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Background: A proportion of patients with immunogloblin G (IgG) 4-related disease
(lgG4-RD) have hypocomplementemia. We aimed to identify characteristics of such
patients.

Methods: We analyzed the demographic and clinical data and complement levels of 85
patients with IgG4-RD. We defined hypocomplementemia as serum C3 and/or C4 levels
below the lower limit of normal at diagnosis. We also compared the characteristics of
patients with and without IgG4-RD.

Results: Thirty-two (38%) patients had hypocomplementemia at diagnosis. Patients with
hypocomplementemia had more lymph node (p < 0.01), lung (p < 0.01), and kidney (p =
0.02) involvement and a higher IgG4-RD responder index than those without (p = 0.05).
Additionally, patients with hypocomplementemia had significantly higher IgG (p < 0.01),
lgG4 (p < 0.01), and soluble interleukin 2-receptor (sIL-2R) (p < 0.01) levels and total IgG
minus IgG4 (p < 0.01). C3 and C4 levels negatively correlated with IgG, IgG4, and sIL-2R
levels, total IgG minus IgG4, and number of IgG4-RD responder index: a measure of the
disease activity in IgG4-RD. Patients with hypocomplementemia at diagnosis had a
significantly higher frequency of relapse (p = 0.024), as determined using the log-rank
test. A multivariate logistic regression analysis showed the presence of
hypocomplementemia was independently associated with relapse (OR, 6.842; 95%
confidence interval [95%Cl], 1.684-27.79; p = 0.007).

Conclusions: Patients with IgG4-RD with hypocomplementemia have a more active
clinical phenotype, suggesting contributions of the complement system in the
pathophysiology of IgG4-RD.
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INTRODUCTION

Immunogloblin G (IgG) 4-related disease (IgG4-RD) is a
systemic condition characterized by elevated serum IgG4.
Involved tissues exhibit IgG4-positive lymphoplasmacytic
infiltrates and fibrosis on histopathology (1). IgG is subdivided
into four subtypes: IgG1, IgG2, IgG3 and IgG4. Although serum
IgG4 levels account for 1%-7% in IgG subclasses, the proportion
of IgG4 in IgG subclasses is significantly increased in patients
with IgG4-RD (2). The pathogenicity of IgG4 is still unclear in
IgG4-RD. Not IgG4 but IgGl is reported to initiate destructive
change to affected organs (2). Organs affected with 1gG4-RD
include the pancreas, lacrimal glands, salivary glands, kidneys,
lungs, retroperitoneum, aorta, skin, and lymph nodes. Although
the pathogenesis of IgG4-RD is poorly understood,
investigations of a wide variety of cellular and humoral
abnormalities, including immune cells such as T cells, B cells,
IgG4, plasmablasts, and M2 macrophages, are providing new
insight (2). The infiltrating M2 macrophages to multiple lesions
are associated with the production of pro-fibrotic cytokines
[interleukin-10 (IL-10), IL-33] and chemokines [cc-chemokine
ligand 18 (CCL18)] via type 2 helper T lymphocytes (2).
Complement is a factor that potentially contributes to IgG4-
RD pathogenesis (3).

Hypocomplementemia, defined as having C3 or C4
complement levels below the lower limits of normal, is one of
the serological features of IgG4-RD. More than one-third of
Japanese patients with IgG4-RD have hypocomplementemia (4),
as do one-fourth of patients with active IgG4-RD in the United
States (5). In a small retrospective study in Japan, 3 of 14 patients
with IgG4-related kidney disease showed decreased complement
levels on disease relapse (6). However, few reports have been
published on the clinical features and prognosis of 1gG4-RD
patients with or without hypocomplementemia at diagnosis.
Hence, we performed this study to compare the clinical
features of patients with IgG4-RD with and without
concomitant hypocomplementemia.

MATERIALS AND METHODS

Study Subjects

A total of 107 patients diagnosed with IgG4-RD between
December 2008 and September 2021 were recruited from the
Department of Immunology and Rheumatology of Nagasaki
University Hospital, the Department of Rheumatology of
Fukushima Medical University Hospital, and affiliated
hospitals. Twenty-two IgG4-RD patients whose complement
levels were not measured at diagnosis were excluded. All
patients fulfilled the 2020 revised comprehensive diagnostic
criteria for IgG4-RD (7). Finally, 85 consecutive patients with
IgG4-RD were included in the study.

