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A novel cyclic helix B peptide inhibits dendritic cell
maturation during amelioration of acute kidney graft
rejection through Jak-2/STAT3/SOCST1

C Yang"?*7, Y Zhang®*7, J Wang"?’, L Li"% L Wang*, M Hu?, M Xu"? Y Long®, R Rong*"%€ and T Zhu*'?2

We recently synthesized a novel proteolysis-resistant cyclic helix B peptide (CHBP) that exhibits promising renoprotective effects.
Dendritic cells (DCs) play an activation role in acute rejection (AR). Thus, the present study was designed to investigate the effects
of CHBP on DCs in a rat renal transplantation model. The left kidney was harvested from male Lewis rats and then transplanted into
male Wistar rats with or without CHBP treatment. Five successive treatment doses of CHBP after transplantation significantly
ameliorated AR with lower histological injury, apoptosis and CD4* and CD8" T-cell infiltration in renal allografts. CHBP reduced
IFN-y and IL-14 levels but increased IL-4 and IL-10 levels in the serum. The number of mature DCs was significantly decreased in
renal allografts treated with CHBP. In addition, incubating DCs with CHBP in vitro led to reduction in TNF-a, IFN-y, IL-14 and IL-12
levels and increase of IL-10 expression at the protein level in the supernatant. Mechanistically, CHBP inhibited TLR activation-
induced DC maturation by increasing SOCS1 expression through Jak-2/STAT3 signaling. In conclusion, CHBP suppresses renal
allograft AR by inhibiting the maturation of DCs via Jak-2/STAT3/SOCS1 signaling, suggesting that CHBP may be an potential
therapeutic drug for treating renal AR.
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Renal transplantation has emerged as a viable therapeutic
modality for the treatment of end-stage renal disease.
However, there are multiple causes for the organ shortage
crisis and the growth of the transplant wait list. Rejection is the
major barrier to successful transplantation and acute rejection
(AR) is considered to be an impediment to the short- and long-
term survival of both renal allografts and recipients, and also a
significant contributor to the escalating wait list due to the
return of patients with a failed graft to the list."? AR of the donor
organ is caused by antigen (Ag)-presenting cells (APCs) from
the recipient presenting donor allopeptides loaded on
self-major histocompatibility complex (MHC) molecules to
T cells via the canonical pathway (the indirect pathway) as well
as non-self, donor-intact MHC molecules through the direct
pathway.®

For many years, AR has been considered to be a typical
response of the adaptive immune system. However, recent
investigations have revealed a critical role for the innate
immune system as a pivotal trigger in adaptive immune
responses.*™” During the recovery of an allograft from a donor,

the process of recovery leads to the induction of stress in the
allograft, including physical factors and ischemia reperfusion
injury. These injuries caused by organ manipulation then
induce the expression of damage-associated molecular
patterns, such as heat-shock proteins, that are recognized
by pattern recognition receptors (PRRs) localized on immune
cells such as dendritic cells (DCs).2 Toll-like receptors (TLRs),
which are important and typical PRRs, are activated by these
danger signals and alert the DCs through the activation of
transcription factors that encode the genes regulating inflam-
matory cells and mediators. Therefore, in the presence of an
inflammatory milieu, DCs become mature, intercept Ags and
present them to immunocompetent cells, activating adaptive
immunity and favoring rejection.®

In addition to their well-known capacity to initiate immune
responses, DCs are also increasingly considered to be
mediators of transplant immune tolerance, including clonal
deletion, the induction of T-cell anergy and the inhibition of
memory T-cell responses.'® These properties have led
to the use of immature DCs (imDCs) as a therapeutic
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strategy to induce solid organ transplant immune tolerance. In
rodents, the infusion of donor- or recipient-derived imDCs can
extensively prolong donor-specific allograft survival in asso-
ciation with the regulation of the host T-cell responses.’'™'3
Current therapy for AR mainly focus on immunosuppres-
sion, such as the application of glucocorticoids and antithy-
mocyte globulin, which also accompanies with many side
effects including hypertension and infection.'*'® Therefore, it
is urgent to develop an immnunoregulatory drug with low
toxicity for AR treatment. Our group recently synthesized a
novel proteolysis-resistant cyclic helix B peptide (CHBP),
which has prominent anti-inflammatory characteristics.® In
our previous study, CHBP significantly ameliorated innate
immunity-related inflammation in renal ischemia reperfusion
injury in a murine model, in terms of decreased apoptosis, pro-
inflammatory cytokines expression and complement
activation.® However, the influence of CHBP on either renal
allograft rejection or innate immunocytes remains unknown.
Therefore, we hypothesized that CHBP may have the ability to
promote anti-rejection via the modulation of innate immunity,
particularly pathogen-associated molecular patterns-induced
activation and maturation of DCs. In the present study, we
investigated and confirmed the effects of CHBP on anti-AR in a
rat renal transplantation model and its ability to inhibit DC
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maturation in vitro. Moreover, we further clarified that the
mechanism underlying the inhibition of TLR-induced DC
maturation by CHBP is dependent on the activation of
suppressor of cytokine signaling (SOCS) 1.

