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Abstract

Objective—To evaluate the generation of rheumatoid arthritis (RA)-related autoantibodies in the
lung.

Methods—Simultaneous collection of serum and induced sputum was performed in 21 healthy
controls, 49 at-risk subjects without inflammatory arthritis but at risk of RA due to family history
or seropositivity for anti—citrullinated protein antibodies, and 14 subjects with early RA. Samples
were tested for anti—cyclic citrullinated peptide 2 (anti-CCP2), anti-CCP3, anti-CCP3.1,
rheumatoid factor isotypes IgM, 1gG, and IgA, and total IgM, 1gG, and IgA.

Results—One or more autoantibodies were present in sputum of 39% of at-risk seronegative
subjects, 65% of at-risk seropositive subjects, and 86% of subjects with early RA. In at-risk
seronegative subjects, the rate of anti-CCP3.1 positivity and the median number of autoantibodies
were elevated in sputum versus serum. In subjects with early RA, the rate of positivity for several
individual autoantibodies and the median number of autoantibodies were higher in serum than in
sputum. Results in at-risk seropositive subjects were intermediate between these groups. In at-risk
subjects with autoantibody positivity in sputum, the ratios of autoantibody to total 1g were higher
in sputum than in serum, suggesting that these autoantibodies are generated or sequestered in the
lung.
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Conclusion—RA-related autoantibodies are detectable in sputum in subjects at risk of RA and
in subjects with early RA. In a subset of at-risk subjects, the presence of sputum autoantibodies in
the absence of seropositivity, and the increased autoantibody-to—total 1g ratios in sputum, suggest
that the lung may be a site of autoantibody generation in the early development of RA. These
findings suggest an important role of the lung in the pathogenesis of RA.

The finding of serum elevations of rheumatoid factor (RF) and anti—citrullinated protein
antibodies (ACPAS) prior to the symptomatic onset of inflammatory arthritis in rheumatoid
arthritis (RA) suggests that RA-related autoimmunity may be initiated outside of the joints
(1-5). Although the anatomic site of initiation of RA-related autoantibody production is
unknown, emerging data, including the identification of elevations of IgA autoantibodies in
subjects prior to the onset of symptomatic RA, suggest that initiation may occur at a
mucosal site (6-9). Furthermore, the association of inhaled factors such as tobacco smoke
and occupational dust with increased risk of RA (10,11), and reported findings of
inflammatory lung abnormalities associated with serum RA-related autoantibody positivity
in the absence of (and in some cases preceding) articular symptoms in RA (12-14), suggest
that the lung may be a mucosal (and potentially an initiating) site of generation of RA-
related autoimmunity.

Evaluating the lung to determine whether it is a site of generation of RA-related
autoimmunity presents many challenges; however, prior studies demonstrating the
generation of autoantibodies within the lung through comparative analyses of sputum and
serum suggest that such an approach may be used to identify the lung as a site of generation
of RA-related autoantibodies in the early development of RA (15-18). Therefore, to test the
hypothesis that RA-related autoantibodies are generated in the lung, we evaluated ACPAs
and RF isotypes in simultaneously collected sputum and serum from healthy subjects,
subjects at elevated risk of developing RA due to family history of RA or seropositivity for
ACPAs, and subjects classified as having RA according to established criteria.

SUBJECTS AND METHODS

Study subjects

Subjects were recruited from the Studies of the Etiology of Rheumatoid Arthritis (SERA)
project, a prospective study established to investigate the natural history of RA (19).
Enrollment was between February 2011 and September 2012 and included subjects with
early (<12 months since diagnosis) seropositive RA (early RA) fulfilling the 1987 revised
criteria of the American College of Rheumatology (ACR) (20), subjects at elevated risk of
future RA (at-risk subjects) who were currently without inflammatory arthritis, and
seronegative controls (healthy controls) without a known history of health care provider—
diagnosed lung or autoimmune disease who were recruited through local advertising. The at-
risk subjects included those with a first-degree relative who fulfilled the ACR 1987 revised
criteria for RA and those identified through community health fair screening as being
seropositive for ACPASs on at least one occasion (21). At-risk subjects were further
categorized as seropositive (=1 serum RA-related autoantibody) or seronegative as
determined by serum testing at their lung study visit. All at-risk and healthy control subjects
completed a standardized questionnaire and underwent a 68-joint examination performed by

Arthritis Rheum. Author manuscript; available in PMC 2014 June 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Willis et al. Page 3

a rheumatologist or trained study nurse to confirm the absence of clinical evidence of
inflammatory arthritis at their lung study visit.

