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Association of Sputum Neutrophil Extracellular Trap
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Objective. Mechanisms leading to anti—citrullinated protein antibody (ACPA) generation in rheumatoid arthritis
(RA) are hypothesized to originate in the lung. We undertook this study to understand associations between neutrophil
extracellular trap (NET) formation in the lung and local ACPA generation in subjects at risk of developing RA.

Methods. Induced sputum was collected from 49 subjects at risk of developing RA, 12 patients with RA, and
18 controls. Sputum neutrophils were tested for ex vivo NET formation, and sputum-induced NET formation of
control neutrophils was measured using immunofluorescence imaging. Sputum macrophages were tested for ex
vivo endocytosis of apoptotic and opsonized cells. Levels of ACPA, NET remnants, and inflammatory proteins were
quantified in sputum supernatant.

Results. Spontaneous citrullinated histone H3 (Cit-H3)-expressing NET formation was higher in sputum
neutrophils from at-risk subjects and RA patients compared to controls (median 12%, 22%, and 0%, respectively;
P < 0.01). In at-risk subjects, sputum IgA ACPA correlated with the percentage of neutrophils that underwent
Cit-H3+ NET formation (r = 0.49, P = 0.002) and levels of Cit-H3+ NET remnants (r = 0.70, P < 0.001). Reduced
endocytic capacity of sputum macrophages was found in at-risk subjects and RA patients compared to controls.
Using a mediation model, we found that sputum inflammatory proteins were associated with sputum IgA ACPA
through a pathway mediated by Cit-H3+ NET remnants. Sputum-induced Cit-H3+ NET formation also correlated
with sputum levels of interleukin-1B (IL-1p), IL-6, and tumor necrosis factor in at-risk subjects, suggesting a causal
relationship.

Conclusion. These data support a potential mechanism for mucosal ACPA generation in subjects at risk of
developing RA, whereby inflammation leads to increased citrullinated protein—expressing NETs that promote local

ACPA generation.
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INTRODUCTION

Rheumatoid arthritis (RA) develops in multiple phases, includ-
ing a “preclinical” phase of systemic autoimmunity that precedes
the onset of inflammatory arthritis (IA) (1,2). Anti—citrullinated protein
antibodies (ACPAs), often characterized by anti—cyclic citrullinated
peptide (anti-CCP) antibodies, are a key autoantibody system in
RA. ACPA can be pathogenic in RA-related arthritis models (3,4),
yet it is unknown how ACPAs initially form. To study the early steps
of ACPA formation, our group has focused on subjects with an
elevated risk of developing RA based on familial and/or serologic
RA risk factors (5-7). Herein, these subjects are described as “at
risk” for RA.

While the exact mechanisms that trigger ACPA generation
are unknown, data support the notion that ACPA may originate
in the lung (5-11). We have previously identified anti-CCP gener-
ation in the lung using induced sputum in RA patients as well as
in a portion of subjects at risk for RA (5-7). These studies also
found a strong correlation between levels of ACPA and DNA-
protein remnants of neutrophil extracellular traps (NETs), including
DNA-myeloperoxidase (MPO) and DNA-neutrophil elastase (NE),
in the sputum of subjects at risk for RA (6,7). NET formation,
commonly termed NETosis, is a mechanism during which neu-
trophils decondense their nucleus and expel their chromatin in
complex with intracellular proteins in response to various stim-
uli, particularly inflammation or bacteria (12). While NETosis is a
common physiologic process, certain NET features have been
linked to ACPA and RA (13-17). It is currently unknown whether
neutrophils in the lung are inherently more prone to undergo a
specific type of NETosis in RA patients or at-risk subjects, and
whether citrullinated proteins expressed on NETs are associated
with ACPA in the lung.

We hypothesized that ACPAs, specifically IgA ACPA, are
formed in the lungs of subjects at risk for RA as the result of
increased citrullinated protein—expressing NET formation. In the
present study, we specifically investigated citrullinated histone H3
(Cit-H3) expression on NETs, because this molecule and physi-
cally associated factors are known to be externalized on a subset
of NETs (18), can be a target of ACPA in RA (19), and can be
readily identified using currently available antibodies. Importantly,
understanding the early steps of ACPA generation, particularly
in subjects at risk for RA, can improve the overall understand-
ing of RA development, including the initial loss of tolerance to
citrullinated self-antigens and eventual development of clinically
apparent IA.

PATIENTS AND METHODS

Study subjects. Subjects were recruited from the Studies
of the Etiologies of RA Lung cohort (5-7), which was designed to
use induced sputum to study RA-related autoimmunity in the lung
during different phases of RA development.

