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Dendritic Cells Transduced with
Single Immunoglobulin IL-1-Related
Receptor Exhibit Immature
Properties and Prolong Islet
Allograft Survival

Zhicheng Xue', Xuzhi Zhang', Maogen Chen, Xinjun Lu, Ronghai Deng* and Yi Ma*

Department of Organ Transplantation, First Affiliated Hospital of Sun Yat-sen University, Guangzhou, China

Members of toll-like receptor-interleukin 1 receptor signaling [TLR/IL-1R (TIR)] superfamily
mediate maturation of dendritic cells (DCs) and launch immune response in transplanted
organs. In this study, we hypothesized that TIR8, also known as single immunoglobulin
IL-1-related receptor (SIGIRR) molecule, refrain DCs from maturation and induce immune
tolerance of transplanted organ. DCs were transduced with the recombinant adenovirus
Ad5F35 to highly express SIGIRR (DC-SIGIRR), then injected to murine recipient before
islet transplantation. It revealed that DCs transduced with SIGIRR had low expression
of major histocompatibility and costimulatory molecules along with strong phagocytic
ability in vitro assay. The data demonstrated that recipients treated with DC-SIGIRR had
satisfying islet allograft function and long survival times, with an increase of Treg and
reduction of Th17 in both spleen and draining lymph nodes in vivo. Therefore, genetic
modification of SIGIRR inhibits DC activation and maturation, affects differentiation of
T cell subsets, protects allograft biological function, and prolongs graft survival.

Keywords: single immunoglobulin IL-1-related, TIR8, dendritic cell, immune tolerance, islet transplantation,
adenovirus transduction

INTRODUCTION

With the increasing prevalence of diabetes and surgical advances made in clinical transplantation
over the past decade, doctors found islet transplantation a minimally invasive therapeutic treat-
ment that can effectively recuperate normoglycemia and insulin independence in Type 1 diabetes
mellitus without the surgical complications associated with vascularized pancreatic allograft
(1, 2). Nonetheless, rejection of allografts continues to hamper the success of islet transplantation.
Therefore, it is of critical importance to identify a potent and effective immune therapy for patients
received islet transplantation.

Dendritic cells (DCs), the potent antigen presenting cells (APCs), play a critical role in activating
antigen-specific transplant immune response. DCs provide an initiating signal to induce innate and
specific immunity, as well as transplantation immune reaction (3). With high expression of costimu-
latory molecules and major histocompatibility complex (MHC) on the cell surface, mature DCs are
able to induce immune response while immature DCs, lacking of aforementioned molecules, are
likely to cause T cell hyporesponsiveness and polarization of T cell subsets (4), thereby inducing
antigen-specific tolerance.
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Single immunoglobulin IL-1-related receptor (SIGIRR)
molecule, a key member of the toll-like receptor-interleukin 1
receptor signaling (TLR/IL-1R) receptor superfamily, suppresses
signaling receptor complexes of IL-1 family members associated
with helper T cells differentiation and TLR-mediated activation
(5). SIGIRR is expressed by NK cells, B cells, monocytes, and
immature myeloid DCs, with reduced expression upon matura-
tion (6, 7). Current evidences suggests that in murine model of
kidney allograft acceptance constructed by blockade of costimu-
lation, most SIGIRR—/— grafts were rapidly rejected and SIGIRR
deficiency is associated with expansion and maturation of renal
resident DC precursors (8). In the skin allograft model, MyD88
deletion abrogated the post-transplant increase in the quantity
of mature DCs in draining lymph nodes, further suggesting the
importance of TLR-dependent signals in DC maturation (9, 10).
All the studies above indicated that SIGIRR is indeed involved
in the modulation of DC maturation and function, which have
the potential therapeutic implication for inducing immune toler-
ance by manipulating high expression of SIGIRR in DCs before
transplantation.

