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Abstract

Objective—To assess the Copy Number Variation (CNV) of complement C4A4 and C4B genes in
patients with Rheumatoid Arthritis

Methods—DNA from 299 patients and volunteers were obtained and analyzed for CNV of total
complement C4, C4A, and C4B genes. These results were analyzed by chi-square analysis and
odds ratios calculated.

Results—Chi-square analysis revealed similar distribution patterns of total C4alleles in RA
(n=160), non-RA (n=88) rheumatology patients and normal volunteers (n=51). There was no trend
to C4A deficiency as in lupus. Significant differences in C4B distribution were observed in RA
patients, where a  two-fold increase in the frequency (40%) of homozygous and/or heterozygous
C4B deficiency (0 or 1 allele) was present relative to non-RA patients (21%) or healthy controls
(22%). The C4B deficiency concentrated in the seropositive relative to seronegative RA patients
(44% vs 31%). The odds of C4B deficiency were 2.99 (1.58-5.65, p=0.0006) in seropositive RA
patients relative to non-RA controls. These findings were confirmed in a larger healthy control
cohort yielding an odds ratio of 1.83 (1.21-2.76, p=0.0056). The association of SE with C4B
deficiency was significantly greater in the seropositive RA patient population relative to non-
seropositive RA controls (96% vs 54.5%, p<0.0001), suggesting that C48 deficiency interacts
with the SE in the development of seropositive RA.

Conclusions—C4B CNV exhibits a relationship with RA that approximates that seen with C4A
CNV and SLE. The concurrence of C4B deficiency and SE in seropositive RA can have broad
implications for our understanding of RA pathogenesis.

Introduction

Rheumatoid Arthritis (RA) is a systemic inflammatory disease based in the synovium of
affected joints, with a prevalence of 0.1-1% of the world's population (1). RA segregates
into seronegative and seropositive patient populations on the basis of blood tests for
Rheumatoid Factor (RF) or autoantibodies against citrullinated proteins (ACPA) (2-5).
Seropositive patients typically express both RF and anti-CCP antibodies. Most (85%) ACPA
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positive RA patients have the ‘shared epitope’, a 5 amino acid sequence [(R/Q)(K/R)RAA]
at position 70-74 in the HLA-DR B-chain (2,3). The shared epitope sequence appears to
confer the risk of RA, as HLA-DRBI alleles not associated with RA differ at this site
[Reviewed (6)]. Both seropositivity and the ‘shared epitope’ predict increased morbidity and
mortality from RA (4,5). The association of RF with the shared epitope is only seen in the
presence of ACPA (3). Given the role of RF in immune complex clearance, this suggests
that RF is induced in response to ACPA-associated immune complexes (7,8). RF is
associated with pathology through immune complex formation in the joint and at extra-
articular sites (1).

The complement system is a group of plasma and membrane proteins involved in immunity
as well as protection against autoimmunity. The proximal components of the antigen-
antibody initiated classical pathway (C1, C4, C2) are important for the clearance of
apoptotic cells and immune complexes (9-11). In the human, two classes of polymorphic C4
proteins exist, which are distinguished by the nature of their covalent linkage with the target
cells or immune complexes through the highly reactive thioester carbonyl group: activated
C4A tends to form an amide bond with amino groups on antigens; the activated C4B is
strongly reactive towards hydroxyl groups on glycerols or glycosylated antigens (12-14). In
in vitro hemolytic assays, purified C4B reacts about 4-times more efficiently than purified
C4A (15). Although mice also have two classes of C4-like proteins, C4 and Slp (sex-limited
protein), the functionality of Slp in the mouse complement pathways remains uncertain
(16,17). Activated mouse C4 reacts biochemically like human C4B because it also consists
of the orthologous histidine-1106 residue that facilitates the nucleophilic attack of thioester
carbonyl group to form a covalent ester bond with substrate (14,18).

