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Abstract

Immunogenetic as well as environmental and occupational exposures have been linked to the development of rheu-
matoid arthritis (RA), RA-associated lung disease, and other primary lung disorders. Importantly, various inhalants can
trigger post-translational protein modifications, resulting in lung autoantigen expression capable of stimulating pro-
inflammatory and/or pro-fibrotic immune responses. To further elucidate gene-environment interactions contributing
to pathologic lung inflaimmation, we exploited an established model of organic dust extract (ODE) exposure with and
without collagen-induced arthritis (CIA) in C57BL/6 wild type (WT) versus HLA-DR4 transgenic mice. ODE-induced air-
way infiltration driven by neutrophils was significantly increased in DR4 versus WT mice, with corresponding increases
in bronchoalveolar lavage fluid (BALF) levels of TNF-a, IL-6, and IL-33. Lung histopathology demonstrated increased
number of ectopic lymphoid aggregates comprised of T and B cells following ODE exposure in DR4 mice. ODE also
induced citrullination, malondialdehyde acetaldehyde (MAA) modification, and vimentin expression that co-localized
with MAA and was enhanced in DR4 mice. Serum and BALF anti-MAA antibodies were strikingly increased in ODE-
treated DR4 mice. Coupling ODE exposure with Type Il collagen immunization (CIA) resulted in similarly augmented
pro-inflammatory lung profiles in DR4 mice (relative to WT mice) that was accompanied by a profound increase in
infiltrating lung CD4™ and CD8™ T cells as well as CD197CD11b™ autoimmune B cells. Neither modeling strategy
induced significant arthritis. These findings support a model in which environmental insults trigger enhanced post-
translational protein modification and lung inflammation sharing immunopathological features with RA-associated
lung disease in the selected immunogenetic background of HLA-DR4 mice.

Introduction

Although the primary manifestations in rheumatoid
arthritis (RA) relate to inflammatory arthritis, respira-
tory-related deaths are the most over-represented cause
of death in men and women with RA [1-3]. Multiple
genetic and environmental risk factors contribute to
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peptide sequences in selected type II human leukocyte
antigens (HLA) such as HLA-DRB1*0401 (DR4) [4, 5].
Whereas the association among DR4 alleles and autoim-
munity is well-recognized, it is not fully understood how
this shared epitope predisposes an individual to autoim-
mune disease. It is thought that these polymorphisms
allow for varying and concentrated peptide binding spec-
ificity to selectively stimulate self-reactive CD4" T cells
[6]. Extra-articular manifestations of RA are more com-
mon in individuals possessing the DR4 haplotype [7], yet
the link between DR4 and RA-associated lung disease is
less clear. While several studies demonstrate increases in
the prevalence of interstitial lung disease (ILD) and dif-
fuse pan-bronchiolitis in RA patients with DR4 [8-10],
others have shown that DR4 exerts a protective effect
against RA-ILD [10]. Beyond RA, the HLA-DRBI alleles
strongly influence the risk of developing sarcoidosis sub-
types including Lofgren’s syndrome (acute clinical pres-
entation of systemic sarcoid) [11-13]; in addition, there
have been consistent associations of DR4 with idiopathic
bronchiectasis as well as obliterative bronchiolitis [14,
15]. Collectively, these studies support a role for DR4 in
inflammatory lung diseases, but the mechanisms under-
lying these associations and the specific contribution of
DR4 to RA-associated lung disease remains unknown.
Various airborne inflammatory exposures are recog-
nized as shared risk factors for primary lung diseases
(e.g., chronic obstructive pulmonary disease, bronchitis,
asthma) and for RA and RA-associated lung disease [3, 5,
16-19]. The risk associated with these exposures appears
to be disproportionately higher in men, even though RA
is more common among women [16]. Relevant exposures
include not only cigarette smoke [3, 5], but also other
exposures related to ambient air pollution, military ser-
vice (burn pits, organic dusts, military waste disposal),
and various workplace environments (agriculture organic
dusts, textiles, silica, construction, mining) [3, 5, 16-18,
20]. The importance of environmental insults is further
highlighted by emerging evidence linking the genera-
tion of autoantigens and RA-specific autoimmunity to
an initial “breach” of tolerance in the respiratory mucosa
[21-25]. Importantly, gene-environment interactions
related to these environmental exposures likely impact
disease susceptibility. For example, there is increased
severity of lung silicosis in persons with HLA-DR4 [26].
Moreover, a history of military burn pit and waste expo-
sures in veterans with RA and the shared epitope has
been linked to serum RA autoantibody levels [5]. In
contrast to these epidemiologic findings, experimental
models have demonstrated that cigarette smoke can sup-
press collagen-induced arthritis (CIA) development in
HLA-DR4 transgenic (Tg) mice, despite heightened post-
translational modification (citrullination) and vimentin
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expression in bronchoalveolar lavage fluid of mice treated
with cigarette smoke constituents [27].

Additional animal models have investigated mecha-
nisms of RA-associated lung disease through strategies
employing exposures to airborne inflammatory agents
in the context of collagen-induced arthritis (CIA) [28].
These studies have demonstrated that coupling repeti-
tive exposure to agriculture-related organic dust extracts
(complex mixtures comprised of an abundance of bac-
terial products and particulates) with Type II collagen
immunization (CIA) in the arthritis- susceptible DBA/1]
murine strain potentiated arthritis, expression of post-
translationally modified autoantigens (including both
citrullinated (CIT)- and malondialdehyde acetaldehyde
(MAA)-modified lung proteins), formation of anti-MAA
autoantibodies, and pro-fibrotic lung indices [29]. Impor-
tantly, sex differences that have been reported in epide-
miological investigations [16] were recapitulated in this
pre-clinical mouse model, as male mice were profoundly
more susceptible than female mice to most effects of
inhalant organic dust extract and CIA co-exposure. We
hypothesized here that having an immunogenetic risk
allele such as HLA-DR4 would potentiate environmental
exposure-induced lung disease through development of
post-translation protein modification, autoantibody pro-
duction, and a proinflammatory/profibrotic phenotype
characteristic of RA-associated lung disease to under-
score the importance of gene-environment interactions.

