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Abstract

Rheumatoid arthritis (RA) is a complex autoimmune disease with an etiology that is not yet well
understood, disproportionally affects women and also varies in incidence and prevalence by
population. The presence of anti-citrullinated protein antibodies (ACPA) is a highly specific
biomarker for the diagnosis of clinically apparent RA. ACPA are also present in the serum for an
average of 3-5 years prior to the onset of RA during an asymptomatic period characterized by
mucosal inflammation and local ACPA production at these sites. We hypothesized that systemic
complement activation products might be generated during the pre-clinical initiation of RA and/or
provide a second hit that promotes subsequent arthritis development in the joints. In addition, we
evaluated which demographic and genetic features and environmental exposures could influence
the complement activation process. We analyzed plasma from healthy subjects, subjects at-risk for
the development of RA based on serum ACPA positivity in absence of inflammatory arthritis (1A),
and ACPA positive RA subjects by Multiplex Assay and ELISA for eighteen complement system
components, factors and activation products belonging to the classical, lectin and alternative
pathways. By using regression models, associations between complement proteins and various
demographic, genetic, and environmental factors previously found to be associated with RA,
including sex, smoking, shared epitope, and oral contraceptive use, were examined. We found no
evidence of systemic complement activation in ACPA positive subjects without IA, but in contrast
found evidence of systemic involvement of the both classical and alternative pathways during the
stage of the disease where classified RA is present, (i.e. during joint inflammation and damage).
With regard to the demographic, genetic, and environmental variables, females who reported
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current or past oral contraceptive use and subjects with current tobacco exposure demonstrated
alterations of the alternative pathway of complement. Furthermore, RA subjects with established
disease who have a body mass index categorized as obese demonstrated higher levels of C2
compared to RA subjects who are not considered obese. In sum, the complement system may be
involved in the pathogenesis of RA, with only localized mucosal effects during the preclinical
period in those at-risk for RA but in the joint as well as systemically in those who have developed
clinically apparent arthritis.
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1. Introduction

Rheumatoid arthritis (RA) is a complex autoimmune disease which presents clinically as a
debilitating inflammatory autoimmune disease of the joints that affects approximately 0.24%
of the world population (Cross et al., 2014). The mortality rate in patients with RA is higher
than the general population (Widdifield et al., 2018), and the serious morbidity of this
condition impacts the public health care system substantially (Helmick et al., 2008).
Regardless of the origin of this disease, the primary target tissue is the synovium, resulting
in synovitis and pannus formation in the joints. In addition, the disease process in RA can
affect other organs of the body, one of the primary examples being the lung.

The exact etiology of RA and roles of the tightly associated anti-citrullinated protein
antibodies (ACPA) in the pathogenesis of RA are not completely understood. While ACPAs
may not be present in all incident cases of RA, their presence in serum and/or in sputum in
individuals before the development of clinically apparent joint disease has provided
important information regarding the initiation of this disease in humans (Demoruelle et al.,
2013; Willis et al., 2013).

With regard to the pathogenic potential of ACPA, RA patients who are ACPA positive
demonstrate worse clinical disease outcomes as compared to ACPA negative patients (Kroot
et al., 2000; Meyer et al., 2003). In addition, murine ACPA as well as human 1gG
monoclonal antibodies derived from RA patients can enhance arthritis in mice (Kuhn et al.,
2006; Petkova et al., 2006), providing evidence that ACPA have the potential to be
pathogenic. The decrease in rheumatoid factors (RF) and anti-CCP levels with clinical
improvement following anti-CD20 treatment in RA patients (Cambridge et al., 2003) further
strengthens the argument that APCA might be centrally involved in disease pathogenesis.

The presence of ACPA in serum many years prior to the clinical signs of disease (Deane et
al., 2009; Nielen et al., 2004; Rantapaa-Dahlqvist et al., 2003) indicates that the
development of autoantibodies to altered-self alone is not sufficient to trigger synovitis in
RA. Rather, a “second hit” has been postulated to be required for localization of the
pathogenic immune response to the joint (Banda et al., 2018; Firestein and Mclnnes, 2017).
Furthermore, it has been shown in mice that tolerance is induced in ACPA-specific B cells in
vivo, and ACPA production requires additional crucial steps beyond the generation of
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neoantigens by citrullination to develop arthritis (Yamada et al., 2018). This study
challenges the central dogma that ACPA alone are not pathogenic in human RA and directly
support a hypothesis that a second hit, perhaps provided by complement activation, is
necessary to precipitate disease in the joints.

The complement system is an effector arm of the immune system that could in principle be
causing tissue damage in an ACPA positive environment. Many studies have demonstrated
that complement activation is necessary to develop experimental antibody-mediated arthritis
[reviewed in (Holers and Banda, 2018)]. Therefore, understanding the role of the
complement system as an effector mechanism and also an in-depth analysis of various
complement components in peripheral blood during the initiation (preclinical) and
perpetuation (clinically apparent arthritis) stages of human RA could be highly informative.

Many risk factors have been associated with susceptibility for the development of RA. These
include: twin, sibling and family relationships (Aho et al., 1986; Silman et al., 1993); HLA
susceptibility genes including an epitope in the third hypervariable region of the HLA-DR,
also commonly called shared epitope (SE) (de Vries et al., 2002); cigarette smoking (Liao et
al., 2009; Pedersen et al., 2007); bacterial infections or expansions, such as Porphyromonas
gingivalis and Prevotella copri (Bartold et al., 2005; de Pablo et al., 2008; Marotte et al.,
2006; Mercado et al., 2001; Mikuls et al., 2009; Rosenstein et al., 2004; Scher et al., 2013);
and viral infections, such as Epstein-Barr virus (EBV) and Human T-lymphotropic virus
type | (HTLV-1) (Eguchi et al., 1996; Ferrell et al., 1981; La Cava et al., 1997). Additional
environmental exposures such as obesity (Crowson et al., 2013; Lu et al., 2014), and oral
contraceptive use (Pedersen et al., 2006) may also impact the risk of developing RA.