Gene copy-number variation (CNV) constitutes a major source of genetic variation but its
genetic relevance was only recently recognized (19,20). Many inherent multi-allelic CNVs
are highly complex, including continuous gene copy number variations, secondary sequence
polymorphisms and the integration of mobile genetic elements (21-23). Genome Wide
Association Studies relying on Single Nucleotide Polymorphisms (SNPs) and array
comparative genomic hybridizations (aCGH) usually do not have the resolution power or are
refractory to complex diversities of multi-allelic CNVs (19). The human complement C4
gene complex is located within the central region of the major histocompatibility complex
(MHC; also known as the HLA) on the short arm of the chromosome 6 and is a major
genomic site of gene CNVs. Among different individuals, two to eight copies of C4genes in
a diploid genome are frequently detectable, and each of these C4 genes can code for a C4A
protein or a C4B protein. In one-half to two-thirds of the general population, a human
subject has two copies of C4A and two copies of C4Bin a genome. The remainders have
variable combinations of 0 to 6 copies of C4A4 and C4B genes (22,24-26). Such variations in
C4A and C4B CNVs are not accurately detectable by GWAS approaches and aCGH and
thus missed in most large scale disease-association studies, including those for RA (20,27).

C4 gene copy number (GCN) influences biosynthesis, as serum levels of C4 proteins
parallel their gene copy-number (23,25). Thus, an individual can completely lack either C4A
or C4B, but have a normal total number of C4alleles encoding the other C4 isotype. This
awareness has led to a refined understanding of the relationship between Systemic Lupus
Erythematosus (SLE) and C4A, where a selective deficiency in C4A alleles has been
demonstrated in SLE patients, without an association (e.g compensatory increase) with C48
gene copy-number (22). In this paper, we report that the reverse relationship exists in RA,
with a selective C4B deficiency occurring at an increased frequency in seropositive RA
patients. These data suggest that C4B deficiency may play a role in RA pathogenesis and/or
phenotype.
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Patients and Methods

Patients

The RA patients (n=160) in this study were followed at the Dartmouth-Hitchcock Medical
Center (DHMC) in Lebanon, New Hampshire. Each of these patients met the diagnostic
criteria defined by the American College of Rheumatology (formerly the American
Rheumatism Association) 1987 criteria for RA and were followed by a board-certified
rheumatologist. Seropositive RA (n=115, 74% female) was defined by the presence of a
record of a positive test for rheumatoid factor (RF) or anti-citrullinated protein antibodies
(ACPA) with an age range of 20-92. Seronegative RA (n=45) were comparable in age (69%
female, 25-82 years old). Non-RA patients (n=88, 62% female, 19-80 years old) were
obtained from the Rheumatology Clinic and spanned a number of diseases, the most
common (>3 patients) being: psoriatic arthritis-13, ANCA-associated vasculitis-11;
polymyalgia rheumatica-8; giant cell arteritis-8; myositis-7; Sjogren's Syndrome-5;
osteoarthritis-5; systemic lupus erythematosus-4. A cohort of healthy male volunteers
(n=51,19-59 years of age) was used as healthy controls. All patients and controls were of
European ancestry.

Complement C4A and C4B Gene Copy-Number Variations (CNV) and HLA-DRB1 Typing

Following informed consent, peripheral blood was collected in PAXgene Blood DNA Tubes
(Qiagen) and DNA isolated according to manufacturer's specifications. Total C4, C4A and
C4B gene copy-numbers were determined by Southern blot analyses of 7agl, and PshAl
plus Pvull restriction enzymes, as previously described (28,29). Briefly, genomic DNA
samples were digested with 7agl, subjected to agarose gel electrophoresis and transferred to
nylon hybridization membrane for Southern blot analyses. Using a probe corresponding to
the RP-C4 genomic region, the 7agl RFLP yields the copy-number of total C4genes. Using
a C4d-specific probe, the PsAAI-Pvull RFLP yields the relative copy-numbers of C4A and
C4B. In the case of low quantity of genomic DNA and ambiguous results, quantitative real-
time PCR experiments for copy-numbers of total C4, C4A and C4B were performed to
obtain the missing data, or independently validate Southern blot results (30). HLA-DRB1
typing was performed by the American Red Cross, Penn-Jersey Blood Services Region.

Statistical analysis

Results

Statistical analysis was performed using JMP 8.0 (SAS Institute). Chi-square analyses were
used to determine the differences of total C4, C4A, and C4B gene copy-numbers among
groups. Odds ratios (OR) and 95% confidence intervals (Cl) were calculated by analysis of 2
x 2 tables, using the Fisher's exact test for comparisons.

