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Strong Association of Combined Genetic Deficiencies in the
Classical Complement Pathway With Risk of Systemic Lupus
Erythematosus and Primary Sjogren’s Syndrome

Christian Lundtoft,” Christopher Sjéwall, Solbritt Rantapaa-Dahlqvist, Anders A. Bengtsson,* Andreas Jonsen,*
Pascal Pucholt,' Yee Ling Wu,” Emeli Lundstrém,® Maija-Leena Eloranta,’ Iva Gunnarsson,® Eva Baecklund,’
Roland Jonsson,” Daniel Hammenfors,® Helena Forsblad-d’Elia,® Per Eriksson,? Thomas Mandl,'® Sara Bucher,""
Katrine B. Norheim,"? Svein Joar Auglaend Johnsen,'® Roald Omdal,'* Marika Kvarnstrém,'®

Marie Wahren-Herlenius,'® Lennart Truedsson,'” Bo Nilsson,'® Sergey V. Kozyrev,'® Matteo Bianchi,'®

Kerstin Lindblad-Toh,?° the DISSECT consortium, the ImmunoArray consortium, Chack-Yung Yu,?’

Gunnel Nordmark,' Johanna K. Sandling,” Elisabet Svenungsson,® Dag Leonard," and Lars Rénnblom’

Objective. Complete genetic deficiency of the complement component C2 is a strong risk factor for monogenic
systemic lupus erythematosus (SLE), but whether heterozygous C2 deficiency adds to the risk of SLE or primary
Sjégren’s syndrome (SS) has not been studied systematically. This study was undertaken to investigate potential asso-
ciations of heterozygous C2 deficiency and C4 copy number variation with clinical manifestations in patients with SLE
and patients with primary SS.

Methods. The presence of the common 28-bp C2 deletion rs9332736 and C4 copy number variation was examined
in Scandinavian patients who had received a diagnosis of SLE (n = 958) or primary SS (n = 911) and in 2,262 healthy
controls through the use of DNA sequencing. The concentration of complement proteins in plasma and classical com-
plement function were analyzed in a subgroup of SLE patients.

Results. Heterozygous C2 deficiency —when present in combination with a low C4A copy number—substantially
increased the risk of SLE (odds ratio [OR] 10.2 [95% confidence interval (95% Cl) 3.5-37.0]) and the risk of primary
SS (OR 13.0 [95% CI 4.5-48.4]) when compared to individuals with 2 C4A copies and normal C2. For patients hetero-
zygous for rs9332736 with 1 C4A copy, the median age at diagnosis was 7 years earlier in patients with SLE and
12 years earlier in patients with primary SS when compared to patients with normal C2. Reduced C2 levels in plasma
(P =2 x 107% and impaired function of the classical complement pathway (P = 0.03) were detected in SLE patients with
heterozygous C2 deficiency. Finally, in a primary SS patient homozygous for C2 deficiency, we observed low levels of
anti-Scl-70, which suggests a risk of developing systemic sclerosis or potential overlap between primary SS and other
systemic autoimmune diseases.

Conclusion. We demonstrate that a genetic pattern involving partial deficiencies of C2 and C4A in the classical
complement pathway is a strong risk factor for SLE and for primary SS. Our results emphasize the central role of the
complement system in the pathogenesis of both SLE and primary SS.
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INTRODUCTION

Deficiencies in genes of the early classical complement path-
way (i.e., C1Q, C1R, C1S, C2, and C4) are among the strongest
risk factors for monogenic systemic lupus erythematosus (SLE)
and lupus-like disease (1,2). While rare, C1Q deficiency translates
into SLE in ~90% of the described cases, whereas deficiencies of
C1R, C1S, and C4 have a penetrance in the range of 65-80% (3).
In contrast, complete C2 deficiency is one of the most common
complement deficiencies, with an estimated prevalence of
1:20,000 in the Swedish population and a penetrance for SLE of
~25% (4-6).

The predominant cause of complete C2 deficiency is a 28-bp
deletion (rs9332736) in the exon/intron boundary of exon 6. The
deletion introduces an early stop codon in the C2 transcript,
thereby leading to the absence of the C2 protein in plasma (7,8).
The minor allele frequency of the 28-bp C2 deletion is 0.01 in
populations of European descent, which means that 1 of 50 indi-
viduals are heterozygous carriers of the deleterious variant.
Although a few case reports and small studies exist (9-12), het-
erozygous C2 deficiency due to rs9332736 and the association
with rheumatic disease have not previously been evaluated
systematically.