Results

CHBP treatment ameliorated AR and modulated apopto-
sis in renal allografts. Vehicle-treated renal allografts
showed severe histological damage characterized by
diffused heavy inflammatory cells infiltration with marked
perivascular accentuation, widespread tubular injury with
peritubular capillaritis and interstitial inflammation, and
glomerulopathy on day 5 after transplantation. By contrast,
the isogenic grafts exhibited no obvious damage. The CHBP-
treated allografts showed less damage compared with the
vehicle-treated group (Figure 1a).

The apoptotic cells in the transplant kidneys were examined
by in situ end labeling (ISEL) of fragmented DNA. The
apoptotic cells were mainly located in the tubular and
interstitial areas (Figure 1a). Semiquantitative analysis
revealed that the number of apoptotic cells in the kidney
parenchyma was greatly increased in the allogeneic
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Figure 1  CHBP reduced AR and modulated apoptosis in kidney allografts. (a) Kidney tissue sections were stained with hematoxylin and eosin (H&E) and TUNEL assay.
Scale bars, 50 zm. (b) Semiquantitative analysis for apoptotic cells in the kidney parenchyma. (¢) The expression of cleaved caspase-3 protein p12 and p17 was detected by
western blotting. Results are mean + S.D. from three independent experiments. (a and ¢) Representative images from one experiment out of three are shown
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transplant kidneys compared with the isogenic control
kidneys, but these cell numbers were reduced by CHBP
treatment (Figure 1b). In addition, the expression of cleaved
caspase-3 protein was significantly decreased in the CHBP-
treated allogeneic transplant kidneys (Figure 1c). Taken
together, these data demonstrated that CHBP treatment
effectively attenuated the severity of AR and modulated
apoptosis in renal allografts after transplantation.

CHBP ameliorated systemic and local inflammation. To
investigate the effect of CHBP on systemic and local
inflammation, the infiltration of inflammatory cells was
measured. As shown in Figure 2a and b, a massive infiltration
of CD4" and CD8" T cells was evident in the interstitial area
of vehicle-treated renal allografts. This infiltration was
profoundly inhibited by CHBP, as shown by immunostaining
on day 5, suggesting that CHBP inhibited the infiltration of
T cells.

Then we tested the inflammatory cytokine expression in the
peripheral blood by enzyme-linked immunosorbent assay
(ELISA). IL-18 and IFN-y levels were significantly decreased,
whereas IL-4 and IL-10 levels were significantly increased by
CHBP treatment (Figure 2c). In the transplant kidneys, the
protein levels of IL-18, IFN-y, IL-4 and IL-10 exhibited a similar
pattern to serum (Figure 2d). These results suggested that
CHBP ameliorated systemic and local inflammation in renal
allografts.

CHBP suppressed mature DC location in vivo. It has
been reported that the majority of kidney-infiltrating effector
T cells engage in stable contacts with DCs in the graft. Then
the DC-T cell interactions amplify continuous stimulation and
shape graft inflammation, resulting in graft injury.'” In this
regard, we further examined DCs in the transplant
kidneys through OX62, MHC-II and CD86 immunostaining
(Figure 3a). Because OX62 is a specific marker of rat DCs
and MHC-II and CD86 are vital for the Ag-presenting function
of DCs, decreased numbers of OX62* cells combined with
MHC-II* or CD86™" positive cells in the CHBP-treated renal
allografts indicated that CHBP suppressed mature DC (mDC)
location in the renal allografts (Figure 3b).

CHBP inhibited bone marrow (BM)-derived DC matura-
tion in vitro. To further investigate the role of CHBP in the
maturation of DCs, we isolated Wistar rat BM-derived DCs for
in vitro culture. Under lipopolysaccharide (LPS) stimulation,
the expression of MHC-Il, CD80 and CD86 on DCs was
markedly reduced in the CHBP-treated group (Figure 4a). In
addition, the incubation of BM-derived DCs with CHBP led to
reduced levels of TNF-a, IFN-y, IL-18 and IL-12 but increased
IL-10 level in the supernatant (Figure 4b). To further compare
the function of DCs with or without CHBP treatment, we
performed mixed lymphocyte reaction (MLR) using gradient
ratios between DCs and allogenic T cells. The proliferation of
T cells was markedly inhibited by CHBP-incubated DCs
compared with vehicle-treated DCs (Figure 4c). To exclude
the direct effect on T-cell proliferation of CHBP, we further
examined the T-cell proliferation with or without CHBP
treatment and no significant difference was observed
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(Figure 4d). These results confirmed that CHBP played an
immunosuppressive role in allogeneic immune responses by
suppressing the maturation of BM-derived DCs.

CHBP mediated Jak-2/STAT3/SOCS1 signaling to inhibit
DC maturation. To investigate the mechanism through
which CHBP inhibited DC maturation, we first examined the
mRNA and protein levels of SOCS1, SOCS2 and SOCSS in
the transplant kidneys. Compared with the vehicle-treated
group, both the mRNA and protein expression levels of
SOCS1 and SOCS3 were significantly increased in the
CHBP-treated group. Although the expression of SOCS2 was
significantly increased in the isogenic grafts, there was still no
significant difference between the two allogeneic groups with
or without CHBP treatment (Figure 5a and b). Therefore, we
further examined the protein levels of SOCS1, SOCS2 and
SOCSS in cultured DCs in the in vitro experiments. After
incubation with CHBP, the SOCS1 protein levels but not
SOCS2 or SOCSS3 were significantly increased in the DCs
(Figure 5c), implying the essential role of SOCS1 in the
process of DC maturation.