Ethical considerations

All study procedures were approved by institutional review boards at participating
institutions.

Sputum collection and processing

Sputum was obtained using an induced sputum protocol of inhalation of nebulized 5% saline
over 15 minutes, with expectorated sputum collected at defined intervals and when subjects
sensed the need for coughing/sputum release, and with oral rinse and drying prior to sputum
expectoration to minimize salivary contamination (16,17). To additionally ensure that
adequate bronchial samples were analyzed, only sputum samples with a squamous epithelial
cell count of <10 cells per high-power field were used for these experiments (excluding 8%
of subjects) (16).

Once collected, sputum samples were processed by diluting them with 3 ml of phosphate
buffered saline (PBS) per 1 gram of sputum, followed by mechanical disruption of the
sample through an 18-gauge needle (4 cycles per gram or a minimum of 12 cycles) (22).
Next, to separate the cellular material, processed sputum samples were centrifuged at 1,200
revolutions per minute for 10 minutes, and that supernatant was further centrifuged at 3,500
rpm for 20 minutes, with this final supernatant used for testing described below.

Of note, the mucolytic agent dithiothreitol (DTT) has been used in some studies for
processing sputum as this agent can separate cellular and mucus contents of sputum.
However, we did not use DTT in this study as it disrupts disulfide bonds that may result in
alteration of autoantibody detection, and prior studies have also shown that the addition of
DTT does not improve antibody measurements in sputum compared to mechanical
processing without DTT (18). Furthermore, we initially tested the raw, unprocessed sputum
samples for RA-related autoantibodies using the enzyme-linked immunosorbent assay
(ELISA)-based autoantibody tests described below. In testing these unprocessed sputum
samples, there was a mean variability between ELISA wells of >20% for individual samples
—a finding possibly related to heterogeneous distribution of autoantibodies between wells
due to adherence to mucus. However, with the mechanical disruption processing method
described above, the variability of autoantibody levels between wells was <5%, suggesting
that with the process, the sputum samples were appropriately homogenized.

Autoantibody testing

All serum samples were tested for the following: RF isotypes IgM, IgA, and 1gG by ELISA
(Quanta Lite kits; Inova Diagnostics), anti—cyclic citrullinated peptide 2 (anti-CCP2) (IgG
ELISA, Diastat; Axis-Shield), and anti-CCP3.1 (IgA/IgG ELISA; Inova Diagnostics).
Serum positivity for each RF isotype was established based on levels positive in <5% of 491
blood donor controls; standard kit cutoffs were used for serum anti-CCP positivity (anti-
CCP2 >5 units; anti-CCP3.1 =20 units). All serum samples were diluted 1:100 per
manufacturer specifications; additional dilutions were performed (1:200, 1:400, etc.) as
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necessary to determine the final autoantibody level if initial dilution was not sufficient to
identify the upper autoantibody level.

All sputum samples were collected simultaneously with serum samples and tested using the
autoantibody assays described above, substituting 100 pl of PBS-processed sputum for
serum, without further dilution beyond the weight-based dilution described above. All
samples were tested with the laboratory technician blinded with regard to the group or serum
autoantibody status of the subject. Sputum autoantibody levels were established by
comparing concentrations to a standard curve. A “final” level for each autoantibody was
established using an average of levels from 2 ELISA wells. Because there are no established
levels for RA-related autoantibody positivity in sputum, we established a positive level for
each autoantibody by applying a 2 SD increase to mean levels in processed sputum from
healthy controls (see Figure 1 for cutoff levels).

In a subset of subjects with an adequate volume of sputum available (n = 56), an anti-CCP3
IgG ELISA (Inova Diagnostics) was also performed on sputum and matched serum using
the methods described above (standard anti-CCP3 kit cutoff for serum =20 units).