Given the negative effect of SIGIRR in immune response, we
tested the hypothesis that overexpression of SIGIRR inhibits DC
maturation and function by transducing DCs with the recombi-
nant adenovirus Ad5F35 to highly express SIGIRR, and examined
if DC-SIGIRR prolonged islet allograft survival.

MATERIALS AND METHODS

Animals

Specific pathogen-free (SPF) C57BL/6 mice (H-2%) (male, 6-8
weeks old) and SPF BALB/c mice (H-2¢) (male, 8-10 weeks old)
were purchased from the Experiment Animal Center of Sun Yat-
sen University (Guangzhou, China). All animal experimental
procedures were approved by the Institutional Animal Care and
Use Committee (IACUC), Sun Yat-sen University. Mice were
housed in an SPF-grade facility with proper ambient temperature
and relative humidity, and received humane care in strict accord-
ance with the “3R” Principles of IACUC.

Reagents

Recombinant murine granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) and interleukin-4 (IL-4) were purchased
from PeproTech (NJ, USA). Carboxyfluorescein succinimidy-
lester (CESE), Cell Stimulation Cocktail plus Protein Transport
Inhibitor, Foxp3/Transcription Factor Staining Buffer Set, and
rat anti-mouse fluorescence-conjugated CD3, CD4, CD8, CD25,
Foxp3, IFN-y, IL-4, IL-17A, CD11¢, CD40, CD80, CD86, and
MHC-II (I-A/I-E), as well as their corresponding isotype con-
trols, were purchased from eBioscience (San Diego, CA, USA).
Microbead-conjugated anti-CD11c and LS sorting columns were
purchased from Miltenyi Biotec (Bergisch Gladbach, Germany).
Anti-mouse insulin and glucagon monoclonal antibodies (mAbs)
were purchased from Cell Signaling Technology (Danvers, MA,
USA). The replication-defective recombinant Ad5F35-SIGIRR-
green fluorescent protein (GFP) was constructed by Hanbio
Biotechnology Co., Ltd. (Shanghai, China). Enzyme-linked

immunosorbent assay (ELISA) kits for INF-vy, IL-4, IL-10, and
IL-17 were purchased from RayBiotech (Norcross, GA, USA),
and the tumor growth factor (TGF)-b kit was from eBioscience.
Streptozotocin (STZ), lipopolysaccharide (LPS), tetramethyl-
rhodamine-dextran (TRITC-dextran, 4,000 MW), Histopaque
1077 were purchased from Sigma-Aldrich (St. Louis, CA, USA).
Liberase TL, diphenylthiocarbazone (DTZ), acridine orange
(AO), propidium iodide (PI), blood glucose meter, and blood glu-
cose test strips were purchased form Roche (Basel, Switzerland).

Generation of Bone Marrow Derived
Dendritic Cells (BMDCs), Adoptive
Transduction of SIGIRR, and Phenotype

Analysis

Generation of BMDCs was carried out as previously described
(11). In brief, the erythrocytes were lysed after the femurs and
tibiae of C57BL/6 mice were flushed. Bone marrow cells were then
cultured in 6-well plates with complete culture medium (RPMI
1640 supplemented with 10% FBS, 1% penicillin-streptomycin,
0.1% 2-mercaptoethanol, 1% glutamine, and 40 ng/mL recom-
binant murine IL-4 and GM-CSF) for 6 days to gain immature
DCs (imDCs). By immunomagnetic selection of CD11c+ with
anti-CD11c-conjugated microbeads, imDCs were then puri-
fied to >99%. Purified DCs were sequentially transduced with
Ad5F35-GFP-SIGIRR (DC_SIGIRR) or Ad5F35-GFP (Ad-DCs)
at a multiplicity of infection (MOI) of 1:100 for 24 h in serum-
free RPMI 1640 (12). Mature DCs (mDCs) were generated by
stimulating imDCs with LPS (1 pg/mL) for 24 h. The phenotype
expression of CD40, CD80, CD86, and MHC-II were detected by
flow cytometry for cell maturation. A total of 2 X 10° SIGIRR-DCs
and Ad-DCs were transfected by tail vein injection to recipient
mice 1 day prior to islet transplantation.

