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Suppressor of cytokine signaling 1 (SOCSH1) participates in renal fibrosis by downregu-
lating Janus kinase 2 (JAK2)/signal transducer and activator of transcription 1 (STAT1)-
mediated cytokine signaling. Recently, it was found that anti-double-stranded DNA
(dsDNA) IgG induces the synthesis of profibrotic cytokines by renal cells. To explore the
potential effect of anti-dsDNA IgG on SOCS1-mediated renal fibrosis, kidney tissues
were collected from patients with lupus nephritis (LN) as well as MRL/lpr lupus-prone
mice. The SOCS1 expression was evaluated in tissue samples. In addition, SCID mice
were injected with anti-dsDNA IgG, followed by evaluation of SOCS1 levels. Renal res-
ident cells were cultured in vitro, receiving the stimulation of anti-dsDNA IgG and then
the measurement of SOCS1, JAK2, STAT1a, and profibrotic cytokines. Moreover, the
binding of anti-dsDNA IgG to SOCS1 kinase inhibitory region (KIR) peptide was analyzed
by surface plasmon resonance. We found that SOCS1 expression was inhibited, but
JAK2/STAT1 activation was prominent in the kidney tissues of patients with LN, MRL/
lpr mice, or anti-dsDNA IgG-injected SCID mice. The cultured renal cells also showed
SOCS1 downregulation, JAK2/STAT1 activation, and profibrotic cytokine promotion
upon anti-dsDNA IgG stimulation. Surprisingly, anti-dsDNA IgG showed high affinity to
KIR peptide and competed with JAK2 loop for KIR. Additionally, a DNA-mimicking pep-
tide (ALW) blocked the binding of anti-dsDNA IgG to KIR, and even partially abrogated
the activation of JAK2/STAT1a signals and the expression of profibrotic cytokines in
SCID mice. In conclusion, anti-dsDNA IgG downregulates SOCS1 expression, activates
JAK2/STAT1 signals, and contributes to renal fibrosis; its peptide blockade may restore
the SOCS1 inhibitory effect on the production of profibrotic cytokine, and finally amelio-
rate renal fibrosis in LN.

Keywords: anti-double-stranded DNA IgG, suppressor of cytokine signaling 1, Janus kinase 2, signal transducer
and activator of transcription 1, peptide, lupus nephritis, renal fibrosis
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INTRODUCTION

As the most common internal complication in patients with
systemic lupus erythematosus (SLE) (1), lupus nephritis (LN) is
essentially a chronic inflammation in kidneys. The histological
changes of LN are characterized by a spectrum of morphologic
abnormalities in both glomerular and tubulointerstitial regions.
Although LN is classified into Class I to Class VI according to
pathological patterns (2), renal fibrosis is definitely the common
final outcome at the end stage (1). The fibrotic lesions are associ-
ated strongly with poor outcome of patients with LN (3). During
the progression of renal fibrosis, profibrotic cytokines are continu-
ously released, and consequently enhance the phenotype changes
of resident cells as well as the accumulation of extracellular matrix
(3, 4). Therefore, elucidation of the pathogenesis of renal fibrosis,
especially the regulation of profibrotic cytokines, is important in
the development of therapeutic strategies for patients with LN.

Many studies demonstrated that anti-double stranded DNA
(dsDNA) antibodies correlate closely with LN (5-8). Recent clas-
sification criteria for SLE were established by the Systemic Lupus
International Collaborating Clinics, accepting biopsy-proven LN
in combination with the presence of anti-dsDNA antibodies in
sera as an independent criterion (9). In fact, anti-dsDNA IgG
can bind to cell surface or intracellular molecules, penetrate
living kidney cells and modulate gene expression, and even
enhance renal cell proliferation (6-8). Moreover, anti-dsDNA
IgG contributes to renal fibrosis by inducing a myofibroblast-like
phenotype of mesangial cells and also enhancing the synthesis
of proinflammatory cytokines and fibrotic factors in renal cells
(10-13). Anti-dsDNA antibodies even induce the secretion
of interleukin (IL)-1p, IL-6, and tumor necrosis factor-o in
mesangial and endothelial cells, which further promotes the
expression of downstream cytokines and fibrotic molecules such
as hyaluronan and adhesion proteins (7). Therefore, anti-dsDNA
IgG can interact with intracellular molecules and directly affect
renal inflammatory and fibrotic progresses in LN.

Suppressor of cytokine signaling 1 (SOCS1) suppresses the
Janus kinase 2 (JAK2) pathway, thereby downregulating signal
transducer and activator of transcription 1 (STAT1) (14). Inhi-
bition of SOCSI leads to over-activation of the JAK2 pathway
(15). The JAK and downstream STAT1 molecules participate in
the proliferation and cytokine production of various types of cells.
Upon activation, JAK2 phosphorylates tyrosine residues on the
receptors (e.g., interferon receptors) and creates binding sites for
SH2 domains (15). The SH2-containing STAT1 is subsequently
activated by JAK2 and next induces transcription of target genes
including those that code profibrotic cytokines (16). The kinase
inhibitory region (KIR) of SOCSI can bind to the loop region
of JAK2 and then suppress the JAK catalytic activity, thereby
resulting in the inhibition of JAK2 phosphorylation and STAT1
activation (17).

Although it was occasionally reported that the SOCS1 mRNA
level increases in peripheral blood mononuclear cells of patients
with SLE (18, 19), many more studies revealed significant down-
regulation of SOCS1 expression in these cells (20-22), and steroid
administration to these cells upregulates SOCS1 expression in a
dose- and time-dependent manner (22). Moreover, in different

murine models of SLE, SOCSI1 suppression contributes to the
progression of lupus disease (23-25). Currently, SOCS1 has been
proven to be an inhibitor of renal fibrosis. In LN, renal SOCS1
expression alters negatively with the levels of fibrotic cytokines
including transforming growth factor (TGF)-f (26). The overex-
pression of SOCS1 inhibits tubular epithelial cell-myofibroblast
transdifferentiation by decreasing the expression of IL-1p and
oncostatin M (14). Even more, SOCS1 expression decreases sig-
nificantly, whereas the expression of profibrotic genes increases
in kidney biopsies from patients with LN (27). miR-150 can pro-
mote renal fibrosis in LN by inhibiting both mRNA and protein
levels of SOCS1 (27). These results strongly suggested that SOCS1
plays an important role in the pathogenesis of SLE as well as renal
fibrosis of LN.

The JAK2/STAT1 pathway mediates the renal damage in
lupus models induced by anti-dsDNA antibodies. In MRL/Ipr
mice, the selective JAK2 inhibitor tyrphostin AG490 significantly
inhibited the phosphorylation of JAK2 and STAT1, accompanied
by a decrease in proteinuria, renal histological lesions, and serum
titer as well as glomerular deposition of anti-dsDNA IgG (28).
Moreover, STAT1 deficiency in the lupus-like chronic graft-versus-
host disease model led to a prolonged but amplified increase of
anti-dsDNA IgG in sera and also higher proteinuria and mortal-
ity (29). This phenomenon might be due to the imbalance of
STAT1 and other STATS after downstream inhibition of the JAK2/
STAT1 pathway (29). However, these results strongly suggested
that the JAK2/STAT1 pathway regulates the pathogenic role of
anti-dsDNA antibodies in LN. Actually, by using BALB/c mice
intravenously injected with anti-dsDNA IgG, the cross-reaction
of anti-dsDNA antibodies with mesangial matrix or glomerular
basement membrane is proven critical for initiating glomerular
inflammation (30). Additionally, SOCS1 has been found to
mediate double-strand break repair of DNA and to preserve the
genomic stability (31). Hence, these findings highlight another
potential protective role of SOCS1 in LN, which may be related
to the nephritogenicity of anti-dsDNA antibodies.