Data and Image Preparation
We collected patients’ demographic and clinical data from their
medical records and laboratory findings at diagnosis. All patients

were examined by rheumatologists certified by the Japan College
of Rheumatology. Clinical relapse was determined from their
medical records. We defined hypocomplementemia as serum C3
levels and/or C4 levels below the lower limit of normal at our
hospitals (i.e., C3 < 73 mg/dL, C4 < 11 mg/dL). Disease activity
was determined based on the IgG4-RD responder index (IgG4-RD
RI) (8). We obtained computed tomography, positron emission
tomography, and magnetic resonance imaging scans, and gallium
scintigraphy data to assess lacrimal gland, salivary gland, lymph
node, thyroid, lung, pancreas, retroperitoneum, aorta, and kidney
involvement, in addition to reviewing physical examination
results. Only two patients had no imaging data available.
Clinical relapse was defined as [1] a recurrence of symptoms
and signs and/or worsening of imaging studies, with or without re-
elevation of the serum IgG4 level and [2] an increase of the
prednisolone dose or [3] addition of an immunosuppressant (9).

Statistical Analysis

Data were analyzed with SPSS Statistics software version 22.0 (IBM
Corp., Armonk, NY). Results were nonnormally distributed and
compared with the Mann-Whitney U test and are presented
throughout the manuscript with median and 25™-75" centiles
(median, interquartile range [IQR]). Spearman’s correlation
coefficient was used to evaluate correlations. The chi-square test
was used to compare categorical variables represented as frequencies.
The relapse-free survival analysis was assessed using Kaplan-Meier
analysis, with the significance based on the log-rank test.

We compared the characteristics of patients with IgG4-RD
with hypocomplementemia (n = 32) to those without (n = 53).
Categorical variables are described as frequencies, whereas
quantitative variables are described as medians and IQR.
Associations between the variables were assessed using Fisher’s
exact test for categorical variables and Wilcoxon’s rank-sum test
for quantitative variables. Relationships between variables were
analyzed using Spearman’s rank correlation. The prognostic
factors for relapse were identified using a stepwise multiple
logistic regression model. All tests were two-sided, and p-
values of <0.05 were considered significant.

The study was approved by the Institutional Review Board of
Nagasaki University Hospital (17091109), Fukushima Medical
University (29317), and affiliated hospitals. Informed consent for
data use was obtained from some of the patients, and an opt-out
procedure was used for the rest.

RESULTS

Clinical Characteristics of Patients

With 1gG4-RD

The demographic and clinical characteristics of all 85 patients
with and without hypocomplementemia at diagnosis are
summarized in Table 1.

Thirty-two patients (38%) were classified in the
hypocomplementemia group. In the hypocomplementemia
group, 22 patients (69%) had C3 and C4 reduction, 3 (9%) had
only C3 reduction, and 7 (22%) had only C4 reduction.
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TABLE 1 | Demographic, clinical, and laboratory characteristics of patients with immunoglobulin 4-related disease diagnosed with or without hypocomplementemia.