Phagocytosis Assay

To investigate the phagocytosis ability of DCs, we measured the
mannose receptor-mediated endocytosis by the cellular uptake of
TRITC-dextran. Approximately 1 X 10° DCs were resuspended in
250 pL of media with 25 pg/mL TRITC-dextran. After incubation
with the TRITC-dextran at 37°C for 2 h, DCs were washed three
times with 4°C PBS and 1% FBS, then stained for extracellular
CDl1c and analyzed by FACS. The fraction of TIRTC-positive
cells was calculated after CD11c-positive cells were gated.

Islet Isolation, Activity Evaluation, and

Transplantation

Diabetes was induced in recipient mice (C57BL/6) via a single
intraperitoneal injection of STZ (200 mg/kg) after fasting for
4-6 h (13). A mouse was defined as a diabetic recipient when
results of three consecutive blood glucose tests under the non-
fasting state were >16.7 mmol/L (300 mg/dL) after STZ injection
(14). Animal groups consisted of a control group, DC group,
Ad-DC group, and DC-SIGIRR group, receiving phosphate
buffered saline (PBS), DC, Ad-DC, and DC-SIGIRR, respectively.
Islets were isolated from BALB/c mice via reverse perfusion of
the common bile duct with Liberase TL and purified by density-
gradient centrifugation. Before transplantation, islet purity was
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tested by DTZ staining and activity was evaluated by AO-PI stain-
ing under an inverted fluorescence microscope. Approximately
2% 10° DCs were adoptively transferred to the recipient mouse on
the day before surgery. Then 350 islets were transplanted to sub-
capsular kidney pouch of diabetic recipients (C57BL/6) created
by a glass capillary tube probe. To ease the hyperglycemic stress
of the newly transplanted islets, each mouse was injected with
one shot of insulin (5 U/kg) at the first day after transplantation.
Rejection of islet allografts was defined as blood glucose levels
>16.7 mmol/L (300 mg/dL) for at least 2 consecutive days.

Intraperitoneal Glucose Tolerance Test

(IPGTT)

On days 10 and 30 after transplantation (about half of allografts
in the Ad-DC group rejected at day 10 while all grafts in con-
trol and Ad-DC group rejected at day 30, and the islet-bearing
kidneys were removed at these time points), a dose of 2 g/kg
glucose was injected intraperitoneally to test glucose tolerance
of the recipients after 4-6 h of fasting (15). After glucose injec-
tion, blood samples were collected from the caudal vein at every
15 min in 2 h and then analyzed for blood glucose levels with a
glucometer. Additionally, IPGTT was repeated after rescission of
islet-bearing kidney to confirm that the recipient blood glucose
response was due to the bioactivity of donor islet allograft, rather
than the recovery of recipient STZ-damaged pancreas.

Flow Cytometric Analysis

Lymphocyte cells were collected from the recipient spleens and
peritoneal draining lymph nodes on day 10 and 30 post trans-
plantation, and stained with the indicated fluorescein mAbs and
analyzed on a flow cytometer (Beckman Coulter FACS Gallios,
USA). Thl, Th2, Th17, Treg, and intracellular cytokine staining
analyses were performed following a 4-6 h stimulation with Cell
Stimulation Cocktail plus Protein Transport Inhibitor. The cells
were fixed and permeabilized with the Foxp3/Transcription Factor
Staining Buffer Set, then stained for intracellular cytokines. Data
were obtained using Kaluza for Gallios software, and analyzed
with Kaluza Analysis software. Th1 was defined as CD34-/CD8—/
IFN+, Th2 was defined as CD3+/CD8—/IL-4+, Th17 was defined
as CD3+4/CD4+/IL-17+, and Treg was defined as CD4+/CD25+/
Foxp3+.