In addition to heterozygous C2 deficiency, a high level of
copy number variation is seen for the paralogous C4 genes C4A
and C4B. We and others have previously shown that a low copy
number of C4A is strongly associated with both SLE and primary
Sjoégren’s syndrome (SS) (13-18). In the general population, the
copy number of C4A ranges between O and 5 copies, with
~50% of individuals having 2 copies of C4A. For C4B, the copy
number generally ranges between 0 and 4 copies.

The purpose of the current study was to evaluate the inter-
play between heterozygous C2 deficiency and the common
copy number variation of C4 in relation to the risk of SLE and pri-
mary SS. Further, we aimed to evaluate the clinical conse-
quences of the partial complement deficiencies in SLE and
primary SS.

Bergen, Bergen, Norway; 8Daniel Hammenfors, MD: Department of Rheumatol-
ogy, Haukeland University Hospital, Bergen, Norway; °Helena Forsblad-d'Elia,
MD, PhD: Department of Rheumatology and Inflammation Research, Sahl-
grenska Academy, University of Gothenburg, Gothenburg, Sweden; ®Thomas
Mandl, MD, PhD: Division of Rheumatology, Department of Clinical Sciences
Malmé, Lund University, and Novartis, Malmo, Sweden; ""Sara Bucher, MD:
Department of Rheumatology, Faculty of Medicine and Health, Orebro Univer-
sity, Orebro, Sweden; '?Katrine B. Norheim, MD, PhD: Department of Rheuma-
tology, Stavanger University Hospital, Stavanger, Norway, and the Institute of
Clinical Science, University of Bergen, Bergen, Norway; '3Svein Joar Auglaend
Johnsen, MD, PhD: Department of Rheumatology, Stavanger University Hospital,
Stavanger, Norway; "Roald Omdal, MD, PhD: Broegelmann Research Labora-
tory, Department of Clinical Science, University of Bergen, Bergen, Norway, and
the Department of Rheumatology, Stavanger University Hospital, Stavanger,
Norway; "*Marika Kvarnstrém, MD, PhD: Division of Rheumatology, Depart-
ment of Medicine Solna, Karolinska Institutet, Karolinska University Hospi-
tal, Stockholm, Sweden, and the Academic Specialist Center, Center for
Rheumatology, Stockholm Health Services, Stockholm, Sweden; 1®Marie
Wahren-Herlenius, MD, PhD: Division of Rheumatology, Department of
Medicine Solna, Karolinska Institutet, Karolinska University Hospital,

PATIENTS AND METHODS

Study participants. In the current study, we included
patients diagnosed as having SLE or primary SS at Scandinavian
rheumatology clinics and healthy blood donors and population
controls as previously described (19,20). SLE patients met >4 of
the American College of Rheumatology (ACR) 1982 revised cri-
teria for the classification of SLE (21), while primary SS patients
fulfilled the American—European Consensus Group criteria for pri-
mary SS (22). Patients and controls were analyzed by targeted
DNA sequencing as part of the dissecting disease mechanisms
in three systemic inflammatory autoimmune diseases with an
interferon signature (DISSECT) project, and basic characteristics
of the study participants are presented in Supplementary
Table 1 (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42270). The cap-
turing array (283), targeted sequencing, genotyping of single-
nucleotide variants, and quality control have been described
previously (19,20), and a brief summary of the workflow, including
variant- and individual-based quality control, can be found in the
Supplementary Information (available at http://onlinelibrary.wiley.
com/doi/10.1002/art.42270). In addition, we included 1,000
Swedish population controls analyzed by whole-genome
sequencing as part of the SweGen project (24), and the workflow
is presented in the Supplementary Information.