Considering the facts that anti-dsDNA IgG can penetrate liv-
ing cells and interact with intracellular molecules (6-8, 10-13),
we speculate that anti-dsDNA IgG may also modulate SOCS1
signals. The purpose of this study was to investigate the potential
effect of anti-dsDNA IgG on the regulation of SOCS1 signals
and also the molecular mechanism underlying SOCS1-KIR and
JAK2/STAT1 interaction in the pathogenesis of renal fibrosis.

MATERIALS AND METHODS

Tissue and Serum Samples

Renal biopsies were obtained from patients with LN (n = 7),
who had serum positivity of anti-dsDNA IgG (Table S1 in
Supplementary Material). The diagnosis of LN was made based
on the histological features of renal biopsies. For normal human
controls, sera and non-lesional tissues were taken from patients
(n = 5) who underwent surgical nephrectomy due to renal cell
carcinoma or renal rupture (Table S1 in Supplementary Material).
There was no statistical difference in term of age between the
LN patients and the controls (p > 0.05). These control samples
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showed no evident inflammatory or fibrotic appearance under
the microscope. The MRL/lpr and MRL/Mp] mice (female, 12
or 24 weeks old, n = 5 each group) as well as SCID mice (female,
8 weeks old, n = 5 each group) were bred in the animal facility
of Xi'an Jiaotong University Health Science Center. Urine, sera,
and renal tissues were harvested from MRL/Ipr and MRL/Mp]
mice. Proteinuria was quantitated by the Coomassie brilliant
blue method (32). All data about MRL/lpr and MRL/Mp] mice
referred to that at age of 24 weeks unless otherwise noted. These
SCID mice received intravenous injections of anti-dsDNA or
control IgG at a dose of 100 pg twice weekly, which lasted for
4 weeks (n =5 each group). Then, both serum and kidney samples
were collected from SCID mice. This study was carried out in
accordance with the recommendations of the guidelines of the
Hospital Research Ethics Committee with written informed con-
sent from all subjects. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol was
approved by the Hospital Research Ethics Committee.

Immunohistochemistry (IHC) and

Immunofluorescence (IF)
As described previously (8), IHC was performed for renal IgG
deposition. For detection of SOCSI1, paraffin sections were
incubated with rabbit anti-mouse SOCS1 (2 pg/ml; Abcam,
Cambridge, MA, USA), and then with polymer-horseradish
peroxidase conjugated goat anti-rabbit IgG (1 pg/ml; DAKO,
Glostrup, Denmark). A brown color was developed with
3,30-diaminobenzidine chromogen substrate (DAKO).
Immunofluorescence was carried out for both IgG deposition
and SOCSI expression in frozen sections. Routinely processed
sections were incubated with rabbit anti-mouse SOCS1 and then
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
IgG (2 pg/ml; Southern Biotech, Birmingham, AL, USA) in order,
or directly with goat anti-mouse IgG-FITC (Southern Biotech)
alone. Sections were viewed under a digital fluorescent micro-
scope (Carl Zeiss, Jena, Germany).

Cell Culture and Anti-dsDNA IgG

Stimulation
Immortal murine mesangial cells and glomerular endothelial
cells (Jieqing Biotech, Wuhan, China) were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum (8, 33).
Immortal murine proximal tubular epithelial cells (kindly provided
by Dr. Cheng Pan, Wuhan University, China) were cultured in
Dulbeccos modified Eagle’s medium as described previously (34).
By using a HiTrap purification kit (GE Healthcare, Port
Washington, NY, USA) (8), anti-dsDNA IgG was purified from the
culture supernatants of murine WJ31 hydridoma clone (IgG2a;
Jieqing Biotech). Control murine IgG (IgG2a; Jieqing Biotech)
was verified by enzyme-linked immunosorbent assay (ELISA) to
determine that there was no binding to DNA antigen (data not
shown). Cells were starved routinely before the 2-day stimulation
of anti-dsDNA IgG or control IgG (2 pg/ml). In some experi-
ments, mesangial cells were stimulated with anti-dsDNA IgG
(2 pg/ml) that was premixed with p-form (ALWPPNLHAW VP)
or scrambled (PLPHNPWVLAAW) ALW peptide (1 pg/ml). The

cell viability of three types of cells was measured using PrestoBlue
viability reagent (Life Technologies, Carlsbad, CA, USA).

Real-time PCR

As previously described (8), total RNA was extracted from
fresh tissues or cultured cells, followed by reverse transcription.
The 7900HT Fast PCR System (Applied Biosystems, Carlsbad,
CA, USA) was used for PCR, and SYBR Green Master Mixes
(Invitrogen, Grand Island, NY, USA) was used as fluorescent dye.
The sequences of primers (Jieqing Biotech) are listed in Table S2
in Supplementary Material.

Western Blotting and Immunoprecipitation
Fresh tissues and cell cultures were extracted for lysates with
the addition of protease inhibitor cocktail (Thermo Scientific,
Waltham, MA, USA). Lysate samples were run in gel at denatured
and reduced condition and then transferred to a PVDF mem-
brane (EMD Millipore, Billerica, MA, USA). The rabbit primary
antibodies (2 ug/ml; Abcam) and horseradish peroxidase-goat
anti-rabbit IgG (2 pg/ml; Southern Biotech) were applied in
order. The band intensities were quantitated by Image] 1.61u
software (National Institutes of Health, Bethesda, MD, USA) and
normalized to B-actin values accordingly. The intensities of blank
groups were set as 1 (baseline), and the relative intensities were
calculated in other groups.

By using a protein G kit (Roche, Indianapolis, IN, USA),
immunoprecipitation was performed with the lysates of mesangial
cells. Briefly, lysates were mixed with anti-DNA IgG (or control)
and then incubated at 4°C overnight. Protein G suspension was
added to the mixtures. The supernatants were discarded after
centrifuging while the pellets were re-suspended, followed by
Western blotting.

Enzyme-Linked Immunosorbent Assays
Common ELISAs (for binding to dsDNA or peptide) and inhi-
bition ELISAs were performed as previously described (8, 35).
Briefly, the KIR ELISA was carried out by adding biotinylated
KIR peptide (DTHFRTFRSHSDYRRI, 5 pg/ml) to streptavidin-
coated 96-well plates. For inhibition with KIR (or ALW) peptide,
anti-dsDNA IgG (2 pg/ml) was pre-incubated with serially
diluted peptide (from 0.04 to 80 pg/ml), and then transferred to
antigen-coated 96-well plates. Alkaline phosphatase-conjugated
goat anti-mouse IgG (2 pg/ml; Southern Biotech) was used as
secondary antibody. Similarly, for inhibition with anti-dsDNA
IgG, the FITC-labeled JAK2 loop peptide (LPQDKEYYKVKEDP,
0.2 pg/ml) was pre-incubated with serially diluted anti-dsDNA
IgG (from 0.02 to 20 pg/ml) before transfer to KIR-coated plates,
which were detected for fluorescein intensity under a Perkin
Elmer Reader (Winpact Scientific, Irvine, CA, USA). Cell surface
ELISA was performed by growing mesangial cells in 96-well
plates (8, 35). All peptides were synthesized by Sangon Biotech
Company (Shanghai, China).