Total Ig testing

Concentrations of total 1gG, IgM, and IgA in sputum were determined using a Siemens BN
I nephelometry cerebrospinal fluid (CSF) assessment system with polystyrene beads coated
with antibodies to human IgG, IgM, and IgA, respectively, and according to the
manufacturer’s specifications, with results reported in mg/dl. Of note, the CSF system was
used to quantify relatively low levels of Ig compared to serum, with sensitivity for detection
of Ig of up to 0.01 mg/dl. Concentrations of total 1gG, IgM, and IgA in serum were
determined using a Beckman-Coulter Synchron nephelometry system with anti-human IgG,
IgM, and IgA antibodies, respectively, and according to the manufacturer’s specifications,
with results reported in mg/dl.

Ratios comparing autoantibody levels to total Ig levels

For each sample, the ratio of each autoantibody to its corresponding total Ig (e.g., anti-CCP2
compared to total IgG) was calculated by using the autoantibody level (in arbitrary units)
compared to the concentration of total Ig. Of note, for anti-CCP3.1, the autoantibody level
was compared to the concentration of IgA and IgG because the anti-CCP3.1 assay detects
both of these isotypes.

For sputum, these ratios were established with no correction for dilution because sputum
autoantibodies and total Ig levels were determined on similarly diluted samples. To identify
autoantibody levels in serum, all serum samples were diluted 1:100, although some samples
required dilution up to 1:800 to identify the upper autoantibody value. As such, in the
calculation of autoantibody-to—total Ig ratio in serum, autoantibody levels were multiplied
by the dilution required to establish that level.
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Anti—tetanus toxoid IgG testing

Concentrations of anti—tetanus toxoid 1gG antibody were determined in sputum and serum
using an ELISA (Cortez Diagnostics) that has a sensitivity of 0.0093 IU/ml, with protective
levels of this antibody considered present at a level of 0.01 1U/ml (23). Testing was
performed according to the manufacturer’s specifications, with the exception that the
sputum samples were not further diluted after initial processing with PBS as described
above.

Shared epitope (SE) testing

DNA from all subjects was analyzed for the presence of alleles containing the SE, using
methods described elsewhere (19). The subtypes considered SE positive included DR4
alleles (DRB1*0401, *0404, *0405, *0408, *0409, *0410, *0413, *0416, *0419, and
*0421) and DR1 alleles (DR1*0101, *0102, *0104, *0105, *0107, *0108, and *0111).

Statistical analysis

RESULTS

Subject characteristics were compared across groups using Kruskal-Wallis testing for
continuous variables and one-way analysis of variance for dichotomous variables.
Autoantibody levels were compared across groups using Kruskal-Wallis testing. The
proportions of subjects with autoantibody positivity in sputum and serum were compared
using nonparametric matched pair analyses. Ratios for autoantibody to total Ig levels in
sputum and serum were compared using Wilcoxon matched pairs signed rank tests. All
analyses were performed using SPSS software, version 20 (IBM) and GraphPad Prism
software, version 6.

Subject demographics

Subjects’ characteristics are presented in Table 1. The healthy controls were younger than
the other groups and fewer had =1 allele containing the SE; however, there were no
significant differences in age, sex, smoking status, and history of lung disease across the at-
risk subjects and subjects with early RA. Of note, aside from mild, self-limited
postprocedural coughing in 20% of subjects, there were no complications from collection of
induced sputum.

Sputum Ig levels

There were no significant differences in total 1gG, IgM, or IgA levels in sputum across
groups (P > 0.05 for all comparisons), although for all groups, sputum IgA levels were
significantly higher compared to levels of 1gG and IgM (Figure 1A).

Sputum autoantibody levels

There was a trend toward higher median levels of all autoantibodies in sputum in at-risk
seropositive subjects, at-risk seronegative subjects, and subjects with early RA when
compared to healthy controls (Figure 1), with levels of anti-CCP2, anti-CCP3, anti-CCP3.1,
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IgM-RF, and 1gG-RF being statistically significantly elevated across groups (Figures 1B—-E
and G).

Sputum autoantibody positivity

For each autoantibody, the rates of positivity in serum and sputum are presented in Table 2
and Figure 2. Among the at-risk seronegative subjects, 9 of 23 (39%) were positive for at
least 1 autoantibody in their sputum, although in paired analyses with sputum and serum,
only the proportion of anti-CCP3.1 positivity in their sputum was statistically significantly
elevated (6 of 23 [26%] in sputum versus 0 of 23 [0%] in serum; P = 0.03). Furthermore, in
the at-risk seronegative subjects, the number of autoantibodies was significantly higher in
sputum than in serum (median [range] O [0-5] versus 0 [0]; P < 0.01).