Polymorphisms in complement genes and loci have been shown to influence risk in many
diseases (Harris et al., 2012). Furthermore, small changes in the activities of polymorphic
variants when inherited in some combinations dramatically change complement activity and
also impact risk (Harris et al., 2012; Heurich et al., 2011). Additionally, TNF receptor-
associated factor (TRAF) 1 and complement C5 highly polymorphic region on chromosome
9 has been linked to RA (Kurreeman et al., 2007). The C2 gene is also located in the HLA
Class 11 region on short arm of chromosome 6. C1qg and C2 are the key component of the
CP. It has been shown that genetic variants of C1q predispose to RA (Trouw et al., 2013). In
that study single nucleotide polymorphisms (SNPs) in and around the C1q gene in a Dutch
RA population were correlated with C1q levels and were suggested to be a risk for RA
development. In another study, it was concluded that, although both age-related macular
degeneration (AMD) and RA are characterized by activation of the alternative pathway
(AP), SNPs in the AP inhibitor complement factor H that predispose strongly to AMD do
not confer substantial risk to RA (Trouw et al., 2011).

None of these prior studies have evaluated the role of activation of the complement system
or variation in the complement proteins as a risk factor or modifier during the transition of
pre-clinical to the clinical stage in RA patients. However, many mouse models of RA have
shown that mice deficient in certain complement components such as C5 do not develop
arthritis (Wang et al., 2000), and treatment of arthritic mice with anti-C5 inhibitory antibody
(Wang et al., 1995) or with GalNac-conjugated C5 duplex (Anna Borodovsky, 2014) or
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GalNAc-conjugated MASP-3 duplex prevents arthritis (Banda et al., 2018). We and others
have performed numerous studies demonstrating that genetic and pharmacologic modulation
of complement function decreases disease progression in mouse models of RA. Nonetheless,
pharmacological manipulation of complement has been less successful for the treatment of
human RA. While a number of small molecule complement inhibitors and inhibitory
antibodies have been developed and work well in vitro, they have failed in RA clinical trials.
The reasons for this are unknown. For example, the anti-C5 monoclonal antibody BB5.1,
which is a neutralizing antibody, is capable of decreasing or inhibiting arthritis in the
collagen-induced arthritis and anti-collagen antibody-induced arthritis models, but clinical
effects of C5 inhibition were modest. GaINAc-C5siRNA duplexes have not been tested in
clinical trials for human RA but very effective in ameliorating arthritis in mice (Anna
Borodovsky, 2014). Complete removal of components of the C5-C5aR axis via gene
disruption is capable of profoundly affecting the course of disease, and a small molecule
inhibitor; PMX53, resulted in a dose dependent block of C5a mediated activation; however,
RA clinical trials were again less successful. Similarly, a humanized anti-C5 antibody
showed excellent efficacy when used to treat paroxysmal nocturnal haemoglobinuria (Hill et
al., 2005), however, its use in a phase I1b (unpublished) trial for the treatment of RA was
unsuccessful (discussed in (Mergunst et al., 2007). Similarly murine anti-factor B inhibitory
antibody reduces AP complement activation in vitro but was totally ineffective in mouse
models of arthritis (Banda, NK unpublished data). Avacopan (CCX168) is being developed
for inflammatory and autoimmune diseases, it blocks the activity of C5a (http://
www.chemocentryx.com). Furthermore, the complement system as a part of innate
immunity protects the body from infections, which might itself be a contributing risk factor
due to over activation in the pathogenesis of RA.

The complement system is activated by three different pathways which share a common
terminal pathway. The classical pathway (CP) of the complement includes C1q, C1r and C1s
complement components. The lectin pathway (LP) includes complement components
mannan-binding lectin (MBL), ficolins (FCNSs) and collectins (CLs), along with three MBL-
associated serum proteases (MASPS). The classical and lectin pathway share C2 and C4
complement components in assembly of the C3 convertase. The AP includes C3, factor B
(FB), factor D (FD) and Properdin (P) complement components. The terminal pathway
includes C5 and C5b-C9, also designated the membrane attack complex (MAC).

One study has shown that ACPA activate the complement system in vitro via the CP and the
AP but not by the LP in RA (Trouw et al., 2009). In this study ACPA from all 60 patients
activated the complement system. This important observation leads to the suggestion that
complement activation can play very important roles in the pathogenesis of RA.
Additionally, it has been shown that citrullination locally in the joints can increase
inflammation through direct targeting by ACPA (Kuhn et al., 2006; Sokolove et al., 2011).
Furthermore, IgM RF and IgA RF amplify complement activation mediated by ACPA-
containing immune complexes (IC) (Anquetil et al., 2015). These findings suggest that
ACPA-IC, incorporating IgM or IgA RF, participate in the triggering of the inflammation-
promoting activation of complement cascades occurring in RA joints.
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The question addressed here is whether there may be a change in the levels or balance of
systemic complement proteins during early stages of the disease in those without clinical
symptoms, i.e. individuals at-risk for future RA, as compared to patients with clinically
diagnosed RA. In addition, differences in the complement protein levels in subjects at-risk
for, or with classified and clinically active RA, might associate with various environmental
risk factors to modify the steady state systemic inflammation and affect not only at-risk
subjects but also those with sustained systemic inflammation and local joint damage. The
associations and relationships among at-risk subjects, RA patients and complement proteins
has not been explored in-depth. An abundance of serum complement protein or activation in
subjects at-risk for RA could switch the balance between tolerance and autoimmunity due to
their effector function and also due to epitope spreading.

