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Abstract: Background: Systemic lupus erythematosus (SLE) is a chronic disease that causes inflammation in carti-
lage and the lining of blood vessels. Emerging evidence implicates IFN-γ as a major effector molecule in SLE during 
both active and stable stages. Here, we investigated the effects of IFN-γ on cytokines that play an autoimmune 
disease-promoting role and Th1-versus-Th2 and B cell dualism in SLE patients and mouse models of SLE. Methods: 
The levels of pro-inflammatory factors CXCL11, IFN-γ, IL-1β and IL-4, and immune complexes IgG, anti-dsDNA and 
anti-RNP were assessed through enzyme-linked immunosorbent assays (ELISA). Flow cytometry was performed 
to measure Th1, Th2 and B cell counts and IFNGR1, IFNGR2, pSTAT1 and TBX21 expression. The pathology of 
renal tissue from mouse SLE models was investigated through Hematoxylin eosin (H&E) staining. The levels of IgG, 
anti-dsDNA and anti-RNP were determined through immunofluorescence (IF) assays. Results: Skin damage was 
observed in SLE patients in both active and stable stages. ELISA analysis showed that SLE patients displayed higher 
levels of pro-inflammatory factors (CXCL11, IFN-γ, IL-1β and IL-4) and immune complexes (IgG, anti-dsDNA and anti-
RNP). The percentage of Th1 and B cells was increased in blood samples from SLE patients with skin lesions (SL) 
or lupus nephritis (LN). The percentage of Th2 cells among the groups were comparable. Higher levels of IFNGR1, 
IFNGR2, pSTAT1 and TBX21 were observed in Th1 but not Th2 cells. In SLE mouse models, H&E staining revealed 
fewer immune complexes in glomerular endothelial cells and decreased hyaline thrombus in the capillary lumen 
following treatment with anti-IFN-γ antibodies or following IFNGR1 or STAT1 silencing. Conclusion: IFN-γ contributes 
to the pathogenesis of SLE through the IFNGR1/2-pSTAT1-TBX21 axis and regulates inflammation and immune 
complex formation in SLE mice.
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Introduction

Systemic lupus erythematosus (SLE) is the 
most common form of lupus, a chronic autoim-
mune disease that causes severe fatigue and 
joint pain [1, 2]. The etiology of SLE includes 
environmental factors, genetic predisposition, 
altered estrogen levels, loss or dysfunction of T 
lymphocytes, exorbitant proliferation of B cells 
and the presence of autoantibodies against 
nuclear antigens (ANA) that target double-
stranded DNA (dsDNA) [3, 4]. Autoantibodies 
combine with autoantigens to create immune 
complexes that deposit in the joints, skin, glom-

erulus and small blood vessels, resulting in con-
nective tissue damage [5-7].

Cytokines play a pivotal role in the immune 
response to auto-antigens [8, 9]. Interleukin- 
(IL-)4, IL-1β, IFN-γ and CXCL11 are elevated in 
SLE [10, 11], and immune complexes (IgG, anti-
dsDNA and anti-RNP) are key factors during SLE 
progression [12]. Lupus nephritis (LN) involves 
immune accumulation at the sites of glomeru-
lar and tubular injury [13]. The levels of anti-
dsDNA production are also related to disease 
severity [14]. High levels of proinflammatory 
cytokines and immune complexes are implicat-
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ed in SLE progression, but their regulatory 
mechanisms remain poorly characterized [15, 
16].

Type I and type II interferons (IFN) are central to 
the immune response against virus infection. 
Interferon-γ (IFN-γ) is a type II interferon that is 
released from Th1 cells, cytotoxic T cells, mac-
rophages, mucosal epithelial cells and NK cells 
[17]. Its expression is induced by mitogens and 
cytokines including IL-12, IL-15, IL-18, and type 
I IFN. IFN-γ is both an important autocrine sig-
nal for Antigen-Presenting-Cells (APCs) in the 
early innate immune response and a key para-
crine signal in the adaptive immune system 
[18, 19]. IFN-γ is encoded by the IFNG gene and 
consists of two antiparallel polypeptide chains. 
The primary role of IFN-γ is the activation of 
macrophages to increase phagocytosis and the 
intracellular destruction of invading pathogens. 
The IFN-γ receptor is composed of two ligand-
binding IFNγR1 chains associated with two sig-
nal-transducing IFNγR2 chains that are respon-
sible for signal transduction, also, IFN-γ acti-
vates macrophages through a variety of inflam-
matory, nitrogen and ROS intermediates [20-
22]. IFN-γ also downregulates tissue damage 
associated with inflammation [23]. Furthermore, 
IFN-γ has been shown to stimulate the pSTAT1-