Because LPS is a ligand of TLR-2 and TLR-4, the TLR-2/4
signaling pathway was studied by western blotting (Figure 6a).
LPS activated TLR-2/4 signaling, as detected by increased
TLR-2, TLR-4 and IRAK1 that is an adaptor protein down-
stream in the pathway. The activation of TLR-2/4 led to the
increases of NF-kB, an important pro-inflammatory transcrip-
tion factor in the TLR-2/4-mediated signal. After treatment with
CHBP, the expression of TLR-2/4 was significantly down-
regulated. However, the effects of CHBP were reversed by
SOCS1 knockdown using SOCS1 shRNA (Figure 6b). More-
over, downregulation of the expression of SOCS1 by SOCS1
shRNA was validated by gPCR and western blotting
(Supplementary Figure S2). These results suggested that
the CHBP-induced inhibition of DC maturation is mediated by
the upregulation of SOCS1.

To further determine the upstream signal regulation
mechanism, we examined the Jak-2/STAT3 signal pathway,
which is responsible for the activation of SOCS1. In the
presence of CHBP, the expression of both Jak-2 and p-STAT3
in DCs was upregulated, regardless of SOCS1 shRNA
treatment (Figure 6a and b). In addition, the suppressive
effects of CHBP could be markedly inhibited by the Jak-2
inhibitor AG490, as shown in Figure 6¢c and d. CHBP also
increased the expression of Jak-2 and p-STAT3 in the absence
of LPS stimulation, indicating that it activates the Jak-2/STAT3
signal pathway. Therefore, the inhibition of BM-derived DC
maturation by CHBP is mediated by the activation of Jak-2/
STAT3/SOCS1 (Figure 7).

Discussion

In this study, we demonstrate for the first time that the novel
peptide CHBP ameliorates AR in a rat renal transplantation
model. Mechanistically, CHBP inhibits the infiltration of T cells
through suppressing DC maturation via the Jak-2/STAT3/
SOCSH1 signal pathway.
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Figure 2 CHBP inhibited the infiltration of CD4* and CD8* T cells and ameliorated systemic and local inflammation. The expression of CD4 and CD8 in renal allografts was
detected by immunohistochemical staining (a) and semiquantitative analysis for the number of CD4* and CD8" T cells was shown (b). Scale bar, 50 um. (c) Levels of IL-14, IFN-y,
IL-4 and IL-10 in serum were detected by ELISA. (d) The expression of IL-153, IFN-y, IL-4 and IL-10 in kidneys was detected by western blotting. Results are mean + S.D. from
three independent experiments. (a and d) Representative images from one experiment out of three are shown
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CHBP is a novel derivative of helix B surface peptide
(HBSP).'® Based on our previous study, the linear peptide
HBSP exerts strong renoprotective effects in renal ischemia
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Figure 3 CHBP suppressed mDC location in the renal allograft. (a) The
expression of OX62 combined with MHC-II or CD86 in renal allografts was detected
by immunohistochemical staining. Scale bar, 50 zm. (b) The ratios of double staining
cells/DAPI* cells. Results are mean + S.D. from three independent experiments.
Representative images from one experiment out of three are shown
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reperfusion injury, in which model the innate immunity plays a
predominant role.'®° With the induction of kidney parench-
yma apoptosis, the pro-inflammatory cells such as macro-
phages and neutrophils are activated, and inflammation
cascade subsequently aggravates kidney injury. However,
the mechanisms of renal injury between ischemia reperfusion
and AR are quite different. The fact that the innate immune
system is necessary but not sufficient is well established. DC
is a bridge connecting innate and adaptive immune system,
and the allogeneic T-cell activation elicited by donor or
recipient DC contributes directly to kidney AR. In this study,
we found that the numbers of infiltrated CD4* and CD8" T cells
were significantly decreased by treatment with CHBP,
suggesting a failure in the full activation of anti-donor T-cell-
mediated rejection. In a recent study, allogeneic grafts elicited
persistent differentiation of monocytes into mDCs expressing
IL-12 and stimulated T-cell proliferation and IFN-y production.
By contrast, the depletion of monocyte-lineage cells in the host
at the time of transplantation significantly reduced T-cell
infiltration.2" Therefore, our results indicated that CHBP also
inhibited the adaptive immune response by inhibiting DC
maturation.

OX62 is a specific marker of rat DCs.?? In the renal grafts,
CHBP reduced the number of in situ DCs as well as their
activation, as determined by the decreased levels of OX62,
MHC-Il and CD86 expression. MHC-II is an important Ag-
presenting molecule of mDCs that are able to phagocytose
Ags and present Ags to T cells via the peptide—-MHC complex.
CD80 and CD86 are co-stimulatory molecules as a second
signal whose expression are upregulated when DCs are
activated.?® Besides the decreased expression levels of CD80
and CD86, the MLR assay also showed that CHBP
significantly inhibited the ability of DCs to activate T cells in
the presence of alloreactive Ags. CHBP treatment, however,
has no obvious effects on T cells directly. Therefore, these
results demonstrated that CHBP played an immunosuppres-
sive role in allogeneic immune responses by suppressing DC
maturation. In addition, recent findings reveal that the infusion
of imDCs ameliorates allograft rejection and prolongs graft
survival.?*2® In summary, manipulatihg DCs may be a
prominent anti-rejection therapy for kidney transplantation in
the future.

