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IgD-Fc-Ig fusion protein, a new biological agent, inhibits T cell
function in CIA rats by inhibiting IgD-IgDR-Lck-NF-κB
signaling pathways
Le Han1,2,3, Xian-zheng Zhang1,2,3, Chen Wang1,2,3, Xiao-yu Tang1,2,3, Yue Zhu1,2,3, Xiao-yu Cai1,2,3, Yu-jing Wu1,2,3, Jin-ling Shu1,2,3,
Qing-tong Wang1,2,3, Jing-yu Chen1,2,3, Yan Chang1,2,3, Hua-xun Wu1,2,3, Ling-ling Zhang1,2,3 and Wei Wei1,2,3

IgD-Fc-Ig fusion protein, a new biological agent, is constructed by linking a segment of human IgD-Fc with a segment of
human IgG1-Fc, which specifically blocks the IgD-IgDR pathway and selectively inhibits the abnormal proliferation, activation,
and differentiation of T cells. In this study we investigated whether IgD-Fc-Ig exerted therapeutic effects in collagen-induced
arthritis (CIA) rats. CIA rats were treated with IgD-Fc-Ig (1, 3, and 9 mg/kg) or injected with biological agents etanercept
(3 mg/kg) once every 3 days for 40 days. In the PBMCs and spleen lymphocytes of CIA rats, both T and B cells exhibited
abnormal proliferation; the percentages of CD3+ total T cells, CD3+CD4+ Th cells, CD3+CD4+CD25+-activated Th cells, Th1
(CD4+IFN-γ+), and Th17(CD4+IL-17+) were significantly increased, whereas the Treg (CD4+CD25+Foxp3+) cell percentage was
decreased. IgD-Fc-Ig administration dose-dependently decreased the indicators of arthritis; alleviated the histopathology of
spleen and joint; reduced serum inflammatory cytokines levels; decreased the percentages of CD3+ total T cells, CD3+CD4+ Th
cells, CD3+CD4+CD25+-activated Th cells, Th1 (CD4+IFN-γ+), and Th17(CD4+IL-17+); increased Treg (CD4+CD25+Foxp3+)
cell percentage; and down-regulated the expression of key molecules in IgD-IgDR-Lck-NF-κB signaling (p-Lck, p-ZAP70, p-P38,
p-NF-κB65). Treatment of normal T cells with IgD (9 μg/mL) in vitro promoted their proliferation. Co-treatment with IgD-Fc-Ig
(0.1–10 μg/mL) dose-dependently decreased IgD-stimulated T cell subsets percentages and down-regulated the IgD-IgDR-Lck-
NF-κB signaling. In summary, this study demonstrates that IgD-Fc-Ig alleviates CIA and regulates the functions of T cells through
inhibiting IgD-IgDR-Lck-NF-κB signaling.

Keywords: IgD; IgDR; IgD-Fc-Ig fusion protein; CD4+ T cell; collagen-induced-arthritis; IgD-IgDR-Lck-NF-κB signaling; etanercept

Acta Pharmacologica Sinica (2020) 41:800–812; https://doi.org/10.1038/s41401-019-0337-2

INTRODUCTION
Rheumatoid arthritis (RA) is a chronic systemic autoimmune
disease. Synovitis is the main pathological manifestation [1]. The
pathogenesis of RA is related to the abnormal activation of T
and B cells. Activated CD4+ T cells differentiate into special
effector cells and play an important role in specific immune
responses. A large number of activated CD4+ T cells infiltrate
into synovial tissue and secrete inflammatory cytokines that
cause inflammation in the RA synovium [2]. The abnormalities of
CD4+ T cells mainly manifest as an imbalance in the T cell
subsets. Th1 and Th2 cells mediate cellular immune and
humoral immune responses, and Tregs mainly inhibit auto-
immunity. Th17 cells mediate autoimmune and inflammatory
reactions [3].
Currently, the main therapeutic drugs for RA are steroidal anti-

inflammatory drugs, nonsteroidal anti-inflammatory drugs,
disease-modifying drugs, and biological agents. However, these
drugs have only partial effects on the relief of joint inflammation
and result in many adverse reactions, such as gastrointestinal side

effects, hepatotoxicity, and myelosuppression, which seriously
hinder the therapeutic effects. Therefore, it is of great clinical
significance to explore new therapeutic targets for RA and
develop new therapeutic drugs for RA.
Immunoglobulin D (IgD) was discovered in 1965 and consists

of two identical light chains and two heavy chains [4]. IgD
includes secreted IgD (sIgD) and membrane-bound IgD (mIgD).
The C-terminus of mIgD has more transmembrane and
intracellular regions than that of sIgD. These structural features
and molecular configurations are important for the specific
biological functions of IgD. mIgD is a hallmark of mature B cells.
Although IgD levels are low in the body, IgD exerts important
immune functions [5, 6]. An abnormally elevated level of IgD can
lead to inflammation and tissue damage by inducing the
activation and infiltration of immune cells [7, 8]. Accumulating
evidence has suggested that IgD may contribute to some
autoimmune diseases, such as RA, systemic lupus erythematosus
(SLE) and Sjogren’s syndrome (SS) [9]. Previous studies in our lab
showed that the levels of sIgD and mIgD in patients with RA
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were higher than those in healthy controls, and after stimulation
with IgD, the expression of IgDR on peripheral T and B cells was
significantly increased [10]. In an IgD transgenic mouse model,
skin ulcers and abnormal swelling of the liver, spleen and kidney
were found, which may be related to the high expression of sIgD
in serum [11].
In 1980, IgDR was discovered on T cells in human peripheral

