + LPS, but not LPS, with the
highest concentrations observed in CIA + LPS (Fig. 1E). While serum
ACPA were modestly increased in CIA compared to Sham, these levels
were strikingly potentiated (~15-fold vs other groups) in the combined
CIA + LPS mice (Fig. 1F). Serum anti-MAA IgG antibody responses as
well as combined anti-CIT/MAA IgG antibody responses were only
increased with combined CIA + LPS treatments (Fig. 1F).

3.3. Lung autoantigen expression

Lung tissues were stained and analyzed for CIT- and MAA-modified
antigens. By confocal microscopy, both CIT and MAA modified pro-
teins were significantly increased in CIA, LPS, and CIA + LPS vs. Sham,
with the highest expression demonstrated with combined CIA + LPS
administration (p < 0.01 vs. all other groups) (Fig. 2A-C). Pearson
correlation coefficients and R? values were calculated as measures of
autoantigen co-localization in lung tissues. CIT and MAA co-localization
were similarly increased in each treatment group compared to Sham
(Fig. 2D). Similarly, in separate studies using lung tissue homogenates,
there was an increase in the co-capture of protein co-modified with
MAA-CIT using sandwich ELISA, with increases demonstrated for CIA,
LPS, and CIA + LPS as compared to Sham (Fig. 2E). Corresponding to
confocal microscopy findings, the degree of co-capture of lung proteins
co-modified with MAA-CIT was most significant with the CIA + LPS
treatment group. There was no difference among treatment groups for
capturing MAA alone or CIT alone (data not shown).
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Fig. 2. Combined CIA + LPS modeling modulates lung CIT and MAA autoantigen expression. (A) Confocal images of lung tissue from treatment groups stained for
citrulline (CIT; green) and malondialdehyde-acetaldehyde (MAA; red) modified proteins and merged with nuclei staining (DAPI, blue) shown at 40x magnification.
Images were analyzed using Zen 2012 software (Zeiss). Scatter plots depict integrated density with SE bars of (B) CIT and (C) MAA-modified proteins quantified per
each mouse. (D) R%values demonstrating co-localization of MAA-CIT within each treatment group. (E) Co-capture of MAA-CIT from lung tissue homogenates by
sandwich ELISA (AU; arbitrary units). Statistical difference versus sham (#p < 0.05, ###p < 0.001, ####p < 0.0001) and between groups as noted by lines (*p <

0.05, **p < 0.01, ***p < 0.001). Line scale denotes 100 pm.

3.4. Lung histopathology and extracellular matrix deposition

Lung histology demonstrated increased semi-quantitative inflam-
matory scores as well as increased bronchiolar and alveolar inflamma-
tion with LPS and CIA + LPS vs. Sham (Fig. 3A, C). There were no
significant differences between LPS and CIA + LPS treatment groups and
CIA did not induce significant lung inflammation vs. Sham. Corre-
spondingly, there was also increased collagen staining (blue; Masson’s
Trichrome and red/magenta; Sirius Red) in CIA, LPS and CIA + LPS vs.
Sham (Fig. 3A); with the greatest collagen expression with LPS and CIA
+ LPS (Fig. 3D).

Lung tissues were also stained for other extracellular matrix proteins
implicated in tissue fibrosis, RA autoimmunity, and/or RA-associated
lung disease including fibronectin, enolase, and vimentin (Fig. 3B).
Fibronectin was increased with CIA and LPS and its expression was
enhanced with combined CIA + LPS treatments (Fig. 3E). Enolase
staining was increased with CIA, LPS, and CIA + LPS vs. Sham, with
greatest expression demonstrated for CIA alone (Fig. 3F). Vimentin
expression was increased in CIA, LPS, and CIA + LPS vs. Sham, but there
was no difference among the treated groups (Fig. 3G). In CIA + LPS
tissues, CIT co-localized with fibronectin and enolase (both R? values
~0.6) but not vimentin (R? value of 0.12), whereas MAA co-localized
(R? values of ~0.3, 0.6, and 0.4) with fibronectin, enolase, and
vimentin.