In this study, we also investigated the mechanism by which
CHBP inhibits DC maturation. As a linear precursor peptide of
CHBP, HBSP was found to ameliorate inflammation and
apoptosis in the kidney by our group' and other
researchers.?® Both HBSP and CHBP derived from erythro-
poietin (EPO), previous study reported by Rocchetta et al.,
revealed that EPO enhanced immunostimulatory properties of
imDCs, beyond its erythropoietic and cytoprotective effects.?’
Owing to the instability of HBSP, we designed and synthesized
conformationally constrained CHBP with significantly
increased resistance to proteolytic degradation and improved
renoprotective potency based on the amino acid sequence of
HBSP.'® CHBP and HBSP share the same receptor, named
tissue protective receptor (TPR), which is a heterodimer
receptor composed of EPO receptor (EPOR) and cR.28 Jak-2
is a downstream adaptor protein of TPR signaling that
subsequently activates STAT3.2® Interestingly, EPO stimula-
tion of the BM-DCs leads to Tyr phosphorylation of STAT3,
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Figure 4 CHBP inhibited DC maturation in vitro. BM cells from Wistar rats were plated in 24-well plates with rGM-CSF (20 ng/ml) and rlL-4 (10 ng/ml) with or without CHBP
(20 nmol/l). Cells were cultured for 8 days to induce imDCs and LPS was added in the culture system for another 24 h to induce mDCs. (a) The expression of MHC-II, CD80 and
CD86 on mDCs was examined by flow cytometry. (b) Levels of TNF-a, IFN-y, IL-14, IL-2, IL-4, IL-12 and IL-10 in the supernatant were detected using ELISA. (¢) The proliferation
of T cells inhibited by DCs with or without CHBP incubation was evaluated by MLR (d) Direct effect of CHBP on T cells proliferation was examined by T cells proliferation assay.
Results are mean + S.D. from three independent experiments. *P< 0.05 imDC + CHBP versus mDC, *P<0.05 imDC + CHBP versus imDC + Vehicle
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Figure 5 CHBP modulated SOCS expression in the transplant kidney in vivo and DCs in vitro. In the in vivo transplant model, the mRNA level and protein level of SOCST,
SOCS2 and SOCS3 were detected by RT-gPCR (a) and western blotting (b). (¢) In the in vitro cell culture model, SOCS1, SOCS2 and SOCS3 protein levels in mDCs after LPS
induction with or without CHBP (20 nmol/l) were detected by western blotting. Results are mean + S.D. from three independent experiments. (b and c) Representative images

from one experiment out of three are shown

suggesting STAT3 may play a more important role in EPOR
signaling in BM-DCs.?° In the present study, we provide the
first demonstration that CHBP activates the Jak-2/STAT3
signaling pathway in imDCs.

Although the activation of Jak-2/STAT3 does not directly
influence the TLR-2/4-mediated signaling pathway, STAT3
induces the expression of proteins in the SOCS family, such as
SOCS1, SOCS2 and SOCS3. SOCS proteins are key
regulators of cytokine signaling and are important for main-
taining balance in the immune system. These proteins are
thought to participate in negative feedback loops in cytokine
signaling.®® We found that the mRNA expression of SOCS1
and SOCS3 in the ftransplant kidney was significantly
increased in the CHBP group compared with the allogeneic
control group. Because SOCSs negatively regulate TLR
signaling.®' We further examined the expression of SOCSH1,
SOCS2 and SOCS3 at the protein level in the CHBP-treated
mDCs. Interestingly, only SOCS1 was significantly increased.
Thus, the results suggest that the Jak-2/STAT3/SOCS1
pathway is involved in the negative regulation of TLR-2/4
signaling by treatment with CHBP.

Recent studies have revealed that silencing of the socs1
gene in DCs enhances DC maturation and thus increases
antitumor immunity.3? Moreover, in the SOCS1~/~ mouse, the
developmental process for T cells in the thymus is disordered,
and the peripheral T cells exhibit abnormal activation
accompanied by Th2 cells in a disturbed state. SOCS1~/~
macrophages produce large amounts of inflammatory cyto-
kines in response to lipopolysaccharide.®® These studies
indicate that SOCS1 is an important regulator of DC
maturation. In the present study, TLR-2/4 signaling in imDCs
was rescued by SOCS1 shRNA even after treatment with
CHBP. Thus, our results prove that SOCS1 is the key regulator
involved in the CHBP-mediated inhibition of DC maturation.