All patients (n =85)  With hypocomplementemia (n =32)  Without hypocomplementemia (n = 53) p-value
Characteristics
Age, median (IQR) 66 (69 - 72) 66 (69 — 74) 65 (68 - 72) 0.59
Male sex, n (%) 62 (73) 25 (78) 37 (70) 0.4
BMI, median (IQR) 22 (20 - 25) 22 (20 - 25) 22 (20 - 26) 0.73
Allergy, n (%) 23 (27) 6 (19) 17 (33) 0.16
Laboratory test, median (IQR)
White blood cells, x10%/ul 6.04.8-7.4) 5.7 (4.4-6.8) 6.7 (5.1-7.4) 0.07
Eosinophils, x10%/uL 230 (111 - 370) 243 (116 - 478) 204 (109 - 360) 0.39
Hemoglobin, g/dL 13.1 (12.2-14.4) 12.8 (11.6 - 14.1) 13.1 (12.7 - 14.5) 0.14
Platelets, x10%/uL 22.4 (18.5-25.5) 20.8 (17.4-24.2) 23.3 (19 -26) 0.09
C-reactive protein, mg/dL 0.21 (0.07 - 0.34) 0.28 (0.14 - 0.32) 0.12 (0.05 - 0.36) 0.17
Creatinine, mg/dL 0.8 (0.68 — 0.95) 0.83 (0.70 - 1.19) 0.8 (0.67 - 0.91) 0.17
eGFR (mL/min/1.73 m?) 69 (57 - 81) 59 (42 - 81) 70 (61 - 81) 0.09
1gG, mg/dL 2055 (1585 - 2862) 2717 (2227 - 4130) 1738 (1461 — 2227) <0.01
9G4, mg/dL 480 (212 — 945) 773 (410 -1713) 385 (186 — 687) <0.01
Total IgG minus 1gG4, mg/dL 1522 (1173 - 2106) 2063(1639 - 2583) 1307 (1068 - 1588) <0.01
IgE, IU/mL 244 (93 - 759) 239 (84 - 659) 257 (111 - 1110) 0.51
Soluble IL-2 receptor, U/mL 758 (473 - 1251) 1145 (1000 — 1699) 584 (391 — 828) <0.01
Involved organs, n (%)
Orbit and lacrimal gland 22 (27) 7 (23) 15 (29) 0.06
Salivary gland 48 (58) 19 (59) 29 (56) 0.74
Lymph node 44 (52) 23 (72) 21 (40) <0.01
Thyroid 4 (5) 2 (6) 2 (4) 0.601
Lung 12 (14) 9 (28) 3(6) <0.01
Pancreas 16 (17) 7 (22) 9(17) 0.58
Bile duct and liver 22 0(0) 24 0.27
Kidney 16 (19) 10 (31) 6 (11) 0.02
Aorta and large blood vessel 10(12) 3(9) 7 (13) 0.6
Prostate 6(8) 3(10) 3(6) 0.53
Retroperitoneum 23 (27) 8 (25) 15 (28) 0.74
Numbers of involved organs, median (IQR) 2(1-3 2@2-4 2(1-3) 0.07
1gG4-RD responder index 9(6-12) 9 (9-15) 9(6-12) 0.05

BMI, body mass index; GFR, glomerular filtration rate; IgG, immunoglobulin G; IL-2, interleukin-2; IgG4-RD, immunoglobulin G4-related disease; IQR, interquartile range.

The median age at diagnosis was 66 years; 62 patients were men
(73%). There were no significant differences in age at diagnosis, sex,
body mass index, and history of allergy between the two groups.

The hypocomplementemia group had significantly higher
IgG (2717 [2227-4130] vs. 1738 [1461-2227] mg/dL, p < 0.01)
(Figure 1A) and IgG4 levels (773 [410-1713] vs. 385 [186-687]
mg/dL, p < 0.01) (Figure 1B). Total IgG minus the IgG4 value
was also significantly higher in the hypocomplementemia group
(2063 [1639-2539] vs. 1307 [1068-1588] mg/dL, p < 0.01)
(Figure 1C). Additionally, patients with hypocomplementemia
had significantly higher soluble IL-2 receptor (sIL-2R) levels
(1145 [1000-1699] vs. 584 [391-828] U/mL, p < 0.01)
(Figure 1D). There were no differences in complete blood
count, including the absolute number of eosinophils and renal
function markers. Finally, a comparison of the initial
prednisolone dose showed no significant difference between
the hypocomplementemia and normal complement groups (30
[20-35] vs. 30 [28-35] U/mL, p = 0.154).

Comparison of Affected Organs Between
Patients With and Without
Hypocomplementemia

The hypocomplementemia group had significantly more lymph
node (23 [72%)] vs. 21 [40%], p < 0.01), lung (9 [28%] vs. 3 [6%],
p = 0.01), and kidney (10 [31%] vs. 6 [11%], p < 0.02) involvement.