3.5. Airway inflammation

LPS exposure induced increases in bronchoalveolar lavage fluid
(BALF) total cells, neutrophils, and lymphocytes (Fig. 4A) as well as
release of TNF-q, IL-6, and murine neutrophil chemoattractants (CXCL1
and CXCL2) (Fig. 4B) compared with Sham. CIA + LPS exposure led to
increases in total cells, neutrophils, lymphocytes, and macrophages vs.
Sham, with no difference vs. LPS alone. Eosinophils were rarely detected
and did not differ across treatment groups (data not shown). However, a
differential response was demonstrated with the inflammatory media-
tors given that CIA + LPS increased TNF-a and IL-6 release, but not

neutrophil chemoattractants relative to Sham. Levels of IL-6, CXCL1,
and CXCL2 were significantly lower in CIA + LPS vs. LPS alone. There
were no increases in airway cell influx and cytokine/chemokine levels in
CIA vs. Sham treatment groups.

Lung neutrophil and monocyte/macrophage infiltrates were quan-
tified by flow cytometry based on the gating strategies depicted in
Fig. 4C-D. Lung neutrophil infiltrates were increased with LPS and CIA
-+ LPS vs. Sham, but the percentage of neutrophils was reduced with CIA
+ LPS vs. LPS alone (Fig. 4E). There was no increase in neutrophil in-
filtrates with CIA vs. Sham. Whereas resting alveolar macrophages
(CD11c¢"CD11b ", population 1) were reduced, activated lung macro-
phages (CD11c*CD11b", population 2) and recruited/transitional
monocyte-macrophages (CD11c™e™edi@€Cch11h* population 3) were
increased with CIA, LPS, and CIA + LPS, with the highest percentage
demonstrated following combined CIA + LPS exposure (Fig. 4E). There
was no difference in lung monocytes (CD11c"CD11b", population 4) or
lymphocytes including CD37CD4" T cells, CD3"CD8" T cells,
CD37CD19" B cells, or CD3"CD19 NK1.1" Natural killer cells across
the treatment groups (data not shown).

3.6. Lung matrix metalloproteinases, complement, and alarmins

Compared to Sham, CIA + LPS increased levels of MMP-2, —3, —8,
—9, and TIMP-1 in lung tissue homogenates whereas LPS alone
increased MMP-8, —9, and TIMP-1 and CIA increased only MMP-9
(Fig. 5A-B). TIMP-1 levels were potentiated with CIA + LPS as
compared to LPS alone (Fig. 5B). Complement component C5a is a
proinflammatory mediator that has been implicated in RA [45,46],
playing a role in neutrophil chemotaxis and neutrophil adhesion. C5a
levels were significantly increased only in the CIA + LPS treatment
group (Fig. 5C). Alarmins such as IL-33, thymic stromal lymphopoietin
(TSLP), and IL-25 are released in tissues in response to cellular damage
and stress, and they have also been suggested to be involved in pro-
fibrotic responses in idiopathic pulmonary fibrosis [47,48], a condi-
tion that resembles RA-ILD. IL-25 levels from lung homogenates were
decreased in the LPS and CIA + LPS treatment groups relative to Sham,
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Fig. 3. Combined CIA + LPS exposure modulates lung histopathology and extracellular matrix deposition. (A) Representative H&E and collagen (Trichrome; blue
and Sirius Red; magenta)-stained lung section images from each treatment group. (B) Confocal microscopy images of fibronectin, enolase, and vimentin from each
treatment group. Scatter plots depict with mean and SEM of (C) semiquantitative inflammatory score from H&E-stained sections and integrated density of (D)
collagen (blue), (E) fibronectin, (F) enolase, and (G) vimentin staining. (H) Co-localization coefficient (R?) of fibronectin, enolase, and vimentin with CIT or MAA in
the CIA + LPS treatment group. Statistical difference (#p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001) versus saline and between groups denoted by line