Subjects at risk for RA. We included 49 subjects without IA
who were determined to be at risk of developing RA. We defined
being at risk for RA as having a first-degree relative with RA and/or
having serum ACPA positivity (CCP3.1 IgG/IgA) identified through
community health fair, clinic, or research-based blood screenings.
In these 49 at-risk subjects, 40 had a first-degree relative with RA
(of which 10 of 40 [25%)] were also seropositive for ACPA), and 9
were seropositive for ACPA without a known first-degree relative
with RA.

RA patients. We included 12 patients who met the RA clas-
sification criteria based on medical chart review (20,21). All RA
patients were seropositive for ACPA (CCP3.1 IgG/IgA) and were
receiving disease-modifying antirheumatic drugs and/or biologics.

Healthy controls. We included 18 healthy controls who
were recruited through local advertisement, did not have RA or IA,
did not have a first-degree relative with RA, and were seronegative
for ACPA.

Sputum collection and processing. All subjects under-
went induced sputum collection with nebulized hypertonic saline
(10%), as previously described (5-7). Sputum samples were imme-
diately separated into 2 equal portions and processed separately.
One portion was processed to obtain the cell-free supernatant,
which included dilution with phosphate buffered saline, syringe-
based mechanical homogenization, and centrifugation, followed
by storage at —80°C with protease inhibitors phenylmethylsulfonyl
fluoride and EDTA. Cell-free assays were performed to evaluate
levels of ACPA, rheumatoid factor (RF), NET remnants, cytokines,
chemokines, complement, and histone protein.

The other portion of the sputum sample was processed to
obtain a cell-rich sample, which included extraction of sputum
plugs with tweezers, chemical homogenization with dithiothrei-
tol, and filtration. Mechanical homogenization was not performed
on this sample. The processed cellular sample was immediately
used for cell-based assays, which included ex vivo NET formation
and macrophage endocytosis assays.

When sputum volume was adequate, all assays were per-
formed. If sample volume was low, only 1 cell-based assay was
performed. A flow chart outlining the number of subjects tested
for each assay is included in Supplementary Figure 1 (available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41948/abstract). For sputum cell-free test-
ing, all samples with adequate volume were tested for ACPA and
RF, and those with remaining volume were also tested for levels of
NET remnants, cytokines/chemokines, and complement.

Study visit. Blood and sputum were collected from all
subjects. At-risk and control subjects had a 66/68-count joint
examination to confirm the absence of IA. Self-administered ques-
tionnaires were used to obtain demographic data and history of
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smoking and lung disease. For RA subjects, the Multidimensional
Health Assessment Questionnaire (MD-HAQ) (22) was completed
to measure functional status.

ACPA and RF testing. Serum was tested for ACPA using
enzyme-linked immunosorbent assay (ELISA) (Quanta Lite
CCP3.1 IgG/IgA; Inova Diagnostics). The cutoff level for positivity
was based on the manufacturer’s recommendations (=20 units).
Sputum supernatant was tested for individual ACPA isotypes, IgG
CCP and IgA CCP, using ELISA. IgG anti-CCP was measured
using CCP3 (IgG; Inova) with modifications including additional
dilutions of the standard curve resulting in a 7-point standard
curve. IgA anti-CCP was measured using CCP3.1 (IgG/IgA;
Inova) with substitution of the anti-human IgG/IgA conjugate for
an anti-human IgA conjugate (horseradish peroxidase—conjugated
goat anti-human IgA, no. 2050-05; Southern Biotech) and using
an in-house standard curve generated from pooled RA patient
serum. Sputum IgG anti-CCP and IgA anti-CCP positivity were
established using a separate cohort of 100 healthy controls and
setting a cutoff level for positivity at the 95th percentile. Sputum
was also tested for IgA RF using ELISA (Quanta Lite RF IgA; Inova
Diagnostics).

Shared epitope testing. Blood was tested for RA
risk alleles containing the shared epitope using previously
described methods (23).

Sputum NET remnant testing. Sputum supernatant was
tested for DNA-protein complexes of NET remnantsin ablinded man-
ner using previously described methods (6,7,24). Briefly, we used
sandwich ELISA to detect DNA-MPO, DNA-NE, and DNA-Cit-H3
protein complexes. Detailed methods for DNA-MPO and DNA-NE
testing have been previously described (7). Similar methods were
used for DNA-Cit-H3, and the antibody used to coat plates was
rabbit anti-human H3 (citruline R2+R8+R17; Abcam). To control for
plate-to-plate variation, 4 control samples were included on every
plate and an optical density index was calculated based on the
average of these healthy control samples. In addition, a negative
and positive control standard were run on each plate to confirm the
validity of each plate. All samples were run in duplicate.