For the genetic analysis, we combined all population controls
from the SweGen project and the 2 targeted sequencing studies
previously conducted by our group (19,20), excluding related indi-
viduals and genetic population outliers (Supplementary Information).
Findings on the prevalence of heterozygous carriers of the C2 vari-
ant rs9332736 in the individual study cohorts of SLE and primary
SS patients and healthy controls, as well as the association
between the rs9332736 variant and C4A copy number, can be
found in Supplementary Figure 1 (available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42270). In order to increase the power
of the functional and clinical analysis of SLE and primary SS
patients, we included all patients (including population outliers)
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who passed the quality fitters for genotype calls of the 28-bp
C2 deletion and C4 copy number (Supplementary Information,
http://onlinelibrary.wiley.com/doi/10.1002/art.42270). The individual
studies were approved by local ethics committees, and all study
participants gave informed consent.

Genotyping of the 28-bp C2 deletion. As the previous
analyses of genetic variation in the targeted sequencing data by
our group comprised single-nucleotide variants only (19,20), a
focused reanalysis of the sequencing data was performed in
order to genotype the 28-bp deletion rs9332736 in C2 as
described in the Supplementary Information, including quality
control of the genotype calls. We excluded 1 SLE patient with a
heterozygous call for rs9332736 that clustered with homozygous
carriers of the C2 deletion (Supplementary Information, http://
onlinelibrary.wiley.com/doi/10.1002/art.42270).

Analysis of C4 copy number and HLA alleles from
DNA sequencing data. The complement C4 copy numbers
for both targeted sequencing data and whole-genome sequenc-
ing data were estimated based on read depth using the Germli-
neCNVCaller (Genome Analysis Toolkit) as described previously
(18), and a brief description can be found in the Supplementary
Information. The integer copy number of C4A and C4B was esti-
mated using the relative read depths of 5 single-nucleotide vari-
ants in exon 26 specific for C4A and C4B while accounting for
the total copy number of C4. Alleles of the 6 HLA genes HLA-A,
B, C, DPB1, DQB1, and DRB1 were called from sequencing
reads at 2-field (i.e., 4-digit) resolution using xHLA (25) as
described previously (18).

Clinical data, analysis of complement proteins in
plasma, and autoantibody status. Plasma levels of C2 had
been analyzed in a subset of SLE patients by electroimmunoas-
say as previously described (26), with the C2 level being
reported relative to the concentration of a reference serum. Mea-
surement of plasma C3 levels and plasma C4 levels in SLE
patients (27) and function of the classical complement pathway
(28,29) have been described previously. Clinical information
including autoantibody status was extracted from medical
records.

Statistical analysis. R version 4.0.4 (30) was used for sta-
tistical analyses that included logistic regression, analysis of vari-
ance, and Cox proportional hazards regression. Two-tailed
P values less than 0.05 were considered significant, and the mod-
els and covariates that were included are described in the text or
in the figure legends.

Data availability. Raw data for individual figures are avail-
able in the Supplementary Data (http://onlinelibrary.wiley.com/
doi/10.1002/art.42270). Genotype data at the individual level are

not publicly available since some of the information could com-
promise research participant privacy and consent. Scripts for call-
ing C4 copy number in GATK GermlineCNVCaller are available
upon request.

RESULTS

Heterozygous C2 deficiency in combination with
low C4A copy number associated with SLE and primary
SS. Initially, we analyzed the occurrence of a 28-bp deletion in
complement C2 (i.e., rs9332736) in our cohort and found that
3.3% of both SLE patients (n = 31) and primary SS patients
(n = 30) were heterozygous for the variant compared to 1.9% of
healthy controls (n = 43). Further, we identified 3 patients who
were homozygous for the deletion. The heterozygous presence
of the 28-bp C2 deletion rs9332736 was associated with an
increased risk for both SLE and primary SS (odds ratio [OR] 1.75
[95% confidence interval (95% Cl) 1.08-2.81] and OR 1.72
[95% CI 1.05-2.81], respectively) (Figure 1A).

Alow copy number of C4A is a strong risk factor for both SLE
and primary SS (17,18), and since both C4 and C2 are part of the
early classical complement pathway, we investigated whether
heterozygous C2 deficiency in combination with a low copy num-
ber of C4A would impose an even greater disease risk. The copy
number of C4A ranged between 0 and 5 copies for patients and
healthy controls. However, all individuals heterozygous for
rs9332736 carried 1-3 copies of C4A due to linkage disequilib-
rium between C4 and C2 (both genes are located in the HLA
region on chromosome 6). Interestingly, we detected an
increased risk of both SLE and primary SS for patients heterozy-
gous for rs9332736 when the deletion was present in combina-
tion with a C4A copy number of 1 (Figure 1B). In contrast,
heterozygous C2 deficiency was not associated with SLE or pri-
mary SS when present with a C4A copy number of 2 or 3, and
no association was seen with a low copy number of C4B.