ned an informed consent. SLE patients (n=60) 
were recruited from 2020 to 2022 to provide 
blood samples. The cohort included 30 SLE 
patients with skin lesions (SL) and 30 SLE 
cases with lupus nephritis (LN). Patients were 
required to meet at least four of the SLE clas-
sification criteria of the American College of 
Rheumatology [24]. Disease activity was evalu-
ated using the Disease Activity Index (SLEDAI) 
[25]. SLEDAI ≤6 was classified as inactive SLE. 
SLEDAI ≥6 was classified as active SLE. For 
inactive patients, oral prednisone (≤0.8 mg/
kg/day) with or without immunosuppressive 
drugs was provided for treatment. For active 
SLE patients, oral prednisone (≥1 mg/kg/day), 
intravenous methylprednisolone (40-80 mg/
day) and pulsed methylprednisolone (1 g/day, 
for 3 days), combined with at least one immu-
nosuppressive drug was administered. A total 
of 30 healthy volunteers with no history of auto-
immune disease were randomly selected as a 
healthy control (HC) group. The inclusion crite-
ria for SLE patients were as follows: no other 
immune diseases, complete medical records 
and compliance with examinations. Clinical 
characteristics of the patients and their classi-
fications of SLE-LP or SLE-LN are shown in 
Table 1.

Table 1. Clinical characteristics of SLE patients and healthy con-
trols
Clinical characteristics SLE (n=60) Healthy control (n=30)
Sex, male/female 5/60 3/30
Age (year) 32.0 ± 8.10 29.0 ± 6.65
Duration (year) 9.00 ± 4.30 -
SLEDAI scores 10.6 ± 3.67 -
Disease active, n (%) 42 (70.0) -
Skin, n (%) 39 (65.0) -
Kidney, n (%) 37 (61.7) -
Anti-ds-DNA antibody (IU/ml) 103.1 ± 20.64 -
CRP (mg/L) 4.80 ± 1.45 -
ESR (mmH2O) 31.0 ± 12.8 -
IgG (g/L) 20.6 ± 4.33 -
IgA (g/L) 4.81 ± 1.01 -
IgM (g/L) 1.87 ± 0.46 -
C3 level (g/L) 0.38 ± 0.07 -
C4 level (g/L) 0.03 ± 0.01 -
24 h urine protein (g) 1.36 ± 0.40 -
Mean prednisone dose, mg/day 28.1 -
Chloroquine, n (%) 40 (66.7) -
Immunosuppressantsa, n (%) 38 (63.3) -
aAZA, LEF, MMF and cyclophosphamide.

TBX21 axis to facilitate Th1 cell 
differentiation/activation, the 
formation of B-cell complexes, 
and the inhibition of Th2 cell 
activity. Cellular responses in- 
duced by IFN-γ also involve 
cross-communication with IFN-
α/β receptors, which amplify 
IFN-γ signaling.

In this study, we investigated 
the role of IFN-γ in the patho-
genesis of SLE to verify if  
IFN modulates the IFNGR1/2-
pSTAT1-TBX21 axis during SLE 
to promote disease progre- 
ssion.

Materials and methods

Samples

This study was approved by  
the Ethics Committee of the 
First Affiliated Hospital of China 
Medical University (AF-SOP- 
07-1.1-01). All participants sig- 
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Plasmids and antibodies

Short hairpin RNA (shRNAs) targeting IFNGR1 
(sh-IFNGR1), STAT1 (sh-STAT1) and negative 
controls (sh-NC) were purchased from Ge- 
nePharma (Shanghai, China). Neutralizing anti-
IFN-γ antibodies were purchased from R&D 
Systems. shRNA sequences were as follows: 
sh-IFNGR1: 5’-CCGGCCACATAGAATATCAGACT- 
TACTCGAGTAAGTCTGATATTCTATGTGGTTT- 
TTG-3’; sh-NC: 5’-TTCTCCGAACGTGTCACGT-3’.