Sputum cytokine and chemokine testing. Meso Scale
Discovery assays using Custom V-Plex Human Biomarker Panel
plates were used to quantify sputum levels of interleukin-1(3 (IL-
1B), IL-6, IL-8, IL-10, tumor necrosis factor (TNF), monocyte
chemotactic protein 1 (MCP-1), macrophage inflammatory pro-
tein 1a (MIP-1a), and MIP-1[3. Spike recovery testing with high
and low standards was performed in coordination with the com-
pany (Meso Scale Discovery) to confirm that the biologic sample
of sputum did not interfere with testing. All sputum samples were
tested in duplicate, with mean levels reported in pg/ml.

Sputum complement factor testing. Complement
factors Ba, soluble C5b-9, and C3a were measured by ELISA
(Quidel). Complement factors C1qg, C4, C2, MBL, C4b, C3,
factor B, factor D, properdin, C3b, factor H, factor |, and Cba
were measured by multiplex Luminex immunoassays (Milli-
poreSigma). Methods were optimized to measure the low con-
centration values in sputum, and 3 quality control samples were
included in each run. All testing was performed in duplicate, with
the resulting mean values reported in ng/ml, except for Cba,
which was reported in pg/dl.

Ex vivo sputum NET formation assay. Detailed meth-
ods are provided in the Supplementary Materials (http://online
library.wiley.com/doi/10.1002/art.41948/abstract). Briefly, spu-
tum cells were fixed, permeabilized, and stained with anti-MPO
and anti-Cit-H3 antibodies. Confocal microscopy was used to
quantify NET formation as previously described (25). DNA+MPO+
or DNA+MPO+Cit-H3+ colocalization and morphologic features
of DNA extrusion consistent with NET formation were used to
identify neutrophils that had undergone total NET formation or
Cit-H3+ NET formation, respectively. Percentage of total or per-
centage of Cit-H3+ NETs was defined as the number of neutro-
phils with DNA+MPO+ or DNA+MPO+Cit-H3+ NET formation
per total neutrophils.

Ex vivo sputum macrophage endocytosis assay.
Detailed methods are provided in the Supplementary Materials
(http://onlinelibrary.wiley.com/doi/10.1002/art.41948/abstract).
Briefly, dissociated sputum cells were incubated with apoptotic
and opsonized Jurkat cells for 2 hours followed by cell fixa-
tion and staining. Microscopy with manual counting was per-
formed to quantify the endocytosis index based on the following
formula:

(100 x number of macrophages with engulfed targets/
total number of macrophages counted) x
(total number of engulfed targets/
total number of macrophages counted)

Sputum Western blot. Sputum cell-free supernatant from
8 at-risk subjects (3 positive for sputum IgA anti-CCP and 5 neg-
ative for sputum IgA anti-CCP) was analyzed by Western blot to
determine the levels of Cit-H3 and total H3. Samples were ana-
lyzed by equal volume (3 pl sputum per well) and by total protein
level (2 pg protein per well). A positive control was run with each
blot that included 7 ng of in vitro—citrullinated bulk histones. Anti-
bodies were used to detect total H3 (no. ab1791; Abcam) and
Cit-H3 (citrulline R2+R8+R17, no. ab5103; Abcam). The volume
intensity of bands was calculated by densitometry using Bio-Rad
Image Lab software. Each band was normalized to the positive
control.
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Induction of NETosis by induced sputum. cytokine/chemokine or complement variables using the first prin-
Detailed methods are provided in the Supplementary Materials cipal component from principal component analysis. The resulting
(http://onlinelibrary.wiley.com/doi/10.1002/art.41948/abstract). composite score explained 79% and 61% of the total variation
Briefly, peripheral blood neutrophils isolated from a control donor among the 8 cytokine/chemokines and 16 complement variables,
were incubated with sputum supernatant for 2 hours followed by respectively. The mediation model used the sputum composite
fixation and staining with anti-MPO and anti-Cit-H3 antibodies. score as the effector variable, log-transformed sputum IgA anti-
After accounting for background, levels of NET formation were CCP levels as the outcome variable, and sputum NET remnant
quantified using the SpectraMax iD5 (Molecular Devices). levels as mediator variables. The model was run with each NET

remnant mediator variable separately (DNA-MPO, DNA-NE, and

Statistical analysis. Subject demographics, percentage DNA-Cit-H3) to quantify the direct effect and the indirect effect in
NET formation, levels of sputum protein, macrophage endocytic the model. Significance was determined by a false discovery rate—
index, and NET remnants were compared between groups using adjusted bootstrap P value of less than 0.05, using the Benjamini
chi-square and Wilcoxon’s rank sum tests, as appropriate. Log- and Yekutieli method to account for multiple testing (27). The medi-
transformed levels of sputum anti-CCP and sputum cytokine, ation models were fit using the mediation R package (28,29).

chemokine, and complement factor levels correlated with percent-
age NET formation, macrophage endocytic index, and NET remnant
levels, according to Spearman’s correlation. NET remnant levels
correlated with MD-HAQ scores, and sputum cytokine, chemokine,
and complement levels correlated with sputum-induced NET lev-
els, according to Spearman’s correlation. Multivariable linear regres-

Study approval. All study procedures were approved by
the Colorado Multiple Institutional Review Board and were in com-
pliance with the Declaration of Helsinki. Written informed consent
was obtained from all subjects.