Surface Plasmon Resonance

The Biacore 3000 instrument (Biacore, Piscataway, NJ, USA) was
used for the quantitation of binding affinities (8, 35). For anti-
dsDNA IgG binding to KIR peptide, anti-dsDNA IgG (10 nM
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in MES buffer) was immobilized on a CM sensor chip (GE
Healthcare, Port Washington, NY, USA), and then KIR peptide
(0-250 nM in HEPES buffer) was run on chip. For JAK2 loop pep-
tide binding to KIR peptide, the biotinylated KIR peptide (5 nM)
was immobilized on streptavidin-coated sensor chip, followed by
injection of JAK2 loop peptide (0-250 nM). A simple Langmuir
model (A 4+ B <> AB) was used for calculating binding kinetics.

Matrix-Assisted Laser
Desorption/lonization (MALDI)-Time

of Flight Mass Spectrometry

Matrix-assisted laser desorption/ionization-time of flight mass
spectrometry was performed for identifying the sequences of
peptide fragments. As described previously (36), an ABI 4800
Analyzer (AB Science, Foster City, CA, USA) was used for such
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FIGURE 1 | Renal suppressor of cytokine signaling 1 (SOCS1) expression decreases in patients with lupus nephritis (LN) and MRL/Ipr mice. The renal
1gG deposition and SOCS1 expression levels were detected in normal human controls (n = 5), patients with LN (n = 7), MRL/MpJ (n = 5) mice, and MRL/Ipr (n = 5)
mice. (A) By immunohistochemistry (IHC) and immunofluorescence (IF), IgG deposition and SOCS1 expression were detected in the frozen sections of human
kidneys. (B) Similarly, IgG and SOCS1 were detected in kidney samples from mice. (C) Proteinuria was determined in these mice. (D) The SOCS1 mRNA levels
were determined in fresh kidney tissues of mice. (E,F) SOCS1 protein was analyzed in kidney tissues of mice, followed by ImagedJ quantitation of Western blot
bands. Data points and error bars represent mean + SEM. Representative images are shown. Scale bar = 5 ym; *p < 0.01.
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analysis. The ALW (r-form or p-form) and KIR peptides (2 pg/ml)
were mixed with anti-dsDNA IgG or control IgG (molar
ratio = 1:5), respectively. The mixtures were incubated at 37°C
for 30 min. Then, these samples were diluted in distilled water
(1:100) and then mixed with the a-cyano-4-hydroxycinnamic
acid matrix at a ratio of 1:1. Samples in triplicate were then
loaded to the MALDI target. Mass spectrum was produced on 80
individual spectra of each spot.

Statistical Methods

Data were expressed as mean + SEM. Statistical analysis was
performed using the STATA 10.0 software (StataCorp, College
Station, TX, USA). Unpaired and two-tailed t test was used for
comparing the differences between two groups after significant
differences were found in an ANOVA. The differences were
considered significant at p < 0.05.

RESULTS

SOCS1 Expression Decreases in the

Glomeruli with Anti-dsDNA IgG Deposition
The LN patients and MRL/Ipr mice (at age of 24 weeks) recruited
into this study had high serum titers of anti-dsDNA IgG (Figure
S1 in Supplementary Material). By IF, a strong positivity in the
glomeruli of LN patients or MRL/Ipr mice was noted, while
normal human donors or MRL/Mp] mice exhibited slight or
non-specific staining (Figures 1A,B). Both IHC and IF were
then performed with kidney samples, showing less glomerular
expression of SOCS1 in LN patients and MRL/lpr mice when
compared with their controls accordingly (Figures 1A,B). The
MRL/lpr mice had higher proteinuria than that of MRL/Mp]
mice (Figure 1C). Using real-time PCR, the mRNA levels of
SOCS1 were quantitated with fresh kidney tissues from these
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determined in kidney tissues, followed by ImagedJ quantitation of band intensities. There were no differences between the mice in blank and control IgG groups
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two mouse strains, displaying lower renal levels in MRL/lpr
mice (Figure 1D). Similarly, the protein levels of SOCS1 were
also lower in MRL/Ipr mice by Western blotting (Figures 1E,F).
The MRL/Ipr and MRL/Mp] mice at age of 12 weeks were also
assessed, showing comparable levels of both proteinuria and
renal SOCS1 protein between the two groups (Figure S2 in
Supplementary Material).

To exclude the potential effect of other lupus-related autoan-
tibodies on SOCS1 expression, SCID mice were intravenously
injected with murine anti-dsDNA IgG. These mice exhibited
IgG deposition in glomeruli while it was negative in the control
IgG-injected mice (Figure S3 in Supplementary Material). The
expression of SOCS1 as well as downstream JAK2 and STAT1
were assessed in their kidneys. We found that the mRNA levels
of SOCS1 were comparable among the three groups, but the
mRNA levels of JAK2 and STAT1 were enhanced upon anti-
dsDNA IgG injection (Figure 2A). Moreover, the protein levels
of SOCS1 decreased significantly, while the protein levels of JAK2
(phosphorylated and total forms) and STAT1 (a-, phosphoryl-
ated, and total forms) were higher in the anti-dsDNA IgG group
(Figures 2B-G).

Furthermore, the profibrotic factors including TGF-fl,
platelet-derived growth factor subunit B (PDGFB), and connec-
tive tissue growth factor (CTGF) were determined in the kidneys
of SCID mice. It showed that their mRNA levels were elevated
in anti-dsDNA IgG-injected mice when compared with the two
controls (Figure 3A). The mRNA of proinflammatory cytokine
TWEAK (tumor necrosis factor-related weak inducer of apop-
tosis) and its receptor Fnl4 (fibroblast growth factor-inducible
14) was also analyzed, verifying more mRNA expression in the
anti-dsDNA IgG group (Figure 3A). These mice were even ana-
lyzed for the mRNA levels of extracellular matrix components
(fibronectin 1, collagen 1A1) and structural markers of podocytes
(nephrin, podocin). It was observed that only fibronectin 1 mRNA
was promoted upon anti-dsDNA IgG injection (Figure 3B). The
effect of anti-dsDNA IgG on proinflammatory factors was also
mirrored by in vitro experiments showing that anti-dsDNA IgG
induced higher mRNA expression of PDGFB, CTGE and Fnl4
in murine mesangial cells (Figure S4 in Supplementary Material).