SLE mouse models

Animal studies were approved by the Ethics 
Committee of Medical Experimental Animals of 
the First Affiliated Hospital, China Medical 
University (AF-SOP-07-1.1-01). Twelve-week-old 
MRL/lpr female mice (B6.MRL-Faslpr/Nju, 
n=60) were acquired from the Experiment 
Animal Center of the Chinese Academy of 
Medical Sciences (Beijing, China). The mice 
were divided into the following groups (n=10 
per-group): 1) normal saline controls (n=10), 2) 
intraperitoneal (ip) injection of Lipopolysa- 
ccharide (LPS) (75 μg/20 g) to induce SLE, 3) 
LPS plus injection of anti-IFN-γ antibodies into 
the tail vein, 4) LPS plus sh-NC, 5) LPS plus sh-
IFNGR1, 6) LPS plus sh-STAT1. After 4 weeks, 
urine samples were collected. The criterion of 
urine protein >0.5 g was used to confirm suc-
cessful construction of the model. The mice 
were anesthetized with isopentane, then ab- 
dominal aorta blood, spleen and kidney tissues 
were collected [26, 27].

Hematoxylin & eosin (H&E) staining

Kidney tissues were heated to 60°C, cleared in 
xylene, and immersed in ethanol at gradient 
concentrations. Sections were H&E stained 
(Jrdun Biotechnology Co, Ltd, Shanghai, China) 
and then imaged under a microscope.

Enzyme-linked immunosorbent assays (ELISA)

Early morning fasting venous blood from SLE 
patients was collected, and the serum was sep-
arated. CXCL11 (ab289695, Abcam, Shanghai, 
China), IFN-γ (ab282874), IL-1β (ab214025), 
IL-4 (ab215089), IgG (ab151276), anti-dsDNA 
(ab287882) and anti-RNP (FS-Ea-04043, R&D 
Systems, USA) levels were assessed using 
commercial ELISA kits.

Identification of Th1, Th2 and B cells by Flow 
cytometry

Early morning fasting venous blood was col-
lected to isolate and quantify PBMCs, Th1, Th2 
and B cells by Flow cytometry (Beckman, USA) 
as previously described [28]. The percentage 
Th1, Th2, and B cells positive for IFNGR1, 
IFNGR2, pSTAT1, TBX21 were also measured 
through Flow cytometry.

Immunofluorescence staining

Mouse kidney tissues were washed in PBS and 
fixed in 4% paraformaldehyde. Tissues were 
blocked in 5% BSA and probed with anti-IgG, 
anti-dsDNA, anti-RNP primary antibodies. Ti- 
ssues were washed and stained with the appro-
priate fluorescent-conjugated secondary anti-
bodies and counterstained with 6-Diamidino-
2’-phenylindole dihydrochloride (DAPI) (Beyo- 
time Institute of Biotechnology). Cells were 
imaged on a fluorescent microscope (Olympus 
Corporation) at 400x magnification.

Statistical analyses

Statistical analysis was performed using 
GraphPad Prism 5.0 (GraphPad Software, San 
Diego, CA, USA). Categorical data were 
expressed as numbers or percentages and 
compared using a Chi-squared test or continu-
ity correction as appropriate. Data from tripli-
cate samples were represented as mean ± 
standard deviation (SD), and differences were 
compared using a Student’s t-test for pairwise 
comparisons or a one-way-ANOVA with Tukey 
post-hoc assessment for multigroup compari-
sons. P<0.05 was deemed statistically 
significant.

Results

Patient characteristics 

Butterfly rashes and skin damage typically 
occur in about 52% of SLE patients at the time 
of diagnosis, which strongly correlates with clin-
ical activity. Figure 1 shows extensive skin 
damage within our SLE cohort during active dis-
ease stages. This damage included erythema 
around the nails and a vasculitis rash on the 
hands (Figure 1, P1), bullous lupus erythemato-
sus on the feet (Figure 1, P2), and butterfly ery-
thema on the face (Figure 1, P3-P4).
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The clinical characteristics of the SLE patients 
and healthy controls are shown in Table 1. The 
levels of pro-inflammatory factors CXCL11, IFN-
γ, IL-1β and IL-4 were enhanced in SLE-SL and 
SLE-LN groups compared with those in the HC 
group (Figure 2A-D). Additionally, the levels of 
immune complexes IgG, anti-dsDNA and anti-
RNP were upregulated in SLE-SL and SLE-LN 
groups (***P<0.001 vs. HC Figure 2E-G).