Materials and methods

Mice

The generation of the HLA-DRB1*0401 (DR4)-trans-
genic (Tg) mice on C57BL/6 to provoke susceptibility
of autoimmune disease has been previously described
[30]. These mice were purchased with C57BL/6 control
(or wild type, WT) mice from Taconic Biosciences (Ger-
mantown, NY). Male mice were utilized for all studies
because we have previously demonstrated that female
DBA/1] mice are strikingly less susceptible to organic
dust extract (ODE)-associated lung disease, autoimmun-
ity, arthritis, and periarticular bone loss in the setting of
arthritis induction [29]. Mice between 6 and 8 weeks of
age were allowed to acclimate for 1 week prior to initia-
tion of experiments. Airway inflammation was induced
using an established intranasal inhalation repetitive ODE
exposure animal model [31] whereby mice were lightly
sedated under isoflurane and received daily treatment
with either 50 pL of sterile saline or 12.5% ODE daily for
4-5 weeks (weekends excluded). The collagen induced
arthritis (CIA) model was also used in experimental stud-
ies per the Chondrex protocol (Chondrex, Inc, Redmond,
WA) [29]. Briefly, 2 mg/mL of chick type II collagen
emulsified in Freund’s complete adjuvant was injected
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subcutaneously on day 1 at a final concentration of
100 pg and again at Day 21, using chicken collagen emul-
sified in Freund’s incomplete adjuvant. Animals were
euthanized 5 h following the final inhalant exposure. Ani-
mal procedures were approved by the Institutional Ani-
mal Care and Use Committee and were in accordance
with the NIH guidelines for the use of rodents.

Organic dust extract

Aqueous ODE was prepared from swine confinement
feeding facilities as previously described [29]. Briefly, set-
tled surface dust (1 g) was incubated in sterile Hank’s Bal-
anced Salt Solution (10 mL; Mediatech, Manassas, VA)
for 1 h and centrifuged for 30 min at 2850g and repeated,
with the final supernatant filter-sterilized (0.22 um) to
remove microorganisms and coarse particles. Endo-
toxin concentrations of 100% ODE ranged from 1200 to
1400 EU/mL as determined using the limulus amebocyte
lysate assay (Lonza, Walkersville, MD). Muramic acid
levels (bacterial cell wall peptidoglycans) were previously
determined by mass spectrometry to be approximately
70 ng/mg [32]. Stock ODE was batch prepared and stored
at — 20 °C; aliquots were diluted for each experiment to a
final concentration (vol/vol) of 12.5% in sterile phosphate
buffered saline (PBS, pH 7.4; diluent). ODE 12.5% has
been shown to elicit optimal experimental outcomes and
is well tolerated [29, 33].

Cytokine, chemokine and fibronectin analysis
Bronchoalveolar lavage fluid (BALF) was collected using
3x1 mL PBS. Total cell numbers from the combined
recovered lavage were enumerated and differential cell
counts determined from cytospin-prepared slides (cyto-
pro cytocentrifuge, ELITech Group, Logan, UT) stained
with DiffQuick (Siemens, Newark, DE). From cell-free
supernatant of the first lavage fraction, tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6) and murine
neutrophil chemokine (CXCL1) were quantitated by
ELISA (R&D Systems, Minneapolis, MN; minimal detect-
able dose (MDD) of 7.2, 1.8, and 2.0 pg/mL, respectively).
Lung tissue homogenates were prepared by homogeniz-
ing % right lung samples (half of each right cranial, mid-
dle, caudal, and accessory lobes) in 500 pl of sterile PBS.
Lung tissue concentrations of fibronectin (Abcam, Cam-
bridge, MA; MMD of 3 ng/mL) and the alarmin IL-33
(R&D; MMD of 14.3 pg/mL) were quantified by ELISA
as previously described [34]. These analytes have been
implicated in airborne biohazard-induced lung inflam-
mation and RA-associated lung disease [29, 34].

Lung histopathology
Following lavage, left lungs were excised and inflated to
15 cm H,O pressure with 10% formalin (Fisher Scientific,
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Fair Lawn, NJ) for 24 h to preserve pulmonary archi-
tecture as previously described [29]. The fixed left lung
lobes were then placed into cassettes ventral side down,
embedded in paraffin, cut (4—5 pM) at midpoint sections
to include regions of both large and small airways as well
as blood vessels, and stained with hematoxylin and eosin
(H&E) (or preserved for subsequent IHC) by the Tissue
Science Core Facility at the Department of Pathology
and Microbiology at the University of Nebraska Medi-
cal Center. H&E-stained slides of the entire lung sec-
tion from each animal were reviewed, and the number of
ectopic lymphoid aggregates was assessed by a reviewer
blinded to the treatment conditions.