Enzyme-Linked Immunosorbent Assay
Blood samples were collected from the retro-orbital sinus on days
10 and 30 after transplantation. Samples were properly pretreated
and stored at —80°C until analysis. Serum levels of IL-4, IL-10,
IL-17, and INF-y were examined according to the manufacturer’s
protocols.

Hematoxylin and Eosin (HE) and

Immunofluorescence (IF) Analyses

Islet allografts were obtained on days 10 and 30 after transplanta-
tion. Samples were fixed with 10% formalin, and embedded in
paraffin, cut into 3-5 um thick sections, then stained with anti-
mouse insulin or glucagon monoclonal antibodies according to
the manufacturer protocols.

Statistical Analyses

Islet graft survival between groups was analyzed with Kaplan-
Meier analysis. Statistical significance between groups was
determined by ANOVA. All statistical analyses were performed
with SPSS 22.0 software. Values of P < 0.05 were considered
statistically significant. All data were expressed as mean + SD.

RESULTS

Genetically Modified Ad5F35 Increases the

Transduction Efficiency of DCs

The BMDCs were successfully generated with >90% purity after
CDl1l1c-positive immunomagnetic selection (Figures 1A-C).
The genetically modified recombinant adenovirus Ad5F35 was
improved to increase the transduction efficiency (16). Purified
DCs were transduced by Ad5F35-SIGIRR-GFP or Ad5F35-GFP
at an MOI of 1:100 for 24 h. GFP fluorescence was detected by
a fluorescent microscope. Transduction efficiency was analyzed,
and approximately 80% of DCs were successfully transduced at
day 7 (Figure 1D). To further investigate whether the overexpres-
sion can last persistently, DC-SIGIRR was cultured in medium
continuously until spontaneous apoptosis (usually 4-6 weeks) and
GFP fluorescence could still be observed, indicating that Ad5F35
effectively transferred the SIGIRR gene into DCs persistently.

DC-SIGIRR Inhibits Expression of
Costimulatory Molecules and Remains
High Phagocytic Ability in Presence of LPS

Lipopolysaccharide is a representative and well-characterized
stimuli of DC maturation (17). To determine the effect of SIGIRR
overexpression on DC maturation with the existence of exogenous
maturation stimuli, purified iDCs, Ad-DC and DC-SIGIRR were
stimulated with LPS (1 ug/mL) for 24 h, then collected and stained
with fluorescent-conjugated MHC-II, CD40, CD80, and CD86
mAbs. Following LPS stimulation, DC-SIGIRR group expressed
lower levels of CD40, CD80, CD86, and MHC-II than other
groups, retaining characteristic of inDCs (Figure 2A). The result
indicated that SIGIRR could effectively block the antigen-present-
ing and T cell activating capacity of DCs by inhibiting expression
of costimulatory molecules and MHC. Additionally, there was no
significant difference between imDC and Ad-DC group in pheno-
type expression level before LPS stimulation, indicating that the
recombinant adenovirus did not influence DC maturation.

As a prerequisite for antigen-presentation, imDC possesses
stronger antigen phagocytosis ability than mDC. To evaluate DC
phagocytic ability, TRITC-dextran were incubated with purified
iDCs, Ad-DC, or DC-SIGIRR and then assessed by FACS. Both
iDCs and DC-SIGIRR exhibited strong phagocytic ability before
LPS stimulation (Figure 2B). However, it attenuated the phago-
cytic ability of iDCs and Ad-DC after maturation induced by LPS.
On the other hand, DC-SIGIRR maintained valid phagocytic
ability after LPS stimulation.