Th1, Th2 and B cell percentages in blood sam-
ples from SLE patients

The percentage of Th1 cells increased in  
the blood samples of SLE patients with SL or 
LN (Figure 3A). The expression of IFNGR1, 
IFNGR2, pSTAT1 and TBX21 were upregulated 
in Th1 cells (Figure 3B). The percentage of Th2 
cells showed no differences in SL or LN pa- 
tients compared to that of healthy volunteers 
(Supplementary Figure 1A). The expression of 
IFNGR1, IFNGR2, pSTAT1 and TBX21 also 
showed no changes in SL or LN Th2 cells 
(Supplementary Figure 1B). The percentage of 
B cells was higher in blood samples from all 
SLE cases (Supplementary Figure 2).

Correlation of pro-inflammatory factors, im-
mune complexes and cell types in blood sam-
ples from SLE patients

A positive correlation between CXCL11, IFN-γ, 
IL-1β, IL-4 and IgG, or anti-dsDNA, anti-RNP in 
SLE-SL and SLE-LN cases was confirmed 
(Figure 4A-C). Moreover, Th1 and B cells were 
positive for IgG, anti-dsDNA and anti-RNP in 
SLE cases with SL or LN (Figure 4D and 4F). 
IL-4 level negatively correlated with IgG, anti-
dsDNA and anti-RNP in the blood of SLE 
patients (Figure 4E). Collectively, these results 
demonstrate a correlation between pro-in- 
flammatory factors, immune complexes and 

immune cells in the blood samples of SLE 
patients.

Pathology of renal tissue from mouse SLE 
models

Mouse SLE models were constructed to verify 
the role of IFN-γ during SLE progression. As 
shown in Figure 5, H&E staining revealed high 
deposition of immune complexes in glomerular 
endothelial cells and decreased hyaline throm-
bus in the capillary lumen in SLE models. 
Following the injection of anti-IFN-γ antibodies 
or IFNGR1/STAT1b silencing, these classic SLE 
phenotypes were alleviated. This suggested 
that IFN-γ, IFNGR1 and STAT1 were involved in 
the progression of SLE.

IFN-γ modulates the IFNGR1/2-pSTAT1-TBX21 
axis and regulates inflammation and immune 
complexes in SLE models 

The levels of pro-inflammatory CXCL11, IFN-γ, 
IL-1β and IL-4 decreased following treatment 
with anti-IFN-γ antibodies or IFNGR1/STAT1 
shRNA (Figure 6A-D). Moreover, the levels of 
immune complexes (IgG, anti-dsDNA and anti-
RNP) were markedly down-regulated following 
anti-IFN-γ antibody injection or IFNGR1/STAT1 
knockdown (Figure 6E-G). Comparable data 
were observed in renal tissues by IF analysis 
(Figure 7). These results demonstrate lower 
levels of inflammation in mouse models follow-
ing anti-IFN-γ antibody treatment or IFNGR1/
STAT1 suppression.

IFN-γ modulates the IFNGR1/2-pSTAT1-TBX21 
axis in SLE models 

Th1 cell counts in blood and spleen samples 
decreased following anti-IFN-γ antibody injec-
tion or the silencing of IFNGR1/STAT1 in SLE 

Figure 1. Skin damage in SLE patients. P1 shows erythema around the nails and a vasculitis rash on the hands. P2 
shows bullous lupus erythematosus on the feet. P3-4 show butterfly erythema. SLE: systemic lupus erythematosus.
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models (Figures 8A and 9A). The levels of 
IFNGR1, pSTAT1 and TBX21 were also down-
regulated following treatment with anti-IFN-γ  
or IFNGR1/STAT1 silencing (Figures 8B and 
9B). Th2 cell counts increased following treat-
ment with anti-IFN-γ antibodies or the suppres-
sion of IFNGR1/STAT1 (Supplementary Figures 
3A and 4A). The level of IFNGR1 was also up-
regulated in the SLE-LN+anti-IFN-γ Ab group 
compared to that of the SLE-LN group. 
Compared to that of the SLE-LN+sh-NC group, 
IFNGR1 level was upregulated following STAT1 
silencing. The levels of pSTAT1 and TBX21 were 
unaffected by anti-IFN-γ antibody treatment or 
IFNGR1 silencing, but decreased following 
STAT1 silencing in blood and spleen samples 
(Supplementary Figures 3B and 4B). Moreover, 
B cell counts in the blood and spleen samples 
of SLE mice decreased following anti-IFN-γ anti-
body treatment and IFNGR1/STAT1 silencing 
(Supplementary Figure 5). Collectively, these 
data suggest that IFN-γ contributes to the 
pathogenesis of SLE through the IFNGR1/2-
pSTAT1-TBX21 axis through the regulation of 
inflammation and immune complex formation 
in SLE mice.