2. Material and methods

2.1. Subjects

Subjects were recruited from the Studies of the Etiology of Rheumatoid Arthritis (SERA)
cohort, described previously (Deane et al., 2009; Kolfenbach et al., 2009). SERA was
designed to study the development of future RA through recruitment and longitudinal
follow-up of individuals at-risk for future RA as well as subjects with classified RA and
healthy controls. For the current study, we selected 18 at-risk subjects with the highest anti-
CCP3 titers, assuming these subjects were statistically closest to RA development (Ford et
al., 2018). We then randomly matched anti-CCP3 positive RA subjects and control subjects
who were negative for RA-related autoantibodies to the previously selected 18 at-risk
subjects by sex and age within £10 years. All subjects were selected from a larger group of
subjects who had plasma available for complement testing.

2.2. RA subjects

Sixteen subjects with classified RA by 1987 ACR criteria determined by chart review were
included in the study. An additional 16 RA subjects were selected after initial analyses and
analyzed separately to confirm associations. The additional 16 RA subjects were matched to
the initial study groups by sex and age within £10 years. These additional RA subjects were
selected so that there were 8 RA subjects with BMI <30 and 8 RA subjects with BMI =30.
All subjects were serum anti-CCP3 positive at the selected visit.

2.3. At-risk subjects

Eighteen subjects who were considered at-risk for future RA based on testing serum anti-
CCP3 positive prior to study entry were included in the current study. Subjects were
recruited from Colorado-based rheumatology clinics (27.8%) or Colorado-based health fairs
(72.2%) and tested positive for ACPA. All of the at-risk subjects tested anti-CCP3 positive
again at the selected study visit and were without current or past inflammatory arthritis.

Control subjects

Seventeen healthy control subjects were recruited through local advertisement. An additional
17 healthy control subjects were recruited from Colorado-based health fairs. Healthy control
subjects recruited from health-fairs participated in a free rheumatoid arthritis screening
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where they had their serum tested for anti-CCP3, and the results of the test were negative.
All healthy control subjects were seronegative for RA-related autoantibodies and without
current or past inflammatory arthritis at the selected study visit.

2.5. Study visits

During the initial (baseline) visit and follow-up visits, subjects completed questionnaires
relating to basic demographics, current and past environmental exposures including disease
and illness, and a family history of disease and illness. Serum from blood draw was tested
for ACPA using a commercially available enzyme-linked immunosorbent assay (ELISA);
anti-CCP3 (Inova Diagnostics). Serum positivity was based on the manufacturer’s
recommended cutoff level of =20 units. Blood for anti-CCP3 testing was drawn into clinical
grade serum separation tubes (Fisher Scientific BD Vacutainer™)) and allowed to clot for
15 min and then centrifuged at 3000 rpm for 10 min. Serum was aliquoted into 2 ml
graduated tubes and stored at —80 degrees within 1 hour of blood draw until the sample was
tested. Blood for complement testing was drawn into clinical grade K2 EDTA vacutainer
tubes (Fisher Scientific BD Vacutainer™) and centrifuged at 3000 rpm for 10 minutes
within 15 minutes of collection. Plasma was aliquoted into 2 ml graduated tubes and stored
at —80 degrees within 1 hour of blood draw until the sample was tested. Serum and plasma
processing and storage was identical across the selected study groups. Although there are
many new autoantibodies which are a common characteristic feature of rheumatic
autoimmune diseases, many do not play a major pathogenic role. Nonetheless, some of them
are extremely useful biomarkers and are being used to diagnose RA and these include
ACPA, RF, anti-CarP, anti-PAD and RA33. In this study, we have used anti-CCP3 ACPA
levels to confirm RA positivity, as this biomarker has been included in American College of
Rheumatology (ACR) and European League for Rheumatoid arthritis (EULAR) criteria for
RA classification (Aletaha et al., 2010)

2.6. Human leukocyte antigen shared epitope genotyping

DNA was extracted from buffy coat samples on each subject and was tested for the presence
of specific alleles of the human leukocyte antigen (HLA) that encode a shared epitope (SE)
associated with RA e.g. HLA-DR4 and HLA-DR1 alleles, as described previously
(Kolfenbach et al., 2009). A subject was considered SE positive if one or more allele
contained the following SE subtypes: DRB1*0401, 0404, 0405, 0408, 0409, 0410, and 0413;
DRB1*0101, 0102; DRB1*1001.

2.7. Complement factor measurements

Complement analysis was performed in plasma that had not been previously thawed by a
combination of multiplex and single assay methods. For the multiplex analysis the human
complement bead-based XMAP technology (Luminex Corp, Northbrook IL) and
commercially available kits (EMD Millipore, Milliplex Map, Burlington, MA) were used to
measure thirteen complement proteins, spanning all three activation arms and the terminal
pathway of complement. Measurements were made on a MagPix Luminex instrument. The
Millipore Panel #1 was used to measure C2, C4b, C5a, C9, FD, MBL and Factor | (FI).
Panel #2 was used to measure C1q, C3, C3b & iC3b, C4, FB, Factor H (FH), and Properdin
(P). In addition, the complement activation markers Bb, C3a and the soluble terminal
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complement complex, sC5b-9, were measured by ELISA (Quidel Corp, San Diego CA). All
testing methods had been optimized and validated, and for these studies were performed,
within Exsera BioLabs, a College of American Pathologists (CAP) and Clinical Laboratory
Improvement Amendments (CLIA) certified laboratory.