Increased frequency of C4B deficiency in Rheumatoid Arthritis patients

We examined the gene CNVs of complement C4A and C4B by Southern blotting in a
population of healthy volunteers (n=51), non-RA (n=88) and RA (n=160) patients (Table 1).
The distribution of total C4 genes was examined by chi-square analysis (Figure 1). There
was no statistically significant difference in total C4 genes between these groups. The
distribution of C4A4 and C4B gene copy-number was analyzed. A difference in C4A gene
copy-number was observed between healthy controls and RA patients (p=.0117). This
difference resulted from an increased frequency (67% vs. 45%) of healthy controls with 2
copies of C4A and was not seen between RA and non-RA patients. There was no obvious
trend to C4A deficiency (0-1 allele) in RA, as reported with SLE patients (22).

Arthritis Rheum. Author manuscript; available in PMC 2013 September 17.
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In contrast, chi-square analysis of frequency distribution for C4B gene copy-number groups
demonstrated significant differences with RA patients relative to both healthy controls (p=.
0364) and non-RA patients (p=.0058). The most apparent difference was the two-fold
increase in C4B homozygous or heterozygous deficiency in RA patients (copy number =0 or
1; 64/160; 40%) relative to non-RA (21%) and healthy controls (22%). In the healthy
control, non-RA and RA populations, there were 1,1, and 7 cases of homozygous deficiency
and 10, 15, and 57 cases of heterozygous C4B deficiency, respectively.

The increased frequency of C4B deficiency segregates to seropositive Rheumatoid
Arthritis patients

We examined the CNV of C4, C4A and C4B in our RA patient populations as a function of
anti-CCP or RF seropositivity relative to non-RA patients (Figure 2). Chi-square analysis
demonstrated no significant differences in the C4and C4A allelic frequency distribution as a
function of seropositive status. Interestingly, homozygous or heterozygous deficiency of
C4B concentrated in the seropositive RA population, as 44% (50/115) of seropositive
patients had 0 or 1 copy of C4B genes in a diploid genome. Of these, 7 were completely
C4B deficient, while 43 had 1 copy. In the seronegative patient population the frequency of
C4B deficiency was 31% (14/45, all heterozygous - no homozygous C4B deficiency). Chi-
square analysis of C4B distribution relative to the non-RA population yielded only
statistically significant differences for the seropositive RA (p=0.0018).

The presence of C4B deficiency in seropositive RA: Odds-ratio (OR) analysis

We examined the odds of having C4B deficiency (0-1 copy) in the non-RA and RA
populations relative to normal healthy controls. While there was no increase for C4A, the
odds of C4B deficiency was statistically increased in our total RA [OR 2.42 (1.16-5.07);
p=0.0187] and seropositive RA populations [OR 2.80 (1.31-6.00); p=0.0086], but not the
non-RA and seronegative RA populations.

Use of the non-RA population as controls yielded a slightly stronger relationship. The OR
for C4B deficiency in the total RA was 2.59 (1.41-4.76, p=0.0019). In the seropositive RA
populations, the observed OR was 2.99 (1.58-5.65, p=0.0006). In each of these analyses,
there were trends towards an increased OR for the seronegative RA patient population, but
these did not reach statistical significance (p=0.35 and p=0.20 relative to healthy and non-
RA controls respectively).

Finally, we examined these relationships using a different and larger (24, n=513) Ohio
Caucasian control cohort (Table 2). The male percentages in the Ohio control cohort, total
RA and seropositive RA populations were nearly identical (25%, 27% and 25% male). This
analysis confirmed our finding with statistically significant increases in the frequency of
C4B deficiency relative to a distinct control Caucasian population from Ohio.