Discussion

SLE is an autoimmune disease characterized 
by the generation of autoantibodies [29]. SLE  
is predominant in women and presents as a 
range of complex clinical manifestations [30, 
31]. The discovery of novel biomarkers is of  
significance to SLE diagnostics and can drive 
subsequent therapies. NCS 613 is a PDE4 
inhibitor that has shown utility in the treatment 
of SLE through its ability to enhance cAMP lev-
els, suppress systemic inflammation and 
reduce immune complex deposition [32]. In 
TLR7-induced SLE, interferon lambda acceler-
ates immune dysregulation and inflammation 
[33]. The cytomegalovirus protein US31 modu-
lates mono-macrophages in SLE to stimulate 
inflammation through NFκB2 activation [34]. 
Let-7f-5p targets NLRP3 to suppress inflamma-
tion in SLE patients [35]. In this study, we high-
light the occurrence of skin damage during 
both active and stable SLE stages and confirm 
the role of the IFNGR1/2-STAT1-TBX21 axis dur-
ing SLE progression. Our results showed that 
SLE patients express higher levels of pro-
inflammatory CXCL11, IFN-γ, IL-1β and IL-4, and 

Figure 2. Inflammatory indicators in the blood samples of SLE patients. A-D. Levels of pro-inflammatory CXCL11, 
IFN-γ, IL-1β and IL-4 measured by ELISA. E-G. Immune complexes IgG, anti-dsDNA and anti-RNP levels. *P<0.05, 
***P<0.001 vs. HC group. SLE: systemic lupus erythematosus; HC: healthy controls; SL: skin lesions; LN: lupus 
nephritis.
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Figure 3. Th1 cells in the blood samples of SLE patients. A. Th1 cells in the indicated groups were examined by 
Flow cytometry. B. Expression of IFNGR1, IFNGR2, pSTAT1 and TBX21 assessed by Flow cytometry. **P<0.01, 
***P<0.001 vs. HC group. SLE: systemic lupus erythematosus; HC: healthy controls; SL: skin lesion; LN: lupus 
nephritis.

immune complexes IgG, anti-dsDNA and anti-
RNP. In SLE mouse models, treatment with 
anti-IFN-γ antibodies and IFNGR1/STAT1 silenc-
ing suppressed immune complex formation in 
glomerular endothelial cells and decreased 
inflammation. These data highlight IFN-γ and 

its downstream effectors as novel therapeutic 
targets for much-needed anti-SLE thera- 
peutics.

Th cells offer an auxiliary function to cells with-
in the immune system, particularly antigen-pre-
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Figure 4. Correlation between pro-inflammatory factors and immune complexes in specific cell types. A-D. Correla-
tion between CXCL11 or IFN-γ, IL-1β, IL-4 and IgG or anti-dsDNA, anti-RNP. E, F. Correlation between Th1 cells, B cells 
and IgG, or anti-dsDNA and anti-RNP. SLE: systemic lupus erythematosus; HC: healthy controls; SL: skin lesions; LN: 
lupus nephritis.
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Figure 5. Pathology of mouse renal tissue. Pathology of H&E staining tissue sections from the indicated groups 
(n=10) (400X). SLE: systemic lupus erythematosus; HC: healthy control; LN: lupus nephritis; NC: negative control. 
Scale bar: 20 μm. 