(**p < 0.01). Line scale denotes 100 pm.

with significantly lower IL-25 levels in the CIA + LPS as compared to LPS
alone (p < 0.05) (Fig. 5D). In contrast, IL-33 concentrations were
increased in lung homogenates from CIA, LPS, and CIA + LPS vs. Sham
treatment groups (Fig. 5E). Levels of IL-33 were also significantly
increased with CIA + LPS vs. LPS alone or CIA alone. TSLP levels were
not detected across treatment groups (data not shown).

3.7. Lung IL-33 and vimentin expression in mice

Based upon the increased lung expression of IL-33 with combined
CIA + LPS exposure, lung sections were stained for IL-33 as well as
vimentin to assess pro-fibrotic processes [49] given that vimentin
expression is largely attributable to mesenchymal cells (i.e. fibroblasts,
smooth muscle cells, and endothelial cells) and macrophages. Lung IL-
33 was increased in LPS and CIA + LPS vs. Sham and vs. CIA alone
(Fig. 6A), with no significant differences between LPS and CIA + LPS.
Vimentin expression was increased across all treatment groups vs. Sham,
but there was no significant difference between CIA, LPS, and CIA + LPS
treatment groups.

3.8. Lung IL-33 and vimentin expression in humans with RA-associated
lung disease

To examine the translational significance of these findings, tissue

sections from de-identified normal human lungs (“controls”) deemed
unsuitable for transplant (N = 7, age range: 19-59, 14.3% female) were
stained for IL-33 as well as vimentin and compared to lung sections from
patients with RA-associated lung disease (N = 9, age range: 42-67 years,
55.6% female; pathology summarized in Table 1). As summarized in
Fig. 6, lung IL-33 expression was strikingly increased in the lung tissues
of patients with RA-associated lung disease, with lesser (but still sig-
nificant) increases in vimentin staining (Fig. 6B). Excluding 2 subjects
with RA-related pulmonary nodules (in the absence of parenchymal
disease) and 1 subject with mild lung inflammation, increases in IL-33
and vimentin expression remained significant, p = 0.0012 and p =
0.0023, respectively.

3.9. Combination exposure modeling at earlier time points

To determine earlier temporal events in this murine co-exposure
modeling system, lung and serum specimens were collected and evalu-
ated at 1 week (Table S1) and 3 weeks (Table S2), time points that fall
between the two injections used in CIA induction. There was an early
(starting at 1 week) and robust airway inflammatory cellular influx with
an associated release in pro-inflammatory cytokines, chemokines and
remodeling proteins including fibronectin, IL-33, MMP-8, MMP-9, and
TIMP-1. Serum pentraxin-2 (acute phase protein) was strikingly
elevated at 1 week in CIA, LPS, and most significantly, CIA + LPS
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Fig. 4. Combined CIA + LPS induced lung inflammatory cell influx and mediator release. Scatter plots with bars depict mean with SEM. (A) Total cells, neutrophils,
macrophages, and lymphocytes enumerated from bronchoalveolar lavage fluid (BALF). (B) BALF levels of pro-inflammatory cytokines (TNF-a, IL-6) and neutrophil
chemoattractants (CXCL1 and CXCL2). A representative contour plot of lung neutrophils (CD1 1c’Ly6G+) (C) and the four macrophage-monocyte populations based
upon CD11c and CD11b expression after removal of neutrophils and lymphocytes (D), all gated from live CD45™" cells after excluding debris and doublets. (E) Lung
cell % populations of CD45™ cells. No difference among groups for monocytes (Population 4). Statistical difference (#p < 0.05, ##p < 0.01, ###p < 0.001, ####p
< 0.0001) versus sham and between groups denoted by line (*p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).

treatment groups. Serum anti-MAA and anti-MAA-CIT antibodies were
also significantly increased with CIA + LPS at 1 week as compared to
Sham. Similar trends were demonstrated at 3 weeks, but the magnitude
of the response was less. The systemic inflammatory and autoimmune
response also dampened at 3 weeks, except for the CIA treatment group.