Among the at-risk seropositive subjects, a higher proportion were positive for autoantibodies
in their serum compared to sputum, although, when comparing each autoantibody in sputum
versus serum within an individual, some individuals were positive for specific
autoantibodies only in their sputum (Figure 2B). Additionally, there was no significant
difference between the numbers of autoantibodies in sputum and serum in this group
(median [range] 1 [0-6] in sputum versus 2 [1-3] in serum; P = 0.13).

Subjects with early RA had the highest prevalence of autoantibody positivity in serum and
sputum. Additionally, the proportions of subjects with sputum positivity for anti-CCP2, anti-
CCP3, and IgM-RF were significantly higher in subjects with early RA than in at-risk
subjects (P < 0.05). Furthermore, a higher proportion of subjects with early RA were
positive for autoantibodies in their serum than in their sputum; however, 2 subjects were
positive for specific autoantibodies only in their sputum (Figure 2C). In these subjects with
early RA, there was also a higher number of autoantibodies in the serum than in the sputum
(median [range] 6 [1-6] versus 3.5 [0-6]; P < 0.01).

There was no significant association between age, sex, and smoking status with or without
SE positivity and sputum autoantibody positivity or levels in at-risk subjects or subjects with
early RA (data not shown).

Ratio comparisons to evaluate lung generation of autoantibodies

Prior studies have compared the ratio of autoantibody to total Ig levels within a sample (e.g.,
synovial fluid or sputum) to the ratio of autoantibody to total Ig in the serum, with the
conclusion being that if the ratio is higher in a given sample compared to that in the blood,
the autoantibody is generated or sequestered in that sample (24-26). We therefore examined
the ratio of autoantibody level to the concentration of its corresponding total 1g (e.g., ratio of
anti-CCP2 level to total 1gG) in the subset of 43 at-risk subjects and subjects with early RA
for whom there was an adequate volume of sputum and serum for testing for all
autoantibodies and for total 1gG, IgM, and IgA (13 at-risk seronegative subjects, 18 at-risk
seropositive subjects, and 12 subjects with early RA).

In at-risk seronegative and seropositive subjects who were positive for autoantibodies in
sputum, the ratios of autoantibody to corresponding total Ig were higher in sputum than in
serum for all autoantibodies, with the majority being statistically significantly higher in
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sputum: P = 0.06 for anti-CCP2, P = 0.13 for anti-CCP3, P < 0.01 for anti-CCP3.1, P = 0.03
for IgG-RF, P = 0.03 for IgA-RF, and P = 0.03 for IgM-RF (significant results are shown in
Figure 3A). In subjects with early RA who were positive for autoantibodies in sputum, the
ratios of autoantibody to corresponding total Ig were significantly higher in sputum than in
serum for anti-CCP2 (P < 0.01) and significantly lower in sputum than in serum for anti-
CCP3 (P < 0.01) (Figure 3B). The autoantibody-to—total Ig ratio was higher in serum than in
sputum for the other autoantibodies, although these results were not statistically significant:
P = 0.06 for anti-CCP3.1, P = 0.63 for IgA-RF, and P = 0.30 for IgM-RF (IgG-RF was not
evaluated since only 3 subjects with early RA were positive for this autoantibody in
sputum).

Anti—tetanus toxoid antibody in sputum compared to serum

An additional method to determine whether antibodies present in sputum are translocated
from serum is to evaluate an antibody, such as anti—tetanus toxoid IgG, that is not normally
present in mucosal samples (27). Therefore, in a subset of 29 at-risk subjects (13
seronegative; 16 seropositive) and 10 subjects with early RA for whom we had sufficient
samples, we tested levels of anti—tetanus toxoid 1gG antibody in matched sputum and serum
samples.

All subjects had detectable anti-tetanus toxoid IgG antibody in their serum. However, only 6
of 39 subjects (15%) had detectable levels in their sputum (median [range] 4.0 units [0.5-
7.0] in serum, 0.0 units [0-1.7] in sputum; P < 0.01). Of these 6 subjects, 3 were at-risk
subjects who had sputum positivity for =1 RA-related autoantibody, and in these subjects
the ratio of anti—tetanus toxoid 1gG antibody to total IgG was lower in sputum than in serum.
Conversely, in these 3 subjects the ratio of RA-related autoantibody to total Ig was higher in
sputum than in serum (data not shown). The other 3 subjects with anti—tetanus toxoid 1gG
detectable in their sputum were negative for autoantibodies in their sputum, and none of the
other at-risk subjects and subjects with early RA whose sputum was positive for RA-related
autoantibodies had detectable anti—tetanus toxoid 1gG antibody in their sputum.