Figure 6. Inflammatory indicators in blood samples from mouse models. A-D. Levels of CXCL11, IFN-γ, IL-1β and IL-4 
in the indicated groups were measured by ELISA. E-G. Levels of immune complexes, IgG, anti-dsDNA and anti-RNP. 
***P<0.001 vs. HC group; ###P<0.001 vs. SLE-LN group; &&P<0.01, &&&P<0.001 vs. SLE-LN+sh-NC group. SLE: 
systemic lupus erythematosus; HC: healthy controls; LN: lupus nephritis; NC: negative controls.
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Figure 7. Immunofluorescent analysis of IgG, anti-dsDNA and anti-RNP levels in kidney sections from mouse SLE 
models. Sections (mouse kidney tissue) from the indicated groups were stained for IgG, anti-dsDNA and anti-RNP. 
SLE: systemic lupus erythematosus; HC: healthy controls; LN: lupus nephritis; NC: negative controls. (Magnification: 
400X, scale bar: 20 μm).
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Figure 8. Th1 cells in blood samples from SLE mouse models. A. Th1 cells in the indicated groups were analyzed by Flow cytometry. B. Expression of IFNGR1, pSTAT1, 
IFNGR2 and TBX21 determined by Flow cytometry. ***P<0.001 vs. HC group; ###P<0.001 vs. SLE-LN group; &&&P<0.001 vs. SLE-LN+sh-NC group. SLE: systemic 
lupus erythematosus; HC: healthy controls; LN: lupus nephritis; NC: negative control.
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Figure 9. Th1 cells in spleen samples of SLE mouse models. A. Th1 cells in spleen samples obtained from the indicated groups were examined by Flow cytometry. 
B. Expression of IFNGR1, pSTAT1, IFNGR2 and TBX21 assessed by Flow cytometry. ***P<0.001 vs. HC group; ###P<0.001 vs. SLE-LN group; &&&P<0.001 vs. 
SLE-LN+sh-NC group. SLE: systemic lupus erythematosus; HC: healthy controls; LN: lupus nephritis; NC: negative controls.
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senting cells (APCs) including dendritic cells, 
macrophages and B cells [36]. CD4+ Th cells 
are diverse and include Th1, Th2, Th17 and 
regulatory T cells [37]. Immune cells are sensi-
tized by a specific signature of cytokines and 
transcription factors [38]. Th1 cells secrete 
IL-2, IFN-γ, TNF-β and other cytokines [39] and 
regulate immune responses during organ trans-
plantation rejection, organ specific autoim-
mune disease and infection [40]. Th2 cells 
secrete IL-4, IL-6, IL-10, IL-13 and other cyto-
kines, regulate humoral immune responses 
and induce allergic reactions [41]. Th1, Th2 and 
B cells have been implicated in SLE progres-
sion [10, 42, 43].

In agreement with previous studies, we found 
that the percentage of Th1 and B cells increased 
in the blood samples of SLE patients with SL or 
LN, whilst Th2 cell percentages decreased. 
During SLE progression, IRF-8/miR-451a mod-
ulates AMPK/mTOR signaling to influence the 
differentiation of Myeloid-derived suppressor 
cells (MDSCs) [44]. IL-2 combined with rapamy-
cin in refractory SLE patients improves the 
long-term balance of Th17/Treg cells [45]. 
EIF4EBP1 (Eukaryotic Translation Initiation 
Factor 4E Binding Protein 1) is stabilized by 
miR-99a-3p and regulates B lymphocyte auto- 
phagy to accelerate SLE progression [27]. MiR-
301a-3p targets PELI1 (Pellino E3 Ubiquitin 
Protein Ligase 1) to facilitate the IRAK1 (In- 
terleukin-1 receptor-associated kinase 1) medi-
ated differentiation of Th17 cells, promoting 
SLE development [46, 47].

The IFN-γ receptor (IFNGR) is a heterodimeric 
receptor composed of IFNGR-1 (α chain) and 
IFNGR-2 (β chain) chains. IFN-γ binds to the 
IFNGR-1 subunit with the highest affinity [48]. 
The interaction between IFNGR1/2 and IFN-γ 
stimulates Janus kinase (JAK)-signal transduc-
er and activator of transcription (STAT) path-
ways, resulting in the activation, phosphoryla-
tion and dimerization of STAT1 [49, 50]. STAT1 
homodimers then translocate to the nucleus  
to initiate transcription [51, 52]. T-Box Tran- 
scription Factor 21 (TBX21, also termed TBET) 
is a Lineage-defining transcription factor that 
stimulates Th1 progression from naive Th pre-
cursor cells and suppresses Th2 and Th17 
through genetic re-programming [53, 54]. 