To determine B cells, T cells, and neutrophils, lung
sections were stained with anti-CD45R (1:100, Cat#14-
0452-82, Lot#2178350; Invitrogen, Grand Island, NY),
anti-CD3  (1:100, Cat#ab5690, Lot#GR3356033-2;
Abcam) and anti-myeloperoxidase (MPO, 1:100,
Cat#ab9535, Lot#GR331736-4; Abcam) antibodies. Cross
absorbed (H+L) goat anti-rabbit Alexa Fluor (AF) 488
(Cat#A32731, Lot#UK290266), goat anti-mouse AF
555 (Cat#A32727, Lot#UL287768) and goat-anti rat AF
555 (Cat#A21434, Lot#2184321) from Thermo Fisher,
Waltham, MA were used at 1:100 dilution as secondary
antibodies. Slides were mounted with VECTASHIELD®
Antifade Mounting Medium with DAPI (4/,6-diamid-
ino-2-phenylindole; to identify nuclei) (Cat#H-1200,
Lot#7ZG1014, Burlingame, CA) and visualized under
Zeiss fluorescent microscope. MPO™ neutrophils were
quantified by Image ] FIJI plug in as previously described
[35].

Lung autoantigens

Paraffin embedded lung sections from mice were rehy-
drated and subjected to antigen retrieval using citrate
buffer and steam, and then blocked with goat serum and
incubated with either Cy5 rabbit anti-vimentin (Bioss,
Woburn, MA, 1:100), Zenon AF 594 label (Invitrogen,
Carlsbad, CA), rabbit polyclonal IgG antibody to MAA,
or a mouse monoclonal anti-peptidyl-citrulline antibody
(clone F95 IgMx, Millipore Sigma, Burlington, MA).
Detection of the F95 antibody was done using an AF
488 AffiniPure donkey anti-mouse IgM, p 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 micro-
scope (ECHO, San Diego, CA). Images were quantified
using Image] (NIH, Bethesda, MD), and colocalization
was performed using the Image J FIJI plugin Coloc 2 as
previously described [34, 36].
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Serum pentraxin and autoantibodies

Serum was derived from whole blood collected from
the axillary artery at the time of euthanasia [29]. Serum
levels of Pentraxin-2 (murine acute phase reactant pro-
tein) were assessed by Quantikine ELISA according to
the manufacturer’s instructions (R&D, MDD of 0.368 ng/
mL). Anti-citrullinated protein antibody (ACPA) and
anti-MAA antibodies (IgG) were quantified using an
ELISA with data presented as relative units (RUs) of
the specific isotype detected in the assay, as previously
described [37, 38]. In brief, human serum albumin
(HSA), type II collagen, and vimentin were used as sub-
strate antigens for anti-MAA antibody measurement
while HSA was used as the substrate antigen for ACPA
quantification.

Lung cell staining and flow cytometry

Following vascular perfusion and BALF removal, har-
vested lungs (right lungs) were subjected to an auto-
mated dissociation procedure using a gentle MACS
Dissociator instrument (Miltenyi Biotech, Auburn, CA)
[29]. Lung cells from each animal were incubated with
a LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invit-
rogen, Carlsbad, CA) and CD16/32 (Fc Block, Bioleg-
end) to minimize non-specific antibody staining. Cells
were stained with monoclonal antibody (mAb) against
rat anti-mouse CD45 BV605 (clone: 30-F11; BD Bio-
sciences), CD11b peridinin-chlorophyll-protein (PerCP)
Cy5.5 (clone: M1/70; BD Biosciences), Ly6G AF700
(clone 1A8; BD Biosciences), CD11c phycoerythrin (PE)
eFluor 610 (clone: N418; Invitrogen), CD4 fluorescein-
5-isothiocyanate (FITC) (clone RM4-5, BD Biosciences),
CD8a PE (clone 53-6.7, BD Biosciences), CD19 allophy-
cocyanin (APC) eFluor 780 (clone 1D3, Invitrogen), and
hamster anti-mouse CD3e PE-Cy7 (clone 145-2C11, BD
Biosciences). Gating strategies for Ly6G*' neutrophils,
CD3TCD4™ T cells, CD3TCD8" T cells, CD19"CD11b~
B cells (B1 B cells), and CD19"CD11b* B cells (B2 B
cells) (depicted in Additional file 1: Fig. S1); and for
CD11c¢*CD11b' alveolar macrophages, CD11c*CD11b"
activated macrophages, CD11c¢™CD11b" transitioning
monocytes-macrophages, and CD11c¢"CD11b" mono-
cytes (depicted in Additional file 2: Fig. S2) were as pre-
viously reported [29, 34, 39, 40]. The percentage of all
respective cell populations was determined from live
CD45* lung leukocytes after excluding debris and dou-
blets. This percentage was multiplied by the respective
total lung cell numbers to determine specific cell popula-
tion numbers for each animal.

Arthritis evaluation
Mice were assessed weekly for the development of arthri-
tis using the semi-quantitative mouse arthritis scoring
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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).

Statistical analysis

Data are presented as the mean with standard deviation
bars. To detect significant changes within group between
saline and ODE, Mann—Whitney test was used. To detect
interaction between genetic modification (DR4 and WT)
and environment (saline and ODE), we used a two-way
analysis of variance (ANOVA) to obtain P-interaction
values. In the second set of studies, a one-way ANOVA
with Tukey post-hoc test for multiple comparisons was
utilized. In confocal studies, the FIJI plugin, Coloc 2 in
Image] was used to quantify the magnitude of co-local-
ization of vimentin, MAA, or CIT using five regions of
interest from each image. Pearson’s correlation coeffi-
cients 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 a two-
sided p<0.05.