We next evaluated the combined effect of low C4A copy
number and heterozygous C2 deficiency in comparison to individ-
uals with 2 C4A copies and normal C2. A C4A copy number of
1 in combination with heterozygous C2 deficiency was associ-
ated to an even greater extent with a substantially increased risk
of both SLE and primary SS (OR 10.2 and OR 13.0, respectively)
(Figure 1C) than was a C4A copy number of O (OR 7.5 for SLE and
OR 4.9 for primary SS). Further, we noted a tendency toward a
significant interaction between heterozygous C2 deficiency and
C4A copy number (for SLE and primary SS combined, P = 0.06
by logistic regression adjusted for C4B copy number and sex).

Due to C2 being located in the HLA region, we assessed the
linkage between the 28-bp C2 deletion rs9332736 and disease-
associated HLA alleles. We noted a strong linkage disequiliorium
between rs9332736 and multiple single-nucleotide polymor-
phisms, but the linkage to HLA alleles was limited (Figure 1D), indi-
cating that the effect of 28-bp C2 deletion was not through an
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Figure 1. Heterozygosity of the 28-bp C2 deletion rs9332736 in systemic lupus erythematosus (SLE) patients and primary Sjégren’s syndrome

(SS) patients. A, Prevalence of heterozygous carriers of the C2 loss-of-function variant rs9332736 in SLE patients (n = 955), primary SS patients
(n = 910), and healthy controls (n = 2,262). Individuals homozygous for the rs9332736 variant (2 SLE patients and 1 primary SS patient) were
excluded. B, Risk of association with SLE or primary SS according to number of C4A copies in rs9332736, with odds calculated relative to healthy
controls. C, Risk of association with SLE or primary SS according to the combined effect of C4A copy number and rs9332736 heterozygosity
(ref/del), with odds calculated relative to a C4A copy number of 2 and normal C2 (ref/ref). Due to rs9332736 segregating with C4A, no individuals
heterozygous for rs9332736 have 0 C4A copies. Data were analyzed using logistic regression and adjusted for sex (A, B, and C) and C4B copy
number (B and C). In B and C, bars show the 95% confidence intervals. D, Linkage disequilibrium (LD; r?) between the 28-bp C2 deletion
rs9332736 and HLA alleles/biallelic single-nucleotide polymorphisms in the HLA region. LD with HLA alleles for 6 HLA genes are indicated by tri-
angles, including HLA alleles A, C, B, DRB1, DQB1, and DPB1. The vertical gray-shaded line indicates the genomic position of C2. LD was esti-
mated using SweGen whole-genome sequencing samples (n = 1,000). Color figure can be viewed in the online issue, which is available at

http://onlinelibrary.wiley.com/doi/10.1002/art.42270/abstract.

indirect link to a disease-associated HLA allele such as
DRB1*03:01 or DRB1*15:01.

In summary, we identified heterozygous C2 deficiency as a risk
factor for SLE and primary SS when it occurs in combination with
low C4A copy number, highlighting the role of the early classical
complement pathway in the pathogenesis of SLE and primary SS.

Decreased classical complement function for
rs9332736 carriers. Having demonstrated a genetic associa-
tion between the 28-bp C2 deletion and SLE and primary SS,
we continued evaluating the functional consequences of hetero-
zygous C2 deficiency. Levels of complement proteins were ana-
lyzed in a subgroup of SLE patients. As expected, patients
heterozygous for the deleterious C2 variant rs9332736 had lower