All analysis was performed in duplicate with the resulting mean values reported. For the
multiplex Luminex data, the mean fluorescent intensity was the raw value and for the ELISA
analysis the raw values was optical density. Standard curves and a four parameter parametric
curve fit were utilized to calculate the absolute quality in ng/mL or ug/mL, as appropriate.
Three quality controls (QC) were included in each run, including at least one laboratory
developed and characterized QC. The QCs were monitored for performance, and for all
testing in the study the values returned were within the required parameter, demonstrating
assay performance. Human reference ranges for the analytes tested have been determined
within Exsera by the measurement of greater than 100 normal individual. The normal
individual pool was gender and racially inclusive.

Demographic, genetic, and environmental factors

Demographic information and environmental exposures were self-reported on study
questionnaires and completed at the time of the study visit and blood draw. Demographic
and environmental exposures that have previously been shown to be associated with RA
were examined (Deane et al., 2017). Specifically, the association between complement levels
and the following demographics, genetic, and environmental exposures were analyzed; sex
(female/male), shared epitope (SE: positive/negative), body mass index (BMI: calculated as
weight (kg)/height (m?2)) as a dichotomous variable (obese: BM1=30/non-obese: BMI<30),
ever smoker (yes/no), and current smoker (yes/no). In addition, ever use of oral
contraceptive (yes/no) was examined in female subjects.

2.9. Statistical analysis

For the current study, one study visit per subject was selected based on the inclusion and
matching criteria and for each study group mentioned previously. Characteristics of the
subjects were compared by study group and summarized in Table 1. Differences by study
group were analyzed excluding the RA replication subjects but, we include these subjects in
table 1 for reference. For continuous variables, the Kruskal-Wallis for group comparisons
was used. For dichotomous variables, a chi-square test was used. Where cell size was less
than 5, a Fisher’s exact test was performed. Unadjusted complement levels were compared
across all three study groups using the Kruskal-Wallis test followed by post hoc Dunn’s test
when the Kruskal-Wallis P-value <0.10 (Figure 1 and Figure 2). Complement levels were
also compared across all three study groups after model adjustment for sex, race/ethnicity,
and age in multivariable generalized linear regression models (Table 2).

Generalized linear models were also used to examine the association between complement
levels and demographic, genetic, and environmental exposures in order to explore effects of
the environment on plasma complement levels. Associations between the independent
genetic and environmental exposures and the various complement proteins as the continuous
dependent variable were analyzed using multivariable generalized linear regression models
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adjusting for selected study group (control, at-risk, RA), race [Non-Hispanic white (NHW),
other], and the matching factors sex (female/male) and age (continuous years) to control for
any additional bias from the matching process (Pearce, 2016). Any observation with a
complement value below the limit of detection was set to one-half the limit of detection for
inclusion in regression models. Sensitivity analysis comparing models excluding
complement values below the limit of detection and including imputed values did not change
statistical inference. In addition, any data point with a Cook’s distance value > 1 from
regression model was used to identify and remove any influential data points for final
regression analysis. A p-value for exposure variable less than 0.05 was considered
significant. For these analyses, we also assessed effect modification to determine if the
association between the environmental exposure and complement differed by selected study
group. A p-value less than 0.05 for the interaction term was used to determine whether to
stratify results by study group. A false discovery rate (FDR) adjustment was made using the
Benjamini and Hochberg adaptive step-down Bonferroni method to account for multiple
comparisons (Glickman et al., 2014). We present both the original and FDR-adjusted p-
values in Table 3. After initial analyses, we selected an additional 16 RA subjects to
replicate the association between the BMI and complement C2. Analyses were performed in
SAS version 9.4 (Cary, NC) and R 3.5.4 (www.R-project.org).

3. Results

3.1. Subjects

Characteristics of the subjects are presented in Table 1 by study group. RA subjects were
more likely to report race other than NHW compared to both the at-risk and control subjects.
RA subjects were also more likely to be current smokers. No other significant differences
were noted by study group. Characteristics of the RA replication subjects are also presented
in Table 1. Characteristics of the additional RA subjects did not significantly differ by
selected BMI categorization (non-obese/obese).

3.2. Complement factor levels differ across RA, at-risk, and healthy control subjects

No substantial differences were noted in plasma levels of complement factors when
comparing healthy controls to at-risk subjects, suggesting the lack of systemic inflammation
in these subjects to the level required for complement activation. In contrast, unadjusted
levels of C2, C3a, and sC5h9 were significantly higher in RA subjects compared to control
subjects (Pc2=<0.01, Pc3,=<0.01, Psc5,9=0.02). Levels of the classical pathway protein C2
were also significantly higher in RA subjects compared to at-risk subjects (P=0.01). Levels
of FB were marginally higher in at-risk subjects compared to both RA subjects and healthy
controls (P=0.05) (Figure 1). Complement levels that did not significantly differ by study
group are presented in Figure 2.

In addition to the unadjusted differences in complement levels presented in Figure 1, there
were complement levels that differed significantly by study group in models adjusted for
race, sex, and age (Table 2). RA subjects demonstrated higher levels of C2 and C3a
compared to the control subjects (C2 and C3a Pra v. contro1=<0.01). Levels of C2, C3, and
C3a were also higher in the RA subjects compared to the at-risk subjects, in addition to the

Mol Immunol. Author manuscript; available in PMC 2020 December 03.


http://www.r-project.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bemis et al.