C4B deficiency and the Shared Epitope (SE) are associated in seropositive RA

HLA-DRBI typing demonstrated that 83% (95/115) of seropositive RA patients contained
the SE (Table 3) a similar frequency to previous reports (3). Of the seropositive RA patients
(n=50) with C4B deficiencies (0-1 allele), 48 were SE+ (96%). In the seropositive RA
patients with =2 C4B alleles, the presence of the SE was significantly less, 76% (46/63,
p<0.0009). In the 44 individuals with heterozygous C4B deficiency without seropositive
RA, the shared epitope was present in 54.5% (24/44). A similar frequency of the SE (56.7%,
17/30) was found in the healthy volunteers/non-RA control subgroup with C4B deficiency.
Thus, the frequency of the SE in C4B deficient without seropositive RA was no greater than
the frequency of the SE in an unselected general Caucasian population (31,32).
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The frequency for the concurrence of SE with C4B deficiency was significantly greater in
the seropositive RA patient population relative to non-seropositive RA controls (96% vs
54.5% p<0.0001). The same level of statistical significance was seen using non-RA/healthy
volunteers as a comparator (p<0.0001). The almost absolute co-existence of C4B deficiency
and SE in seropositive RA far exceeds the frequency of their associations in non-
seropositive RA and controls. One probable interpretation for such phenomenon is that C48
deficiency and the SE interact in the induction of seropositive RA.

Discussion

We report that the frequency of homozygous and/or heterozygous C4B deficiency is
increased in our Caucasian RA population and is restricted to seropositive RA patients. The
frequency of C4B deficiency (0-1 allele) in the seropositive RA population (44%) is twice
that seen in ethnically-matched controls and non-RA patients from Northern New England,
yielding a statistically significant odds ratio (OR), ranging from 2.8-2.99. This OR was not
influenced by abnormal distributions in our control populations as the frequency of C4B
deficiency in our healthy control and non-RA populations were nearly identical (21.6% and
20.5%). Using a different control Caucasian population from Ohio, in which a greater
frequency (29.6%) of C4B deficiency was observed, a statistically significant odds ratio for
heterozygous C4B deficiency was greater in both the total RA (1.58) and seropositive (1.83)
RA populations. There were no significant differences in total C4or C4A distribution seen
in the seropositive patients.

The magnitude of the relationship between C4B deficiency with seropositive RA (OR 1.83)
parallels that relationship between C4A deficiency with SLE where a very similar OR
(2.024) was seen using the same Ohio controls (22). In each disease, the presence of C4
deficiency might shape disease induction as well as phenotype, given the role of C4 in B cell
tolerance (11) in addition to its established activity in immune complex clearance. Immune
complex clearance might be particularly important for the association C48 deficiency, given
data suggesting that ACPA appear prior to the development of RF (8). The different natures
of their covalent linkage [C4A: amino vs C4B: hydroxyl] (12,13,18) with the target cell/
immune complex may have a role in this association. In this regard, certain citrullinated
proteins in immune complexes associated with ACPA may have a reduced availability of
amino groups from arginine residues, since certain autoantigens undergo extensive
citrullination (33,34). This would reduce the binding of C4A, potentially leading to a greater
dependence on C4B in the process of immune complex clearance. This model would predict
a greater role for C4B relative to C4A in maintaining immune tolerance and removal of
citrullinated antigens as well (11). Delayed or defective clearance of citrulllinated antigens
in C4B deficient subjects would be predisposed to the generation of ACPA and subsequent
IgM-RF induction, leading to rheumatoid arthritis (7,8).

The C4A and C4B genes reside in the Class 111 region of the MHC, in which linkage
disequilibrium with HLA class Il and class | polymorphic variants has been shown to exist.
Results of this study raised the possibility of multiple genetic factors in the MHC, e.g., C4B
deficiency and haplotypes coding for shared epitopes of HLA-DRB1, in conferring the
disease susceptibility of seropositive rheumatoid arthritis. HLA-DRBL1 typing of the
seropositive RA population demonstrated a high frequency (96%) of the shared epitope in
patients with C4B deficiency. This association did not appear to be due to linkage
disequilibrium, as it was not seen in C4B deficient individuals without seropositive RA.
Rather, these data are consistent with the interpretation that C4B deficiency and the shared
epitope interact in the development of seropositive RA. Such an interaction would be
consistent with the hypothesis that C4B deficiency favors either the breaking of tolerance to
citrullinated antigens or the handling of ACPA immune complexes discussed above. As
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mentioned earlier, GWAS studies are unable to detect C44 and C4B CNVs (27).
Confirmative study will require accurate genotyping of large cohorts of RA patients for C48
gene CNV and HLA-DRBI alleles.