IFN-γ-STAT1 signaling has been linked to sever-
al disease states. The iminosugar derivative 
WGN-26 inhibits IFN-γ/p-STAT1/T-bet signaling 

to relieve acute allograft rejection [55]. Supp- 
ression of the long non-coding RNA (lncRNA) 
Sros1 stabilizes Stat1 mRNA to enhance the 
innate immune response mediated by IFN-γ 
[56]. The Apelin Receptor (APLNR) modulates 
IFN-γ signaling in melanoma cells through 
β-arrestin 1 mediated JAK-STAT1 signaling [57]. 
The IFN-γ/SOCS1/JAK/STAT1 axis promotes 
human trophoblast invasion in preeclampsia 
[58]. SPRY4 modulates IFN-γ-stimulated STAT1 
expression in recurrent miscarriages through 
its effects on trophoblast proliferation and 
apoptosis [59]. IL-11 inhibits IFN-γ/STAT1 sig-
naling and ROS scavenging to prevent IFN-γ-
triggered hepatocyte death [60].

IFN-γ similarly influences SLE development 
[61]. Increased fatty acid synthesis results in 
the overproduction of IFN-γ and an imbalance 
in T helper 1 cells [62]. Elevated level of IFN-γ in 
patients with SLE activates the B lymphocyte 
stimulator/B cell-activating factor/TNF ligand 
superfamily-13B [63]. Splicing factor SRSF1 
modulates the G-protein RhoH to reduce IFN-γ 
production, thereby relieving nephritis [64]. 
Here, we observed an upregulation of IFNGR1, 
IFNGR2, pSTAT1 and TBX21 levels in Th1 and B 
cells, but not in Th2 cells. In the mouse models, 
H&E staining showed that the deposition of 
immune complexes in glomerular endothelial 
cells and the hyaline thrombus in the capillary 
lumen decreased following treatment with anti-
IFN-γ antibodies or IFNGR1 or STAT1 shRNA. 
This indicated that IFN-γ also modulated the 
IFNGR1/2-pSTAT1-TBX21 signaling axis.

In summary, we revealed new information re- 
garding the role of the IFN-γ/IFNGR1/2-STAT1-
TBX21 signaling axis during SLE progression. 
Further studies investigating the effects of 
IFN-γ during inflammation, immune activation 
and oxidative stress in SLE are now warranted 
to fully realize the therapeutic potential of tar-
geting this signaling axis for the treatment of 
SLE.
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Supplementary Figure 1. Th2 cells in blood samples of SLE-SL and SLE-LN patients. A. Th2 cells in blood samples 
were examined through flow cytometry. B. Expressions of IFNGR1, IFNGR2, pSTAT1 and TBX21 were assessed 
through Flow cytometry. SLE: systemic lupus erythematosus; HC: healthy control; SL: skin lesion; LN: lupus nephritis.
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Supplementary Figure 2. B cells in blood samples of SLE-SL and SLE-LN patients. B cells in blood samples were 
assessed by Flow cytometry. ***P<0.001 vs. HC group. SLE: systemic lupus erythematosus; HC: healthy controls; 
SL: skin lesion; LN: lupus nephritis.
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Supplementary Figure 3. Decreased Th2 cells in the blood samples from SLE mouse models. The mice were divided into the HC, SLE-LN, SLE-LN+anti-IFN-γ Ab, SLE-
LN+sh-NC, SLE-LN+sh-IFNGR1 and SLE-LN+sh-STAT1 groups. n=10 mice for each group. A. Th2 cells were examined by Flow cytometry. B. Expressions of IFNGR1, 
pSTAT1, IFNGR2 and TBX21 measured by flow cytometry. ***P<0.001 vs. HC group; ###P<0.001 vs. SLE-LN group; &&&P<0.001 vs. SLE-LN+sh-NC group. SLE: 
systemic lupus erythematosus; HC: healthy controls; LN: lupus nephritis; NC: negative control.
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Supplementary Figure 4. Th2 cells decreased in spleen samples from SLE mouse models. A. Th2 cells in spleen samples were examined by Flow cytometry. B. 
Expression of IFNGR1, pSTAT1, IFNGR2 and TBX21 measured by Flow cytometry. ***P<0.001 vs. HC group; ###P<0.001 vs. SLE-LN group; &&&P<0.001 vs. SLE-
LN+sh-NC group. SLE: systemic lupus erythematosus; HC: healthy controls; LN: lupus nephritis; NC: negative controls.
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Supplementary Figure 5. B cells increased in blood and spleen samples from SLE mouse models. A, B. B cells were assessed in blood and spleen samples through 
Flow cytometry. ***P<0.001 vs. HC group; ###P<0.001 vs. SLE-LN group; &&&P<0.001 vs. SLE-LN+sh-NC group. SLE: systemic lupus erythematosus; HC: healthy 
controls; LN: lupus nephritis; NC: negative controls.