RESULTS
sion was used to compare sputum percentage NET formation and
group status as well as NET remnant levels and log-transformed Increased spontaneous sputum NET formation in
sputum anti-CCP levels, while adjusting for relevant covariates. at-risk subjects and RA subjects. Subject demographic data
For mediation analyses, we first used established methodol- are described in Supplementary Table 1 (http://onlinelibrary.wiley.
ogies (26) to create a composite variable to represent the multiple com/doi/10.1002/art.41948/abstract). Using immunofluorescence
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Figure 1. Sputum neutrophil extracellular trap (NET) formation (known as NETosis) and association with sputum IgA anti—cyclic citrullinated
peptide (anti-CCP). A and B, Percentage of sputum neutrophils that underwent total NETosis (DNA+MPO+) (A) and citrullinated histone H3—
positive (Cit-H3+) NETosis (DNA+MPO+Cit-H3+) (B) in ex vivo unstimulated culture in healthy controls (n = 15), subjects at risk for rheumatoid
arthritis (RA) (n = 41), and RA patients (n = 8). C and D, Percentage of sputum neutrophils that underwent total NETosis (C) and Cit-H3+ NETosis
(D) in serum anti-CCP3.1-negative at-risk subjects (n = 26) and serum anti-CCP3.1-positive at-risk subjects (n = 15). Median levels were
compared between groups using Wilcoxon’s rank sum test. E, Correlation between sputum IgA anti-CCP level and percentage Cit-H3+ NETosis
in at-risk subjects (n = 37), by Spearman’s correlation. Bars show the median and interquartile range. Open circles represent subjects negative for
sputum IgA anti-CCP, solid circles represent subjects positive for sputum IgA anti-CCP, and open squares represent subjects in whom sputum
IgA anti-CCP was not tested. * =P < 0.05; ™ = P < 0.01; ** = P < 0.001. MPO = myeloperoxidase; NS = not significant; Ln = natural logarithm.
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imaging of unstimulated sputum cells (representative images in lung disease differed between groups, we performed multivari-
Supplementary Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/ able linear regression and found that sputum total and Cit-H3+
art.41948/abstract), we found that the percentage of sputum neu- NET formation remained significantly associated with subject
trophils that underwent NET formation (DNA+MPO+) and Cit-H3+ group after adjusting for age and history of chronic lung dis-
NET formation (DNA+MPO+Cit-H3+) was significantly higher in at- ease (P < 0.01). In addition, levels of sputum total and Cit-
risk subjects and RA patients compared to controls (Figure 1A and H3+ NETosis remained significantly higher in at-risk and RA
1B). For at-risk subjects, RA patients, and controls, the median never-smokers compared to controls, and sputum Cit-H3+
percentage NET formation values for total NETs were 51%, 67 %, NETosis remained significantly correlated with sputum IgA anti-
and 37% (P = 0.001), respectively, and for Cit-H3+ NET formation CCP level in at-risk never-smokers (Supplementary Figures
were 12%, 22%, and 0% (P < 0.001), respectively. Among at-risk 3A-C, http://onlinelibrary.wiley.com/doi/10.1002/art.41948/
subjects, sputum total NETosis was significantly higher in those abstract).
who were seropositive for anti-CCP3.1 (Figure 1C), whereas spu-
tum Cit-H3+ NETosis was similar between at-risk subjects sero- Association of sputum Cit-H3 levels with sputum
positive for anti-CCP3.1 and those seronegative for anti-CCP3.1 ACPA. Proteins can be released extracellularly during NETo-
(Figure 1D). Increasing levels of Cit-H3+ NETosis significantly cor- sis (80). Using Western blot analysis, we found that median
related with increasing levels of sputum IgA anti-CCP (Figure 1E) Cit-H3 levels and total H3 protein levels were higher in at-risk
but not IgG anti-CCP (P = 0.88) in at-risk subjects. There was no subjects with IgA anti-CCP-positive sputum (22% median Cit-
significant correlation between total NETosis and IgA anti-CCP H3+ NETosis in these samples based on ex vivo NETosis testing
or 1IgG anti-CCP in sputum from at-risk subjects (P = 0.15 and described above) compared to those with sputum negative for
P = 0.12, respectively). There was also no significant correlation IgA anti-CCP (1% median Cit-H3+ NETosis in these samples)
between sputum total or Cit-H3+ NETosis and sputum IgA anti- (Figures 2A-E). When blots were loaded based on total pro-
CCP or IgG anti-CCP among RA patients or control subjects (data tein, we also found that the sputum Cit-H3:total H3 ratio was
not shown). higher in at-risk subjects with sputum positive for IgA anti-CCP