Page 9

previously presented difference in the RA subjects compared to control subjects for C3a
(Figure 1; C2 Pra v. At-Risk=<0.01; C3 Pra v. At-Risk=0.01; C3a Pra v. At-Risk=0.02). And,
the levels of FB were higher in at-risk subjects compared to RA subjects (P=0.02).

3.3. Demographic, Genetic, and Environmental factors are associated with complement
protein levels

Environmental exposures and demographic and genetic factors were associated with various
complement proteins after model adjustment for selected study group, race/ethnicity, sex,
and age (Table 3). Female subjects, regardless of study group, had higher levels of C4 and
Factor I and lower levels of C9 and MBL compared to male subjects. However, after FDR
adjustment these associations were no longer significant. Subjects who are SE positive had
higher levels of C3a compared to SE negative subjects. Again, after FDR adjustment this
association was no longer significant.

Increasing BMI was associated with numerous complement proteins where BMI categorized
as obese (=30) was associated with increased levels of complement factors C2, C4, C4b, C5,
FB, and FI. Notably, after adjustment for multiple comparisons, the association between
BMI and complement C2, C4, C4b, and Factor | remained significant. The association
between C2 and BMI significantly differed by study group (p-value for interaction term =
0.03). In order to better understand the association we stratified results by study group.
Among subjects with RA, those who had a BMI categorized as obese (=30) had higher
levels of C2 compared to non-obese RA subjects (p=0.01). This association was not seen
among the control and at-risk groups (Figure 3). To replicate the significant association
between C2 and BMI among the RA subjects, we selected an additional 16 RA subjects and
repeated the analysis and a similar association was seen. RA subjects who had a BMI
categorized as obese (=30) had higher levels of C2 compared to non-obese RA subjects
(p<0.01). To note, one subject who had BMI =30 also had a high value for C2 which appears
as an outlying data point in figure 3. This observation was not considered an influential data
point in the adjusted regression model (Cook’s D < 1). However, after removal of this
observation the association was still significant (p=0.03). And, when combining all RA
subjects, those with obese BMI had higher levels of C2 compared to non-obese RA subjects
(p<0.01). The median C2 value for all RA subjects with obese BMI was 10 ug/mL (range
3.8-35.0) compared to a median value of 5 pg/mL (range 1.6-11.3) among the non-obese
RA subjects.

Subjects who report ever smoking more than 100 cigarettes in their lifetime had lower levels
of FD compared to never smokers. After adjustment for multiple comparisons this
association was no longer significant. Those who were current smokers had lower levels of
C3 and C3b/iC3b (one observation removed) and higher levels FH compared to subjects
who did not currently smoke cigarettes. The association between C3 and current smoking
remained marginally significant after multiple comparison adjustment (p=0.05). And, the
association between current smoking and C3b/iC3b remained significant after multiple
comparisons adjustment and removing one influential data point (p=0.01).
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Finally, among female subjects those who report ever taking an oral contraceptive had lower
levels of Properdin compared to females who never used an oral contraceptive. The
association was not significant after FDR adjustment.

4. Discussion

In this study, differences in the absolute levels of complement proteins present in the plasma
of at-risk, RA, and healthy control subjects along with associations between various RA risk
factors and complement have been found. The data analyzed by both unadjusted and
adjusted regression models support three main conclusions. First, the localized inflammation
that has been identified in subjects at-risk for RA, which is characterized by the presence of
autoantibodies and activated neutrophils, does not manifest itself as substantial increases in
systemic complement activation fragments. Second, the measurements of various
complement proteins in plasma suggest that there is the potential for enhanced CP
activation, as manifest by increased C2 levels, in subjects with RA. In addition, the presence
of elevated C3a and sC5b-9 levels, which could derive from the CP, AP and/or LP, in RA
subjects is consistent with a potential role for C3 and/or C5-derived pro-inflammatory
products in the pathogenesis of disease at this point. And third, the finding of elevated
complement factors in association with elevated BMI suggests that these factors may play a
role in the increased risk for development of RA with a higher BMI (Feng et al., 2016). In
addition, although several of the additional epidemiologic factors studied do not provide a
direct relationship between increased/decreased risk of RA, both the presence of the SE and
oral contraceptive use demonstrate changes in complement factors that are consistent with
increased (SE and C3a) and decreased (oral contraceptives and properdin) levels. In contrast,
current use and a history of smoking demonstrate changes that are variable relative to the
increased risk of development of RA.

Overall higher levels of C2, C3a and sC5b-9 in the plasma of RA subjects compared to
healthy controls suggests that the classical pathway might be particularly prominent in the
development of clinical arthritis, which is consistent with the concept that the CP plays an
important role in mediating inflammation and injury through ACPA and RF. ACPA and anti-
CarP autoantibodies have been reported to present many years before the onset of RA and
there is a strong association with the onset of RA. Furthermore CP activation is antigen-
antibody-dependent resulting from an adaptive immune response during ongoing
inflammation in RA subjects, potentially leading to activation of the terminal pathway and
generation of C5b-9.

Here we also show that in at-risk subjects, especially when studied in adjusted analyses
(Table 2), there was a moderately significant increase in the levels of FB, a protein of the AP,
compared with healthy subjects with no signs of disease or with RA subjects. The higher
levels of FB in at-risk subjects suggests the potential for AP activation at this very early
stage of the disease, perhaps acting at sites of mucosal inflammation such as lung and gut.
To follow up this finding will require additional study of samples from these particular sites,
which are of interest as they are characterized by active neutrophil NET formation
(Demoruelle et al., 2018). As another potential mechanism, AP activation could be due EBV
infection in at-risk RA subjects. Notably, both purified EBV gp350 and EBV in human
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serum have been shown to activated the AP (Mold et al., 1988a, b), and EBV regulates and
processes C3 (Mold et al., 1988a). We have not yet tested EBV load and anti-EBV
antibodies in the plasma of at-risk RA subjects. Supporting evidence that the AP is
important in RA pathogenesis is found in mouse models of RA which have shown that the
AP is sufficient and necessary to precipitate disease in mice (Banda et al., 2006).