In addition to a potential role in RA pathogenesis, C4B deficiency might shape disease
phenotype and severity in RA, potentially through its role in immune complex clearance. In
this regard, 50% of patients with RA and accompanying Felty's syndrome (n=24) were
found to have a C4B null allele by allotyping (35). There were no patients with Felty's
Syndrome in our RA cohort. Ultimately, examination of the disease severity and/or
phenotype as a function of C4B deficiency in a RA patient cohort will be the necessary first
step in addressing this question.

In conclusion, we report the novel finding that C48 CNV exhibits a clear relationship with
RA. This CNV manifests itself as the presence of C4B deficiency in over 40% of the
seropositive RA population, but does not appear to result from linkage disequilibrium. This
association approximates that seen between C4A4 CNV and SLE (22). Given this frequency
and the strength of this relationship, our finding has broad implications for our
understanding of RA. Not only might C4B deficiency play a role in disease pathogenesis/
phenotype, its functional roles in host defense suggest potential contributions to the safety
and efficacy of antibody-based therapeutics.
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Figure 1. Distribution patterns of C4, C4A, and C4B gene copy number (GCN) among healthy

controls, non-RA and RA patients

Chi-square analysis show emboldened values for statistically significant differences in
distribution of C4A (p=0.0117)and C4B (p=0.0364) in the healthy volunteers relative to RA
populations. Between the Non-RA (n=88) and RA (n=160) populations, significant

differences were only seen for C4B (p=0.0058).

Arthritis Rheum. Author manuscript; available in PMC 2013 September 17.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Rigby et al.

Chisquare p values

Page 10

] O Non-RA NonRA | Non-RA

06 O RA

> | - sero(-) vs RA() | vs RA(+)
B RAsero(+

S 044 ) TolelC4 | 0.39 0.20
So
o .
o C4A 0.70 0.10

0.2- _

. h c4B 0.37 0.0018
0 . .
0-3 4 5+
GCN Total C4

0.6- 0.8-
> i > 06_
(8] (6]
5 041 5
> =
g g 047
[T L -

' 0.2-
: : 0 -
2 0-1 2 3+
GCN C4A GCNC4B

Figure 2. Distribution patterns of C4, C4A, and C4B gene copy number (GCN) among non-RA,

seropositive (sero+) and seronegative (sero-) RA patients

Chi-square analysis relative to non-RA patients (n=88) show emboldened values for
statistically significant differences C4B (p=0.0018) in the seropositive RA (n=115)
population only. Statistically significant associations were not seen for C4A GCN in either
analysis, nor was significance observed for C48 GCN between the non-RA and seronegative

RA population (n=45).
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C4B Isotype Deficiency (0-1 copy of C4B gene) Relative to Ohio Control Cohort”

Patient ~ Odds Ratio (95% CI)
Non-RA  0.61 (0.35-1.06)
All-RA 158 (1.10-2.29)
Sero(+)  1.83(1.21-2.76)
Sero(-)  1.07 (0.55-2.07)

p value
0.0953
0.0155
0.0056
0.87

Table 2

Page 12

*
Odds ratios (OR) and 95% confidence intervals (Cl) were calculated by analysis of 2 x 2 tables, using the Fisher's exact test for comparisons.
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Table 3
C4B Deficiency and Shared Epitope Associated Only in Seropositive RA"

Group SE positivity (%) p value
Seropositive RA 94/113 (83%)

C4B (<2) 48/50 (96%)

C4B (22) 46/63 (76%) p<0.0009
Non-Seropositive RA

C4B(<2) 24144 (55%) p<0.0001
Non-RA/Volunteers 17/30 (57%) p<0.0001

*

Data shown represents SE frequency in seropositive RA patient population subgrouped on the basis of C4B deficiency p<0.0009. In the non-
seropositive RA group, made up of healthy volunteers, non-RA and seronegative RA patients with C4B deficiency (n=44), the frequency of the SE
was 55%, similar to that seen in the general population (31,32). Thus, the association of SE with C4B deficiency was significantly greater in the
seropositive RA patient population relative to non-seropositive RA controls, 96% vs 55%, p<0.0001 and this was identical to the Non-RA/
Volunteer subgroup. In seronegative RA with C4B deficiency, 7/14 contained the SE consistent with the general population (31,32).
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