blood. sIgD exerts biological functions by binding to a specific
membrane receptor (IgDR). The molecular weight of IgDR is
approximately 70 kDa, but the IgDR gene is still unknown and
has not yet been cloned [12–14]. Studies have shown that IgD
can induce IgDR expression to increase by more than five-fold
on the surfaces of T cells, and IgDR expression on the T cells of
RA patients can increase by more than 12-fold [15]. Studies have
shown that protein tyrosine kinase (PTK) is involved in the
process of IgD-induced IgDR expression. Therefore, we have
hypothesized that IgD may activate some key proteins down-
stream of the PTK pathway, but PTK inhibitors can completely
block the induction by IgD on IgDR expression, suggesting that
IgD may induce IgDR expression through one or more PTK
activation pathways. The lymphocyte-specific protein tyrosine
kinase (Lck) and zeta-associated protein 70 (ZAP70), which are
involved in the PTK signaling pathway, play important roles in
T cell activation. Animal experiments show that IgD activates the
phosphorylation of Lck and phospholipase C-γ (PLC-γ) in T cell
hybridomas [16]. Lck mainly exists in T cells and participates in
signal transduction that is involved in T cell development,
differentiation, and activation [17, 18]. The interaction of T cells
with antigen-presenting cells (APC) leads to Lck activation and
the phosphorylation of immunoreceptor tyrosine-based activa-
tion motifs (ITAMs). The activation of Lck kinase induces the
production of the SH2 domain, which binds to ZAP70 kinase,
thereby activating ZAP70 kinase. The activation of ZAP70 kinase
further stimulates multiple signaling networks downstream,
including calcium mobilization, Ras/MAPK and PI3K pathways
[19]. Under normal conditions, the expression and activity of Lck
are limited. When stimulated by certain external factors, the
expression and activity of Lck can become abnormal, causing
some autoimmune diseases, such as RA and SLE [20]. The above
findings suggest that Lck may be a key downstream signaling
molecule for IgD/IgDR. IgD may induce abnormal T cell
activation through activation of the IgD-IgDR-Lck-NF-κB signal-
ing pathway.
The development of new targeted drugs for RA has important

clinical implications. Based on previous results, our research team
successfully linked the human IgD-Fc segment to the human IgG1-
Fc segment to form a fusion protein (IgD-Fc-Ig) targeting IgD/
IgDR, and IgD-Fc-Ig has been patented in China. IgD-Fc-Ig
competes with overexpressed IgD for binding to IgDR, which
specifically blocks the IgD/IgDR-mediated signaling pathway and
selectively reduces the abnormal activation of T and B cells.
Etanercept is an anti-TNF-α agent that reduces the percentage of
B cells in the peripheral blood of RA patients by neutralizing TNF-
α, which is crucial for B cell proliferation. Etanercept inhibits
memory B cell induction by interfering with germinal center
formation and the follicular dendritic cell network [21, 22]. It has
been unclear whether IgD-Fc-Ig has therapeutic effects on
experimental arthritis. Does IgD-Fc-Ig affect the proliferation,
activation, and differentiation of T cells in experimentally induced
arthritis? Could IgD-Fc-Ig regulate the IgD-IgDR-Lck signaling
pathway in T cells? To answer these questions, in this study, rats
with collagen-induced arthritis (CIA) were used as subjects to
observe the therapeutic effects of IgD-Fc-Ig on CIA and T cell
proliferation, activation and differentiation in rats, and to elucidate
the mechanisms by which IgD-Fc-Ig inhibits T cell proliferation,
activation, and differentiation by blocking the IgD/IgD signaling
pathway. This study provides an experimental basis for further
understanding the pathogenesis of RA and elucidating the

characteristics and mechanisms of the treatment of RA with
IgD-Fc-Ig.

MATERIALS AND METHODS
Animals
Wistar rats (male, 150 ± 20 g) were purchased from Beijing Vital
River Laboratory Animal Technology Company (Certificate No.
SCXK [Jing] 2016-0006). The rats were maintained under standard
laboratory conditions. All studies adhered to the principles of
laboratory animal care and were approved by the Ethics Review
Committee for Animal Experimentation of the Institute of Clinical
Pharmacology, Anhui Medical University.

Reagents
Roswell Park Memorial Institute (RPMI)-1640 medium and fetal
bovine serum (FBS) were obtained from Gibco Co. (CA, USA). The
CCK-8 kit was purchased from Tianjin Baiying Biological Technol-
ogy Co., Ltd (China). The enzyme-linked immunosorbent assay
(ELISA) kits for IL-4 and IL-17 were purchased from Research &
Development Co., Ltd (Minneapolis, MN, USA). Chicken type II
collagen (CII) was purchased from Chondrex, Inc. (Redmond, WA,
USA). Freund’s complete adjuvant was purchased from Sigma. T/B
lymphocyte separation fluid was purchased from Dakewe
Biotechnology Co., Ltd. Human IgD protein was purchased from
Abcam (Cambridge, MA, USA). The cell stimulation cocktail was
purchased from eBioscience (San Diego, CA, USA). Anti-rat FITC-
CD3 (559975), PE-CyTM7-CD4 (561578), PE-CD25 (554866), APC-
IFN-γ (562213), PE-IL-4 (555082), PE-IL-17, and FITC-Foxp3
(4307321) antibodies were obtained from BD Pharmingen (San
Diego, CA, USA). The β-actin antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against Lck
(YT2545) and phosphorylated-Lck (p-Lck) (SAB4300118) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). ZAP70
(ab32410), phosphorylated-ZAP70 (p-ZAP70), p38 mitogen-
activated protein kinase (P38) (ab170099), phosphorylated P38
(p-P38) (4511T), NF-κB65 (8242T), and p-NF-κB65 (3033T) were
obtained from Abcam (Cambridge, MA, USA). The rat protein
antibody array was obtained from RayBiotech (Norcross, GA, USA).