Patients with hypocomplementemia also had a significantly higher
IgG4-RD responder index (9 [9-15] vs. 9 [6-12], p = 0.05) (Table 1).

Correlations Between C3, C4, and Clinical
Characteristics at Baseline

The correlations between C3 levels, C4 levels, and other biological
measures are presented in Figure 2. C3 levels positively correlated
with C4 levels (r = 0.860, p < 0.01) (Figure 2A). C3 levels inversely
correlated with IgG levels (r = —0.547, p < 0.01), IgG4 levels (r =
-0.489, p < 0.01), total IgG minus 1gG4 value (r = —0.370, p <
0.01), the number of IgG4-RD RI (r = -0.363, p = 0.01), and the
level of soluble IL-2 receptor (r = —0.621, p < 0.01); these inverse
correlations were significant (Figures 2B-F). Similarly, C4 levels
inversely correlated with IgG levels (r = —0.625, p < 0.01), IgG4
levels (r = —0.453, p < 0.01), total IgG minus IgG4 value (r =
-0.550, p < 0.01), the number of IgG4-RD RI (r = -0.332, p =
0.02), and the level of soluble IL-2 receptor (r = —0.559, p < 0.01)
(Figures 2G-K). There was no significant correlation between C3
and C4 levels and the estimated glomerular filtration rate.

Comparison of Relapse in Patients

With 1gG4-RD

Kaplan-Meier survival analysis on disease relapse is shown in
Figure 3A. The log-rank test showed that patients with
hypocomplementemia had a significantly higher relapse risk of
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IgG4-RD than those without hypocomplementemia (p = 0.024).
Similarly, patients with IgG4-RD with elevated serum sIL-2R
levels tend to relapse (Figure 3B). We attempted to identify the
clinical parameters associated with relapse by performing a
multivariate logistic regression analysis (Table 2). The presence
of hypocomplementemia was independently associated with
relapse (OR, 6.842; 95% confidence interval [95%CI], 1.684-
27.79; p = 0.007).

DISCUSSION

Hypocomplementemia was previously reported to occur
concomitantly with IgG4-RD (4, 10, 11). This study revealed that
relapse could be predicted in advance using complement C3/C4 at
baseline. Peng et al. reported no differences in relapse-free survival
between patients with and without hypocomplementemia (11),
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FIGURE 1 | Comparison of immunoglobulin G4-related disease with and without hypocomplementemia. Serum IgG (A), IgG4 (B), total IgG minus IgG4 (C), and
soluble IL-2R (D) in patients with hypocomplementemia were significantly higher than those in patients without hypocomplementemia.

whereas our study revealed that patients with
hypocomplementemia had higher subsequent relapse-free survival
of IgG4-RD episodes. Although the number of cases was limited, the
presence of hypocomplementemia was associated with relapse in a
multivariate logistic regression analysis. The initial dose of
prednisolone in the cohort of Peng et al. was significantly higher
in patients with hypocomplementemia than in those without
hypocomplementemia (11). Our cohort had no differences in the
initial prednisolone dose between the two groups. This difference
might influence the relapse rate in the two studies. From this point of
view, IgG4-RD patients with hypocomplementemia tend to have a
serious disease course whereas IgG4-RD patients with normal
complement levels may be mild disease course with less relapse rates.

The mechanism of hypocomplementemia in IgG4-RD remains
unclear. Human IgG is subdivided into four classes, which differ
markedly in activating the classic complement pathway (12). IgG1
and IgG3 can activate complement effectively; IgG2 only activates
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FIGURE 2 | Correlation between complement C3/C4 and other laboratory tests. C3 levels positively correlated with C4 (A). C3 levels negatively correlated with
immunoglobulin (IgG) (B), IgG4 (C), total IgG minus IgG4 (D), immunoglobulin G4-related disease (IgG4-RD) responder index (E), and soluble IL-2R (F), all significantly.
Similarly, C3 levels showed a significant negative correlation with IgG (G), IgG4 (H), total IgG minus IgG4 (1), IgG4-RD responder index (J), and soluble IL-2R (K).