RA is 2.6 times more prevalent in females than in males, which is a trait that is commonly
found in other autoimmune diseases. One of the most intriguing questions is why women are
more affected by RA than men. Although not significant, we found that in female subjects
there may be activation of the CP and AP marked by slightly higher levels of C3b/iC3b, a
split product of C3 and Factor |, compared to male subjects (data not shown). Factor I, along
with co-factor, Factor H, mediates the cleavage and inactivation of C3b into iC3b. The
increased levels of Factor | indicate that counter regulatory mechanisms to control CP and
AP may be operative in order to control inflammation in females, who are generally more
susceptible to arthritis. Furthermore the analysis of female specific exposures including oral
contraceptive use provided some insight into how hormonal changes may be involved in
complement activation. In the current study, females who report ever using an oral
contraceptive have lower levels of Properdin, a component and a positive regulation of the
AP, that can promote consumption by stabilizing C3 and C5 convertases. Lower activation of
AP including lower Properdin levels in females has also been shown in a recent study
indicating sex-specific changes in the complement activity healthy Caucasian population
(Gaya da Costa et al., 2018). That study also demonstrated in the healthy population there
were no significant differences in CP or CP components between males and females, but
there were higher levels of terminal components (Gaya da Costa et al., 2018). Therefore, the
significant changes in the AP activity we see in females with RA may be related to an oral
contraceptive use. In contrast, we have also observed in all combined unadjusted groups,
(i.e. in healthy controls, at-risk subjects and RA subjects), that females had higher levels of
C4 and C9 (data not shown). The reason for this discrepancy is unknown, but in their study
the use of oral contraceptives was not examined. In a large population-based case-control
Swedish Epidemiological Investigation of RA study, it was shown that women who ever use
oral contraceptive has a significantly decreased risk of developing ACPA positive RA
(Orellana et al., 2017). If so then our data with lower AP activation due to lower level
Properdin in women with oral contraceptive use will be consistent with those findings.
Mechanistically Properdin stabilizes AP convertase, and lower levels of Properdin mean
complement Factor H and Factor | can destabilize the AP convertase at physiological
concentrations more efficiently in females using oral contraceptives. The role of AP has
been well documented in our previous arthritis-related studies (Banda et al., 2006). Overall,
natural sex-specific differences in the levels of complement components do exist, consistent
with the aforementioned study findings (Gaya da Costa et al., 2018).

Obese BMI is associated with higher levels of C2, C4, C4b, C5, FB, and FI (Table 3). In
addition, there is a significant difference in the association between C2 and BMI among the
RA subjects compared to the control and at-risk subjects (Figure 3). Interestingly, those with
established disease who have a BMI categorized as obese have higher levels of C2 compared
to RA subjects who are not considered obese. BMI is normally used to quantify the amount
of fat, muscle and bone, and how complement proteins are associated with BMI is not
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known. However, these data are consistent with our previously published study regarding the
role of adipocytes (fat), which predominately generates complement FD (a.k.a. adipsin), a
rate limiting factor of the AP in the pathogenic activation of the AP in the arthritic joints in
concert with fibroblast like-synoviocytes (Arend et al., 2013). Complement C2 protein
predominately generated by the liver but it is also synthesized by human monocyte and
macrophages (Lappin and Whaley, 1989), and macrophages are resident cells in the human
adipose tissue embedded in the human synovium (Banda NK unpublished data) and these
macrophages could locally contribute to the pathogenesis of RA in obese subjects. C2 is a
component common to both the CP and LP. Synergistic CP and LP complement activation
can happen under acute inflammatory conditions such as in RA patients. Normally high
levels of complement components are either due to infection or due to inflammation and low
levels could be due to inherited complement deficiencies such as in lupus. But higher C2
levels in RA subjects who have BMI categorized as obese might be related to inflammation.
Individuals at the high end of the complotype spectrum are more prone to chronic
inflammation (Harris et al., 2012).

Lymphocytes isolated from the synovial membrane of RA patients in contrast to the PMBCs
were able to stimulate C2 synthesis without exposure to mitogens or antigens (Lappin and
Whaley, 1989), indicating hyper activation may be associated with a direct role of CP locally
in the joint damage in RA patients. Furthermore, mouse models of arthritis have shown that
C3 or C5 deficiency ameliorate arthritis (Banda et al., 2006; Hietala et al., 2002; Ji et al.,
2002) indicating the crucial role of complement in the pathogenesis of RA. In addition,
complement proteins are not only critical in an activated immune system but also in bone
growth and bone homeostasis during physiological development (Modinger et al., 2018). It
has been shown bone-cell development, bone-cell metabolism, bone-forming osteoblast and
bone-reabsorbing osteoclasts are dependent or critically influenced by complement proteins
(Modinger et al., 2018).