Drugs
The IgD-Fc-Ig fusion protein was synthesized by our laboratory.
Etanercept was provided by Shanghai Guojian Pharmaceutical Co.,
Ltd (China).

Induction and treatment of CIA
CII was dissolved in 0.1 mol/L acetic acid at a concentration of
4 mg/mL overnight at 4 °C under sterile conditions. The CII mixture
was then emulsified with an equal volume of Freund’s complete
adjuvant (6 mg/mL). The emulsion of CII (0.2 mL) was injected
intradermally into the back, the base of the tail and the foot of rats
on day 0 to induce CIA, followed by a booster injection on D7.
After the onset of arthritis on D7, the number of rats was 10 in
each group. The CIA rats were randomly divided into five groups
and treated with IgD-Fc-Ig (1, 3, and 9mg/kg) or etanercept
(3 mg/kg) once every 3 days from D17 to D55. The normal rats and
CIA model rats were given equal volumes of normal sodium,
which were administered at the same time.

Clinical assessment of CIA
An evaluation of the severity of CIA was performed by two
independent observers with no knowledge of the treatment
protocol. Beginning on D10 after immunization, the rats were
evaluated every 3 days using three clinical parameters: the arthritis
index (AI), the swollen joint count (SJC), and the paw swelling
volume. A scale from 0 to 4 was used to grade the swelling: 0= no
swelling or spiloplaxia; 1= spiloplaxia and the slight swelling of
the ankle; 2= spiloplaxia and the slight swelling of the joints,
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including the ankle, metatarsal joints, and palm joints; 3=
spiloplaxia and the moderate swelling of the joints, including the
ankle, metatarsal joints, and palm joints; 4= spiloplaxia and the
severe swelling of the joints, including the ankle and metatarsal
joints. All feet were evaluated, and the maximum score value for
each rat was 16. Each paw has five phalanx joints and one ankle or
wrist joint, so the maximum SJC for each rat was 24 [23]. The
weight and paw volumes of the CIA rats were also evaluated once
every 3 days after immunization.

The measurement of the thymus index and the spleen index
The rats were sacrificed by cervical dislocation after ether
anesthesia on D55 after immunization. The thymus and spleen
were aseptically removed. The thymus and spleen indices were
determined according to the ratio of the weight of the thymus or
spleen and the weight of the rat.

Analysis of T and B lymphocyte proliferation
T lymphocytes from the thymus and B lymphocytes from the
spleen were separated with lymphocyte separation fluid in each
group, and the concentration of cells was adjusted to 1 × 106/mL.
T or B lymphocyte suspensions (200 μL) in RPMI-1640 supple-
mented with 10% fetal calf serum were seeded into 96-well
culture plates (1 × 105 cells per well). ConA and LPS were used to
stimulate the T and B cells, which were cultured for an additional
48 h. Triplicate measurements were performed. Ten microliters of
CCK-8 reagent was added to each well. The cells were incubated
at 37 °C in 5% CO2 for 2 h. Then, the absorbance was measured at
450 nm.

Histopathological examination of the spleen and joints
Paraffin sections of the spleen and joints were stained with
hematoxylin and eosin. The histological changes were evaluated
by two independent observers. Five parameters were evaluated in
the spleen: the periarteriolar lymphoid sheaths (PALs), lymphoid
follicles, marginal zone, red pulp, and the total number of
germinal centers (GCs). Five parameters were assessed in the
joints: synovial hyperplasia, the pannus, cartilage erosion, and
infiltrating inflammatory cells. The grading scheme consisted of
ordinal categories ranging from 0 (no effect) to 4 (severe effect)
[24, 25].

The percentages of the T cell subsets in peripheral blood
mononuclear cells and splenic cells from CIA rats were analyzed
by flow cytometry
Peripheral blood mononuclear cells (PBMCs) were obtained from
the blood of rats from erythrocyte lysate. The lymphocytes in
spleens were separated using lymphocyte separation fluid. A
100 μL aliquot of lymphocyte cell suspension was then transferred
into a round-bottomed tube. Antibody combinations of CD3-FITC,
CD4-PE-CyTM7, and CD25-PE, CD4-PE-CyTM7, and IFN-γ-APC, CD4-
PE-CyTM7 and IL-4-PE or CD4-PE-CyTM7 and IL-17-PE were added
into the flow tube. After 40min of incubation at room
temperature in the dark, the cells were washed and analyzed
immediately by flow cytometry. However, the cell suspensions
used for detecting the percentage of Th17 cells were cultured for
8 h with RPMI-1640 supplemented with 10% fetal calf serum and a
cell-stimulating agent. When detecting the percentages of Th1,
Th2, Th17, and Treg cells, the cells were first labeled with surface
antibodies, and then intracellular antibodies were added after the
disruption of the cell membrane. The cell-associated fluorescence
was analyzed with a Cytoflex flow cytometer (Beckman Coulter,
USA). In vitro, the same method as that described above was used
to examine the effects of IgD-Fc-Ig on the differentiation of T cells.