complement when the target antigen concentrations are high (12,
13). However, IgG4 cannot activate complement (12, 13). Muraki
et al. reported that circulated immunocomplex (CIC) determined by
Clq assay was significantly associated with serum IgG1 levels in
autoimmune pancreatitis (14). Serum CIC levels and serum IgG1
levels in autoimmune pancreatitis are significantly higher than in
healthy controls (14). Furthermore, elevated serum CIC and IgG1
concentrations are associated with decreased C3 and C4 levels (14).
This finding suggests that although IgG4 may have contributed little
to complement activation, IgG1 played a prominent role by forming
an IgG1-type immune complex via the classical pathway (14).
Similarly, hypocomplementemia in IgG4-related kidney disease is
related to the elevation of IgG subclasses other than IgG4, including
IgG1 (15). These studies suggest that not IgG4 but other types of IgG
result in hypocomplementemia. In our study, the significant

association between the value of total IgG minus IgG4 and
complement support the fact that IgG subclasses other than IgG4
can be responsible for hypocomplementemia in IgG4-RD. In
contrast, Sugimoto et al. reported as follows; [1] Immunocomplex
(IC) in sera isolated from IgG4-RD patients contains IgG4 and IgM,
[2] IC isolated from IgG4-RD patients with hypocomplementemia
has an ability to activate both classical pathway and lectin pathway
[3] The role of IgG4 itself and complement activation pathway in
IgG4-RD patients remains unsolved.

Our recent investigation revealed that elevated C5a levels in
patients with active IgG4-RD inversely correlated with C3 levels
and that C5a levels were low during remission (16). These data
suggest that C5a is associated with the pathogenesis of IgG4-RD.

Four studies other than ours have investigated the phenotype of
IgG4-RD with hypocomplementemia. These studies found specific
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TABLE 2 | A multivariable logistic analysis between with and without relapse.

,500

2,000

FIGURE 3 | (A) Kaplan-Meier curves of relapse-free survival in patients with immunoglobulin G4-related disease (IgG4-RD) with or without hypocomplementemia.
There was a statistically significant difference between the two curves (log-rank test, p = 0.024). (B) Kaplan—Meier curves of relapse-free survival between high and
normal soluble IL-2R in patients with IgG4-RD. There was no significant difference between the two curves (log-rank test, p = 0.143).

With relapse (n = 16) Without relapse (n = 69) P* P** OR (95% CI)
Hypocomplementemia (%) 11 (68.9) 21 (30.4) 0.008 0.007 6.842 (1.684 - 27.79)
sIL-2R median(IQR) 1110 (701 - 1929) 692(454 - 1142) 0.045 - -
IgG4-responder index median(IQR) 12(9-12) 9(6-12) 0.271 - -

95%Cl, 95% confidence interval; OR, odds ratio.

*Bivariable analysis (Fisher’s exact test for categorical variables
and Wilcoxon’s rank-sum test for quantitative variables).
**Multivariable analysis (stepwise logistic regression model).

differences in the characteristics of patients with IgG4-RD who were
also diagnosed with hypocomplementemia compared with those
who were not, including more frequent involvement of the lacrimal
gland (11), lymph nodes (11), kidneys (4, 10, 11), pancreas (11),
lungs (4, 5, 11), and prostate gland (11) and higher IgG4 serum levels
(4, 11). Consistent with these results, over one-third of the patients
with IgG4-RD in our study had hypocomplementemia at the initial
diagnosis, and a negative correlation was observed between C3 and
IgG4 levels (4). Many studies, including our results, agree that
patients with IgG4-RD with hypocomplementemia have lung and

kidney involvement. Further investigation is necessary to determine
whether other organ involvements are associated with
hypocomplementemia in IgG4-RD.

Handa et al. recently showed that sIL-2 receptor serum levels at
baseline in patients with IgG4-RD significantly correlate with the
number of organs involved, and soluble IL-2 receptor and IgG4
levels decrease after treatment (17). Furthermore, high sIL-2R
serum levels may be a risk factor for relapse in patients with
IgG4-RD (18). For the first time, we found a negative correlation
between C3/C4 levels on the one hand and sIL-2R levels and the
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number of affected organs on the other. Serum sIL-2R may be
secreted from regulatory T cells (Treg) infiltrated in affected
organs because Treg cells are found around affected bile ducts
and lymph nodes (17). Anti-inflammatory cytokines such as IL-10
and TGEF-P are secreted by Treg (19) (20). The production of IgG4
and IgM is regulated by IL-10, and IL-10 tends to promote IgG4
production (17). In contrast, TGF-f is a major profibrotic
cytokine (17).