Of note, sputum total and Cit-H3+ NETosis were not sig- (Figure 2F). Total H3 and Cit-H3 levels also correlated with total
nificantly higher based on age, sex, or history of chronic lung sputum neutrophil counts (r = 0.82, P = 0.02, and r = 0.86,
disease (data not shown). Because age and history of chronic P =0.01, respectively).
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Figure 2. Sputum Cit-H3 levels are associated with sputum IgA anti-CCP levels in subjects at risk for RA. A, Western blot imaging of Cit-H3
and total H3 in sputum supernatant from a subset of at-risk subjects (3 subjects with IgA anti-CCP-positive sputum and 5 subjects with IgA
anti-CCP-negative sputum). Each well was loaded with 3 pl of sputum supernatant, and the positive control lane includes in vitro—citrullinated
bulk histones. B and C, Quantified levels of Cit-H3 (B) and total H3 (C), by sputum volume (3 pl loaded per well), normalized to the positive
control in at-risk subjects positive for sputum IgA anti-CCP and those negative for sputum IgA anti-CCP. D-F, Quantified levels of Cit-H3 (D),
total H3 (E), and Cit-H3:total H3 ratio (F), by sputum total protein level (2 ug loaded per well) normalized to the positive control in at-risk subjects
positive for sputum IgA anti-CCP and those negative for sputum IgA anti-CCP. Each band volume intensity was calculated using Bio-Rad Image
Lab software. Median levels were compared between groups using Wilcoxon’s rank sum test. Bars show the median and interquartile range.
Open circles represent subjects negative for sputum IgA anti-CCP, and solid circles represent subjects positive for sputum IgA anti-CCP. * = P
< 0.05. See Figure 1 for definitions.
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Figure 3. Sputum macrophage endocytosis of apoptotic and opsonized cells. A, Representative image of macrophage efferocytosis assay
displaying ingestion of apoptotic Jurkat cells (arrows) by a sputum macrophage. Original magnification x 400. B and C, Endocytosis index
of apoptotic (B) and opsonized (C) Jurkat cells in healthy controls (n = 7), subjects at risk for RA (n = 33), and RA patients (n = 5). D and
E, Endocytosis index of apoptotic (D) and opsonized (E) Jurkat cells in at-risk subjects with serum negative for anti—citrullinated protein
antibodies (ACPA) (n = 23) and those with serum positive for ACPA (n = 10), with ACPA measured using an anti-CCP3.1 (IgG/IgA) enzyme-linked
immunosorbent assay. Median levels were compared between groups using Wilcoxon’s rank sum test. Bars show the median and interquartile
range. Open circles represent subjects negative for sputum IgA anti-CCRP, solid circles represent subjects positive for sputum IgA anti-CCP, and
open squares represent subjects in whom sputum IgA anti-CCP was not tested. ™ =P < 0.01; ** = P < 0.001. See Figure 1 for other definitions.

Sputum macrophage endocytosis diminished in
at-risk subjects and RA patients. Macrophage endocyto-
sis is needed for effective clearance of NET remnants (31). To
globally study macrophage endocytosis, we quantified both
efferocytosis of apoptotic cells and phagocytosis of opsonized
cells. We found that sputum macrophages from at-risk sub-
jects and RA patients had significant impairments in both effe-
rocytosis (Figure 3B) and phagocytosis (Figure 3C). Among
at-risk subjects, there was no difference in endocytosis based
on serum anti-CCP3.1 positivity (Figures 3D and E). In addi-
tion, sputum macrophage endocytosis did not correlate with
sputum IgA anti-CCP level in at-risk subjects (P = 0.24 for
efferocytosis and P = 0.10 for phagocytosis).

Sputum macrophage endocytosis was not significantly asso-
ciated with age or history of chronic lung disease in any group
(P> 0.05 for all). Among at-risk subjects, macrophage efferocytosis
was higher in women compared to men (P < 0.01), and there was
a non-significant trend toward lower endocytosis in ever-smokers
(P = 0.08 for efferocytosis and P = 0.09 for phagocytosis). How-
ever, when comparing only women or only never-smokers in each
group, at-risk subjects and RA patients continued to demonstrate
decreased sputum macrophage efferocytosis and phagocytosis
compared to controls (P < 0.05 for all) (Supplementary Figures
3D and E, http://onlinelibrary.wiley.com/doi/10.1002/art.41948/
abstract). Endocytosis also remained significantly associated
with the subject group when adjusting for sex and ever-smoking
in multivariable linear regression (P < 0.01).

