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Purpose: We explored the expression levels of IgG4 and interleukin (IL)-21 in the serum
and ankle joints of collagen-induced arthritis (CIA) rats at different disease stages.
Materials and Methods: Wistar rats were randomly divided into normal and model
groups, and the latter group was administered bovine type II collagen to induce arthritis.
Enzyme-linked immunosorbent assay was performed at 21, 28, 35, and 42 days to detect
IgG4 and IL-21 in the serum, followed by histological and immunohistochemical analyses of
IgG4 and IL-21r in the ankle joint of rats.

Results: The contents of IgG4 and IL-21 in the serum of the CIA model group were
positively correlated and increased with disease progression. The expression of 1gG4 and
IL-21 receptors in the ankle joint of the CIA model group was significantly higher than that
in the control group. These proteins were closely related to the pathological score. The serum
IL-21 level in the model group was closely related to the level of IL-21 receptor in the ankle
joint.

Conclusion: IL-21 may promote the occurrence and development of rheumatoid arthritis by
combining with IL-21r to regulate the content of IgG4.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease primarily manifesting as
multiple chronic arthritis and has a worldwide incidence of approximately 0.5—
1%." Approximately 50% of patients report the involvement of extra-articular
organs, such as the skin, eyes, lungs, and kidneys; hence, the disease is a major
cause of disability and loss of function.>* RA is a chronic immune-mediated
disease in which multiple immune cell types and signaling network malfunction
to elicit a maladaptive tissue repair process.” The fundamental hallmark of RA is
the production of autoantibodies such as rheumatoid factor and antibodies that
recognize post-translationally modified proteins, including anti-citrullinated protein
antibodies and anti-carbamylated protein antibodies.® Interleukin (IL)-21, a member
of the IL-2 family, is involved in biological activities in cancer and autoimmunity
by binding to its receptor, IL-21r.” IL-21 stimulates RA-FLS proliferation and
promotes the production of tumor necrosis factor-o and IL-6 and blockade of IL-
21/IL-21R pathway with IL-21r.® IL-21 was previously confirmed to be upregulated
in not only the serum but also the synovial fluid of patients with RA.” Moreover,
studies on the role of IL-21 in RA pathogenesis have reported that this protein can
promote osteogenesis in patients, leading to bone destruction.” However, another
study showed that IL-21r is expressed in RA synovial fibroblasts and synovial
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macrophages. IL-21 was not expressed in the RA and
osteoarthritis synovium, as determined by in situ hybridi-

9 Therefore, we

zation with IL-21-specific probes.'
detected the expression of IL-21r-positive cells in the
joints. These findings suggest that targeting IL-21 and
IL-21r can alleviate the progression of bone damage in
patients with RA. IgG can be divided into four subtypes,
which can be classified into IgG1-4. IL-21 may promote
the secretion of IgG4 by plasma cells, it activates the
complement system by binding to IgG4-type immune
complexes, mediates tissue damage, and promotes disease
progression.'" At present, Rispens et al'*> hypothesized that
different
a bispecific antibody through ‘“half molecule” Fc-Fc

two specific IgG4 molecules can form
exchange; this bispecific antibody may induce an inflam-
matory response. However, this hypothesis has not been
confirmed; we explored the role of IgG4 and IL-21 in
disease progression by observing the distribution of IgG4
and IL-21r in the joints of collagen-induced arthritis (CIA)
rats at various stages.

In this study, a model of RA was generated using
Wistar rats. By assessing the expression levels of IgG4
and IL-21 in the serum and IgG4 and IL-21r level in the
ankle joint, we investigated the pathomechanism of RA
and diagnostic value of these indicators of RA, providing

a new insight into the pathogenesis and treatment of RA.

Materials and Methods

Reagents

Bovine type II collagen (Sigma, St. Louis, MO, USA) and
Freund’s incomplete adjuvant (Chondrex, Redmond, WA,
USA) were applied to build the rat model. A rabbit anti-
IgG4 polyclonal antibody from MXB Biotechnologies
(Fuzhou, China, MAB-0651) was used, rabbit anti-IL-21r
polyclonal antibody was obtained from Abcam
(Cambridge, UK, ab5980), the mouse IgG4 enzyme-
linked immunosorbent assay (ELISA) kit was purchased
from Jianglai Biotechnology (Jianglaibio, China,
JL15562), and a mouse IL-21 ELISA kit (Jianglaibio,
China, JL20239) were used.