Anti-dsDNA IgG Blocks the SOCS1

Signals in Kidney Cells

To further determine the effect of anti-dsDNA IgG on SOCS1
signals, murine kidney cells were cultured in vitro. After anti-
dsDNA IgG stimulation, mesangial cells showed SOCS1 mRNA
level similar to that in other groups, but higher mRNA levels of
JAK2 and STAT1 when compared with other groups (Figure 4A).
By IF, mesangial cells expressed less SOCS1 upon anti-dsDNA
IgG stimulation (Figure 4B). The proteins of SOCS1, phospho-
JAK2, phospho-STATI1, and STATla were also determined,
showing a decrease in SOCS1 but an increase in phospho-JAK2,
phospho-STAT1, and STAT1a in the anti-dsDNA IgG group
(Figures 4C,D). Similar results were seen with glomerular
endothelial cells (Figure S5 in Supplementary Material) and
proximal tubular epithelial cells (Figure S6 in Supplementary
Material). Cell viability was determined in these three types of
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FIGURE 3 | Evaluation of renal mRNA levels of profibrotic factors in
SCID mice. Mice were intravenously injected with control or anti-dsDNA IgG
before tissue collection. (A) The mRNA expression levels of profibrotic
cytokines [transforming growth factor (TGF)-p1, platelet-derived growth factor
subunit B (PDGFB), and connective tissue growth factor (CTGF)] and
proinflammatory factors (TWEAK and Fn14) were determined in fresh kidney
tissues. (B) The mRNA levels of extracellular matrix components (fibronectin
1 and collagen 1A1) as well as structural markers (nephrin and podocin) were
determined similarly. There were no differences between the mice in blank
and control IgG groups (p > 0.05). There were five mice in each group. Data
points and error bars represent mean + SEM (*p < 0.05, **p < 0.01).

cells, showing no changes upon anti-dsDNA IgG or b-form ALW
stimulation (Figure S7 in Supplementary Material).

Anti-dsDNA IgG Competes with JAK2
Loop for SOCS1-KIR

Since in vitro experiments indicated interference of anti-dsDNA
IgG in the SOCS1 signals in kidney cells, we clarified the
interaction between anti-dsDNA IgG and SOCS1 molecule. By
immunoprecipitation and Western blotting, the lysate proteins
in mesangial cells were selected by anti-DNA IgG and then
detected with anti-SOCS1 antibody, showing a clear band at
35 kDa (Figure 5A). The KIR of SOCS1 was synthesized as a
16-mer peptide (2.09 kDa). Surprisingly, such KIR peptide
efficiently inhibited binding of anti-dsDNA IgG to DNA antigen
(Figure 5B). Moreover, anti-dsDNA IgG bound directly to
biotinylated KIR peptide by ELISA (Figure 5C). Surface plas-
mon resonance was further performed to quantitate the binding
affinity of anti-dsDNA IgG to KIR peptide, calculating binding
kinetic of Kp (M) = 1.1 X 1077 (Figure 5D). Moreover, KIR
peptide was incubated with anti-dsDNA IgG or control IgG and
then identified for fragment sequences by mass spectrometry. It
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showed that KIR peptide was almost catalyzed by anti-dsDNA
IgG (Figure 5E).

The KIR peptide was further analyzed for specific affinity to
JAK2 loop (13-mer, 1.64 kDa). By surface plasmon resonance,
the JAK2 loop peptide bound to biotinylated KIR peptide with a
Kp value of 4.46 X 107® (M) (Figure 6A). Additionally, inhibition
ELISA was carried out by coating biotinylated KIR peptide to
96-well plates. The results showed that anti-dsDNA IgG inhib-
ited the binding of FITC (0.39 kDa)-JAK2 loop to KIR peptide
(Figure 6B). By cell surface ELISA, FITC-conjugated KIR peptide
exhibited no binding to murine mesangial cells, glomerular
endothelial cells or proximal tubular epithelial cells (Figure S8 in
Supplementary Material).

DNA-Mimicking Peptide Abrogates SOCS1

Downregulation Induced by Anti-dsDNA IgG
Previously, a 12-mer peptide (abbreviated as “ALW”) was found
to effectively block murine anti-dsDNA IgG binding to DNA
antigen (35). However, ALW peptide also exhibits weakness
as being susceptible to the catalyzing property of anti-dsDNA
IgG (36). Therefore, ALW peptide was chemically modified by
replacing two terminal residues of A (alanine) and P (proline)

with p-form ones, respectively, which displayed enhanced resist-
ance to catalysis (Figure 7A). Inhibition ELISA was performed
similarly, showing that p-form ALW inherited the inhibitory
property of the (natural) ALW as interfering anti-dsDNA IgG
binding to DNA antigen (Figure 7B). Also, the p-form—but
not the scrambled ALW—inhibited anti-dsDNA IgG binding to
SOCS1-KIR peptide (Figure 7C), verifying the potential func-
tion of p-form ALW in blocking affinity of anti-dsDNA IgG to
self-antigens that mimic DNA.

The effect of p-form ALW on the anti-dsDNA IgG regulation
of SOCS1 signals was studied by culturing mesangial cells. It was
found that p-form—but not scrambled ALW—inhibited anti-
dsDNA IgG binding to mesangial cells (Figure 8A). Moreover,
D-form ALW decreased the mRNA levels of JAK2 and STAT1
in anti-dsDNA IgG-treated cells (Figure 8B). Accordingly, the
proteins of these molecules were determined by Western blotting
and showed consistent changes in these cells upon addition of
p-form ALW (Figures 8C,D). Furthermore, p-form ALW did not
affect the mRNA expression level of SOCS1 but increased its pro-
tein level in these cells (Figures 8B,D). In addition, b-form ALW
significantly reduced the mRNA expression levels of PDGFB,
CTGF and Fn14 in mesangial cells stimulated by anti-dsDNA IgG
(Figure S4 in Supplementary Material).
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FIGURE 5 | The interactions between anti-dsDNA IgG and suppressor of cytokine signaling 1 (SOCS1) [or kinase inhibitory region (KIR) peptide].

(A) By immunoprecipitation and Western blotting, the lysate proteins in mesangial cells were selected by anti-DNA IgG and then detected with anti-SOCS1 antibody.
(B) By inhibition enzyme-linked immunosorbent assay (ELISA), the binding of anti-dsDNA IgG to double-stranded DNA (dsDNA) antigen was measured upon
addition of KIR (or scrambled) peptide. (C) The binding of anti-dsDNA IgG to biotinilyated KIR peptide was measured by direct ELISA. (D) Surface plasmon
resonance was performed to quantitate the affinity of anti-dsDNA IgG to KIR peptide. Anti-dsDNA IgG was immobilized to sensor chip, followed by running KIR
peptide (0-250 nM). Ka (1/Ms) = 3.65 x 10, Kd (1/s) = 4 x 107, Kp (M) = 1.1 x 107, and Rmax (RU) = 351. (E) The catalytic effect of anti-dsDNA IgG on KIR
peptide was detected by matrix-assisted laser desorption/ionization-time of flight mass spectrometry. Data were from three independent experiments. Data points
and error bars represent mean + SEM. Representative graphs are shown.
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Blocking Anti-dsDNA IgG Ameliorates

SOCSH1 Signals in SCID Mice

The effect of p-form ALW on anti-dsDNA IgG-injected SCID
mice was studied by mixing anti-dsDNA IgG with ALW before
such injection. Both IHC and IF demonstrated less IgG deposi-
tion in the glomeruli of these mice when compared with those
treated with anti-dsDNA IgG alone (Figure 9A). Also, it showed
substantial decrease in the mRNA levels of TGF-p1, PDGFB, and
TWEAK after pre-mixture with b-form ALW (Figure 9B).