Anti-CCP3 and anti-CCP3.1 comparisons

The anti-CCP3 and anti-CCP3.1 kits have similar antigen plates and cutoff levels for
positivity in serum; however, the anti-CCP3 kit detects only I1gG autoantibodies, while the
anti-CCP3.1 kit detects both 1gG and IgA autoantibodies. Therefore, in order to explore a
potential role of IgA-related autoantibodies in autoimmune responses in the lung, we
performed sputum and serum testing using the anti-CCP3 and anti-CCP3.1 kits in a subset of
59 subjects for whom we had sufficient samples.

In at-risk seronegative and seropositive subjects, both the serum and the sputum median
levels of anti-CCP3.1 were statistically significantly higher than those of anti-CCP3 (Figures
4A and B). Furthermore, in subjects with early RA, the median sputum level of anti-CCP3.1
was significantly higher than that of anti-CCP3; however, in serum, the levels of these 2
autoantibodies were similar (Figures 4C and D).
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DISCUSSION

We demonstrate herein that elevations of RA-related autoantibodies are detectable in the
sputum of subjects who have established RA, as well as in subjects who are at elevated risk
of future RA. Additionally, the identification of autoantibody positivity in sputum but not in
serum in a subset of subjects who are at risk of future RA, as well as higher ratios of certain
autoantibodies in sputum than in serum in at-risk subjects, suggests that the lung may be a
site of generation of RA-related autoantibodies.

Multiple studies have demonstrated that RA-related autoantibodies can be present in
mucosal samples including saliva, tears, and gingival crevicular samples in established RA
as well as other diseases, with several studies suggesting that these autoantibodies are
generated at a mucosal site (28-32). Furthermore, in established RA and other diseases,
bronchoalveolar lavage and sputum studies have identified elevated RF (33-35) and
increases in immune complexes that appear to be generated within the lung (36).

There are several potential mechanisms for the generation of RA-related autoimmunity in
the lung. In particular, within the airways, inducible bronchus-associated lymphatic tissue
can develop in response to infections or other stimuli (37). Once present, inducible
bronchus-associated lymphatic tissue produces immune factors, including antibodies (IgA,
IgG, and IgM isotypes), that can be detected at the mucosal surface of the lung (37,38).
Importantly, Rangel-Moreno and colleagues have linked inducible bronchus-associated
lymphatic tissue to RA by demonstrating that many patients with RA-related lung disease
have inducible bronchus-associated lymphatic tissue (37). Additionally, they demonstrated
that plasma cells within RA-associated inducible bronchus-associated lymphatic tissue
generate both RF and ACPAs. Therefore, it is possible that our findings of elevated RA-
related autoantibodies in induced sputum, which preferentially samples the mucosal milieu
of the bronchial tree, reflects underlying generation of RA-related autoimmunity within the
airways.

We did not systematically evaluate all of the subjects for evidence of airway inflammation
that may be associated with generation of autoantibodies. However, in prior work we have
identified airway abnormalities consistent with inflammation by high-resolution computed
tomographic lung imaging, both in subjects at risk of future RA but without clinically
apparent inflammatory arthritis and in subjects with early RA (12). As such, it is possible
that the subjects studied herein have such lung inflammation that is associated with the
presence of RA-related autoantibodies in their sputum. This will need to be explored in
future studies.

There are several caveats to the conclusion that RA-related autoantibodies that are detected
in the sputum are being generated in the lung. It is possible that these autoantibodies are
present in sputum due to translocation from the circulation. However, we believe this is
unlikely in all cases for several reasons: first, several at-risk subjects and subjects with early
RA had sputum autoantibody positivity in the absence of serum positivity; second, in at-risk
subjects with sputum autoantibody positivity, the ratios of autoantibody to total Ig were
higher in the sputum than in the serum; finally, anti—tetanus toxoid antibody was not
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elevated in the sputum in the majority of subjects with RA-related autoantibody positivity in
sputum.