In this study, we transplanted renal allografts orthotopically
into unilaterally nephrectomized recipient rats. There are
some advantages to transplanting renal allografts into
unilaterally nephrectomized recipient rats. First, the unilater-
ally nephrectomized transplant model is an established model
to investigate allogeneic immune responses after transplanta-
tion, including allogeneic immunocytes infiltration and histolo-
gical damages, although renal function in terms of serum
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Figure 6 The inhibition of DC maturation by CHBP is mediated by Jak-2/STAT3/SOCS1 signaling. Cells were cultured for 8 days to induce imDCs and LPS was added in the
culture system for another 24 h to induce mDCs. (a) The expression of Jak-2, p-STAT3, NF-xB, TLR-2, TLR-4 and IRAK1 was examined by western blotting in BM-derived DC
maturation model. (b) Semiquantitative analysis for western blotting was shown. (€) The expression of p-STAT3, NF-«B, TLR-2, TLR-4 and IRAK1 was examined by western
blotting in LPS-induced DCs maturation model. (d) Semiquantitative analysis for western blotting was shown. Results are mean + S.D. from three independent experiments.
(a and ¢) Representative images from one experiment out of three are shown
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Figure 7 Schematic diagram demonstrating the signaling pathways involved in the inhibition of DC maturation by CHBP

creatinine and blood urine nitrogen could not be unchanged
(Supplementary Figure S1). Second, unilaterally nephrecto-
mized recipients exhibited better general conditions than
bilaterally nephrectomized recipients after transplantation,
particularly in terms of recipient survival. However, this study
had some limitations. First, the impact of CHBP on other
APCs, such as macrophages and B cells or adaptive
immunocytes, still requires further investigation. Second, the
different doses of CHBP should also be tested in an in vivo
model for further preclinical research.

In conclusion, this study demonstrates that the novel
peptide CHBP effectively protects renal allografts against
AR. The anti-AR effects of CHBP are mediated through the
inhibition of DC maturation via the Jak-2/STAT3/SOCS1
signaling pathway. These results suggest that CHBP may be
an effective therapeutic drug for renal allograft rejection and
provide invaluable data for potential clinical translation in the
future.

Materials and Methods

Rat acute renal allograft rejection model. An orthotopic renal
transplantation model was performed using male Lewis rats (Weitonglihua
Company, Beijing, China) and male Wistar rats (SLAC Laboratory Animal Co.,
Ltd., Shanghai, China), weighing 180-200g. The MHC is incompatible between
Lewis rats and Wistar rats. To establish the AR model, the donor kidney removed
from a Wistar rat was transplanted orthotopically into a unilaterally nephrectomized
Lewis recipient with end-to-end anastomosis of the renal artery, vein and ureter. All
of the rats were bred in an experimental SPF-grade animal room. No
immunosuppressive agents were used. The recipients were divided into three
groups (n=5 for each group): (1) isogenic group, from Lewis to Lewis; (2)
allogeneic group, from Wistar to Lewis with saline treatment; and (3) CHBP group,

from Wistar to Lewis with CHBP treatment. The rats in the CHBP-treated group
were administered 24 nmol/kg/day CHBP i.p. once per day after transplantation from
day 0 to day 5, and the same dose of 0.9% saline as a vehicle was injected into the
rats in the allogeneic group. All of the animal experiments were performed according
to the guidelines of the Care and Use of Laboratory Animals of the Laboratory
Animal Ethical Commission of Fudan University.

Histological analysis of allograft rejection. Kidney tissue sections were
stained with hematoxylin and eosin. Injured tubules were identified with one or more
of the following characteristics: tubular atrophy, loss of brush border, loss of nuclei,
basement membrane disruption and detachment of epithelial cells. More than 600
tubules were examined in each animal using 15 high-power fields in the renal
cortex, and the results were expressed as percentages of injured tubules. The Banff
interstitial inflammation score on a scale of 0 to 3 was used based on the
percentage of cortical tissue affected by parenchymal inflammation (0, <10%; 1+,
10-25%; 2+, 26-50%; 3+, >50%). Twenty high-power fields in the renal cortex
were scored for each animal, and scoring was performed on blinded slides.

ISEL apoptotic cells. ISEL apoptotic cells were detected using a TUNEL
Apoptosis Detection Kit (Millipore, Billerica, MA, USA) as described previously.'®

Immunohistochemistry. Immunohistochemical staining of CD4, CD8, OX62,
MHC-Il and CD86 (Abcam, Cambridge, UK) was performed on paraffin-embedded
or frozen sections using a DAKO ChemMate EnVision Detection Kit (DAKO,
Carpinteria, CA, USA) as described previously.'**%3 The fluorescence intensity
of OX62 and MHC-II or CD86 coexpression areas was quantitated using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