The SOCSI signals were evaluated in the kidneys of these
mice. The mRNA levels of JAK2 and STAT1 were reduced in the
p-form ALW plus anti-dsDNA IgG group when compared with
anti-dsDNA IgG alone group, although the SOCS1 mRNA level
was not affected (Figure 10A). Consistently, the expression levels
of the SCOSI1, JAK2, and STAT1 proteins showed remarkable

attenuation in p-form ALW-treated group when compared with
the anti-dsDNA IgG alone group (Figures 10B,C).

DISCUSSION

This study demonstrated that anti-dsDNA IgG-induced SOCS1
downregulation is pivotal in the pathogenesis of LN. The expres-
sion of SOCS1 decreases in kidney tissues of both patients with
LN and MRL/Ipr mice. Moreover, anti-dsDNA IgG blocks the
SOCS1 signals in cultured kidney cells. Interestingly, anti-dsDNA
IgG competes with JAK2 loop for SOCS1-KIR, and even cata-
lyzes KIR directly. However, DNA-mimicking peptide abrogates
such alteration of SOCS1 signals induced by anti-dsDNA IgG.
Blockade of anti-dsDNA IgG ameliorates SOCS1 signals as
well as profibrotic cytokines in SCID mice that are induced by
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anti-dsDNA IgG. Therefore, anti-dsDNA IgG suppresses SOCS1
signals and contributes to renal fibrosis.

Previous studies showed that anti-dsDNA IgG enhances the
production of proinflammatory cytokines and fibrotic factors in
cultured mesangial and tubular cells (12, 13). Consistently, we
found that the profibrotic factors including TGF-f1, PDGFB, and
CTGF have higher mRNA levels in kidneys of anti-dsDNA IgG-
injected SCID mice. In fact, the SOCS1 mRNA level decreases
significantly, whereas the expression of profibrotic genes increases
in kidney biopsies from patients with LN (27). In this study, the
SOCS1 expression decreases in kidneys of female MRL/Ipr mice
(24 weeks old) as well as anti-dsDNA IgG-injected SCID mice. It
wasreported that female MRL/lpr mice at earlier age (12 weeks old)
exhibits an increase in SOCS1 mRNA level (37). This discrepancy
might be due to a feedback response after the activation of the
STAT1 pathway in LN at the early stage (37). Actually, significant
increases in renal damage and proteinuria are observed in female

MRL/Ipr mice beginning when they are around 26 weeks old
(33). Moreover, we found that anti-dsDNA IgG-injected SCID
mice had elevated mRNA levels of TGF-p1, PDGFB, and CTGF
in kidneys. In addition, the expression levels of TWEAK and
Fnl14 increase in kidneys of MRL/Ipr mice. TWEAK and Fn14
activate in kidneys of mice with LN, contributing to glomerular
and interstitial fibrosis by promoting the production of TGF-f1,
monocyte chemotactic protein-1, interferon gamma-induced
protein 10, and chemokine (C-C motif) ligand 5 (33, 38, 39).
Therefore, the SOCSI1 levels correlate negatively with anti-dsDNA
IgG and profibrotic factors in LN.

A key phenomenon seen in our experiments is that anti-dsDNA
IgG blocks the SOCSI signals in kidney cells. The anti-dsDNA
IgG-injected SCID mice had lower protein level of SOCS1 in their
kidneys compared with other mice. Moreover, under anti-dsDNA
IgG stimulation, mesangial cells express less SOCS1 but express
more JAK2 and STAT1. Similar results were observed with other
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renal resident cells. Theoretically, higher SOCS1 level means
lower JAK2 and STAT1 expression because the latter is inhibited
under SOCS1 activation. Therefore, the decrease in SOCSI1 but
increase in downstream signals suggests suppression of SOCS1
signaling by anti-dsDNA IgG. However, the anti-dsDNA IgG
treatment did not alter the mRNA expression levels of SOCS1
in both the kidneys of SCID mice and the cultured kidney cells,
suggesting that anti-dsDNA IgG interferes with SOCS1 signaling
at protein but not at mRNA level. On the other hand, the decrease
in renal expression of SOCS1 mRNA was obvious in MRL/Ipr
mice, consistent with previous report that the kidneys of patients
with LN express less SOCS1 mRNA (27). Such discrepancy in
renal SOCS1 mRNA level between the anti-dsDNA IgG-injected
SCID mice and the MRL/Ipr mice as well as patients with LN
may be because the latter have complexed deposition of other
nephritogenic autoantibodies and also more severe inflammation
in kidneys (8, 40).

Interestingly, anti-dsDNA IgG exhibits specific binding to
SOCSI1-KIR, which recognizes JAK2 loop and then suppresses
JAK2/STAT1-mediated cytokine production. The KIR peptide

not only has high affinity to JAK2 loop but also efficiently inhibits
the binding of anti-dsDNA IgG to DNA antigen. This finding
suggests a competition between KIR and DNA antigen in their
interaction with anti-dsDNA IgG. Actually, DNA-mimicking
peptides can cross-react with anti-dsDNA IgG and specifically
block binding of anti-dsDNA IgG to multiple self-antigens
(40-42). The algorithm of Basic Local Alignment Search Tool
is used for comparing the sequences of KIR peptide and other
proteins that are recognized by anti-dsDNA IgG (8, 11), showing
that KIR peptide has high similarity with certain fragments of
alpha actinin-4 (75%), laminin alpha 2 (83%), laminin gamma
2 (83%), and collagen type XXIV alpha 1 (67%) (Figure S9 in
Supplementary Material). Collagen type XXIV alpha 1 is a com-
ponent of matrigel, which also binds to anti-dsDNA IgG in vitro
(8). So, KIR cross-reacts with anti-dsDNA IgG possibly by mim-
icking the antigenic property of DNA. Another important finding
was that anti-dsDNA IgG catalyzes KIR peptide clearly. Although
these results came from in vitro experiments, we can suppose that
anti-dsDNA IgG harbors such catalytic activity intracellularly or
even in vivo. In fact, anti-dsDNA IgG exhibits catalytic effects on
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bound self-antigens frequently, and the DNA cleavage and prote-
olysis are pivotal in the nephritogenicity of anti-dsDNA IgG (36,
43). Hence, the binding to and catalyzing of KIR of anti-dsDNA
IgG may reasonably explain its inhibition of SOCS1 signaling, but
without affecting the mRNA expression of SOCS1. The precise
mechanism underlying KIR catalysis of anti-dsDNA IgG needs
further study in future.