plasma C2 levels when compared to patients without the genetic
variant (P for G2 = 2 x 107 (Figure 2A). Further, we detected
lower function of the classical complement pathway in patients
heterozygous for rs9332736 (P = 0.03) (Figure 2B).
Nevertheless, a substantial number of SLE patients without
the deleterious rs9332736 variant presented with low levels of
plasma C2 (defined here as <80%) (Figure 2A), and we investi-
gated whether the low concentration could be explained by other,
nongenetic effects. Analysis of C3 and C4 levels in plasma
revealed lower concentration of both proteins for this subgroup
of SLE patients, whereas patients heterozygous for rs9332736
had normal levels of C3 and C4 (Figures 2C and D). These data
suggest that the lower plasma concentration of C2 in SLE
patients without a genetic cause for low C2 may be due to
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Figure 2. Concentration of plasma complement components in systemic lupus erythematosus (SLE) patients with the 28-bp C2 deletion
rs9332736 (ref/del) and in SLE patients with normal C2 (ref/ref), including plasma C2 concentration relative to a reference serum (n = 261) (A), classical
complement function (n = 140) (B), plasma C3 (C) and plasma C4 (D) concentration stratified by presence of the 28-bp C2 deletion rs9332736 and
plasma C2 concentration (n = 258 for C and D). Data were analyzed by analysis of variance and adjusted for sex and age at sampling (A, C, and
D), and for copy number of C4A and C4B (B). Plasma concentration of C4 was square root transformed. Data are shown as box plots. Each box
represents the 25th to 75th percentiles. Lines inside the boxes represent the median, and whiskers extend to 1.5 times the interquartile range.
Solid circles represent individual SLE patients heterozygous for rs9332736; open circles represent individual SLE patients with normal C2. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42270/abstract.

complement activation and consumption of proteins in the com-
plement pathway.

Lower age at diagnosis in patients with heterozy-
gous C2 deficiency. Next, we evaluated the association
between heterozygous C2 deficiency and clinical manifestations
in SLE. However, we did not detect any associations between
the 28-bp C2 deletion and the ACR criteria used for clinical classi-
fication of SLE patients (Supplementary Figure 2, http:/
onlinelibrary.wiley.com/doi/10.1002/art.42270). The relatively
low number of patients carrying the rs9332736 variant likely lim-
ited the power in cross-sectional analyses, and we reasoned that
time-dependent analyses would be more suitable.

Therefore, we evaluated how the deleterious C2 variant
rs9332736 affected the progression of SLE and primary SS.
Intriguingly, SLE patients heterozygous for rs9332736 who had
a C4A copy number of 1 were diagnosed earlier when compared
to patients with normal C2 (P for rs9332736 = 0.002) (Figure 3A),

with the difference in median age at diagnosis being 7 years. In
contrast, rs9332736 was not found to have an effect on disease
progression in SLE patients with 2 copies of C4A (P for
rs9332736 = 0.70) (Figure 3A). A similar pattern was seen for pri-
mary SS patients, where patients with heterozygous C2 defi-
ciency and a C4A copy number of 1 tended to have lower age at
diagnosis (P for rs9332736 = 0.05) (Figure 3B), the difference in
median age at diagnosis being 12 years. Again, rs9332736 was
not found to have an effect on disease progression in patients
with primary SS with 2 C4A copies (P for rs9332736 = 0.48)
(Figure 3B).

We continued by analyzing the association between
rs9332736 and age at first event of nephritis in SLE patients
and identified a similar pattern. It was found that SLE patients
heterozygous for 28-bp C2 deletion who had 1 copy of C4A
tended to have earlier occurrences of nephritis when compared
to SLE patients with normal C2, although the difference was
not significant (P for rs9332736 = 0.17) (Figure 4). No
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Figure 3. Age at diagnosis of systemic lupus erythematosus (SLE) and primary Sjogren’s syndrome (SS) among patients with the 28-bp C2
deletion rs9332736 (ref/del) relative to SLE patients and primary SS patients with normal C2 (ref/ref). Kaplan-Meier plots depict the age at diagno-
sis of SLE in those with the 28-bp C2 deletion rs9332736 and 1 C4A copy (n = 15) or 2 C4A copies (n = 18), relative to SLE patients with normal C2
and 1 C4A copy (n = 352) or 2 C4A copies (n = 446) (A), and age at diagnosis of primary SS in those with the 28-bp C2 deletion rs9332736 and
1 C4A copy (n = 17) or 2 C4A copies (n = 11), relative to primary SS patients with normal C2 and 1 C4A copy (n = 412) or 2 C4A copies (n = 363)
(B). Data were analyzed using a Cox proportional hazards regression model adjusted for sex and C4B copy number. HR = hazard ratio; 95%
Cl = 95% confidence interval. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.