4. Discussion

Airborne biohazard exposures are strongly associated with the risk of
both RA and RA-associated lung diseases that together represent the
most overrepresented cause of death in RA [1,2,50,51]. Knowledge of
this dynamic interplay of environmental influences in the setting of RA
is critical to disease management because current therapeutic options
for RA-associated lung disease are quite limited and clinically relevant

biomarkers for predicting the onset or progression of RA-associated lung
disease are lacking [52]. Here, we identify that repetitive inhaled
exposure to a ubiquitous environmental and occupational air pollutant,
LPS, in the setting of inflammatory arthritis leads to markedly increased
levels of serum autoantibodies relevant to RA, increased lung expression
of respective autoantigens, and key features of pulmonary inflammation
and fibrosis. Of added translational significance, we also report the
novel observation that increased IL-33 expression in lung tissue of mice
exposed to CIA + LPS can be replicated in patients with RA-associated
lung disease.

ACPA are a cardinal feature of RA, as they are highly disease specific
and appear to render a direct pathogenic role in the progression of RA
[53]. Although ACPA have been shown to be higher in patients with
established lung disease, concentrations do not appear to be predictive
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Fig. 5. Combined CIA + LPS effects with MMPs, complement, and alarmins. Scatter plots with bars depict mean with SEM. Lung tissue levels of matrix metal-
loproteinases (A, MMPs) and metallopeptidase inhibitor (B, TIMP-1) determined by multiplex analysis. Lung tissue levels of complement component C5a (C), IL-25
(D) and IL-33 (E) by ELISA. Statistical difference (#p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001) versus sham and between groups denoted by line (*p <
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Table 1
Characteristics of RA patients and corresponding lung tissue sample.

# Sex Age Disease Pathology Report

1 M 59 RA-ILD Patchy and non-specific foci of subpleural
fibrosis, chronic cellular bronchiolitis associated
fibrosis and chronic interstitial pneumonitis
suggestive of usual interstitial pneumonia

2 M 67 RA-ILD Organizing diffuse alveolar damage, chronic
interstitial pneumonia, and patchy foci of
significant interstitial fibrosis with honeycomb
change and areas of chronic pleuritis

3 F 62 RA-mild Bronchial mucosa with mild chronic

disease inflammation and eosinophils

4 F 49 RA-ILD Patchy fibrosis with subpleural, paraseptal and
peribronchiolar distribution, bronchiectasis,
focal lymphoid aggregates

5 F 49 RA-ILD Fibrovascular pleural adhesion, mild diffuse

interstitial lymphoid hyperplasia, patchy non-
specific chronic interstitial pneumonitis, chronic
cellular bronchiolitis

6 F 60 RA- Nodules with diffuse interstitial deposition of

nodules eosinophilic extracellular materials with
multinucleated giant cells on background of
chronic inflammation of plasma cells and
lymphocytes.

7 M 51 RA-ILD Focal areas of pleural fibrosis with necrotizing
granuloma with peripheral palisading
histiocytes’

8 M 65 RA- Nodules of necrotizing granulomatous

nodules inflammation
9 F 42 RA-ILD Mild ground-glass opacity, mild honeycombing,

mild air trapping, features more consistent with
usual interstitial pneumonia with fibrosis

! Evidence of both RA and RA-nodules.