The DNA-mimicking peptides block the binding of anti-
dsDNA IgG to self-antigens (40, 41). Since KIR peptide may ini-
tiate downstream JAK2/STAT1 signals via binding to JAK2 loop,
ALW peptide was used alternatively for blocking anti-dsDNA
IgG in our experiments. It was clear that ALW abrogates the inhi-
bition of SOCSI signals in kidney cells induced by anti-dsDNA
IgG. Previous studies demonstrated that artificial peptides
are susceptible to the catalyzing property of anti-dsDNA IgG
(36, 44, 45). Moreover, D-form modification can endow peptides

resistance to catalysis or improved stability without significantly
affecting their biological activities (46, 47). p-Form peptides
may even have improved oral bioavailability and enhanced
binding activity and specificity with receptor or target proteins
(48). In this study, p-form ALW not only inherits the inhibitory
property of the L-form (natural) ALW, but also effectively abro-
gates inhibition of SOCS1 expression in kidney cells induced
by anti-dsDNA IgG. The downstream JAK2/STAT1 signals are
also attenuated accordingly. Therefore, b-form ALW peptide is
valuable in ameliorating anti-dsDNA IgG-induced SOCS1 sup-
pression in cells.

p-Form ALW peptide also ameliorates SOCSI1 signals in
anti-dsDNA IgG-treated SCID mice, which display glomeru-
lar IgG deposition and lupus-like renal damage (8). The IgG
deposition achieves significant reduction as anti-dsDNA IgG
being premixed with p-form ALW peptide. Accordingly, the
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elevated levels of profibrotic cytokines and proinflammatory
factors decrease in kidneys. Since anti-dsDNA IgG induces
renal damage through multiple mechanisms such as interfering
with gene expression as well as metabolism and also enhancing
cell proliferation (8), such amelioration of profibrotic cytokines
may not be explained exclusively by restoring SOCS1 signals in
kidney cells. However, SOCSI1 expression decreases—whereas
STAT]1 level increases—in anti-dsDNA IgG-treated SCID mice,
suggesting suppression of SOCS1 signals. The reduction of
profibrotic cytokines in kidneys also reflects such suppressed
SOCSI signals. Hence, the in vivo study confirmed that anti-
dsDNA IgG exerts fibrotic effect on kidneys via suppressing
SOCSI signals. Additionally, the pre-mixture of ALW peptide
ameliorates such effect of anti-dsDNA IgG on SCID mice, fur-
ther indicating DNA-mimicking peptides as potential prodrugs
in the treatment of LN.

In conclusion, SOCS1 downregulation, JAK2/STAT1 activa-
tion, and production of profibrotic cytokines are prominent
in kidneys with LN or anti-dsDNA IgG-stimulated renal cells.
Anti-dsDNA IgG has high affinity to SOCS1-KIR and competes
with JAK2 loop for binding sites in SOCS1-KIR, impeding the
SOCS1 signals. The DNA-mimicking ALW peptide blocks anti-
dsDNA IgG binding to SOCS1-KIR and consequently abrogates
the phosphorylation of JAK2/STAT1a proteins as well as the
elevation of profibrotic cytokines in kidney cells under anti-
dsDNA IgG stimulation. Therefore, anti-dsDNA IgG participates
in renal fibrosis of LN by suppressing SOCS1 signals, and DNA-
mimicking peptide can restore such SOCSI inhibitory effect and
ameliorate renal fibrosis.

ETHICS STATEMENT

This study was carried out in accordance with the recommenda-
tions of the guidelines of the Hospital Research Ethics Committee
with written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki. The protocol was approved by the Hospital Research
Ethics Committee.

AUTHOR CONTRIBUTIONS

PW participated in the design of the study and performed most
experimental work. JY, FT, ZD, and LX carried out some experi-
ments. XL and KL discussed the experimental data and contrib-
uted to the interpretation of results. YX conceived and designed
the study and prepared the manuscript. All the authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

This study was supported by the National Natural Science
Foundation of China (Projects No. 30700725, No. 30972640, No.
81472876, and No. 81630081) and the Fundamental Research
Funds for the Central Universities (No. 2015qngz01).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00610/
full#supplementary-material.

Frontiers in Immunology | www.frontiersin.org

May 2017 | Volume 8 | Article 610


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00610/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00610/full#supplementary-material

Wang et al.

Anti-dsDNA IgG Suppresses SOCS1

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Imran TE Yick E Verma S, Estiverne C, Ogbonnaya-Odor C, Thiruvarudsothy S,

et al. Lupus nephritis: an update. Clin Exp Nephrol (2016) 20(1):1-13.
doi:10.1007/s10157-015-1179-y

Weening JJ, D'’Agati VD, Schwartz MM, Seshan SV, Alpers CE, Appel GB,
et al. The classification of glomerulonephritis in systemic lupus erythema-
tosus revisited. J Am Soc Nephrol (2004) 15(2):241-50. doi:10.1097/01.ASN.
0000108969.21691.5D

Chen J, Wei L, Xia Y. Roles of tumour necrosis factor-related weak inducer of
apoptosis/fibroblast growth factor-inducible 14 pathway in lupus nephritis.
Nephrology (Carlton) (2017) 22(2):101-6. doi:10.1111/nep.12957
Munoz-Félix JM, Cuesta C, Perretta-Tejedor N, Subileau M, Lépez-
Hernandez FJ, Lopez-Novoa JM, et al. Identification of bone morphogenetic
protein 9 (BMP9) as a novel profibrotic factor in vitro. Cell Signal (2016)
28(9):1252-61. doi:10.1016/j.cellsig.2016.05.015

Mohan C, Putterman C. Genetics and pathogenesis of systemic lupus
erythematosus and lupus nephritis. Nat Rev Nephrol (2015) 11(6):329-41.
doi:10.1038/nrneph.2015.33

Goilav B, Putterman C. The role of anti-DNA antibodies in the development
of lupus nephritis: a complementary, or alternative, viewpoint? Semin Nephrol
(2015) 35(5):439-43. doi:10.1016/j.semnephrol.2015.08.005

. Yung S, Chan TM. Mechanisms of kidney injury in lupus nephritis - the

role of anti-dsDNA antibodies. Front Immunol (2015) 6:475. doi:10.3389/
fimmu.2015.00475

Xia Y, Pawar RD, Nakouzi AS, Herlitz L, Broder A, Liu K, et al. The con-
stant region contributes to the antigenic specificity and renal pathogenicity
of murine anti-DNA antibodies. JAutoimmun (2012) 39(4):398-411.
doi:10.1016/j.jaut.2012.06.005

Petri M, Orbai AM, Alarcén GS, Gordon C, Merrill JT, Fortin PR, et al.
Derivation and validation of the systemic lupus international collaborating
clinics classification criteria for systemic lupus erythematosus. Arthritis
Rheum (2012) 64(8):2677-86. doi:10.1002/art.34473

Zhang Y, Yang J, Jiang S, Fang C, Xiong L, Cheng H, et al. The lupus-derived
anti-double-stranded DNA IgG contributes to myofibroblast-like pheno-
type in mesangial cells. J Clin Immunol (2012) 32(6):1270-8. doi:10.1007/
$10875-012-9724-x

ZouX, Cheng H, Zhang Y, Fang C, Xia Y. The antigen-binding fragment of anti-
double-stranded DNA IgG enhances F-actin formation in mesangial cells by
binding to alpha-actinin-4. Exp Biol Med (Maywood) (2012) 237(9):1023-31.
doi:10.1258/ebm.2012.012033

Yung S, Ng CY, Ho SK, Cheung KE Chan KW, Zhang Q, et al. Anti-dsDNA
antibody induces soluble fibronectin secretion by proximal renal tubular
epithelial cells and downstream increase of TGF-B1 and collagen synthesis.
J Autoimmun (2015) 58:111-22. doi:10.1016/j.jaut.2015.01.008

Yung S, Cheung KF, Zhang Q, Chan TM. Anti-dsDNA antibodies bind to
mesangial annexin II in lupus nephritis. ] Am Soc Nephrol (2010) 21(11):
1912-27. doi:10.1681/ASN.2009080805