The levels of IL-4 and IL-17 were measured by ELISA
The levels of serum IL-4 and IL-17 were measured. Each serum
sample was assayed in triplicate. First, assay diluent (80 μL) was

added to each well of a 96-well plate. The standard or sample
(40 μL) was added to each well and incubated for 2 h at room
temperature. After washing, rat antibodies against IL-4 and IL-17
were added to each well and incubated for 2 h. Then, the
substrate solution was added to each well and incubated for 30
min. The optical density was measured at 450 nm.

The inflammatory cytokine levels were measured by protein chip
array systems
The levels of serum IFN-γ, IL-1β, IL-6, TNF-α, leptin, monocyte
chemoattractant protein-1 (MCP-1), and tissue inhibitor of
metalloproteinase-1 (TIMP-1) were analyzed. The steps of the
procedure were as follows. (1) The diluent (100 μL) was added to
each well and incubated for 30 min at room temperature for
blocking. After discarding the buffer, the samples (100 μL) were
added to each well and incubated for 1–2 h at room temperature.
(2) A cocktail of detection antibodies (80 μL) was added to each
well, and the glass chip was incubated for 1–2 h. (3) The Cy3
equivalent dye streptavidin (80 μL) was injected into each well.
The device was covered with aluminum foil and incubated at
room temperature for 1 h. (4) Fluorescence detection was
performed using a laser scanner, such as the Axon GenePix, at
the appropriate wavelength for Cy3.

T cell magnetic separation
T cells in spleens were isolated using magnetic cell separation
(MACS) by positive selection. The lymphocytes (108 cells) in the
thymus and spleen were isolated by lymphocyte separation fluid.
PBMCs were incubated with anti-CD3-FITC in MACS buffer for
20min, followed by incubation with anti-PE beads for an
additional 20 min. The stained cell suspension was applied to an
LS column (Miltenyi Biotec, Germany). The labeled T cells were
collected after washing with degassed buffer three times.

The expression levels of p-Lck, p-ZAP70, p-P38, and p-NF-κB65
were analyzed by Western blotting
The T cells isolated by MACS were lysed in cell lysis buffer with
1 mM PMSF at 4 °C for 30 min, followed by centrifugation at
14,000 × g for 10 min at 4 °C. The proteins were isolated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked with blocking buffer for 2 h
at room temperature and then incubated with primary mono-
clonal antibodies against rat Lck, p-Lck, ZAP70, p-ZAP70, P38,
p-P38, NF-κB65, and p-NF-κB65 and rat monoclonal anti-β-actin
antibody at 4 °C overnight.

Effects of IgD-Fc-Ig on T cell activation stimulated by IgD in vitro
Lymphocytes from spleens were separated by lymphocyte
separation fluid, and then the T cells were isolated using MACS
with positive selection. The final concentration of the cells was
adjusted to 1 × 106/mL. IgD (9 μg/mL), IgD-Fc-Ig (0.1, 1, and 10 μg/
mL), and etanercept (2 μg/mL) were incubated with T cells for 48 h
(37 °C). In vitro, carboxyfluorescein succinimidylamino ester (CFSE)
was used to detect the effect of IgD-Fc-Ig on T cell proliferation.
The percentage of proliferating CD3+ T cells was measured by
flow cytometry according to the CFSE instructions. The same
method as that described above was used to examine the effects
of IgD-Fc-Ig on T cell proliferation, the percentages of the T cell
subsets, and the expression of p-Lck, p-ZAP70, p-P38, and p-NF-
κB65 on IgD-stimulated T cells.

Statistical analysis
SPSS 16.0 was used for the statistical analysis, and the two groups
were compared using the t-test. The differences between groups
were compared with one-way analysis of variance (ANOVA).
Data were expressed as the mean ± standard deviation (SD).
P values less than 0.05 were considered to be significant.
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RESULTS
IgD-Fc-Ig relieved paw swelling, decreased the paw volume, AI
and SJC, and reduced weight loss in CIA rats
The results showed that the onset of inflammation appeared on
approximately D17 after primary immunization. The forefeet and
hind feet appeared to suffer from erythema and swelling in
sequence, and nodules were evident on the tail. The swelling of
rat paws during different stages of inflammation was observed.
Compared with the untreated CIA rats, IgD-Fc-Ig was found to
relieve paw swelling in treated CIA rats (Fig. 1a). The peak paw
volume in the untreated CIA rats appeared on D27 after primary
immunization (Fig. 1b). Paw swelling in the CIA rats in the IgD-Fc-
Ig (9 mg/kg) group gradually decreased after D31. IgD-Fc-Ig
decreased the AI and SJC and reduced weight loss in CIA rats.
The AI in the IgD-Fc-Ig (9 mg/kg) group was significantly reduced
on D48 (Fig. 1c). The SJC in the etanercept group was reduced on
D41 (Fig. 1d). Compared with those of the untreated CIA rats, the
weights of the IgD-Fc-Ig (9 mg/kg) group rats were significantly
higher on D34 (Fig. 1e). Etanercept decreased AI on D34.