Results

Increased airway inflammatory response to ODE in DR4
mice

In the first set of experiments, HLA-DR4 transgenic (Tg)
and WT mice underwent daily intranasal inhalation of
saline or ODE for 4 weeks (weekends excluded) and
were euthanized 5 h following final exposure (schematic,
Fig. 1A). ODE exposure induced increases in BALF total
mononuclear cells, neutrophils, and macrophages with-
out significant changes in lymphocytes (Fig. 1B). Eosino-
phils were rare and did not differ across groups (data not
shown). There was significant DR4 (gene)-ODE interac-
tion (int) for total cellular and neutrophil influx as well
as levels of TNF-a, IL-6, and IL-33 (Fig. 1B-D). As com-
pared to WT mice, total cellular influx (P int=0.014)
induced by ODE was increased in the DR4 mice, and
this difference was driven predominantly by neutrophil
influx (+1.8-fold increase, P int=0.015). Correspond-
ingly, ODE exposure resulted in an increase in BALF
levels of airway pro-inflammatory cytokines (TNF-a,
IL-6) and murine neutrophil chemoattractant (CXCL1)
in DR4 mice, with potentiated levels of TNF-a (+3.5-
fold increase P int=0.022) and IL-6 (+ 3.4-fold increase,
P int=0.010) relative to WT mice (Fig. 1C). ODE also
induced increased lung tissue levels of fibronectin and
IL-33 in both WT and DR4 mice, with IL-33 levels (but
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Fig. 1 ODE-induced airway inflammatory response is increased in HLA-DR-transgenic mice. A Schematic of experimental design; Tg=Transgenic.
Bar graphs in panels B-D depict mean + SD of cells and cytokines/chemokines from bronchoalveolar lavage fluid (BALF) and lung homogenates
corresponding to indicated treatment groups. B BALF total cells, neutrophils, macrophages, and lymphocytes are enumerated. C BALF levels of
TNF-a, IL-6, and CXCL1 and D lung levels of fibronectin and IL-33 determined by ELISA. N=5 mice/group. Statistical differences versus saline
treated mice are depicted by: 'p <0.05, "p <0.01, #p <0.001, ##p < 0.0001. Brackets between groups represents significant gene-ODE interaction
(P-interaction [int])

not fibronectin) being significantly increased in DR4  with MAA in RA-ILD lung tissues [41]. By confocal

compared to WT animals (P int=0.035) (Fig. 1D). microscopy, CIT- and MAA-modified proteins as well

as vimentin were significantly increased in WT-ODE
ODE-induced ectopic lymphoid aggregates and neutrophil ~ and DR4-ODE as compared to respective saline controls
infiltrates are increased in the lungs of DR4 mice (Fig. 3A-D). Whereas ODE-induced CIT- and MAA-

Repetitive ODE exposure induces ectopic lymphoid modified antigens were similarly increased in WT and
aggregates [29, 33], and in DR4 mice, ODE-induced lym-  DR4 mice (Fig. 3B), ODE-induced vimentin expression
phoid aggregates were markedly increased in number was potentiated in DR4 mice compared to WT mice
compared to WT (Fig. 2A, B). These lymphoid aggregates  (+3.5-fold increase), but this did not meet interaction
were comprised of both B and T cells (Fig. 2C), consistent  significance (P int=0.054, Fig. 3D). Pearson correla-
with prior observations regarding ODE-induced pathol-  tion coefficients and R* values were calculated as meas-
ogy [33]. Moreover, ODE-induced neutrophil infiltrates  ures of autoantigen co-localization in lung tissues. CIT
in the lung parenchyma were significantly increased and MAA modifications strongly co-localized following
in DR4 relative to WT mice (Fig. 2D, E). There was sig- ODE exposure in both WT mice (R* value of 0.82) and
nificant DR4-ODE interaction for both aggregate num-  DR4 mice (R? value of 0.91) (Fig. 3E). However, MAA and
ber (P int=0.021) and lung tissue neutrophil infiltrates  vimentin co-localization was more pronounced in ODE-
(P int=0.007). Collectively, these studies support an exposed DR4 mice (R* value of 0.48) compared to ODE-
enhanced airway inflammatory and pathologic response  exposed WT mice (R* value of 0.21. p=0.013). There was
following repetitive ODE exposure in DR4 mice. only minimal co-localization of CIT with vimentin.

ODE induces MAA and CIT post-translational modifications  Increased ODE-induced anti-MAA autoantibodies

with increased vimentin expression and MAA-vimentin and acute phase reactants in DR4 mice

co-localization in the lungs of DR4 mice Serum concentrations of the murine acute phase reactant
Lung tissues were stained and analyzed for CIT- and protein, pentraxin-2, were increased with ODE exposure,
MAA-modified antigens that included vimentin. Vimen-  and this response was increased in DR4 relative to WT
tin is an extracellular matrix protein that is increased in  mice (4 4.5-fold increase, Fig. 3F). Serum anti-MAA IgG
inflammatory lung diseases such as RA-ILD [34, 41, 42] antibody responses utilizing HSA, type II collagen, and
and can be targeted by post-translational protein modi-  vimentin as substrate antigen(s) were strikingly enhanced
fications, as demonstrated by robust co-localization in DR4 mice treated with ODE compared to mice



Poole et al. Respiratory Research (2022) 23:160

Page 6 of 15

HLA-DR4

HLA-DR4
7 P— . | T N R

Saline

Saline

ODE

B — P int=0.021
- 1
g 301 s
g 20 [ Saline
<
o — Il ODE
2
E 10 #
-d
L2
g,
E WT DR4

represents significant gene-ODE interaction (P-int). Line scale is 100 um

T cells (CD3, Green); B cells (CD45R, Red) wr DR4

Fig. 2 ODE-induced ectopic lymphoid aggregates and neutrophil infiltrates are increased in DR4 mice. A Representative H&E-stained lung section
images from each treatment group with arrows indicating ectopic lymphoid aggregates. B Bar graph (mean + SD) demonstrating the number
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receiving saline inhalation (Fig. 3G). In WT animals,
there was also a significant increase in ODE-induced
anti-albumin-MAA and anti-vimentin-MAA (but not
anti-collagen II-MAA) IgG responses. Compared to
WT animals, ODE exposure in DR4 mice significantly
enhanced IgG responses to albumin-MAA (4 8.4-fold
increase, P-int=0.0066), collagen II-MAA (4 2.1-fold
increase, P-int=0.020), and vimentin-MAA (4 3.7-fold
increase, P-int=0.022). In turn, there was a profound
increase (~28-fold) in ODE-induced anti-MAA IgG anti-
bodies measured in BAL fluid that was limited to DR4
animals (Fig. 3H), significantly increased (P-int=0.007)
compared to ODE-exposed WT mice. Serum ACPA
responses, measured using citrullinated HSA as the sub-
strate antigen, were not detected (data not shown).