Liu Q, Liu S, Shi Y, Li H, Hao ], Xing L, et al. Suppressors of cytokine signaling
inhibit tubular epithelial cell-myofibroblast transdifferentiation. Am J Nephrol
(2011) 34(2):142-51. doi:10.1159/000329325

Ahmed CM, Larkin J III, Johnson HM. SOCS1 mimetics and antagonists:
a complementary approach to positive and negative regulation of immune
function. Front Immunol (2015) 6:183. doi:10.3389/fimmu.2015.00183

Tsai KD, Chen W, Wang SH, Hsiao YW, Chi JY, Wu HY, et al. Downregulation
of connective tissue growth factor by LPS/IFN-y-induced nitric oxide
is reversed by aristolochic acid treatment in glomerular mesangial cells
via STAT-la and NF-kB signaling. Chem Biol Interact (2014) 210:86-95.
doi:10.1016/j.cbi.2013.12.017

Liang Y, Xu WD, Peng H, Pan HE Ye DQ. SOCS signaling in autoimmune
diseases: molecular mechanisms and therapeutic implications. Eur ] Immunol
(2014) 44(5):1265-75. doi:10.1002/eji.201344369

Chan HC, Ke LY, Chang LL, Liu CC, Hung YH, Lin CH, et al. Suppressor of
cytokine signaling 1 gene expression and polymorphisms in systemic lupus
erythematosus. Lupus (2010) 19:696-702. doi:10.1177/0961203309357437
Rasmussen TK, Andersen T, Bak RO, Yiu G, Serensen CM, Stengaard-
Pedersen K, et al. Overexpression of microRNA-155 increases IL-21 mediated
STAT3 signaling and IL-21 production in systemic lupus erythematosus.
Arthritis Res Ther (2015) 17:154. doi:10.1186/s13075-015-0660-z

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ramirez-Vélez G, Medina F Ramirez-Montano L, Zarazta-Lozada A,
Hernandez R, Llorente L, et al. Constitutive phosphorylation of interferon
receptor A-associated signaling proteins in systemic lupus erythematosus.
PLoS One (2012) 7:e41414. doi:10.1371/journal.pone.0041414

Qiu LJ, Xu K, Liang Y, Cen H, Zhang M, Wen PF, et al. Decreased SOCS1
mRNA expression levels in peripheral blood mononuclear cells from patients
with systemic lupus erythematosus in a Chinese population. Clin Exp Med
(2015) 15:261-7. doi:10.1007/s10238-014-0309-2

Sukka-Ganesh B, Larkin J III. Therapeutic potential for targeting the sup-
pressor of cytokine signalling-1 pathway for the treatment of SLE. Scand
J Immunol (2016) 84:299-309. doi:10.1111/sji.12475

Fujimoto M, Tsutsui H, Xinshou O, Tokumoto M, Watanabe D, Shima Y, et al.
Inadequate induction of suppressor of cytokine signaling-1 causes systemic
autoimmune diseases. Int Immunol (2004) 16:303-14. doi:10.1093/intimm/
dxh030

Sharabi A, Sthoeger ZM, Mahlab K, Lapter S, Zinger H, Mozes E. A tolerogenic
peptide that induces suppressor of cytokine signaling (SOCS)-1 restores the
aberrant control of IFN-gamma signaling in lupus-affected (NZB x NZW)F1
mice. Clin Immunol (2009) 133:61-8. doi:10.1016/j.clim.2009.06.010

Larkin J ITI, Ahmed CM, Wilson TD, Johnson HM. Regulation of interferon
gamma signaling by suppressors of cytokine signaling and regulatory T cells.
Front Immunol (2013) 4:469. doi:10.3389/fimmu.2013.00469

Tomasoni S, Benigni A. Post-transcriptional gene regulation makes things
clearer in renal fibrosis. ] Am Soc Nephrol (2013) 24(7):1026-8. doi:10.1681/
ASN.2013040411

Zhou H, Hasni SA, Perez P, Tandon M, Jang SI, Zheng C, et al. miR-150
promotes renal fibrosis in lupus nephritis by downregulating SOCS1. J Am
Soc Nephrol (2013) 24(7):1073-87. doi:10.1681/ASN.2012080849

Wang S, Yang N, Zhang L, Huang B, Tan H, Liang Y, et al. Jak/STAT signaling
is involved in the inflammatory infiltration of the kidneys in MRL/Ipr mice.
Lupus (2010) 19(10):1171-80. doi:10.1177/0961203310367660

Shao WH, Gamero AM, Zhen Y, Lobue M], Priest SO, Albandar HJ, et al. Stat1
regulates lupus-like chronic graft-versus-host disease severity via interactions
with Stat3. J Immunol (2015) 195(9):4136-43. doi:10.4049/jimmunol.1501353
Krishnan MR, Wang C, Marion TN. Anti-DNA autoantibodies initiate
experimental lupus nephritis by binding directly to the glomerular basement
membrane in mice. Kidney Int (2012) 82(2):184-92. doi:10.1038/ki.2011.484
Metcalf JL, Bradshaw PS, Komosa M, Greer SN, Stephen Meyn M, Ohh M.
K63-ubiquitylation of VHL by SOCS1 mediates DNA double-strand break
repair. Oncogene (2014) 33(8):1055-65. doi:10.1038/onc.2013.22

Xia Y, Jiang S, Weng S, Lv X, Cheng H, Fang C. Antigen-specific immature
dendritic cell vaccine ameliorates anti-dsDNA antibody-induced renal
damage in a mouse model. Rheumatology (Oxford) (2011) 50:2187-96.
doi:10.1093/rheumatology/ker231

Xia Y, Herlitz LC, Gindea S, Wen J, Pawar RD, Misharin A, et al. Deficiency
of fibroblast growth factor-inducible 14 (Fn14) preserves the filtration barrier
and ameliorates lupus nephritis. J Am Soc Nephrol (2015) 26(5):1053-70.
doi:10.1681/ASN.2014030233

TangJ, Yan Y, Zhao TC, Bayliss G, Yan H, Zhuang S. Class I histone deacetylase
activity is required for proliferation of renal epithelial cells. Am J Physiol Renal
Physiol (2013) 305(3):F244-54. doi:10.1152/ajprenal.00126.2013

Xia Y, Eryilmaz E, Der E, Pawar RD, Guo X, Cowburn D, et al. A peptide
mimic blocks the cross-reaction of anti-DNA antibodies with glomerular
antigens. Clin Exp Immunol (2016) 183(3):369-79. doi:10.1111/cei.12734

Xia Y, Eryilmaz E, Zhang Q, Cowburn D, Putterman C. Anti-DNA antibody
mediated catalysis is isotype dependent. Mol Immunol (2016) 69:33-43.
doi:10.1016/j.molimm.2015.11.001

Dong J, Wang QX, Zhou CY, Ma XE Zhang YC. Activation of the STAT1
signalling pathway in lupus nephritis in MRL/lpr mice. Lupus (2007)
16(2):101-9. doi:10.1177/0961203306075383

Xia Y, Campbell SR, Broder A, Herlitz L, Abadi M, Wu P, et al. Inhibition
of the TWEAK/Fn14 pathway attenuates renal disease in nephrotoxic serum
nephritis. Clin Immunol (2012) 145(2):108-21. doi:10.1016/j.clim.2012.08.008
Liu Y, Peng L, Li L, Liu C, Hu X, Xiao S, et al. TWEAK/Fn14 activation con-
tributes to the pathogenesis of bullous pemphigoid. ] Invest Dermatol (2017).
doi:10.1016/4.jid.2017.03.019

Elkon KB, Bonfa E, Llovet R, Eisenberg RA. Association between anti-Sm and
anti-ribosomal P protein autoantibodies in human systemic lupus erythema-
tosus and MRL/Ipr mice. ] Immunol (1989) 143(5):1549-54.