ELISA. The cytokines IL-14, IL-2, IL-4, IL-10, IL-12, TNF-a and IFN-y were
assayed in duplicate using a sandwich ELISA (R&D Systems, Minneapolis, MN,
USA). The sample preparation and procedure were performed according to the
manufacturer’s instructions.
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Western blotting. Twenty micrograms of proteins from the kidneys or DC
homogenates were separated on 15 or 10% (wt/vol) polyacrylamide denaturing gels
and electro-blotted onto polyvinylidene fluoride membranes. The primary antibodies
used were anti-caspase-3 (1: 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
IL-15 (1:1000; Cell Signaling Technology, Danvers, MA, USA), IFN-y (1:1000; Cell
Signaling Technology), IL-4 (1:1000; Cell Signaling Technology), IL-10 (1 : 1000; Cell
Signaling Technology), SOCS1-3 (1 : 1000; Cell Signaling Technology), Jak-2 (1 : 1000;
Cell Signaling Technology), phospho-STAT3 (1 : 1000; Cell Signaling Technology), NF-
B (1:1000; Cell Signaling Technology), TLR-2 (1:1000; Cell Signaling Technology),
TLR-4 (1:1000; Cell Signaling Technology) and IRAK1 (1:1000; Cell Signaling
Technology). The semiquantitative analysis (AlphaView Software 3.3; ProteinSimple,
San Jose, CA, USA) results were expressed as the optical volume densities (OD x
mm?) normalized to f-actin (1:10000 dilution; Abcam).

Real-time quantitative PCR (qPCR). The mRNA expression levels of
SOCS1, SOCS2 and SOCS3 were measured by real-time gPCR as described
previously.16 The sequences of the primers are listed in Supplementary Table S1.

shRNA knockdown assay. The shRNA sequence for SOCS1
(GGAACTGCTTCTTCGCGCTCA) and the negative control sequence
(TTCTCCGAACGTGTCACGT) were cloned into the lentiviral pLKO.1 vector. Viral
production was performed in 293 T cells via the cotransfection of the lentiviral vector
pLKO.1 and packaging plasmids. The cells were incubated overnight at 37 °C with
5% CO,. The supernatants were collected at 48 h post-transfection, and the virus
stock solution was used to infect marrow cells. The protein levels of SOCS1 were
detected by western blotting.

Flow cytometry analysis. Monoclonal antibodies with the following
specificities were obtained from BD Biosciences (San Diego, CA, USA): CD103
(OX62), MHC-II (HIS19), CD80 (3H5) and CD86 (24 F). Multiple-color flow
cytometric analysis was performed using a FACS Aria instrument (BD Biosciences).

BM preparation and DC induction. Maturation of rat DCs was induced as
previously described.”” Briefly, femurs and tibiae of female Wistar rats were
removed and purified from the surrounding muscle tissue. Intact bones were left in
70% ethanol for 2-5min for disinfection and washed with PBS. Then both ends
were cut with scissors and the marrow flushed with RPMI 1640 using a syringe with
a 0.45- mm diameter needle. The marrow was suspended, passed through a nylon
mesh to remove small pieces of bone and debris, and red cells were lysed.

After washing, 10% cells were plated in 24-well plates in 1 ml medium that was
further supplemented with rGM-CSF (20 ng/ml) and rlL-4 (10 ng/ml) (R&D Systems)
with or without CHBP (20 nmol/l). Cultures were fed every second day; 75% of the
medium was aspirated and replaced with fresh medium containing cytokines and/or
CHBP for 8 days to induce imDCs. Then, cells were centrifuged, dispersed in fresh
media without cytokines and subcultured at 8 x 10%ml in 100 mm dishes for 24 h with
LPS stimulation (100 ng/ml). After overnight culture, large numbers of typical floating
mDCs, covered with large veiled processes, were harvested.

MLR. Mononuclear cells (MNCs) of spleens from Lewis rats were obtained by
Ficoll density gradient centrifugation. CD4* T cells were magnetically purified from
MNCs according to the manufacturer’s recommendations (Miltenyi Biotec, Auburn,
CA, USA). The purity of sorted cells in this study was consistently more than 95%.
BM-derived DCs from Wistar rats with or without CHBP treatment were lethally
irradiated (30 Gy). The DCs were then cultured in graded doses with CD4* T cells
(3x10° cells/well) isolated from Lewis rats in RPMI 1640 medium for 5 days. [°H]
Thymidine (1 uCi/well; Shanghai Institute of Applied Physics, Chinese Academy of
Sciences, Shanghai, China) was added 18 h before the end of the culture period.
The cells were then harvested onto glass fiber mats for the measurement of [BH]
thymidine incorporation.

T-cell proliferation. CD4* T cells were magnetically purified from spleens of
Wistar rats according to the manufacturer's recommendations (Miltenyi Biotec).
Then, CD4" T cells (2x10° cells/well) in triplicate 96-well, round-bottom culture
plates were stimulated with plated-coated anti-CD3 antibody (5 xg/ml) and soluble
anti-CD28 antibody (1 ug/ml) (both from eBioscience, San Diego, CA, USA) in
RPMI 1640 medium with or without CHBP (20 nmol/l) for 72 h. [*H]Thymidine
(1 uCilwell) was added 18 h before the end of the culture period. The cells were
then harvested onto glass fiber mats for the measurement of [*Hjthymidine
incorporation.

Cell Death and Disease

Statistical analysis. Results are expressed as the means = standard
deviation (S.D.). Normality tests were carried out, and statistical analysis of the
data was performed through one-way ANOVA using SPSS 18.0 software (SPSS
Inc., Armonk, NY, USA). P<0.05 was considered statistically significant.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This study was supported by the National Natural
Science Foundation of China (81400752 to CY, 81400688 to YZ, 81270832 to RR,
81270833 and 81570674 to TZ and 81370852 to MX), Project funded by China
Postdoctoral Science Foundation (2014M551327 to YZ), Shanghai Postdoctoral
Project funded by the Science and Technology Commission of Shanghai Municipality
(14R21410200 to YZ), China National Science Fund for Distinguished Young
Scholars (81325020 to YL) and the Science and Technology Commission of
Shanghai Municipality (12ZR1405500 to RR) of Zhongshan Hospital, Fudan
University, China.