ODE exposure induces minimal evidence for arthritis

in DR4 mice

Following 4 weeks of ODE exposure, there was only
slight evidence of arthritis (arthritis inflammatory score,

mean =+ SD) in WT-ODE (0.240.27; p=0.17) and DR4-
ODE (0.31+0.27; p=0.049) versus WT-saline (0.040.0)
and DR4-saline (0.0£0.0) control mice, respectively
(Additional file 4: Fig. S4A).

Combined collagen-induced arthritis (CIA) and ODE
exposure triggers enhanced airway inflammation in DR4
mice

The C57BL/6 murine strain is not commonly used for RA
modeling due to its resistance in developing collagen-
induced arthritis (CIA) [43, 44]. In contrast, the geneti-
cally disparate DBA/1] murine strain is typically used
in CIA modeling studies [45]. Previously, we demon-
strated that repetitive ODE exposure potentiates arthri-
tis and systemic autoimmunity in DBA/1J] mice [29].
However, ODE-induced inflammatory cell influx and
cytokine/chemokine release were decreased (as opposed
to increased) in the setting of concomitant CIA (i.e.,
CIA+ODE) in the airways of DBA/1] mice. Coupled
with evidence of skewing towards a pro-fibrotic lung
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Fig. 3 Expression of lung autoantigens, serum inflammatory markers, and autoantibodies following ODE exposure. A Confocal images of lung
tissue from treatment groups stained for citrulline (CIT)- and malondialdehyde-acetaldehyde (MAA)-modified proteins as well as vimentin, with
nuclei staining by DAPI (blue). Images were analyzed using Zen 2012 software (Zeiss). Bar graphs depict mean integrated density (+ SD) of B CIT- or
C MAA-modified proteins, and D vimentin, quantified per each mouse. E R*-values demonstrating co-localization of MAA-CIT, CIT-Vimentin, and
MAA-Vimentin within each treatment group. Panels F-H demonstrate serum levels of the murine acute phase reactant protein, pentraxin-2 (F),
serum levels of IgG antibody to MAA-modified proteins utilizing human serum albumin, collagen type Il, and vimentin as the substrate antigen

(G), and BALF levels of IgG antibody to MAA (H), all quantified by ELISA. Statistical differences versus saline-treated mice are indicated by f5<0.05,
#5<0.01, *p<0.001, #*¥p <0.0001. Brackets between groups represents significant gene-ODE interaction (P-int) and “a" (p < 0.05) is WT-ODE vs.

phenotype with CIA+ODE [29], these findings sug-
gested that arthritis induction may modulate the relative
balance between inflammation and fibrosis in the lungs.
In the current studies, CIA modeling with and without
ODE exposure (5 weeks) was applied to both C57BL/6-
derived DR4 and WT mice (schematic, Fig. 4A). Repli-
cating the data obtained without concomitant Type II
collagen immunization (Fig. 1), ODE exposure induced
increases in BALF total mononuclear cells, neutro-
phils, and macrophages in both WT-CIA+ODE and
DR4-CIA+ODE animals compared to saline control
mice (Fig. 4B). Again, the ODE-induced influx of total
cells and neutrophils was significantly increased in DR4
mice compared to WT mice. As in the initial experi-
ments with ODE alone, combined CIA + ODE exposure
resulted in increased BALF levels of airway proinflam-
matory cytokines (TNF-a, IL-6) and murine neutrophil

chemoattractant (CXCL1) in both DR4 and WT mice
(Fig. 4C). Furthermore, CIA+ ODE exposure potenti-
ated levels of TNF-a (4 2.8-fold increase, p <0.0001) and
IL-6 (+3.6-fold increase, p=0.0004) in DR4 relative to
WT mice, again replicating findings from experiments
involving repetitive ODE inhalation alone. Lung tissue
concentrations of fibronectin and IL-33 were increased
with CIA 4+ ODE in both WT and DR4 mice, without sig-
nificant differences between strains (p > 0.05, Fig. 4D). Of
note, Type II Collagen immunization (CIA) alone did not
induce airway cellular influx or inflammatory cytokine
release in either WT or DR4 mice.

ODE-induced lung infiltrates are increased in the setting

of CIA in DR4 mice

Lung histopathologic changes consisting of cellular infil-
trates and aggregates were most pronounced in DR4 mice
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Fig. 4 ODE-induced airway inflammatory response is increased in the setting of collagen-induced arthritis (CIA) in DR4 mice. A Schematic of
experimental design. Bar graphs in B-D depict mean (4 SD) number of cells and levels of cytokines/chemokines from bronchoalveolar lavage fluid
(BALF) and lung homogenates in designated treatment groups. B BALF total cells, neutrophils, macrophages, and lymphocytes are enumerated. C
BALF levels of TNF-a., IL-6, and CXCL1 and D lung levels of fibronectin and IL-33, as determined by ELISA. N =5-7 mice/group (BALF) and N=3-5
(Lung). Statistical differences versus respective saline-treated mice are marked by *p<0.05, *p < 0.01, ##p <0.0001. Lines denote difference
between groups (**p <0.01, ***p <0.001, ****p <0.0001)

treated with CIA 4+ ODE compared to DR4 mice treated
with CIA alone or to WT mice treated with CIA+ODE
(Fig. 5A). However, a limited number of scattered, small
granulomas were observed in both WT and DR4 mice
receiving CIA + saline.