It is also possible that sputum concentrations across groups were unequal, perhaps as a result
of collection or processing effects. This could lead to higher levels of autoantibodies in at-
risk subjects and subjects with early RA compared to controls, and therefore false detection
of positivity. However, the method of sputum collection and processing that we used was
standardized across all groups, and should have yielded homogeneous sputum samples with
equivalent concentrations throughout each sputum sample (16,17,22). In addition, the
similarity in total Ig levels between groups (Figure 1) suggests that the concentration of
sputum was similar across groups.

However, in contrast to our finding of elevated RA-related autoantibodies in sputum in at-
risk seronegative subjects, we found that several at-risk seropositive subjects and the
majority of subjects with early RA had greater positivity for RA-related autoantibodies in
serum versus sputum (Table 2 and Figure 2), and several of these subjects also had higher
ratios of autoantibodies to total Ig in serum compared to sputum (Figure 3). There are
several potential explanations for these findings. It is unlikely that the lung is the site of
generation of autoantibodies in all subjects during the natural history of RA. Other mucosal
sites including the periodontal region and gut are also candidate sites for generation of
autoantibodies (7-9,32,39). In addition, the joints are known to be a source of autoantibody
generation in subjects with established RA, and that may be an important factor when
assessing the lung generation of autoantibodies in subjects with early RA who have already
developed synovitis (24,25). Furthermore, changes in autoantibody production within the
lung may occur over time, resulting in greater positivity for autoantibodies in serum versus
sputum. Such changes may include the development of autoantibody isotypes and subclasses
that preferentially move to the circulation rather than to sputum, as well as the potential
transition of autoantibody production from a mucosal source such as inducible bronchus-
associated lymphatic tissue (that produces autoantibodies that can be readily detected in
sputum) to production in regional lymph nodes leading to greater levels of systemic rather
than mucosal autoantibodies (40).

Notably, we found that the differences in autoantibody positivity in sputum compared to
serum changed across groups, with the proportions of subjects positive in sputum versus
serum highest in at-risk seronegative subjects, intermediate in at-risk seropositive subjects,
and lowest in subjects with early RA. The at-risk seropositive subjects had been seropositive
for RA-related autoantibodies =1 year prior to their participation in this lung study, and we
assume that the subjects with early RA similarly had a prolonged period of autoimmunity at
the time of their sputum evaluation. As such, if these subjects had initial generation of
autoimmunity in their lungs, then over time the types of changes in location of autoantibody
generation described above may have led to greater autoantibody positivity in serum versus
sputum.

Also of note, there were higher rates of positivity for anti-CCP3 and anti-CCP3.1 than for
anti-CCP2 in the sputum (Table 2 and Figure 2). It is known that a variety of citrullinated
proteins are present in the lung in patients with or without established RA (41), and
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therefore it may be that the differences seen between anti-CCP2 and anti-CCP3/anti-CCP3.1
reactivity are that the anti-CCP3/anti-CCP3.1 kits contain antigens more likely to be targeted
by autoimmune reactions in the lung. We cannot evaluate reactivity to specific citrullinated
proteins in these anti-CCP Kits due to the proprietary nature of these assays. As such,
autoantibody reactivity to specific citrullinated proteins will need to be explored using
assays that can detect autoantibodies to specific citrullinated or other antigens. Additionally,
the larger differences between levels of anti-CCP3 and anti- CCP3.1 in sputum compared to
relatively small differences between these levels in serum (Figure 4) suggest that IgA
responses are an important aspect of RA-related autoimmunity in the lung. Also, the higher
levels and prevalence of anti-CCP3.1 positivity compared to the other anti-CCPs in the at-
risk seronegative subjects (Table 2 and Figure 4) suggest that IgA autoimmunity, and
perhaps natural IgA reactivity to citrullinated or other autoantigens, may be an important
aspect of early RA autoimmunity (42,43). In the future, specific IgA isotypes for each of
these anti-CCPs as well as specific citrullinated antigens, and larger control groups, need to
be assessed to determine the importance of IgA reactivity in relation to RA-related
autoimmunity in the lung.

Going forward, these findings need to be replicated in larger studies that should include
longitudinal comparisons of simultaneously collected biospecimens from multiple sites (e.qg.,
the eyes, oral cavity, lung, gut, genitourinary tract, blood, and joints) to understand the
evolution of autoantibodies at different mucosal sites in the natural history of RA. Studies
are also needed to evaluate the potential mechanisms of development of RA-related
autoantibody responses in the lung, including isotype and subclass development and
reactivity with specific antigens.