42270/abstract.
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Figure 4. Age at first occurrence of nephritis in SLE patients. The Kaplan-Meier plot depicts age at first nephritis event in SLE patients with the
28-bp C2 deletion rs9332736 and 1 C4A copy (n = 14) or 2 C4A copies (n = 18), and in SLE patients with normal C2 and 1 C4A copy (n = 322) or
2 C4A copies (n = 412). Data were analyzed using a Cox proportional hazards regression model adjusted for sex and C4B copy number. See
Figure 3 for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42270/

abstract.
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Figure 5. Summary of the conduct of the study. Homozygosity of the 28-bp deletion rs9332736 in C2 is associated with monogenic lupus. Het-
erozygous individuals are not at risk of SLE or primary SS if they have 2 or more copies of C4A, whereas individuals heterozygous for rs9332736
who have 1 copy of C4A are at substantial risk of both SLE and primary SS. OR = odds ratio (see Figure 3 for other definitions).

difference was seen in the age at first occurrence of nephritis
between SLE patients with normal C2 and SLE patients hetero-
zygous for 28-bp C2 deletion who had 2 copies of C4A (P for
rs9332736 = 0.73) (Figure 4).

In a previous study by our group, we found a strong associa-
tion between C4A copy number and the presence of autoanti-
bodies against SSA/Ro and SSB/La in systemic inflammatory
autoimmune diseases (18), and therefore, we evaluated whether
rs9332736 affected the presence of autoantibodies in SLE and pri-
mary SS. However, analysis of SSA/Ro, SSB/La, anti-U1 RNP,
anti-Sm, and antiphospholipid antibodies in SLE and primary SS
patients only showed minor differences when evaluating the role
of the 28-bp C2 deletion (Supplementary Figures 3A-E, http://
onlinelibrary.wiley.com/doi/10.1002/art.42270). Further, the sex
distribution of patients with heterozygous C2 deficiency did not dif-
fer from that of patients with normal C2 (Supplementary Figure 3F).

Overall, we detected earlier onsets of disease for both SLE
and primary SS patients heterozygous for the 28-bp C2 deletion
rs9332736 when present in combination with a C4A copy num-
ber of 1. A similar but not significant association was seen
between heterozygous 28-bp C2 deletion and age at the first
occurrence of nephritis in SLE patients, although this needs to
be verified in a larger cohort.

Monogenic SLE and primary SS due to complete C2
deficiency. Complete C2 deficiency constitutes a major risk fac-
tor for monogenic SLE (6), and we identified 2 SLE patients
homozygous for the 28-bp C2 deletion rs9332736. Interestingly,
we also identified 1 primary SS patient with complete C2 defi-
ciency due to the rs9332736 variant, and a brief clinical summary
of the 3 C2-deficient patients is presented in Supplementary
Figure 4 (http://onlinelibrary.wiley.com/doi/10.1002/art.42270).
None of the population controls were homozygous for the
rs9332736 deletion.

DISCUSSION

In the current study, we observed that heterozygous C2 defi-
ciency in combination with a low copy number of C4A substan-
tially increases the risk of both SLE and primary SS (summarized
in Figure 5). Further, this genetic combination was also found to
be associated with lower age at diagnosis. Although only 1.5%
of the patient cohort was observed to have heterozygous C2 defi-
ciency in combination with a C4A copy number of 1, these char-
acteristics still explain a likely genetic cause of disease at a much
larger proportion of patients than can be explained by monogenic
disease. In comparison, 0.18% of population controls carried the
combination of rs9332736 heterozygosity and a C4A copy num-
ber of 1. As we had no clinical information for the population con-
trols, we were not able to describe whether these individuals were
diagnosed as having SLE or primary SS. Further, a previous study
on combined heterozygous deficiencies of C2 and C4 involving
6 families did not find that all individuals with the C2/C4A risk com-
bination had clinical symptoms (10), suggesting an incomplete
penetrance.