IgD-Fc-Ig decreased the thymus and spleen indices and inhibited
the proliferation of thymus T cells and spleen B cells
Compared with those in normal rats, the thymus and spleen
indices were obviously increased in the treated rats. IgD-Fc-Ig
(9mg/kg) and etanercept decreased the thymus and spleen
indices. The effects of etanercept on the thymus and spleen
indices were stronger than those of IgD-Fc-Ig (9mg/kg) (Fig. 1f).
The proliferation of T/B cells was measured by CCK-8 assays. The
proliferation of T and B cells in CIA rats was significantly higher
than that in normal rats. IgD-Fc-Ig (9mg/kg) and etanercept clearly
inhibited the abnormal proliferation of T and B cells (Fig. 1g).

IgD-Fc-Ig alleviated spleen and joint histopathological changes
Histopathological examinations of the spleen and joints were
performed by H&E staining. An increased number of GCs and
infiltrating inflammatory cells and increased lymphoid follicular
hyperplasia were observed in CIA rats. Compared with normal rats,
an increase in PALs, the marginal zone, and red pulp were also
found in CIA rats. Compared with CIA rats, IgD-Fc-Ig (9 mg/kg) and
etanercept alleviated these abnormalities. Red pulp congestion
was alleviated, and the number of GCs was reduced in the IgD-Fc-
Ig (9 mg/kg) and etanercept groups (Fig. 2a, b). There were
marked differences among the IgD-Fc-Ig (9 mg/kg), etanercept,
and CIA groups. Synovial hyperplasia and pannus formation were
observed in CIA rats, as well as the destruction of cartilage, the
infiltration of inflammatory cells into the synovium, and the
elevation of inflammation scores. IgD-Fc-Ig (9 mg/kg) and
etanercept significantly improved the pathological changes
caused by synovial cell hyperplasia, inflammatory cell infiltration,
and pannus formation (Fig. 2c, d).

The percentages of T cell subsets among PBMCs from CIA rats and
the effect of IgD-Fc-Ig on D55
The percentages of the T cell subsets in PBMCs were analyzed by
flow cytometry. Compared with those in normal rats, the
percentages of total CD3+, CD3+CD4+, and CD3+CD4+CD25+

T cells were increased in CIA rats. Compared with the CIA rats, the
IgD-Fc-Ig (9 mg/kg) and etanercept groups showed obviously
decreased percentages of total CD3+, CD3+CD4+, and
CD3+CD4+CD25+ T cells (Fig. 3a–c).

IgD-Fc-Ig regulated the differentiation of T cell subsets
Compared with those in normal rats, the CD3+CD4+ and
CD3+CD4+CD25+ T cell percentages were increased in CIA rats.
IgD-Fc-Ig (9 mg/kg) and etanercept decreased the percentages of
CD3+CD4+ and CD3+CD4+CD25+ T cells, but IgD-Fc-Ig had no
effect on the total CD3+ T cells (Fig. 3d–f). The percentages of
CD4+IFN-γ+ Th1 and CD4+IL-17+ Th17 cells were increased, and

the percentage of CD4+CD25+Foxp3+ Tregs was decreased in CIA
rats. IgD-Fc-Ig (9 mg/kg) and etanercept decreased the percen-
tages of CD4+ IFN-γ+ Th1 and CD4+ IL-17+ Th17 cells and
increased the percentage of CD4+CD25+Foxp3+ Tregs, but IgD-
Fc-Ig had no effect on CD4+IL-4+ Th2 cells (Fig. 4a–d).

IgD-Fc-Ig regulated cytokine levels in the serum of CIA rats
The levels of serum IL-4 and IL-17 were detected by ELISA. IL-17
levels were significantly elevated in CIA rats. IgD-Fc-Ig (9 mg/kg)
and etanercept decreased IL-17 levels, but IgD-Fc-Ig had no effect
on IL-4 in CIA rats (Fig. 5a). Compared with those in normal rats,
the serum levels of ICAM-1, IFN-γ, IL-1β, IL-6, TNF-α, leptin, and
MCP-1 were significantly increased in CIA rats. TIMP-1 levels were
significantly decreased in CIA rat serum. IgD-Fc-Ig (9 mg/kg) and
etanercept decreased the levels of ICAM-1, IFN-γ, IL-1β, IL-6, TNF-α,
leptin, and MCP-1 and increased TIMP-1 levels (Fig. 5b–e).

IgD-Fc-Ig inhibited the expression of p-Lck, p-ZAP70, p-P38, and p-
NF-κB65 in CIA rats
The expression levels of p-Lck, p-ZAP70, p-P38, and p-NF-κB65
were analyzed by Western blotting. Compared with those in
normal rats, the expression levels of p-Lck (tyr394), p-ZAP70
(Tyr319), p-P38, and p-NF-κB65 were obviously increased in CIA
rats. IgD-Fc-Ig (9 mg/kg) and etanercept decreased the elevation
of the expression of p-Lck, p-ZAP70, p-P38, and p-NF-κB65 in the
spleens of CIA rats. IgD-Fc-Ig (9 mg/kg) and etanercept reduced p-
Lck expression to less than normal levels (Fig. 5f, g).