Based upon studies demonstrating increased ectopic
lymphoid aggregates in DR4 mice following ODE expo-
sure (Fig. 2), lung tissues in the CIA+ ODE modeling
studies were processed for lymphocyte subsets, neu-
trophils, and monocyte/macrophage populations by
flow cytometry (Fig. 2B-D). Lung-infiltrating CD4%
T cells were increased in WT-CIA+ ODE mice, and
this response was profoundly potentiated in the DR4-
CIA + ODE mice (+3.4-fold increase, p <0.0001). CD8"
T cells were also strikingly increased in DR4-CIA + ODE
compared to WT-CIA 4+ ODE mice (+ 5.4-fold increase,
p<0.0001), as neither CIA + ODE nor CIA alone led to
increased CD8+T cells in WT mice (relative to saline-
treated control mice). B2 B cells (CD197CD11b™), which
are hallmark effectors of adaptive immune responses,
were increased in WT-CIA, WT-CIA+ ODE and DR4-
CIA+ODE mice. Bl B cells (CD19TCD11b") cells,
which are implicated in innate defense against mucosal
pathogens and autoimmunity development [39, 46],
were increased in both WT-CIA+ODE and DR4-
CIA + ODE mice, but most notably in DR4-CIA + ODE
mice (4 1.8-fold increase compared to WT-CIA 4 ODE,
p<0.01). Lung neutrophils were increased in both WT
and DR4 mice treated with CIA+ ODE (but not CIA

alone), with no difference between groups (Fig. 5C).
Resting alveolar macrophages (CD11c¢"CD11b"), acti-
vated macrophages (CD11ctCD11b*), and transition-
ing monocyte-macrophages (CD11c™CD11b") were all
increased in DR4-CIA + ODE mice, whereas only acti-
vated and transitioning monocyte/macrophage popula-
tions were increased in WT-CIA 4+ ODE mice (Fig. 5D).
Although these collective data indicated that the combi-
nation of CIA 4 ODE resulted in a proinflammatory lung
phenotype that was particularly augmented in the DR4
immunogenetic background, there were increases in the
transitioning monocyte/macrophage population in both
WT and DR4 mice treated with CIA alone.

Differential expression of ODE-induced induced lung
autoantigens and vimentin in DR4 mice in the context

of CIA

Citrullinated (CIT) lung proteins were increased in WT
and DR4 mice treated with CIA and CIA+ ODE, with
significantly increased CIT staining in the DR4-CIA ani-
mals compared to all other groups (Fig. 6A, B). In con-
trast, MAA expression was increased with CIA+ ODE
(but not CIA alone) in both WT and DR4 mice, with
enhanced expression demonstrated in DR4 mice (4 1.7-
fold increase, p<0.01) compared to WT animals (Fig. 6A
and C). Likewise, there was an increase in vimentin
expression with both CIA and CIA+ODE in WT and
DR4 mice, but this response was significantly potentiated
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in DR4-CIA + ODE animals (+ 1.7-fold increase vs. WT-
CIA + ODE, p=0.02; Fig. 6A and D).

Paralleling the findings in experiments without CIA
(Fig. 3), increased CIT- and MAA-modified proteins
strongly co-localized in all treatment groups (Additional
file 1: Fig. S4), with R? values ranging from 0.82 to 0.88.
MAA and vimentin also co-localized to a similar extent
among different treatment groups, with R* values rang-
ing from 0.57 to 0.67. In contrast to findings with ODE
alone (without CIA), CIT and vimentin co-localized to a
similar degree in all mice subjected to CIA (& ODE), with
R? values ranging from 0.77 to 0.86. Importantly, how-
ever, vimentin was preferentially expressed in DR4 mice
exposed to CIA+ODE, consistent with experiments
involving ODE administration without Type II collagen
immunization (Fig. 3).

Combined CIA and ODE-induced systemic inflammation,
autoantibodies, and arthritis in DR4 mice

Serum concentrations of the murine acute phase reac-
tant protein, pentraxin-2, were increased among all treat-
ment groups (WT-CIA, DR4-CIA, WT-CIA + ODE, and
DR4-CIA + ODE) relative to saline-treated control mice,

with no significant differences between treatment groups
(Fig. 6E). Compared to models involving ODE exposure
alone, the addition of CIA led to inconsistent serum
autoantibody responses in WT versus DR4 mice (Fig. 6F).
In WT animals, for example, there were increases in anti-
albumin-MAA IgG antibodies with CIA and CIA 4+ ODE
treatment, whereas there were no increases in these anti-
bodies in similarly treated DR4 mice. While none of the
WT or DR4 treatment groups demonstrated increased
anti-collagen II-MAA antibodies relative to saline
treated control mice, anti-vimentin-MAA antibodies
were increased in WT-CIA, WT-CIA + ODE and DR4-
CIA+ ODE mice. Anti-MAA IgG antibodies were also
demonstrated in the BALF of both WT and DR4 ani-
mals treated with combined CIA + ODE, but there were
no statistically significant differences between these two
groups (Fig. 6G). Serum ACPA (anti-citHSA), on the
other hand, were not detected among treatment groups.