Correlation of sputum Cit-H3-containing NET rem-
nants with sputum IgA anti-CCP in at-risk subjects.
NET remnants represent a composite of NET formation and
NET clearance. Consistent with our prior data (7), sputum IgA
anti-CCP levels correlated with sputum NET remnant levels
of DNA-NE (r = 0.55, P < 0.001) and DNA-MPO (r = 0.51,
P =0.003) in at-risk subjects (Figures 4A and B). We also found
that sputum DNA-Cit-H3 protein complexes had the strong-
est correlation with sputum IgA anti-CCP (r = 0.70, P < 0.001)
(Figure 4C). Notably, sputum DNA-Cit-H3 levels were not
significantly higher in at-risk subjects as a group compared
to healthy controls or RA patients (P = 0.15) (Figure 4D), but
among at-risk subjects, sputum DNA-Cit-H3 levels were sig-
nificantly higher in those with sputum IgA anti-CCP positivity
(P =0.01) (Figure 4E).

Because IgA RF and smoking have been associated with
increased NETosis in humans (6,32,33), we evaluated the influ-
ence of these factors. In at-risk subjects, after adjusting for ever-
smoking and sputum IgA RF level in linear regression models,
sputum IgA anti-CCP remained significantly associated with spu-
tum DNA-Cit-H3 (P = 0.02) but not with DNA-MPO (P = 0.84) or
DNA-NE (P = 0.06).

There was no significant correlation between sputum IgA
anti-CCP and NET remnant levels in RA subjects (data not
shown). However, sputum DNA-Cit-H3 NET remnant levels did
demonstrate a significant positive correlation with MD-HAQ score
(r=0.85, P =0.02).
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Association of sputum cytokines/chemokines
with sputum IgA anti-CCP via pathway mediated by
DNA-Cit-H3 and DNA-NE NET remnants in at-risk
subjects. Multiple inflammatory cytokines can induce NET forma-
tion (12,14,34). We found positive correlations between levels
of sputum IgA anti-CCP and sputum IL-1(3, IL-6, IL-8, IL-10,
TNF, MIP-1a, and MIP-1f3 in at-risk subjects (Supplementary
Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.41948/
abstract). We then performed a mediation analysis to investi-
gate whether the relationship between a composite cytokine/
chemokine score and IgA anti-CCP was mediated by NET
remnants. Our outcome of interest was the indirect effect of
the model, because it quantified how much of the relationship
between cytokine/chemokines and IgA anti-CCP was medi-
ated through NET remnants (Supplementary Figure 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.41948/abstract). We
found that the relationship between the sputum cytokine/
chemokine score and sputum IgA anti-CCP was signifi-
cantly mediated through sputum DNA-Cit-H3 NET remnant
levels (indirect effect; P < 0.001) (Supplementary Table 3,
http://onlinelibrary.wiley.com/doi/10.1002/art.41948/abstract)
and to a lesser extent DNA-NE (indirect effect; P = 0.004).

As outlined in Supplementary Table 3 (http://onlinelibrary.
wiley.com/doi/10.1002/art.41948/abstract), 86% of the relation-
ship between the sputum cytokine/chemokine score and spu-
tum IgA anti-CCP was mediated by sputum DNA-Cit-H3 levels.
This relationship was maintained after adjusting for sputum IgA
RF levels (P = 0.001 for DNA-Cit-H3; P = 0.002 for DNA-NE).

outlined in Supplementary Table 4 (http://onlinelibrary.wiley.com/
doi/10.1002/art.41948/abstract).

Sputum macrophage endocytosis index was not included in
the mediation model, because it was not associated with sputum
IgA anti-CCP. Of note, when accounting for multiple comparisons,
there were no significant correlations between sputum mac-
rophage endocytosis and sputum cytokine/chemokine levels
(data not shown), but there was a trend toward sputum mac-
rophage phagocytosis negatively correlating with sputum TNF
levels (r = -0.41, P = 0.03).

Association of sputum complement activation
fragments with sputum IgA anti-CCP via pathway
mediated by DNA-Cit-H3 NET remnants in at-risk
subjects. Complement activation fragments have also been
found to induce NETosis (35,36). We identified positive cor-
relations between levels of sputum anti-CCP-IgA and sputum
Ba, C2, C4, and factor H in at-risk subjects (Supplementary
Table 2, http://onlinelibrary.wiley.com/doi/10.1002/art.41948/
abstract). Similar to the mediation analysis applied to cytokines/
chemokines, we found a significant relationship between the
composite sputum complement score and sputum IgA anti-
CCP that was mediated through sputum DNA-Cit-H3 NET
remnant levels (indirect effect; P < 0.001) (Supplementary
Table 3, http://onlinelibrary.wiley.com/doi/10.1002/art.41948/
abstract). We found that 86% of the relationship between the
sputum complement score and sputum IgA anti-CCP was medi-
ated by sputum DNA-Cit-H3 levels. We did not find DNA-MPO