In addition to heterozygous C2 deficiency, we also identified
3 patients with homozygous C2 deficiency. Interestingly, one of
the patients with homozygous C2 deficiency was diagnosed as
having primary SS. Homozygous C2 deficiency has mainly been
associated with the risk of severe infections and SLE, but other
rheumatic diseases, such as undifferentiated connective tissue
disease and vasculitis, have also been described (5,6,11). Fur-
ther, Sjogren’s syndrome has been described as a condition sec-
ondary to SLE and vasculitis in patients with complete C2
deficiency, showing that the absence of C2 may cause a range
of different manifestations (6,10). In the present study, low levels
of anti-Scl-70 were observed in the patient with primary SS, sug-
gesting a risk of developing systemic sclerosis or a potential over-
lap between primary SS and other systemic autoimmune
diseases (31).
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Both C2 and C4A are located in the HLA region on chromo-
some 6, and previous studies have shown that the copy number
of C4A is inversely correlated with the DRB7*03:07 allele that is a
risk factor for both SLE and primary SS in populations of European
ancestry (32). Still, the findings of recent studies involving partici-
pants of various ancestries suggest that the copy number of C4A
is a causative factor for SLE and primary SS as it has consistently
been found to be a risk factor across all populations studied
(14,17). In addition, complete deficiency of the genes C71Q, CT1R,
C1S, C4, and C2 are among the strongest risk factors for mono-
genic SLE. The apparent interaction between C4A copy number
and heterozygous C2 deficiency that was found in this study further
strengthens the pivotal role of the classical complement pathway in
the pathogenesis of both SLE and primary SS, indicating that
impaired function of this pathway may lead to disease.

The increased risk of disease for individuals heterozygous for
rs9332736 who also had a C4A copy number of 1 translated directly
into lower age at diagnosis for both SLE and primary SS patients,
whereas heterozygous C2 deficiency did not affect the age of diag-
nosis among patients with 2 C4A copies. This is in line with the
observation that heterozygous C2 deficiency is only a genetic risk
factor for SLE and primary SS when present in combination with a
C4A copy number of 1. Also, we noted a weak tendency toward
earlier development of nephritis for SLE patients with heterozygous
C2 deficiency and a low C4A copy number, although this was not
significant and should be verified in a larger cohort. We did not see
any associations between rs93322736 and specified autoantibodies
and other clinical manifestations, which may have been due to low
statistical power in the cross-sectional analyses.

The relationship between deficiencies in the early classical
complement pathway and SLE has generally been ascribed to
impaired clearance of apoptotic cells and defective handling of
immune complexes, which may lead to the loss of self tolerance,
the activation of self-reactive immune cells, and the production
of autoantibodies (1,33). Alternatively, aberrant activation of the
complement system may also lead to disease, and levels of C3
and C4 together with classical complement function (e.g., CH50)
are currently used as biomarkers for complement activation in
the classification of SLE (34) as well as in the evaluation of disease
activity in patients with SLE (35). However, the common genetic
causes of low complement, such as variation in C4 copy number
and heterozygous C2 deficiency, obscure the diagnostic utility of
these measures, and genetic analyses may add useful information
in this regard. In patients with primary SS, the complement cascade
has been studied to a lesser extent, but the results of the present
study further highlight the role of the classical complement pathway
in primary SS patients, and previous studies have shown that com-
plement status may have prognostic value with regard to disease
activity and adverse outcomes in primary SS (36,37).

Finally, while the 28-bp C2 deletion rs9332736 exists in all
populations of European descent, it is relatively uncommon in African
and Asian populations (Supplementary Tables 2 and 3, http://

onlinelibrary.wiley.com/doi/10.1002/art.42270), and therefore, the
current results do not apply globally. However, other loss-of-function
C2 variants have been described (38—-40), and as a low C4A copy
number has been found to be common in all populations (14,17),
the combination of heterozygous deficiencies of C2 and C4A may
also be arisk factor for patients of other ethnicities.

In conclusion, we report that heterozygous C2 deficiency is a
strong risk factor for SLE and primary SS when present together
with a low C4A copy number. These results show that partial defi-
ciencies affecting multiple genes of the classical complement
pathway may increase the risk of disease substantially when pres-
ent in combination, thereby emphasizing the role of the comple-
ment system in systemic inflammatory autoimmune diseases.
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