Frontiers in Immunology | www.frontiersin.org

May 2017 | Volume 8 | Article 610


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1007/s10157-015-1179-y
https://doi.org/10.1097/01.ASN.0000108969.21691.5D
https://doi.org/10.1097/01.ASN.0000108969.21691.5D
https://doi.org/10.1111/nep.12957
https://doi.org/10.1016/j.cellsig.2016.05.015
https://doi.org/10.1038/nrneph.2015.33
https://doi.org/10.1016/j.semnephrol.2015.08.005
https://doi.org/10.3389/fimmu.2015.00475
https://doi.org/10.3389/fimmu.2015.00475
https://doi.org/10.1016/j.jaut.2012.06.005
https://doi.org/10.1002/art.34473
https://doi.org/10.1007/s10875-012-9724-x
https://doi.org/10.1007/s10875-012-9724-x
https://doi.org/10.1258/ebm.2012.012033
https://doi.org/10.1016/j.jaut.2015.01.008
https://doi.org/10.1681/ASN.2009080805
https://doi.org/10.1159/000329325
https://doi.org/10.3389/fimmu.2015.00183
https://doi.org/10.1016/j.cbi.2013.12.017
https://doi.org/10.1002/eji.201344369
https://doi.org/10.1177/0961203309357437
https://doi.org/10.1186/s13075-015-0660-z
https://doi.org/10.1371/journal.pone.0041414
https://doi.org/10.1007/s10238-014-0309-2
https://doi.org/10.1111/sji.12475
https://doi.org/10.1093/intimm/dxh030
https://doi.org/10.1093/intimm/dxh030
https://doi.org/10.1016/j.clim.2009.06.010
https://doi.org/10.3389/fimmu.2013.00469
https://doi.org/10.1681/ASN.2013040411
https://doi.org/10.1681/ASN.2013040411
https://doi.org/10.1681/ASN.2012080849
https://doi.org/10.1177/0961203310367660
https://doi.org/10.4049/jimmunol.1501353
https://doi.org/10.1038/ki.2011.484
https://doi.org/10.1038/onc.2013.22
https://doi.org/10.1093/rheumatology/ker231
https://doi.org/10.1681/ASN.2014030233
https://doi.org/10.1152/ajprenal.00126.2013
https://doi.org/10.1111/cei.12734
https://doi.org/10.1016/j.molimm.2015.11.001
https://doi.org/10.1177/0961203306075383
https://doi.org/10.1016/j.clim.2012.08.008
https://doi.org/10.1016/j.jid.2017.03.019

Wang et al.

Anti-dsDNA IgG Suppresses SOCS1

41.

42.

43.

44,

45.

46.

Bloom O, Cheng KE He M, Papatheodorou A, Volpe BT, Diamond B, et al.
Generation of a unique small molecule peptidomimetic that neutralizes lupus
autoantibody activity. Proc Natl Acad Sci U S A (2011) 108(25):10255-9.
doi:10.1073/pnas.1103555108

Sthoeger Z, Sharabi A, Mozes E. Novel approaches to the development of
targeted therapeutic agents for systemic lupus erythematosus. ] Autoimmun
(2014) 54:60-71. doi:10.1016/j.jaut.2014.06.002

Kostrikina IA, Kolesova ME, Orlovskaya IA, Buneva VN, Nevinsky GA.
Diversity of DNA-hydrolyzing antibodies from the sera of autoimmune-prone
MRL/Mp]-lpr mice. ] Mol Recognit (2011) 24(4):557-69. d0i:10.1002/jmr.1067
Odintsova ES, Dmitrenok PS, Baranova SV, Timofeeva AM, Buneva VN,
Nevinsky GA. Features of hydrolysis of specific and nonspecific globular
proteins and oligopeptides by antibodies against viral integrase from
blood of HIV-infected patients. Biochemistry (Mosc) (2015) 80(2):180-201.
doi:10.1134/50006297915020054

Planque SA, Nishiyama Y, Sonoda S, Lin Y, Taguchi H, Hara M, et al. Specific
amyloid B clearance by a catalytic antibody construct. J Biol Chem (2015)
290(16):10229-41. doi:10.1074/jbc.M115.641738

Kong JS, Yoo SA, Kang JH, Ko W, Jeon S, Chae CB, et al. Suppression of
neovascularization and experimental arthritis by D-form of anti-flt-1

47.

48.

peptide conjugated with mini-PEG(™). Angiogenesis (2011) 14(4):431-42.
doi:10.1007/s10456-011-9226-0

Velmurugan P, Jonnalagadda RR, Nair BU. Engineering D-amino acid con-
taining collagen like peptide at the cleavage site of Clostridium histolyticum
collagenase for its inhibition. PLoS One (2015) 10(5):e0124398. doi:10.1371/
journal.pone.0124398

Liu M, Li X, Xie Z, Xie C, Zhan C, Hu X, et al. D-peptides as recognition mol-
ecules and therapeutic agents. Chem Rec (2016) 16(4):1772-86. doi:10.1002/tcr.
201600005

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Wang, Yang, Tong, Duan, Liu, Xia, Li and Xia. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

15

May 2017 | Volume 8 | Article 610


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1073/pnas.1103555108
https://doi.org/10.1016/j.jaut.2014.06.002
https://doi.org/10.1002/jmr.1067
https://doi.org/10.1134/S0006297915020054
https://doi.org/10.1074/jbc.M115.641738
https://doi.org/10.1007/s10456-011-9226-0
https://doi.org/10.1371/journal.pone.0124398
https://doi.org/10.1371/journal.pone.0124398
https://doi.org/10.1002/tcr.201600005
https://doi.org/10.1002/tcr.201600005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Anti-Double-Stranded DNA IgG Participates in Renal Fibrosis through Suppressing the Suppressor of Cytokine Signaling 1 Signals
	Introduction
	Materials and Methods
	Tissue and Serum Samples
	Immunohistochemistry (IHC) and Immunofluorescence (IF)
	Cell Culture and Anti-dsDNA IgG Stimulation
	Real-time PCR
	Western Blotting and Immunoprecipitation
	Enzyme-Linked Immunosorbent Assays
	Surface Plasmon Resonance
	Matrix-Assisted Laser 
Desorption/Ionization (MALDI)–Time 
of Flight Mass Spectrometry
	Statistical Methods

	Results
	SOCS1 Expression Decreases in the Glomeruli with Anti-dsDNA IgG Deposition
	Anti-dsDNA IgG Blocks the SOCS1 
Signals in Kidney Cells
	Anti-dsDNA IgG Competes with JAK2 Loop for SOCS1-KIR
	DNA-Mimicking Peptide Abrogates SOCS1 Downregulation Induced by Anti-dsDNA IgG
	Blocking Anti-dsDNA IgG Ameliorates SOCS1 Signals in SCID Mice

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