Many of these future investigations could use sputum samples, which are relatively
inexpensive and safe to obtain. However, due to the paucity of T and B cells in sputum and
the potential of sputum assessments to miss factors that may be present in underlying
mucosal tissue, other methods such as bronchoscopy with lavage or lung biopsy may be
necessary to explore fully the role of the lung in early RA pathogenesis. Future studies
should also investigate the potential impact of production of autoantibodies in the lung on
lung injury, such as interstitial lung disease, as well as genetic and environmental factors
(such as the SE, tobacco smoke, and organisms [e.g., bacteria, viruses, and fungi]) that may
drive the generation of autoimmunity in the lung. Informative animal models will also be
important to understand how RA-related autoimmunity may be generated at mucosal
surfaces.

Importantly, given our finding of RA-related autoantibodies in the sputum of at-risk
seronegative subjects, it is likely that these subjects who are at risk of future RA but who
have not yet developed circulating autoimmunity, or who have circulating autoimmunity in
the absence of clinically apparent inflammatory arthritis, are ideal for investigating the
earliest aspects of the initiation of RA. Such subjects could be identified through projects
such as SERA or other natural history studies of RA development such as the Canadian
North American Native project that has demonstrated elevations of circulating cytokines and
chemokines in first-degree relatives of probands with RA in the absence of serum positivity
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for ACPAs or RF (44), and Dutch ACPA-positive subjects without inflammatory arthritis
who have been followed up for the clinically apparent development of RA (45).

In conclusion, elevations of autoantibodies in sputum of subjects with established RA, and
subjects at risk of developing disease, suggest that sputum testing may be a safe and
informative method to investigate the lung’s role in the pathogenesis of RA, and especially
as a site of initiation of RA-related autoimmunity.
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Immunoglobulin and autoantibody levels in sputum. Shown are plots depicting autoantibody
levels in sputum from healthy controls (HC), at-risk seronegative subjects (AR-), at-risk
seropositive subjects (AR+), and subjects with early rheumatoid arthritis (ERA). Each data

point represents a single subject; solid horizontal lines show the median level for each

group. Dashed lines indicate cutoff values generated by adding 2 SD to the mean
autoantibody level in healthy controls. In A, P < 0.01 represents comparison of total IgA
levels to other Ig levels across groups; P = 0.62 represents comparison of IgA levels across
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groups. In B-G, P values represent comparisons of levels of autoantibodies across the 4
groups. CCP2 = anti—cyclic citrullinated peptide 2; RF = rheumatoid factor.
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Both

Page 16

Positivity for autoantibodies in sputum and serum. Shown are counts of subjects testing
positive for autoantibodies in serum, sputum, both, or neither in the following groups: at-risk
seronegative subjects (i.e., seronegative for all anti-CCP2, anti-CCP3, anti-CCP3.1, 1gG-RF,
IgA-RF, and IgM-RF at the time of sputum evaluation) (A), at-risk seropositive subjects
(i.e., seropositive for at least 1 RA-related autoantibody at the time of sputum evaluation)
(B), and subjects with early RA (C). See Figure 1 for definitions.
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Figure 3.

Ratios of autoantibody (Ab) to total Ig levels in serum (SR) and sputum (SP). A, At-risk
subjects (solid circles denote seropositive subjects; open circles denote seronegative
subjects). In at-risk subjects, autoantibody-to—total Ig ratios were significantly higher in
sputum than in serum for anti-CCP3.1, IgG-RF, IgA-RF, and IgM-RF. B, Subjects with
early RA. In subjects with early RA, autoantibody-to-total 1g ratios were significantly
higher in sputum than in serum for anti-CCP2, but higher in serum than in sputum for anti-
CCP3. See Figure 1 for other definitions.
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Levels of anti-CCP3 and anti-CCP3.1 autoantibodies. Shown are plots of anti-CCP3 and
anti-CCP3.1 autoantibody levels in the serum (A and C) and sputum (B and D) of subjects at
risk of RA (solid circles denote seropositive subjects; open circles denote seronegative
subjects) (A and B) and subjects with early RA (C and D). Each data point represents a
single subject; horizontal lines show the median level for each group. See Figure 1 for

definitions
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