IgD-Fc-Ig inhibited IgD-induced T cell proliferation and activation
and the differentiation of T cell subsets in vitro
Cell proliferation experiments showed that IgD (9 μg/mL) sig-
nificantly promoted the proliferation of normal T cells (Fig. 6a). IgD
(9 μg/mL), IgD-Fc-Ig (0.1, 1, and 10 μg/mL), and etanercept
(2 μg/mL) were incubated with T cells for 48 h (37 °C). IgD-Fc-Ig
(10 μg/mL) and etanercept (2 μg/mL) inhibited T cell proliferation
stimulated by IgD (Fig. 6b, c). Compared with those in the control
group, the CD3+CD4+ and CD3+CD4+CD25+ T cell percentages
were obviously increased in the IgD (9 μg/mL) group. IgD-Fc-Ig
(10 μg/mL) and etanercept (2 μg/mL) decreased the percentages
of CD3+CD4+ and CD3+CD4+CD25+ T cells, but IgD-Fc-Ig had no
effect on total CD3+ T cells (Fig. 6d–f). The percentages of
CD4+IFN-γ+ Th1 and CD4+IL-17+ Th17 cells were increased,
and the percentage of CD4+CD25+Foxp3+ Tregs was decreased in
the IgD (9 μg/mL) group. IgD-Fc-Ig (10 μg/mL) and etanercept
(2 μg/mL) decreased the percentages of CD4+IFN-γ+ Th1 and
CD4+IL-17+ Th17 cells and increased the percentage of
CD4+CD25+Foxp3+ Tregs, but IgD-Fc-Ig had no effect on
CD4+IL-4+ Th2 cells (Fig. 7a–d).

IgD-Fc-Ig inhibited the expression of p-Lck, p-ZAP70, p-P38, and p-
NF-κB65 in normal T cells stimulated by IgD in vitro
The expression levels of p-Lck, p-ZAP70, p-P38, and p-NF-κB65
were analyzed by Western blotting. Compared with those in the
control group, the expression levels of p-Lck, p-ZAP70, p-P38,
and p-NF-κB65 were obviously increased in normal T cells
stimulated by IgD. IgD-Fc-Ig (10 μg/mL) and etanercept (2 μg/mL)
decreased the elevation of the expression of p-Lck, p-ZAP70, p-P38,
and p-NF-κB65 in normal T cells stimulated by IgD (Fig. 7e, f).

DISCUSSION
RA is a chronic autoimmune disease characterized by synovial
hyperplasia and the progressive destruction of articular cartilage
[26–28]. CIA rats are a classic animal model used for studies of the
pathological mechanisms and therapeutic drugs of RA [29, 30]. In
this study, the paw volume, AI, and SJC of CIA rats were
significantly increased, while the weights of CIA rats were
obviously decreased, and the proliferation of T and B cells in CIA
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Fig. 1 The effects of IgD-Fc-Ig on paw swelling, AI, SJC, weight, paw volume, thymus/spleen indices, and T/B cell proliferation in CIA rats.
a The effects of IgD-Fc-Ig on paw swelling in CIA rats during different inflammation stages. b The paw swelling volume in CIA rats and the
effects of IgD-Fc-Ig was observed. c The AI of CIA rats was assessed, and the effects of IgD-Fc-Ig were assessed. d The SJC of CIA rats was
observed, and the effects of IgD-Fc-Ig were observed. e The weight of CIA rats was observed, and the effects of IgD-Fc-Ig were observed. f The
effects of IgD-Fc-Ig on the thymus and spleen indices in CIA rats. g The effects of IgD-Fc-Ig on the proliferation of T and B cells in CIA rats. *P <
0.05, **P < 0.01 vs Normal; #P < 0.05 vs CIA; $P < 0.05 vs IgD-Fc-Ig (9 mg/kg) (n= 10).
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rats was significantly higher than that in normal rats. IgD-Fc-Ig and
etanercept could clearly reduce these abnormalities. At the same
time, synovial hyperplasia, pannus formation, and destroyed
cartilage were observed in CIA rats, and IgD-Fc-Ig and etanercept
markedly alleviated these pathological changes. These results
suggest that IgD-Fc-Ig has a good therapeutic effect on CIA rats.
CD4+ T cells play an important role in coordinating protective

immune responses to various pathogens, but CD4+ T cells also
contribute to the development of allergies, inflammation, and
immune responses in autoimmune diseases. CD4+ T cells can
differentiate into T cell subsets that perform different functions
[31], including Th1, Th2, and Th17 cells and Tregs. Th1 and Th2
cells mediate cellular and humoral immune responses, respec-
tively [32]. Tregs mainly suppress autoimmunity. Th17 cells mainly
participate in autoimmune and inflammatory reactions. Therefore,
disorders of T cell subsets may be closely related to the
occurrence and development of autoimmune diseases. During
the differentiation of Th1 cell subsets, Th1 cells can secrete
cytokines and induce the development of inflammatory processes.
Th2 cells mainly secrete IL-4, which mediates the humoral immune
response. Studies have shown that Th1/Th2 imbalances play a role
in RA and SLE. These studies have indicated that the imbalance of
Th1/Th2 is closely related to the pathogenesis of autoimmune
diseases [33–35]. The IL-17 level is high in the peripheral blood of
RA patients, and this abnormality indicates that Th17 cells play an