. Ingulli E. Mechanism of cellular rejection in transplantation. Pediatr Nephrol 2010; 25: 61-74.

. Legendre C, Canaud G, Martinez F. Factors influencing long-term outcome after kidney
transplantation. Transpl Int 2014; 27: 19-27.

. Morelli AE. Dendritic cells of myeloid lineage: the masterminds behind acute allograft
rejection. Curr Opin Organ Transplant 2014; 19: 20-27.

. Spahn JH, Li W, Kreisel D. Innate immune cells in transplantation. Curr Opin Organ
Transplant 2014; 19: 14-19.

. Ibernon M, Moreso F, Seron D. Innate immunity in renal transplantation: the role of
mannose-binding lectin. Transplant Rev (Orlando) 2014; 28: 21-25.

. Fuquay R, Renner B, Kulik L, McCullough JW, Amura C, Strassheim D et al. Renal ischemia-
reperfusion injury amplifies the humoral immune response. J A Soc Nephrol 2013; 24:
1063-1072.

. Moreau A, Varey E, Anegon I, Cuturi MC. Effector mechanisms of rejection. Cold Spring
Harbor Perspect Med 2013; 3.

. Ruiz P, Maldonado P, Hidalgo Y, Gleisner A, Sauma D, Silva C et al. Transplant tolerance:
new insights and strategies for long-term allograft acceptance. Clin Dev Immunol 2013;
2013: 210506.

. Ponticelli C. The mechanisms of acute transplant rejection revisited. J Nephrol 2012; 25: 150-158.

10. Ezzelarab M, Thomson AW. Tolerogenic dendritic cells and their role in transplantation.
Semin Immunol 2011; 23: 252-263.

11. Sun G, Shan J, Li Y, Zhou Y, Guo Y, Wu W et al. Adoptive infusion of tolerogenic dendritic
cells prolongs the survival of pancreatic islet allografts: a systematic review of 13 mouse and
rat studies. PLoS One 2012; 7: €52096.

12. Svajger U, Rozman P. Tolerogenic dendritic cells: molecular and cellular mechanisms in
transplantation. J Leuk Biol 2014; 95: 53-69.

13. Xia MJ, Shan J, Li YP, Zhou YN, Guo YJ, Sun GX et al. Adoptive transfusion of tolerant
dendritic cells prolong the survival of renal allografts: a systematic review. J Evid Based Med
2013; 6: 250-264.

14. Pham PT, Schaenman J, Pham PC. BK virus infection following kidney transplantation: an
overview of risk factors, screening strategies, and therapeutic interventions. Curr Opin Organ
Transplant 2014; 19: 401-412.

15. Moes AD, Hesselink DA, Zietse R, van Schaik RH, van Gelder T, Hoorn EJ. Calcineurin
inhibitors and hypertension: a role for pharmacogenetics? Pharmacogenomics 2014; 15:
1243-1251.

16. Yang C, Xu Z, Zhao Z, Li L, Zhao T, Peng D et al. A novel proteolysis-resistant cyclic helix B
peptide ameliorates kidney ischemia reperfusion injury. Biochim Biophys Acta 2014; 1842:
2306-2317.

17. Zhuang Q, Lakkis FG. Dendritic cells and innate immunity in kidney transplantation. Kidney
Int 2015; 87: 712-718.

18. Yang C, Xu Z, Zhao Z, Li L, Zhao T, Peng D et al. A novel proteolysis-resistant cyclic helix B
peptide ameliorates kidney ischemia reperfusion injury. Biochim Biophys Acta 2014; 1842:
2306-2317.

19. Yang C, Zhao T, Lin M, Zhao Z, Hu L, Jia Y et al. Helix B surface peptide administered after
insult of ischemia reperfusion improved renal function, structure and apoptosis through beta
common receptor/erythropoietin receptor and PI3K/Akt pathway in a murine model. Exp Biol
Med 2013; 238: 111-119.

20. Wu'Y, Zhang J, Liu F, Yang C, Zhang Y, Liu A et al. Protective effects of HBSP on ischemia

reperfusion and cyclosporine a induced renal injury. Clin Dev Immunol 2013; 2013: 758159.

Oberbarnscheidt MH, Zeng Q, Li Q, Dai H, Williams AL, Shlomchik WD et al. Non-self

recognition by monocytes initiates allograft rejection. J Clin Invest 2014; 124: 3579-3589.

22. Muthana M, Fairburn B, Mirza S, Slack LK, Pockley AG. Systematic evaluation of the

conditions required for the generation of immature rat bone marrow-derived dendritic cells

and their phenotypic and functional characterization. J Immunol Methods 2004; 294:

165-179.

n

w

~

o

[=2]

-

[e=]

©

21.

e



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kapsenberg ML. Dendritic-cell control of pathogen-driven T-cell polarization. Nat Rev
Immunol 2003; 3: 984-993.