of incident lung disease [53,54]. We previously demonstrated that
serum anti-MAA antibodies were independently associated with ILD in
the context of RA and that MAA is highly expressed in RA-ILD lung
tissues where it co-localizes with CIT and extracellular matrix proteins
[18]. Corresponding to these clinical observations [18], the combination
of CIA + LPS resulted in synergistic increases in ACPA as well as anti-
bodies to both MAA and MAA-CIT. To further underscore the signifi-
cance of this observation, it is a known limitation that the CIA model
alone yields only nominal ACPA responses [55,56] and is unable to
induce a robust anti-MAA antibody response [16]. Moreover, we have
shown in prior work that agricultural dust extracts also did not poten-
tiate anti-MAA antibody in the setting of arthritis induction [16]. Yet, in
this co-exposure modeling, both ACPA and anti-MAA antibody were
strikingly increased, yielding an autoantibody profile that more closely
mimics human disease. In comparison, repetitive inhalant LPS alone did
not induce systemic autoantibody responses, although this exposure did
result in modest increases in the lung expression of both CIT- and MAA-
modified proteins. Thus, these studies emphasize that an underlying
predisposition to autoimmunity plus a second “hit” such as airborne
biohazard exposure may be driving tolerance loss and disease manifes-
tations. This model, using LPS, a ubiquitous airborne exposure that is
commercially available and highly reproducible, could be further
exploited to test various pre-clinical therapeutic interventions to reduce
articular and lung disease burden.

Consistent with prior observations in patients with RA [18], CIT and
MAA co-localized in the lungs of experimental mice. Furthermore, we
were only able to significantly co-capture lung MAA-CIT together as
opposed to capturing MAA or CIT alone, suggesting an important and
perhaps “interdependent” relationship between these post-translational
modifications. MAA is typically generated from lipid peroxidation dur-
ing oxidative stress, and MAA adducts are highly immunogenic, induce
tolerance loss [57], and upregulate pro-inflammatory and pro-fibrotic
pathways [58,59]. LPS induces lung inflammation by signaling
through TLR4 to activate NF-kB, leading to release of reactive oxidative
species and pro-inflammatory cytokines [60] that could further promote
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MAA adduct formation. LPS is also recognized as a cofactor for MAA-
mediated release by liver endothelial and Kupffer cells [61], and
therefore, it is possible that MAA circulates to the lung or to the joint
where it might combine with LPS to activate macrophages, other in-
flammatory processes, ultimately resulting in tissue damage. In the
combined exposure modeling, there was co-localization of CIT with
fibronectin and enolase, but not vimentin, whereas MAA modestly co-
localized with fibronectin, enolase, and vimentin. Investigation using
strategies to inhibit reactive aldehyde species to inhibit MAA formation
[62] could further elucidate whether MAA is directly pathogenic, im-
pacts citrullination of autoantigens and autoantibody formation, and/or
represents a highly-relevant biomarker of lung disease in RA.

Repetitive LPS exposure activated lung neutrophil influx and pro-
inflammatory cytokine/chemokine release. Intriguingly, this tradi-
tional airway inflammatory response remained but was blunted in the
setting of inflammatory arthritis induced by CIA. Instead, with both
exposures, the lung disease skewed towards pro-fibrotic inflammatory
processes that parallel the interstitial fibrotic manifestations of RA-
associated lung disease. These pro-fibrotic features in the combined
model included increases in infiltrates of transitional monocyte-
macrophages populations as well as increases in several MMPs, fibro-
nectin, complement, and IL-33. Inflammatory monocytes and transi-
tional monocyte-macrophages are implicated in promoting lung fibrosis
[63-66] and have also been identified and profiled in animal studies
combining CIA with inhalant agriculture organic dusts exposures
[16,46]. Future studies involving genetically modified mice or inhibi-
tion of infiltrating inflammatory monocytes through systemic clodro-
nate liposome-reduction techniques should clarify the role of this cell
population in RA-associated lung disease development.