We found that current smokers have a lower levels of C3 and C3b/iC3b, but higher levels of
Factor H compared with subjects who don’t currently smoke cigarettes (Table 3). The
presence of higher levels of Factor H indicate that overall there is a less spontaneous
activation of the AP systemically in current smokers, which could be a complement-
mediated counter-regulatory defense mechanism. This is consistent with the traditional role
of Factor H to protect tissue injury due to complement-mediated damage in lungs. The
affinity of Factor H is 10-fold higher for C3b on host cells and other non-activators. It might
be a natural mechanism to control more C3b deposits on the mucosal surface such as lungs,
which are directly affected by smoking or cigarette smoke contents. There is also possibility
that Factor H might be recognizing a specific marker on the surface of lungs of smokers to
avoid AP activation to proceed followed by inhibition of inflammation at the mucosal sites,
which have been suspected for a while to triggering arthritis. Here we also don’t rule out the
role of other soluble or membrane bound complement regulatory proteins on the surface of
lungs in smokers leading to a lower levels of C3b/iC3b in plasma.

One of the major limitations of current study is that we have not measured complement
proteins in the synovium fluid or synovial tissue of healthy controls, subjects at-risk for RA,
and RA subjects, due to the non-availability of the samples. Many complement proteins and
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their cleaved products have been reported in the synovial fluid of RA patients such as C1q,
C4, C3a, C5a, C5b-9 [reviewed in (Modinger et al., 2018)]. These types of case-control
samples and studies could have provided a better understanding of the pathogenesis from
preclinical to clinical status in at-risk subjects to RA patients. We have also not measured C-
reactive protein (CRP), an acute phase reactant protein, as an inflammatory marker for it is
non-specific inflammatory marker and its concentration varies a lot with multiple factors,
gender and ethnicity (Khera et al., 2005). Another limitation of the current study is the small
sample size. Future studies should include larger sample size to better assess how
environmental exposures effect the relationship between complement activation and disease
stage.

We conclude that the complement system is activated systemically in subjects with RA and
may play an important role in RA pathogenesis in the transition from an at-risk state to
clinically apparent disease. Importantly, the complement system is an increasingly studied
component in disease processes, and there are opportunities to alter complement activation
and effector pathways with inhibitors at different stages of the disease, (i.e. in subjects at-
risk and subjects with established disease), when initial changes occur in the synovial
membrane. For example, earliest joint changes in RA occur in the synovial membrane,
leading to synovitis (Capitanescu et al., 2011). The synovium is the main site for
inflammatory process and if untreated it will likely lead to adjacent cartilage and bone
destruction. It has been postulated that at very early stage an acute inflammatory change
occur but if the process continues it is replaced by chronic inflammation localized in the
synovium (Hitchon and El-Gabalawy, 2011). As such, further studies elucidating the
relationship between the complement system and disease progression are warranted.
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Highlights

. The complement system, in an ACPA-containing environment, may play an
important role in driving the pathogenesis of rheumatoid arthritis from the
pre-clinical to clinical stage.

. Subjects with active RA and ongoing joint inflammation and damage showed
signs of systemic complement activation, but subjects at risk for RA did not.

. In RA subjects, the alternative pathway of the complement system may be
affected by tobacco exposure and, in females, oral contraceptive use.

. RA subjects with established disease who have a body mass index categorized
as obese have higher levels of C2 compared to RA subjects who are not
considered obese.
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Figure 1.

Complement levels differ significantly across RA patients, at-risk subjects, and healthy
controls. A: Levels of complement component C2 were significantly higher in RA patients
compared to both at-risk and control subjects. B: Levels of complement component C3a
were significantly higher in RA patients compared to control subjects. C: Levels of sC5b9
were significantly higher in RA patients compared to controls subjects. D: Levels of Factor
B were marginally higher in at-risk subjects compared to both RA patients and controls
subjects. The middle line indicates the median value with the upper and lower hinges
corresponding to the first and third quartiles respectively.
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Figure 2.

Complement whose levels did not differ among RA patients, at-risk subjects, and control
subjects. The middle line indicates the median value with the upper and lower hinges
corresponding to the first and third quartiles respectively. P-value from Kruskal-Wallis test
shown on plots.
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Subjects by Selected Study Group and Obese BMI Classification
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Figure 3.

In regression models adjusting for age, sex, and race, complement C2 levels were
significantly higher in RA subjects with BMI =30 compared to those RA subjects who had a
BMI <30 (p=0.01). A similar association was not seen in the control (p=0.19) or at-risk
subjects (p=0.48). P-value for interaction = 0.03. In a replication analysis of RA subjects, a
significant association was seen (p<0.01). The middle line indicates the median value with
the upper and lower hinges corresponding to the first and third quartiles respectively (ns
>0.05, *P< 0.05, **P< 0.01).
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Table 1

Characteristics of study subjects by study group

N

Age: mean (SD)

Sex: % female

RaceEthnicity: %NHW

Shared Epitope: %positive

BMI: =30

Ever smoker: % yes

Current smoker: % yes
Female Specific

N

OC Use Ever: % yes

Control
34
55.4 (13.0)
79.4
88.2
41.2
20.6
382
0.0

27
77.8

At-Risk
18
53.6 (13.9)
77.8
72.2
66.7
333
27.8
111

14
76.9

RA
16
55.4 (14.3)
81.3
56.3
68.8
313
50.0
18.8

13
84.6

RA-replication
16
55.1 (13.0)

81.3
68.8
43.8

50.0

56.3

18.8

13
84.6

P-value

0.90
1.00
0.04
0.09
0.22
0.41
0.02

1.00
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Table 2

Associations between complement and selected study group after adjusting for sex, race ethnicity, and age