Vassalli G. Dendritic cell-based approaches for therapeutic immune regulation in solid-organ
transplantation. J Transplant 2013; 2013: 761429.

O'Flynn L, Treacy O, Ryan AE, Morcos M, Cregg M, Gerlach J et al. Donor bone marrow-
derived dendritic cells prolong corneal allograft survival and promote an intragraft
immunoregulatory milieu. Mol Ther 2013; 21: 2102-2112.

Brines M, Patel NS, Villa P, Brines C, Mennini T, De Paola M et al. Nonerythropoietic, tissue-
protective peptides derived from the tertiary structure of erythropoietin. Proc Natl Acad Sci
USA 2008; 105: 10925-10930.

Rocchetta F, Solini S, Mister M, Mele C, Cassis P, Noris M et al. Erythropoietin enhances
immunostimulatory properties of immature dendritic cells. Clin Exp Immunol 2011; 165:
202-210.

Brines M, Cerami A. The receptor that tames the innate immune response. Mol Med 2012;
18: 486-496.

Lifshitz L, Prutchi-Sagiv S, Avneon M, Gassmann M, Mittelman M, Neumann D. Non-
erythroid activities of erythropoietin: functional effects on murine dendritic cells. Mol Immunol
2009; 46: 713-721.

Liang Y, Xu WD, Peng H, Pan HF, Ye DQ. SOCS signaling in autoimmune
diseases: molecular mechanisms and therapeutic implications. Eur J Immunol 2014; 44:
1265-1275.

Naka T, Fujimoto M, Tsutsui H, Yoshimura A. Negative regulation of cytokine and TLR
signalings by SOCS and others. Adv Immunol 2005; 87: 61-122.

Evel-Kabler K, Song XT, Aldrich M, Huang XF, Chen SY. SOCST1 restricts dendritic cells'
ability to break self tolerance and induce antitumor immunity by regulating IL-12 production
and signaling. J Clin Invest 2006; 116: 90-100.

CHBP ameliorates renal transplant AR
C Yang et al

34,
35.

36.

37.

. Nakagawa R, Naka T, Tsutsui H, Fujimoto M, Kimura A, Abe T et al. SOCS-1 participates in

negative regulation of LPS responses. Immunity 2002; 17: 677-687.

Yang C, Jia Y, Zhao T, Xue Y, Zhao Z, Zhang J et al. Naked caspase 3 small interfering RNA
is effective in cold preservation but not in autotransplantation of porcine kidneys. J Surg Res
2013; 181: 342-354.

Yang C, Li L, Xue Y, Zhao Z, Zhao T, Jia Y et al. Innate immunity activation involved in
unprotected porcine auto-transplant kidneys preserved by naked caspase-3 siRNA. J Trans/
Med 2013; 11: 210.

Yang C, Zhao T, Zhao Z, Jia Y, Li L, Zhang Y et al. Serum-stabilized naked caspase-3 siRNA
protects autotransplant kidneys in a porcine model. Mol Ther 2014; 22: 1817-1828.
Talmor M, Mirza A, Turley S, Melman I, Hoffman LA, Steinman RM. Generation or
large numbers of immature and mature dendritic cells from rat bone marrow cultures.
Eur J Immunol 1998; 28: 811-817.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from
the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Cell Death and Disease


http://creativecommons.org/licenses/by/4.0/

	title_link
	Results
	CHBP treatment ameliorated AR and modulated apoptosis in renal allografts

	Figure 1 CHBP reduced AR and modulated apoptosis in kidney allografts.
	CHBP ameliorated systemic and local inflammation
	CHBP suppressed mature DC location in�vivo
	CHBP inhibited bone marrow (BM)-derived DC maturation in�vitro
	CHBP mediated Jak-2/STAT3/SOCS1 signaling to inhibit DC maturation

	Discussion
	Figure 2 CHBP inhibited the infiltration of CD4+ and CD8+ T�cells and ameliorated systemic and local inflammation.
	Figure 3 CHBP suppressed mDC location in the renal allograft.
	Figure 4 CHBP inhibited DC maturation in�vitro.
	Figure 5 CHBP modulated SOCS expression in the transplant kidney in�vivo and DCs in�vitro.
	Figure 6 The inhibition of DC maturation by CHBP is mediated by Jak-2/STAT3/SOCS1 signaling.
	Materials and Methods
	Rat acute renal allograft rejection model
	Histological analysis of allograft rejection
	ISEL apoptotic cells
	Immunohistochemistry
	ELISA

	Figure 7 Schematic diagram demonstrating the signaling pathways involved in the inhibition of DC maturation by�CHBP
	Western blotting
	Real-time quantitative PCR (qPCR)
	shRNA knockdown assay
	Flow cytometry analysis
	BM preparation and DC induction
	MLR
	T-cell proliferation
	Statistical analysis
	This study was supported by the National Natural Science Foundation of China (81400752 to CY, 81400688 to YZ, 81270832 to RR, 81270833 and 81570674 to TZ and 81370852 to MX), Project funded by China Postdoctoral Science Foundation (2014M551327 to YZ), Sha

	ACKNOWLEDGEMENTS