Interestingly, several lung MMPs including murine MMP-2, -3, -8, -9
and TIMP-1 were increased with combined exposures, recapitulating
findings recently observed in U.S. Veterans with RA-ILD [67]. Of note,
the Veteran RA-ILD patient cohort examined in this recent study con-
sisted primarily of men with history of various military and occupational
exposures as well as tobacco use [8]. Given sex-based differences that
have been demonstrated in prior animal studies as well as epidemio-
logical/clinical investigations, future efforts aimed at dissecting the
specific role of sex hormones including testosterone, progesterone, and/
or estrogen are needed. In support of this sex-based paradigm, MMPs
appear to be important not only in male mice, but also in men with RA-
ILD, suggesting a potential therapeutic role for agents targeting these
tissue remodeling proteins.

Other mediators that were potentiated with combined CIA + LPS
exposure were complement C5a and IL-33. Conversely, the alarmin IL-
25 was slightly, albeit significantly, reduced with combined exposures,
perhaps due to “consumption” by on-going inflammatory processes.
Next, our finding that complement C5a increased over time with com-
bined CIA + LPS exposure (but not in the other treatment groups) pro-
vide support for the potential role of complement in the initiation and
progression of RA-associated lung disease [45,46], suggesting that this
mediator could be therapeutically targeted by available agents. Finally,
IL-33 is released predominately in response to damage or stress, but is
also suggested to be involved in pro-fibrotic responses and tissue
remodeling in idiopathic pulmonary fibrosis (IPF) in its un-cleaved or
full-length form [47,48]. In contrast, full-length IL-33 does not promote
eosinophilic responses as those classic allergic responses are promoted
by cleaved forms of IL-33 [68]. Here, lung levels of IL-33 were increased
over time in the setting of combined CIA + LPS exposure, though
expression of this cytokine appears to be driven primarily by LPS
exposure. Because the antibody utilized recognizes both full-length and
cleaved forms through recognition of the Ser112-Thr270 amino acid
sequences, we are unable to speculate on which IL-33 form was present.
Moreover, our studies demonstrate for the first time that lung IL-33
expression is increased in patients with RA-associated lung disease,
which has also been observed with other chronic lung diseases including
IPF, chronic obstructive pulmonary disease (COPD), and asthma
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[68-71]. Clinical studies are currently underway utilizing anti-IL-33/
ST2 pathway antibodies in the treatment of COPD (clinicaltrials.gov;
NCT04701983, NCT03615040), suggesting that this approach could be
explored in RA-lung disease. Alternatively, IL-33 may be an important
early identifier of patients with RA who are at risk of developing RA-
associated lung disease.

Limitations of this study include the sole use of LPS as the airborne
biohazard prototype, as other airborne biohazards relevant to RA-lung
disease (such as silica and cigarette smoke) should be explored. Ciga-
rette smoke, for example, accelerates arthritis and citrullination in mice
[72,73]. Notably, cigarettes contain not only LPS [74], but also acetal-
dehydes that, when coupled with alcohol (source of acetaldehyde gen-
eration), robustly increase MAA adduct formation as detected in
bronchioalveolar lavage fluid of patients [75]. In addition, LPS has a
short half-life, and it may not be the appropriate inflammatory agent to
model former/past exposures, such as cigarette smoking, to the risk of
RA-associated lung disease. Finally, it has been recently demonstrated
that citrullinated vimentin is a TLR4 ligand that precipitates pulmonary
fibrosis and that citrullinated vimentin is induced by cigarette compo-
nent of carbon black and cadmium [76] to suggest that future studies are
warranted to investigate the potential additive role of LPS plus cadmium
and carbon black in the setting of arthritis induction.

In conclusion, we found that repetitive exposure to bacterial endo-
toxin in the setting of inflammatory arthritis leads to increases in lung
expression of RA-associated antigens and correlating circulating auto-
antibodies targeting post-translationally modified proteins, ultimately
shifting towards a pro-fibrotic, pro-inflammatory lung phenotype.
Meaningful mitigation of airborne biohazard exposures that are
enriched in endotoxin may therefore represent an important measure in
reducing the disease burden posed by RA and RA-associated lung
disease.
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