Animals

Male Wistar rats (Tianqin Biotechnology Co., Changsha,
China) were used. All rats were housed in a specific patho-
gen-free environment under controlled conditions (tempera-
ture, 20-26°C; humidity, 35-75%; light/dark cycle, 12 h/12
h) with ad libitum access to chlorinated water and irradiated

food. Before the study, rats were allowed a 7-day acclima-
tization period. The health of the rats was monitored daily.

Ethics Approval

The study was approved by the Ethics Committee of the
Hunan Provincial People’s Hospital (approval number
2019546). The studies were conducted in compliance
with institutional review board regulations.

Induction of CIA

Fifty rats were randomly divided into control and model
groups. CIA was induced as described previously.’ In the
CIA group, 30 Wistar rats (4—5-week-old) were immunized
with 200 pL bovine type II collagen in 0.05 M acetic acid
and emulsified with an equal volume of Freund’s incomplete
adjuvant and administered intradermally at the base of the
tail (day 0). A booster injection of 100 pL collagen-Freund’s
incomplete adjuvant suspension was administered in the
same manner on day 8. In the control group, 20 Wistar rats
were given normal saline during the same period. The rats
were anesthetized by intraperitoneal injection of 0.3 mL/100
g chloral hydrate after skin disinfection before the operation.
Arthritic swelling was evaluated visually on a scale of 04
for each limb (0, no change; 1, limited swelling and
erythema of the toe joints; 2, swelling and erythema of the
toe joints and digital joints; 3, swelling and erythema of the
foot below the ankle joints; 4, severe swelling and erythema
of the whole foot including ankle joints); therefore, the
maximum score per mouse is 16.* If the Al score was 4 or
greater within 21 days after initial immunization, the rats
were considered as successfully modeled. In general, the
swelling score was evaluated in a blinded manner.

ELISA

Two group rats were killed by cervical dislocation on days
21 (n =10), 28 (n = 10), 35 (n = 10), and 42 (n = 10) after
the first injection. Serum from the rats were obtained and
stored at —40°C until use. Serum IL-21 and IgG4 levels
were determined using ELISA kits in accordance with the
manufacturer’s protocol, and absorbance was measured at
450 nm using a microplate reader.

Histological and Immunohistochemical
Analyses

Tissue from the left ankle joints on days 21, 28, 35, and
42 were decalcified in bone decalcifier, embedded in
paraffin, and cut into 4-mm-thick sections. Paraffin-
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embedded sections were stained with hematoxylin-eosin
(H&E) for histological analysis. Immunohistochemical
analysis was performed for IL-21r and IgG4 in the joints
in accordance with the manufacturer’s instructions.
Paraffin-embedded sections were dewaxed and repaired
using tissue antigen by routine methods and incubated for
10 min with 3% H,0,. Each section was incubated with
primary rat anti-IL-21r and anti-IgG4 antibodies for 1 h at
room temperature. After incubation with poly-horseradish
peroxidase anti-rabbit IgG for 15 min at room tempera-
ture, 50 pL of a pre-made working solution of chromo-
genic agent diaminobenzidine was added at room
temperature for 3—5 min. The sections were dehydrated
after staining with hematoxylin for 1 min. The sample
was placed in xylene for 2 min and then sealed with
neutral gum was sealed for observation under the micro-
scope. The histopathological scores of each group were
independently measured twice."” (a) Synovial cell prolif-
eration score: (0): less than 3 layers of synovium, (1): 3—4
layers, (2): 5-6 layers, (3): more than 6 (b) layers.
Inflammation score: (0): no lymphocyte infiltration; (1):
lymphocyte aggregation; (2): diffuse distribution forming
lymphatic follicles; (3): formation of lymphatic follicular-
associated hair centers. (c) Angiogenesis score: (0): no
neovascularization, (1): mild neovascularization, (2):
moderate, (3): severe. The total score of each rat was
calculated. Two experienced pathologists selected three
visual fields in the cell-intensive area of each specimen
and counted the number of positive IgG4 and IL-21r
inflammatory cells under a high-power visual field to
calculate the average value.®