Finally, there was only slight, but statistically signifi-
cant, evidence to support arthritis induction (arthritis
inflammatory score, mean+SD) in WT-CIA+ ODE
(0.31£0.26; p=0.032) and DR4-CIA+ ODE
(0.40+0.22; p=0.014) mice versus saline-treated
(0.0 £0.0) animals (Additional file 3: Fig. S3B).
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Discussion

Several shared genetic and environmental risk factors
exist for both lung diseases and RA, with established
and emerging evidence strongly supporting the concept
that inflammatory and immune processes occurring in
the lung microenvironment play a key pathologic role in
the “pre-RA” period [47-49]. However, the mechanisms
linking these complex processes to disease development,
progression, and severity in genetically susceptible indi-
viduals remain undefined [49]. In general, post-trans-
lational protein modifications including citrullination
and MAA-modification have been presumed to initiate

autoimmune responses to self-peptides through genera-
tion of cryptic/neo-epitopes that enhance autoreactive
lymphocytes and/or potentiate loss of tolerance to lung
antigens [47, 49, 50]. Consistent with this paradigm,
our results indicate that the HLA-DRBI1 shared epitope
expressed in HLA-DR4 transgenic mice strikingly predis-
posed animals to increased ODE-induced airway inflam-
matory responses, formation of lung ectopic lymphoid
aggregates, and vimentin expression co-localizing with
MAA. These findings correspond to increased concen-
trations of serum and BALF anti-MAA autoantibodies
following ODE exposure in DR4 animals. The additional
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stimulus of Type II collagen immunization (CIA) did not
substantially change the pro-inflammatory lung profile of
DR4 mice but did promote lung infiltration by CD4" and
CDS8™ T cells in this strain.

Extensive genetic studies have demonstrated that the
HLA-DRBI1 shared epitope contributes to risk across
different populations, particularly in ACPA-positive RA
patients [49, 51]. The importance of these risk alleles is
not limited to RA, as these HLA haplotypes are strongly
associated with sarcoidosis (including Lofgren’s syn-
drome), obliterative bronchiolitis, and idiopathic bron-
chiectasis [11-15, 52]. Moreover, HLA-DRBI alleles are
linked to more severe forms of sarcoidosis, including a
higher burden of lung granulomas as well as extrapulmo-
nary manifestations such as hypercalcemia and ocular
disease [52]. Our findings demonstrating significant gene
(DR4) by environment (ODE) outcomes, strongly sug-
gest that this unique MHC determinant markedly skews
the host response to air pollutants towards a more robust
lung inflammatory phenotype, with features shared by
RA-associated lung disease as well as other primary
inflammatory lung diseases. Given our experimental
design, we were unable to formally test for gene-envi-
ronment interactions in our studies incorporating CIA,
which would require additional studies using larger sam-
ple sizes and additional treatment groups. Clinical and
epidemiologic studies are warranted to evaluate whether
assessment of HLA-DR status may provide prognostic or
therapeutic guidance for patients suspected to have RA
and/or inflammatory lung diseases. For example, stud-
ies have previously suggested that early and aggressive
immunosuppressive treatment provides therapeutic ben-
efit in seropositive RA patients possessing shared epitope
DRBI risk alleles [53, 54].

Respiratory-related disorders are the most overrepre-
sented cause of death in RA [2, 55]. While symptomatic
ILD occurs in up to 10-15% of RA patients and is asso-
ciated with poor long-term prognosis [56—58], COPD
remains the most common cause of respiratory related
death in this patient population [2, 59, 60]. Various air-
borne environmental/occupational exposures (i.e., farm-
ing construction, mechanic, warehouse, and military
work exposures) are not only risk factors for COPD but
are also strongly associated with the risk of both RA
and RA-associated lung disease [3, 5, 16—19]. Moreover,
approximately 35% of agriculture workers develop air-
way inflammatory diseases including chronic bronchitis,
COPD, and asthma, independently of RA [61, 62]. Prior
murine studies have also established that agriculture-
related organic dust extracts induce a potent neutrophilic
and pro-inflammatory airway inflammatory response
that lessens in magnitude over time, but results in the
development of ectopic lymphoid aggregates consistent
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with a chronic inflammatory adaptive response [33].
In DR4 mice, this ODE-induced neutrophil and pro-
inflammatory cytokine/chemokine responses were
enhanced, resulting in particularly striking elevations of
BALF TNF-a and IL-6 levels. These observations could
have translational application for personalized medicine
approaches, as they suggest that specific cytokine-tar-
geted therapies may have improved efficacy in HLA-
DRB1" individuals with relevant occupational exposures
and lung disease manifestations. Previous studies have, in
fact, demonstrated that individuals with RA and specific
HLA-DRBI haplotypes have a more favorable response
to TNF inhibitor drugs, at least for articular disease [63].

Beyond these inflammatory mediators, our studies
have demonstrated that lung IL-33 levels are increased
following airborne biohazard exposures, particularly in
DR4 mice. As an alarmin that forms in response to dam-
age or stress signals, IL-33 is increased in several inflam-
matory and fibrotic lung diseases that include COPD,
idiopathic pulmonary fibrosis (IPF), post-COVID lung
fibrosis, and RA-ILD [34, 42]. Given that clinical studies
targeting the systemic IL-33 signaling pathway are cur-
rently underway in the treatment of COPD (clinicaltri-
als.gov; NCT04701983; NCTO03615040), investigating
the role of IL-33 in HLA-DRB1" RA and lung diseases
resulting from airborne exposures may be warranted.