important role in RA. IL-17 is the major effector cytokine of Th17
cells. IL-17 can induce the production of TNF-α, and TNF-α is the
main pathogenic cytokine of RA. In addition, IL-17 can cooperate
with TNF-α and IL-1 to promote the chronic inflammatory
progression of RA. Tregs are characterized by the nuclear
expression of Foxp3. Tregs secrete inhibitory cytokines to exert
anti-inflammatory and immune tolerance effects [36]. In this study,
the percentages of CD3+CD4+ T cells, CD3+CD4+CD25+ T cells,
CD4+IFN-γ+ Th1 cells, and CD4+IL-17+ Th17 cells were elevated,
and the percentage of CD4+CD25+Foxp3+ Tregs was decreased in
CIA rats. IgD-Fc-Ig and etanercept significantly decreased the
percentages of abnormally increased T cell subsets and increased
the percentage of Tregs. These results indicate that IgD-Fc-Ig
could inhibit the activation and differentiation of T cells, suggest-
ing that IgD-Fc-Ig exerts a therapeutic effect on CIA rats by
regulating the function of T cells.
T cell subsets secrete many inflammatory cytokines during the

immune response. Cytokines are extracellular signaling molecules
that mediate cell-to-cell communication and play critical roles in
many biological processes, such as cellular growth and differ-
entiation, immunity and inflammation [37]. In this study, the levels
of IL-17, ICAM-1, IFN-γ, IL-1β, IL-6, TNF-α, leptin, and MCP-1 were
significantly increased, and TIMP-1 levels were significantly
decreased in CIA rat serum. IgD-Fc-Ig and etanercept could
decrease the high levels of these cytokines and increase the level

Fig. 2 Histopathological evaluation of the spleen and joints in CIA rats and the effects of IgD-Fc-Ig. a The effects of IgD-Fc-Ig on
histopathological changes in the spleen. In normal rats, → shows red pulp and ↓ shows white pulp. In CIA rats, → shows germinal centers, ↓
shows lymphoid follicular hyperplasia,↙ shows periarteriolar lymphoid sheaths, and↘ shows red medullary congestion. b Comparison of the
pathological changes in the spleen in different groups. c The effects of IgD-Fc-Ig on histopathological changes in the joints. In normal rats, ↓
shows the synovial membrane. In CIA rats, ↑ shows synovial hyperplasia, ↓ shows inflammatory cell infiltration, ← shows vascular pannus, and
↖ shows cartilage damage. d Comparison of the pathological changes in joints in different groups. #P < 0.05, ##P < 0.01 vs CIA (n= 6).

IgD-Fc-Ig fusion protein inhibits T cell function in CIA rats
L Han et al.

805

Acta Pharmacologica Sinica (2020) 41:800 – 812



36.02% 52.16% 50.55% 45.03% 37.75% 37.47%

CD3+

28.20%29.61%33.79%35.08%24.36% 27.23%

CD3+

CD4+

2.84%3.30%3.52%4.14%1.96% 2.65%

CD25+

Normal CIA IgD-Fc-Ig

1 mg/kg

IgD-Fc-Ig

9 mg/kg

EtanerceptIgD- Fc-Ig

3 mg/kga

b c

27.39%17.43% 26.85% 25.03% 22.62% 20.39%

CD3+

CD4+

2.07%2.15%2.73%3.00%3.42%1.75%

CD25+

CD3+

38.14% 26.67% 41.95% 39.79% 36.39% 32.40%

d

e f

Fig. 3 The effects of IgD-Fc-Ig on CD3+CD4+CD25+ T cell subsets in PBMCs on D55 and in the spleens of CIA rats. a The percentages of the
T cell subsets in PBMCs were observed by flow cytometry. b Bar graphs show the percentage of total CD3+ T cells in CIA rats on D55 and the
effects of IgD-Fc-Ig. c Bar graphs show the percentages of CD3+CD4+ and CD3+CD4+CD25+ T cells in CIA rats on D55 and the effects of IgD-
Fc-Ig. d The percentages of T cell subsets in the spleen were observed by flow cytometry. e Bar graphs show the percentage of total CD3+

T cells and the effects of IgD-Fc-Ig. f Bar graphs show the percentages of CD3+CD4+ and CD3+CD4+CD25+ T cells in CIA rats and the effects of
IgD-Fc-Ig. *P < 0.05, **P < 0.01 vs Normal, #P < 0.05, ##P < 0.01 vs CIA (n= 10).
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Fig. 4 The effects of IgD-Fc-Ig on T cell subsets in the spleens of CIA rats. a The percentages of Th17 and Treg cells in the spleen were
observed by flow cytometry. b Bar graphs show the percentages of CD4+IL-17+ Th17 and CD4+CD25+Foxp3+ Treg cells. c The percentages of
Th1 and Th2 cells in the spleen were observed by flow cytometry. d Bar graphs show the percentages of CD4+IFN-γ+ Th1 and CD4+IL-4+ Th2
cells. **P < 0.01 vs Normal; #P < 0.05, ##P < 0.01 vs CIA (n= 10).
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Fig. 5 The levels of serum IL-4, IL-17, IFN-γ, IL-1β, IL-6, TNF-α, leptin, MCP-1, and TIMP-1 in CIA rats and the effects of IgD-Fc-Ig on the
expression of p-Lck, p-ZAP-70, p-P38, and p-NF-κB65. a The levels of serum IL-4 and IL-17 in CIA rats and the effects of IgD-Fc-Ig. b The level
of serum IL-1β in CIA rats and the effects of IgD-Fc-Ig. c The levels of serum IL-6 and IFN-γ in CIA rats and the effects of IgD-Fc-Ig. d The
levels of serum MCP-1 and leptin in CIA rats and the effects of IgD-Fc-Ig. e The levels of serum TNF-α and TIMP-1 in CIA rats and the effects of
IgD-Fc-Ig. f The expression levels of p-Lck, p-ZAP70, p-P38, and p-NF-κB65 in T cells in the spleens of CIA rats were analyzed by Western
blotting. g Comparison of protein expression in different groups. The effects of IgD-Fc-Ig on the expression of p-Lck, p-ZAP70, p-P38, and
p-NF-κB65. *P < 0.05, **P < 0.01 vs Normal, ##P < 0.01 vs CIA (n= 10).
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Fig. 6 The effects of IgD-Fc-Ig on the function of T cells stimulated by IgD. a The effect of IgD at different concentrations on the
proliferation of T cells. b The proliferation of total CD3+ T cells was observed with CFSE. c Bar graphs show the proliferation of total CD3+