Statistical Analysis

Data were presented as the mean + standard error of the
mean. The two groups were compared using Mann—Whitney
U-test for two independent samples. Correlations were
determined using Spearman correlation analysis with SPSS
version 18.0 software (SPSS, Inc., Chicago, IL, USA). The
Kolmogorov—Smirnov test in SPSS was used to estimate the
normality of the data. P-values less than 0.05 were consid-
ered to indicate significant results.

Results
General Characteristics of Experimental

Rats
Twenty of the 30 rats were successfully induced with CIA
with a success rate of 66.7%. According to the analysis of

the pre-experiment, the sample size was determined to be
5 per group (see Appendices 1—4). The model group was
lethargic and irritable compared with the control group.
Redness, swelling, and heat were observed in some joints
on day 8 after initial immunization in the CIA group.
Redness and swelling at each foot joint increased over
time. However, the joints of the control group did not
change significantly over time (Figure 1). In this experi-
ment, the CIA model was established successfully for
further exploration of the disease. However, because the
disease model was induced under certain experimental
conditions, the rats would not show fluctuation and recur-
rence of the disease or extraarticular manifestations such
as rheumatoid nodules and vasculitis in patients with RA.
These are limitations of our model.

Serum IL-21 and IgG4 Levels of

Experimental Rats

Serum IgG4 and IL-21 levels were lower in CIA rats than in
control rats at 21 days, and the median value of two indices in
the model group increased over time (Figure 2). IL-21 and
IgG4 levels were positively correlated in the CIA group.

Histological Analysis of the Ankle Joint

H&E staining was performed for the ankle joints of rats in
each group (Figure 3). The synovial layer was thin, and the
articular cartilage layer was thick in the negative control
group. No structural damage, inflammatory cell infiltration,
and angiogenesis were apparent, and no obvious changes
were observed at 21, 28, 35, and 42 days. In the model
group, synovial hyperemia edema elevated to more than 10
layers at 21 days. Between 28 and 35 days, the synovial
membrane was thicker than before, extending into the articu-
lar cavity in a villous shape. The surface of the articular
cartilage displayed obvious damage, the transparent cartilage
surface was severely damaged, and local fibrosis was
observed. At 42 days, significant necrosis and exfoliation of
articular cartilage was detected, and increased cells were
found in the synovial membrane. These results are consistent
with those of a previous study showing that fibrous hyper-
plasia and neovascularization occurred in the synovial layer
and that the articular cavity was narrower than before.'*

IL-21r and 1gG4 Expression Levels in
Ankle Joints

Immunohistochemical staining was performed for the ankle
joints of rats in all groups (Figure 4). IgG4 and IL-21r were
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Figure | Changes in rat ankle joints. (A) Clinical manifestation of rats with CIA. (B) Left pad thickness of the CIA group was significantly greater than that of the control
group (z = —2.627, —2.619, —2.627, —2.619, P < 0.05). (C) Arthritis scores in the model group were significantly higher than those in the control group (z = —2.805, —2.805,

—2.805, P < 0. 05) (Mann—Whitney U-test).
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Figure 2 Expression of IL-2] and IgG4 in the serum. (A) IL-21 levels of the 35- and 42-day CIA rats were significantly higher than those in the control group (z = —2.61 I,
—2.402, P < 0.05). (B) Serum IgG4 levels of experimental rats in the 42-day group exceeded those of the control group (z = —1.984, P < 0.05) (Mann—Whitney U-test). (C) IL-
21 and IgG4 levels were positively correlated in CIA group (r = 0.567, P < 0.05) (Spearman correlation analysis). Values are the mean  SEM (n = 5). “P < 0.05.