MAA adducted proteins have been demonstrated in
lungs of individuals with alcohol use disorder who smoke
cigarettes [64]. Similarly, our results demonstrate that
post-translational modifications encompassing CIT and
MAA-modification were induced in lung tissue follow-
ing organic dust exposure, with MAA and CIT strongly
co-localizing. Our results are also consistent with previ-
ously reported animal studies using endotoxin exposure
[34, 39] and a prior study from our group examining his-
topathologic lung tissues from patients with RA-asso-
ciated lung disease [41]. Despite the overall increase in
airway inflammation in DR4 mice, ODE-induced expres-
sion of lung CIT and MAA was similar in magnitude to
that observed in WT animals (except in mice exposed to
ODE + CIA, where MAA modification was augmented
in DR4 relative to WT mice). However, ODE-induced
vimentin expression was robustly increased in DR4 mice
with or without Type II collagen co-immunization. Inter-
estinglyy, MAA and vimentin co-localization was also
more pronounced in DR4 mice. Vimentin appears to be
a critical lung protein that is susceptible to post-transla-
tional modification and associated with disease activity.
For example, administration of citrullinated vimentin
promotes pulmonary fibrosis through its action as a Toll-
like receptor 4 ligand [65].

Another striking finding in DR4 mice was the increase
in number of ODE-induced ectopic lymphoid aggregates.
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The size of individual aggregates was variable and not
formally assessed, potentially biasing the number of
aggregates enumerated per lung section. Of note, addi-
tional lung phenotyping in the CIA+ODE model
strongly supports an enhanced T-cell response with co-
existing features of B cell autoimmunity. This enhanced
T cell response supports previous studies showing that
immunization of HLA-DR4 Tg mice with DR4-restricted
peptides induces T cell proliferation in vitro [30]. Moreo-
ver, antigen presentation by B cells from DR4 Tg mice is
enhanced in vitro and consistent with increased autoan-
tibody development in these mice [66]—a phenomenon
that we also observed in the current study. Complement-
ing these findings in B and T cells, ex vivo stimulation of
DR4 bone marrow-derived macrophages with various
pro-inflammatory agents polarizes these cells toward an
“M1” phenotype [67] that potentially overlaps with the
activation profile of macrophages isolated from DR4 lung
tissue following ODE inhalation. Collectively, the find-
ings from our study and previous investigations indicate
that DR4 likely mediates ODE-induced enhancement of
lung-infiltrating T cells, autoimmune B cells, and acti-
vated macrophages.

Despite the increase in CIT- and MAA-modified lung
proteins following ODE exposure, systemic disease
manifestations and serum autoantibody responses were
not entirely uniform between WT and DR4 mice. Sys-
temic anti-MAA (but not anti-HSA citrullinated HSA)
IgG antibody responses were much more pronounced
in ODE-exposed DR4 mice, though this response was
not enhanced (relative to WT mice) with concomitant
administration of Type II collagen/CFA emulsions. Cor-
respondingly, BALF anti-MAA IgG antibodies were dem-
onstrated predominantly in the DR4 mice exposed to
ODE alone (Fig. 3), while administration of CIA +ODE
promoted the formation of anti-MAA IgG in the BALF
of both WT and DR4 mice. In both ODE and CIA + ODE
modeling systems, there was also a relative lack of arthri-
tis development—regardless of immunogenetic strain
background. Although the absence of arthritis and rela-
tive uncoupling from serum autoantibody formation
was somewhat unexpected and represents a limitation
to using this model in future arthritis-focused studies,
there are several potential explanations for these obser-
vations. For example, generation of anti-MAA antibodies
may reflect inflammatory consequences of ODE-induced
insult of airway and lung tissue that heralds a “pre-RA”
phase, but ultimately requires additional antigen-targeted
immune responses to trigger development of arthri-
tis. In fact, it is possible that arthritis might be gener-
ated over longer exposure periods, as has been reported
in C57BL/6 mice undergoing an extended 3 month
CIA protocol [43]. To enhance the arthritis phenotype,
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protocol modifications such as increasing the concentra-
tion of collagen immunization or immunization with cit-
rullinated proteins may also be necessary. Even if immune
responses targeting citrullinated antigens are ultimately
required to develop the combined lung-joint phenotype
of RA-ILD, however, anti-MAA antibodies may be useful
biomarkers in pre-RA as well as other lung diseases that
include sarcoidosis and idiopathic bronchiectasis.

In conclusion, environmental inflammatory insults
such as complex organic dust extract trigger post-
translational protein modifications and enhanced lung
inflammation in the selected immunogenetic back-
ground of HLA-DR4 mice, producing an immunophe-
notype that shares pathological features with RA-ILD
and other inflammatory lung diseases. These findings
correspond to enhanced production of CIT- and MAA-
modified lung autoantigens as well as generation of
anti-MAA antibody (but not anti-HSA-CIT/ACPA),
suggesting a potential role for MAA-targeted immune
responses in the development of inflammatory lung
disease with and without concomitant RA.
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Additional file 1: Figure S1. Flow cytometry gating strategies depicted
for lung cell identification of Ly6G™* neutrophils, CD37CD4™ T cells,
CD3*CD8™ T cells, CD197CD11b~ B2 B cells and CD197CD11b* B1 B cells.

Additional file 2: Figure S2. Flow cytometry gating strategy for lung
macrophage-monocyte subpopulations is depicted.

Additional file 3: Figure S3. ODE induces minimal evidence of arthritis
with or without CIA. A) Arthritis inflammatory score increases in HLA-DR4
transgenic mice following 4 weeks of ODE exposure. B) In the setting

of arthritis induction (CIA), ODE-induced arthritis inflammatory score
increases in WT-CIA + ODE and DR4-CIA + ODE animals. Statistical differ-
ence versus saline-treated control mice is indicated by #p < 0.05.

Additional file 4: Figure S4. Co-localization of MAA, CIT, and vimentin
in the setting of arthritis induction (CIA) with and without ODE. CIT-
and MAA-modified proteins, CIT, and vimentin, and MAA and vimen-
tin strongly co-localize in all treatment groups. Statistical difference
(####p < 0.0001) versus saline.
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