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Complement Adjusted Model® Complement Adjusted Model®
LS-Mean 95% ClI p-value LS-Mean 95% ClI p-value
C1q (ug/mL) C5b-9 (ng/mL)
Control 88.74 83.22-94.63 Ref Control 158.53 141.81-177.23 Ref
At-Risk 92.07 85.58-99.06 0.39 At-Risk 161.87 142.81-183.48 0.77
RA 95.08 88.07-102.64 0.13 RA 183.55 161.12-209.10 0.06
C2 (ug/mL) C9 (ug/mL)
Control 4.25 3.70-4.88 Ref. Control 30.76 20.99-45.08 Ref
At-Risk 4.09 3.48-4.79 0.67 At-Risk 23.66 14.96-37.42 0.28
RA 6.80 5.74-8.06 <0.01 RA 35.45 22.36-56.19 0.62
RA V. At-Risk” <001
C3 (ug/mL) Bb (ng/mL)
Control 107.94 83.14-140.14 Ref Control 0.85 0.74-0.98 Ref
At-Risk 99.61 73-36-135.26 0.63 At-Risk 0.92 0.78-1.09 0.36
RA 174.73 128.78-237.07 0.01 RA 0.86 0.472-1.02 0.93
RA V. AtRisk” 001
C3a (ng/mL) Factor B (ug/mL)
Control 42.74 36.52-50.01 Ref Control 140.31 127.96-153.85 Ref
At-Risk 49.53 41.41-59.24 0.15 At-Risk 150.03 135.39-166.25 0.27
RA 65.59 54.66-78.69 <0.01 RA 127.37 114.22-142.03 0.14
RA V. At-Risk” 0.2 RA V. At-Risk” 0.2
CSb/iCSbc(ug/mL) Factor D (ug/mL)
Control 1.38 0.93-2.05 Ref Control 1.24 1.08-1.42 Ref
At-Risk 1.29 0.82-2.03 0.77 At-Risk 1.40 1.19-1.65 0.18
RA 411 2.57-6.58 <0.01 RA 1.36 1.15-1.60 0.36
C4 (ug/mL) Factor H (ug/mL)
Control 141.23 129-85-153.61 Ref Control 229.73 211.78-249.19 Ref
At-Risk 140.81 128.15-154.72 0.96 At-Risk 239.22 218.47-261.94 0.45
RA 129.95 117.73-143.45 0.16 RA 22351 203.11-245.96 0.63
C4b (ng/mL) Factor I° (ug/mL)
Control 18.11 16.02-20.49 Ref Control 26.94 24.55-29.56 Ref
At-Risk 16.61 14.47-19.08 0.28 At-Risk 27.86 25.10-30.92 0.58
RA 15.92 13.74-18.46 0.14 RA 27.17 24.38-30.29 0.89
C5 (ug/mL) MBL (ug/mL)
Control 56.79 52.13-61.88 Ref Control 1.29 0.86-1.92 Ref
At-Risk 58.88 53.37-64.97 0.52 At-Risk 1.44 0.91-2.30 0.66
RA 57.82 52.17-64.08 0.77 RA 1.24 0.81-1.92 0.91
Cb5a (ng/mL) Properdin (ug/mL)

Mol Immunol. Author manuscript; available in PMC 2020 December 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bemis et al.
Complement Adjusted Model® Complement Adjusted Model?
LS-Mean 95% ClI p-value LS-Mean 95% ClI p-value
Control 5.26 4.69-5.90 Ref Control 22.21 19.65-25.10 Ref
At-Risk 5.01 4.41-5.69 0.51 At-Risk 2271 19.83-26.00 0.78
RA 5.74 5.02-6.55 0.28 RA 21.99 19.09-25.33 0.91

aMuItivariabIe generalized linear model adjusted for sex, race ethnicity, and age
bRA v. At-Risk p-value shown when significant P<0.05

cl observation with Cook’s D > 1 removed from model

Mol Immunol. Author manuscript; available in PMC 2020 December 03.

Page 25



Bemis et al. Page 26

Table 3

Associations between complement and the environment
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Exposure Complement Protein P—valuea (FDR P- Description of association
b
value)
C4 0.02 (0.14) Female subjects had higher levels of C4 and Factor | and lower levels
Cc9 0.02 (0.11) of C9 and MBL compared to male subjects.
Female sex Factor | 0.01 (0.06)
MBL 0.03(0.18)
. SE positive subjects had marginally higher levels of C3a compared to
Shared Epitope C3a 0.05 (0.15) SE negative subjects.
c2 <0.01 (0.04)
C4 <0.01 (0.01)
BMI C4b 0.01 (0.04) BMI =30 is associated with higher levels of C2, C4. C4b. C5, Factor
C5 0.01 (0.07) B. Factor |. and Properdin compared to those with BMI <30.
Factor B 0.01 (0.05)
Factor | 0.01 (0.04)
The association between C2 and BMI differs significantly by study
c
Study Group*C2 0.03 group.
Subjects who ever smoked cigarettes had lower levels of Factor D
Ever Smoker Factor D 0.02 (0.12) compared to subjects who never smoked cigarettes.
C3 0.01 (0.05) Subjects who report current smoking had lower levels of C3 and C3b/
Current Smoker C3b/iC3b <0.01 (0.01) iC3b and higher levels of Factor H compared to subj ects who do not
Factor H 0.04 (0.16) currently smoke cisarettes.
oral Female subjects who had ever used an oral contraceptive had lower
Properdin 0.03(0.12) levels of Properdin compared to female subjects who had never used

Contraceptive Use

and oral contraceptive.

a . . . .
P-value from generalized linear regression models adjusted for selected group, age. race and sex.

bP—vaIue adjusted by Benjamini and Hochberg adaptive step-down Bonferroni method

cP—VaIue for significant interaction term
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