T cells. d The percentages of T cell subsets stimulated by IgD were observed by flow cytometry. e Bar graphs show the percentage of total
CD3+ T cells. f Bar graphs show the percentages of CD3+CD4+ and CD3+CD4+CD25+ T cells. *P < 0.05, **P < 0.01 vs Control; #P < 0.05, ##P <
0.01 vs IgD 9 μg/mL (n= 10).
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of TIMP-1. These results suggest that IgD-Fc-Ig inhibits the
secretion of inflammatory cytokines by regulating the functions
of T cells.
IgDR is expressed on the surfaces of T cells; human CD4+ T cells

and CD8+ T cells express IgDR, and IgD binds to IgDR and
mediates the activation of T cells and the interaction of T and
B cells [38]. Previous studies have also found that IgD can
significantly increase the levels of the inflammatory cytokines IL-
1α, IL-1β, IL-6, IL-8, and TNF-α in culture supernatants of CD4+

T cells [39]. A high level of sIgD in RA serum was positively
correlated with the levels of rheumatoid factor (RF), C-reactive

protein (CRP), and soluble nuclear factor kappa B receptor activator
ligand (sRANKL). These findings suggest that IgD may participate in
the abnormal activation of T cells in patients with RA through IgDR.
Lck mainly exists in T cells and participates in signal transduction
involved in T cell development, differentiation, and activation. The
phosphorylation of Lck can induce the activation of ZAP70.
Subsequently, Lck and ZAP70 can further stimulate multiple
signaling networks [40]. In this study, the results showed that
IgD-Fc-Ig inhibited T cell proliferation stimulated by IgD, and IgD-
Fc-Ig alone had no significant effect on T cell proliferation (data not
shown), which further confirmed the hypothesis that IgD-Fc-Ig is a
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Fig. 7 The effects of IgD-Fc-Ig on T cell subsets and the expression of p-Lck, p-ZAP70, p-P38, and p-NF-κB65 in T cells stimulated by IgD.
a The percentages of Th17 and Treg cells were observed by flow cytometry. b Bar graphs show the percentages of CD4+IL-17+ Th17 cells and
CD4+CD25+Foxp3+ Treg cells. c The percentages of Th1 and Th2 cells were observed by flow cytometry. d Bar graphs show the percentages
of CD4+IFN-γ+ Th1 and CD4+IL-4+ Th2 cells. e The expression levels of p-Lck, p-ZAP70, p-P38, and p-NF-κB65 were analyzed by Western
blotting. f The effects of IgD-Fc-Ig on the expression of p-Lck, p-ZAP70, p-P38, and p-NF-κB65. **P < 0.01 vs Control; #P < 0.05, ##P < 0.01 vs
IgD 9 μg/mL (n= 10).
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pseudoligand of IgDR. The results showed that p-Lck, p-ZAP70,
p-P38, and p-NF-κB65 levels were obviously increased in CIA rats
and in T cells stimulated by IgD. IgD-Fc-Ig and etanercept could
obviously decrease the elevation of the expression of p-Lck,
p-ZAP70, p-P38 and p-NF-κB65. The above results suggest that Lck
may be a key signaling molecule involved in IgD activation of
downstream signaling pathways. IgD-Fc-Ig selectively inhibits the
activation and proliferation of T cells stimulated by IgD, and this
may be related to its inhibition of the IgD-IgDR-Lck-NF-κB signaling
pathway (Fig. 8).

CONCLUSION
In conclusion, IgD-Fc-Ig has therapeutic effects on CIA rats by
decreasing the paw volume, AI, and SJC and inhibiting T and B cell
proliferation. IgD-Fc-Ig inhibited activated T cell function by
downregulating the percentages of T cell subsets, decreasing
inflammatory cytokine levels, and inhibiting the activation of the
IgD-IgDR-Lck-NF-κB signaling pathway. The results of this study
indicate that IgD-IgDR plays an important role in the occurrence
and development of RA. Excessive sIgD activates the signaling
pathway and promotes the activation of T cells by binding to IgDR
on T cells. These findings suggest that IgD-Fc-Ig might be a
potential immunomodulatory drug with anti-inflammatory effects.
This provides a theoretical basis for further elucidating the
occurrence and development of RA and provides experimental

evidence for the development of IgD-Fc-Ig as a new targeted
therapeutic drug for highly selective therapy of RA.
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