not significantly upregulated in the synovial membrane, car-
tilage, and bone in the negative control group. IgG4 and IL-
21r were upregulated in the CIA model group. IgG4 and IL-
21r inflammatory cells in the model group showed a positive
relationship. 1gG4 was primarily expressed in the
cytoplasm'> and IL-21r is expressed in the cell membrane.
A significant correlation was obtained between 1gG4 and 1L-
21r inflammatory cells in the model group. In the model
group, serum IL-21 levels were positively correlated with
the arthritis index, pathological score, and IL-21r expression

in the ankle joint (= 0.447, 0.461, 0.451, P <0.05), whereas

serum [gG4 levels were not significantly correlated with the
arthritis index, pathological score, and IgG4 expression in the
ankle joint. IL-21r expression in the ankle joint of CIA rats
was positively correlated with the arthritis index and patho-
logical score (r = 0.548, 0.540, P < 0.05), and IgG4 expres-
sion in the ankle was positively correlated with the
pathological score (r = 0.549, P < 0.05).

Discussion
The first rat model of CIA was established using Wistar,
Sprague-Dawley, and Wistar-Lewis rats in 1977 by
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Figure 3 Results of H&E staining. (A) H&E staining of the ankle joint of rats in each group (HE x 100). The cartilage surface of the ankle joint in the control group was
smooth, the joint space was normal, and there was no inflammatory cell infiltration in the tissue. In the CIA group, the surface of cartilage was uneven. On day 21, synovial
membrane was markedly thickened, numerous inflammatory cells were infiltrated, and the joint space was narrowed. On day 28, synovial villus extended into the articular
cavity. The articular cartilage surface was damaged on day 35 and appeared as necrotic and exfoliated on day 42. Bars = 50 um. (B) Histopathological scores of each group.
The scores of each model group were significantly higher than those in the control groups (z = —2.668, —2.660, —2.668, —2.660, P < 0.05) (Mann-Whitney U-test). “P < 0.05.

Trentham.'® As the pathophysiological and immunological
characteristics of CIA model rats are similar to those of
RA in humans, these animals are considered as the best
animal model for studying RA.'” In this study, Wistar rats
were used to establish an animal model of CIA, reflecting
the disease characteristics in humans.

RA is common and often causes serious damage such as
systemic symptoms of synovial joint inflammation.'® A study
reported that the risk of death in RA patients is 1.5-1.6-fold
that of the general population,'® particularly for patients with
advanced RA, severe disease, or on long-term bed rest.
Currently, RA pathogenesis is not completely understood,
however, it is generally considered that the deciding factor
for resolving initial injury is the obliteration of autoimmune
tolerance.’>*! However, subsequent studies reported that
IL-6-mediated IgGG4 upregulation is partially corroborated by
IL-21.% Furthermore, Carbone et al** can selectively reduce
IL-21 and IgG4 levels in the absence of IL-6 and affect RA
progression. In comparison, IL-21 may induce 1gG4 produc-
tion in B cells more strongly than IL-4. In this study, [gG4 and
IL-21 expression was assessed in the serum samples of rats at
four time points, and this result is consistent with previous
experiments. Herein, the serum contents between the normal
and model groups did not markedly differ during the 21 days of

the disease (Figure 2). However, this finding contrasts those of
previous studies,”* likely because of differences among indi-
vidual rats and the combination of two factors in inflammatory
tissue in the early stage of the disease.”> Comparison of the
levels of IgG4 and IL-21 at days 21 and 42 of disease progres-
sion revealed upregulation of both proteins. Serum IgG4 levels
are associated with IL-21 in rats, and the levels of IL-21 and
IgG4 in the model group were significantly higher than those in
the control group in day 42 in the CIA group (z = —2.402;
—1.984, P < 0.05). Serum IL-21 levels were positively corre-
lated with the arthritis index. Thus, changes in IgG4 and IL-21
may be associated with disease progression.