The contributions of individual cytokines/chemokines are or DNA-NE to significantly mediate this relationship. Results
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Figure 4. Sputum IgA anti-CCP and NET remnant levels. A-C, Correlations between levels of sputum IgA anti-CCP and levels of sputum NET
remnants, measured as DNA-neutrophil elastase (DNA-NE) (A), DNA-MPO (B), and DNA-Cit-H3 (C) in at-risk subjects (n = 33). Correlations
were calculated using Spearman'’s correlation. D, Sputum DNA-Cit-H3 levels in controls (n = 8), at-risk subjects (n = 33), and RA patients (n = 7).
E, Sputum DNA-Cit-H3 levels in at-risk subjects positive for sputum IgA anti-CCP (n = 6) and those negative for sputum IgA anti-CCP (n = 27).
Median levels were compared between groups using Wilcoxon’s rank sum test. Open circles represent subjects negative for serum anti-
CCP3.1, and solid circles represent subjects positive for serum anti-CCP3.1. See Figure 1 for definitions.
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for individual complement proteins are listed in Supplementary
Table 5 (http://onlinelibrary.wiley.com/doi/10.1002/art.41948/
abstract). Although not included in the mediation model,
when accounting for multiple comparisons, there was a non-
significant trend toward sputum macrophage phagocytosis
negatively correlating with sputum levels of C3a (r = -0.51,
P =0.01),C2 (r=-0.47,P =0.02), Clqg (r =-0.44, P = 0.03),
and C3 (r = -0.44, P = 0.03).

Increase in induction of NETosis due to sputum
that contains elevated inflammatory cytokine levels in
at-risk subjects. Because our mediation analysis suggested that
the relationship between sputum inflammatory proteins and IgA
anti-CCP was mediated by DNA-Cit-H3 in at-risk subjects, we
evaluated the ability of the sputum from at-risk subjects to induce
Cit-H3+ NETs in control neutrophils. We found that among at-risk
subjects, induction of Cit-H3+ NETs significantly correlated with
sputum levels of IL-1[3, IL-6, and TNF (Figure 5 and Supplemen-
tary Table 6, http://onlinelibrary.wiley.com/doi/10.1002/art.41948/
abstract). There was no significant correlation between sputum
complement factor levels and NET induction. There was also no
significant correlation between sputum IgA anti-CCP, IgG anti-
CCP, or IgA RF level in at-risk subjects and NET induction. In at-risk
subjects with IgA anti-CCP-negative sputum, positive correlations
remained between the induction of Cit-H3+ NETs and sputum IL-
1B (P = 0.002), IL-6 (P = 0.010), and TNF (P = 0.027), supporting
the notion that sputum cytokines in at-risk subjects can induce
Cit-H3+ NETs even in the absence of sputum IgA anti-CCP.
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DISCUSSION

We demonstrate for the first time that sputum neutrophils
from subjects at risk of developing RA and RA patients are more
prone to spontaneously undergo NET formation. Of particular
interest, in at-risk subjects, IgA anti-CCP levels in the lung were
associated with increased Cit-H3—-expressing NET formation,
and sputum IgA anti-CCP most strongly correlated with Cit-H3—
containing NET remnants. Furthermore, we demonstrate that in
at-risk subjects, inflammatory cytokines, chemokines, and com-
plement pathway proteins in the lung are associated with sputum
IgA anti-CCP through a pathway mediated by Cit-H3-containing
NET remnants, and induction of Cit-H3+ NETosis was increased
in sputum containing higher levels of IL-1, IL-6, and TNF. Taken
together, these data suggest an important role for inflammation-
induced citrullinated protein—expressing NETs in the lungs in sub-
jects at risk for RA.

While the exact etiology of RA remains unknown, multiple data
indicate that autoimmunity and inflammation begin in the lung in a
portion of individuals who ultimately develop RA (7,9,37,38). Data
also demonstrate that peripheral blood and synovial fluid neutro-
phils from RA patients are more prone to NETosis (14). Arthrito-
genic NET peptides can also be presented to antigen-specific T
cells in association with ACPA, suggesting that NETs can be an
initial trigger or amplifier of ACPA production (39). Taking these
data into account along with our current findings, we propose that
neutrophils in the lungs of subjects at risk for RA are more prone to
undergoing citrullinated protein—containing NETosis, and IL-1(3-,
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Figure 5. Sputum-induced Cit-H3+ NET formation and sputum cytokine levels. Correlations between levels of sputum-induced Cit-H3+ NET
formation in control peripheral blood neutrophils measured by Cit-H3 mean relative fluorescence intensity (RFI) and log-transformed levels of
sputum cytokines, including interleukin-1(3 (IL-13) (A), IL-6 (B), IL-8 (C), and tumor necrosis factor (TNF) (D) in subjects at risk for RA (n = 33)
were calculated using Spearman’s correlation. Open circles represent subjects negative for sputum IgA anti-CCP, and solid circles represent
subjects positive for sputum IgA anti-CCP. See Figure 1 for other definitions.
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IL-6—, and TNF-associated inflammation, in particular, lead to an
excess accumulation of citrullinated protein—containing NET rem-
nants in the lung that can promote the local formation of ACPA.
The factors that drive the inflammation in these subjects are
unknown, but candidates are under investigation. We also found
that sputum NET remnants in RA subjects correlated with joint
disability (i.e., MD-HAQ) and not sputum ACPA levels, suggesting
that NETs in the lung may play different roles at different stages of
RA development.