C5a has been reported as a factor related to Treg production
through C5a receptor 2 (C5aR2) (21). C5a receptors are
subdivided into C5aRl1 and C5aR2 (21). C5aRl is known to
have a proinflammatory role, but C5aR2 is associated with both
immune-activating and immune-dampening functions (21).
Human and murine C5aR2 is expressed on T cells (22). C5aR2
regulates the C5aR1-initiated signals known to inhibit Treg. A
previous report showed that over expression of C5aR2 in CD4
positive T cells increased Treg/effector T cell ratio whereas
C5aR2 deficiency associated with lower Treg/effector T cell ratio
(22). We previously reported that serum C5a levels are elevated in
patients with IgG4-RD (16). The complement system in IgG4-RD
may be involved in Treg differentiation following sIL-
2R production.

IgG4-RD is generally treated using corticosteroid, but the
treatment other than corticosteroid has not been established.
Recent report has shown that C5a receptor inhibitor is effective
in ANCA-associated vasculitis (23). However, the treatment of
C5a receptor inhibitors to IgG4-RD has not been reported.
Considering the result of this study, C5a receptor inhibitors
may be therapeutic targets in IgG4-RD patients with
hypocomplementemia. Similarly, Treatments targeting IL-2
signaling may be effective to IgG4-RD. There are no drugs
that directly inhibit IL-2 or IL-2R in rheumatic diseases. On
the other hand, tacrolimus, which is classified as a calcineurin
inhibitor, prevents activating the transcription of IL-2 gene (24).
Takahashi, et al. reported the effectiveness of tacrolimus against
IgG4-RD (25). Therefore, calcineurin inhibitors may be
reasonable for the treatment of IgG4-RD.

Based on these considerations, the hypothesis of
pathophysiology in IgG4-RD is shown in Figure 4. Further
research is necessary to elucidate the relationship between
IgG4-RD and complement system.

Our study had some limitations. First, it was a retrospective
study of a relatively small number of patients, thereby the
number of explanatory variables in multivariable analysis may
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FIGURE 4 | The hypothesis of pathophysiology in IgG4-RD. Naive/memory B cells and/or dendritic cells would present antigen from possible triggers to CD4
positive T cells. The cycle of collaboration would be established between autoreactive T cells and B cells. The activated CD4 positive Th2 and regulatory T cells
would produce inflammatory cytokines, resulting in activation of fibroblasts and inflammatory macrophages. Complement system, at least classical pathway, is
possibly related to the differentiation to Treg from CD4 positive T cells through C5aR2. Treg may be associated with the production of sIL-2R. C, complement; CD4,
cluster of differentiation 4; C5aR2; Cba receptor 2; CTL, cytotoxic T lymphocyte; Ig, immunoglobulin; IL, interleukin; IFN-y, interferon-y; Th2, T-helper 2; TGF-b,
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be limited. In addition, the other complement factor including
C5a could not be measured because our sample were stored at
-20°C. which is unstable condition for complement factors.

Second, the proportion of patients with pancreas and kidney
involvement was small; the patients had been referred from the
Department of Rheumatology, thereby potentially leading to
selection bias regarding the involved organs. Third, evaluating
the extent of IgG4-RD only by the number of affected organs and
IgG4-RD RI may be insufficient to assess disease activity because
of the differentiation of radiological modality in each patient. The
measurement of other biomarkers such as plasmablasts (26) and
CC-chemokine ligand 18 (27) may be useful for IgG4-RD
activity evaluation.

In conclusion, our study revealed that patients with IgG4-RD
with hypocomplementemia had more serious disease course than
those with normal complement levels. Furthermore, the strong
treatments may be considered for IgG4-RD patients
with hypocomplementemia.
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