H&E staining of the ankle joint revealed no obvious
synovial thickening, inflammatory cell infiltration, or neo-
vascularization in the ankle joint in the control group.
Synovial inflammation occurred at the ankle joint of rats in
the CIA group (Figure 3). Upon disease progression, articular
cartilage injury, local fibrosis, and neovascularization gradu-
ally occurred.” The articular cartilage displayed necrotic
shedding, consistent with disease progression in patients
with RA, indicating that the model was successfully estab-
lished and is valuable for basic studies of RA. It was reported
that IL-21 regulates the innate and adaptive immune
responses via heterodimers of IL-21r and the common
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Figure 4 Expression of IL-21r and IgG4 in experimental rats. (A) IL-21r was not significantly upregulated in the ankle joints of control group rats at various stages. Positive
IL-21r cells were observed in the CIA group between days 21 and 42, and their expression was mainly concentrated on the thickened synovial membrane. Various
inflammatory cells were mainly found in the 42 day group (IL-21r x400). (B) IgG4 expression in rats; there was no obvious IgG4 expression at all stages of the ankle joint in
the control group. I|gG4-positive cells were observed from days 21 to 42 in the CIA group, which were primarily expressed in the thickened synovial membrane (IgG4 x400);
bars = 50 um. (C) Expression of IL-21r in the ankle joints of the CIA group significantly exceeded that in the negative group in four stages (P < 0.05). (D) IgG4 expression of
each group; the outcome of IgG4 in the CIA group was significantly higher than that in the negative group at the four stages (P < 0.05) (Mann—Whitney U-test). (E) IgG4 and
IL-21r inflammatory cells showed a positive relationship in the model group (r = 0.633, P < 0.05) (Spearman correlation analysis). *P < 0.05.

cytokine receptor yc1.” Upon binding, the IL-21-IL-21r com-
plex activates Janus kinase 1 and 3, which in turn phosphor-
ylates STAT1 and STAT3. Previous studies suggested that
IL-21r knockout mice do not produce auto-specific immuno-
globulin and cannot be induced with collagen to develop
arthritis.*® Thus, we detected the expression of IL-21r-
positive cells in the joints. In this study. IL-21r-positive
cells were present at various stages of the disease in CIA
rats, showing higher expression levels than in the negative

control group (Figure 4A), suggesting that IL-21r is involved
in pathological hyperplasia in the disease synovium. The
serum IL-21 level in the model group was closely related to
the level of IL-21 receptor in the ankle joint. This expression
of IL-21r in tissue indicates that binding of IL-21 to its
receptor is prerequisite for RA progression. Targeting I1L-21
and IL-21r may mitigate the progression in patients with RA.
These results are consistent with those of previous studies.
Immunohistochemical staining revealed that 1gG4-positive
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cells were present at various stages of the disease in CIA rats,
particularly in the synovial membrane and bone, showing
higher expression levels than the negative control group.
Among these, infiltration of IgG4-positive cells in the bone
was observed in the CIA group at 42 days, suggesting that
IgG4 may be involved in bone destruction in RA (Figure 4B).
IL-21r expression in the ankle joint of CIA rats was posi-
tively correlated with IgG4 expression, the arthritis index,
and pathological score (r = 0.633, 0.548, 0.540, P < 0.05),
and IgG4 expression in the ankle was positively correlated
with the pathological score (» = 0.549, P < 0.05). Thus,
changes in IgG4 and IL-21r may be associated with disease
pathogenesis and progression and the disease may be treated
by modulating IL-21, IL-21r, and [gG4 levels.

There were some limitations to this study. Fluctuations
and recurrence were not observed in the rats, and no extra-
articular manifestations such as rheumatoid nodules and
vasculitis were detected in this model, as the disease model
was induced under specific experimental conditions. Rats
had certain individual differences and the microscopic exam-
ination results were subjective. These factors likely influ-
enced the experimental results. The expression levels of
IgG4, IL-21, and IL-21r in the serum and ankle joints should
be validated in further studies.

Conclusion

We assessed the expression levels of 1gG4, IL-21, and IL-
21r in the serum and ankle joints of CIA rats at various
disease stages. The results show that with disease progres-
sion, the serum levels of IgG4 and IL-21 increased gradu-
ally, and the expression levels of IL-21r and IgG4 in the
tissues were significantly higher than those in the control
group. The serum IL-21 level in the model group was
closely related to the level of IL-21 receptor in the ankle
joint. These results suggest that IL-21 may promote RA
occurrence and development by combining with IL-21r to
regulate IgG4 levels. Our results provide insight into
potential therapeutic targets for RA and RA pathogenesis.
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