In the present study, we found that sputum macrophages in
at-risk subjects and RA patients had diminished endocytic func-
tion, suggesting that both increased NET formation and decreased
NET clearance could contribute to the high levels of NET remnants
associated with sputum IgA anti-CCP. While we did not directly
evaluate macrophage ingestion of NET remnants in this study, it
is assumed that NET ingestion would also be diminished because
sputum macrophages in at-risk subjects and RA patients dis-
played global dysfunction of endocytosis (e.g., decreases in both
efferocytosis and phagocytosis), and the receptor for advanced
glycation end products can be used for both NET and apoptotic
cell ingestion (39,40). Studies have shown that NE, which can be
released during NETosis, can reduce lung macrophage efferocytic
capacity by cleaving phagocytic receptors on the cell surface (41).
Future studies are needed to identify whether similar processes

occur in subjects at risk for RA. In addition to macrophage endo-
cytosis, NETs are cleared through degradation by DNase (31). We
were unable to measure sputum DNase enzyme activity in this
study, which is a limitation, but going forward, understanding dif-
ferences in sputum DNase activity in at-risk subjects will be impor-
tant to determine its contribution to increased levels of sputum
NET remnants and RA pathogenesis.

NETs can be divided into several subtypes. The protein cargo
externalized and the inflammation triggered by NETs can differ
based on the individual and the NET stimulus (14,42-44). While
smoking can induce NETosis and could play a role in increased
NET formation in at-risk and RA smokers, our findings were inde-
pendent of smoking, supporting the hypothesis of involvement of
other factors. Our study focused on Cit-H3—containing NETs, but
other citrullinated proteins have been identified in RA-associated
NETs (14). As such, additional studies are needed to explore the
full citrullinome of NETs generated in the lung in subjects at risk for
RA. In addition, we found increased Cit-H3 and H3 protein levels
in sputum associated with IgA anti-CCP in at-risk subjects. The
source of Git-H3 in the sputum could be from NETosis, but other
pathways could also contribute, including extracellular release of
peptidylarginine deiminase during NETosis (30) and neutrophils
externalizing citrullinated proteins through leukotoxic hypercit-
rullination or complement membrane attack complex insertion
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(45). Understanding each distinct pathway that could trigger
ACPA through excess citrullinated protein externalization will be
of interest.

There are several limitations to our study. It has been demon-
strated that ACPA can trigger NET formation (13), which could
result in a feed-forward process of increased NETosis. However,
we found increased sputum NETosis in at-risk subjects without
ACPA in the sputum or serum, suggesting that increased NET
formation could be an initial event leading to ACPA formation and
not a resultant event caused by ACPA in the lung. NETs can also
induce cytokine stimulation from other nearby cells, including air-
way epithelial cells, and NETs can activate complement (46-48).
Therefore, while our data suggest that NET remnants mediate the
relationship between inflammatory factors and ACPA, we cannot
exclude the possibility that elevation of sputum cytokines and/or
complement results in part from the effects of increased NETosis.
Figure 6 depicts our hypothesis in the context of the complexi-
ties of several possible feed-forward loops that could contribute
to further enhancement of lung inflammation and NET formation.
Of note, lung inflammation and NET formation triggered by a vari-
ety of environmental factors are likely common in most individ-
uals, regardless of their risk for RA. It is likely the generation of
a sustained local and subsequently systemic adaptive immune
response to citrullinated proteins is the factor that distinguishes
individuals with and those at-risk for RA from healthy controls.
However, large longitudinal studies of sputum and linked systemic
studies of autoimmune status are needed to fully understand the
natural history and relationships of lung inflammation and ACPA
generation across different sites in groups of individuals who have
well-defined outcomes.

In conclusion, we found increased Cit-H3—containing NET
formation and NET remnants to be associated with IgA anti-CCP
in the sputum of subjects at risk for RA. These data suggest a role
for aberrant NET formation in the lung during the preclinical period
of RA. They further support the importance of understanding fea-
tures of sputum neutrophils in at-risk subjects and RA patients, as
NET formation and effector mechanisms may be potential future
targets that abrogate ACPA generation during the preclinical
period of RA.
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