Given the results of flow cytometry and phagocytosis assay, it
is suggested that even in the presence of maturation and activa-
tion stimuli, the overexpression of SIGIRR arrested maturation
and activation of DCs.
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FIGURE 1 | Generation of bone marrow derived dendritic cells (BMDCs) and transduction of single immunoglobulin IL-1-related receptor (SIGIRR). (A) Mature DCs
(x200); (B) the expression of green fluorescent protein in DCs 24 h after Ad5F35-SIGIRR transduction observed in fluorescence microscopy. (C) Purity of BMDCs;
(D) transduction efficiency of Ad-SIGIRR.
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FIGURE 2 | Single immunoglobulin IL-1-related receptor (SIGIRR) molecule decreased the expression of major histocompatibility complex (MHC) and costimulatory
molecules. (A) DCs transduced with Ad5F35-SIGIRR-green fluorescent protein were stained with fluorescence conjugated MHC-II, CD40, CD80, and CD86 mAbs
24-48 h later. MHC and costimulatory molecules expression were reduced to different degrees compared to normal DCs in presence of LPS; (B) DCs remained
significant phagocytic ability after LPS stimulation.
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FIGURE 3 | Continued

DCs transduced with single immunoglobulin IL-1-related receptor (SIGIRR) molecule prolongs the allografts survival. (A) Purified islets isolated from the perfusion
with satisfying activity (AO-PI, x40) and function (DTZ, x40). (B) Intraperitoneal glucose tolerance tests (IPGTTs) were performed on day 10 post transplantation to
test recipient glucose tolerance after 4-6 h of fasting. (C) IPGTTs were repeated after the removal of islet-bearing kidney to confirm recipient blood glucose response
was islet allograft dependent. (The upper limit of the blood glucose meter is 33.3 mmol/L, and if the blood glucose level was above the limit it was recorded as

33.3 mmol/L. Data are expressed as mean only.) (D) On day 10 after transplantation, kidneys were removed and stained with the indicated markers. DC-SIGIRR
treated recipients displayed higher expression of insulin and glucagon compared to the other groups, indicating greater function and survival of islet grafts

(HE x 200, IF x 400). (E) Survival of the islet grafts was monitored by daily non-fasting blood glucose levels. Graft survival between groups of PBS control, Ad-DC,
and DC-SIGIRR was compared with Kaplan-Meier analysis (data of DC treated group were not shown as results of DC and Ad-DC group are practically the same,

n = 8). Histological results are shown from a representative recipient from each group.

DC-SIGIRR Protects Allograft Function
and Prolongs the Survival

An islet allograft transplantation model was used to determine
the influence of DC-SIGIRR on transplantation immunity.
Before transplantation, islet purity was evaluated in vitro by DTZ
staining and the activity was evaluated by AO-PI staining after
isolation. The results revealed a high level of islet purity and activ-
ity. Excellent quality islets render the diabetic recipient normo-
glycemia (<16.7 mmol/L) after transplantation (Figure 3A). To
investigate the functional activity of transplanted islet allografts
in vivo, the IPGTT (2 g/kg) was performed on postoperative day
10 to assess glucose tolerance after 4-6 h of fasting (Figure 3B).
All murine recipients exhibited similar baseline of blood glucose
levels before IPGITT. Among groups, blood glucose levels
elevated steeply after glucose injection, peaked at 15 min, and
then descended over time. There was a better and swifter response
to the glucose boost in DC-SIGIRR group than other groups.
IPGTT was performed once again after the removal of the islet
transplanted kidney on day 10 after transplantation and the result
verified that the recipient blood glucose response was islet allo-
graft dependent (Figure 3C). The removed kidney was stained
with HE/IF for insulin and glucagon to confirm the presence of
functional islet grafts (Figure 3D). Survival of the islet grafts were
monitored by non-fasting blood glucose levels daily. DC-SIGIRR
substantially prolonged the survival time of islet allografts, with
a median survival time (MST) of 39 + 1.27 days compared to
27 + 0.36 days (P < 0.01) in the no treatment control group
(Figure 3E). Notably, the survival time of Ad-DC group is aston-
ishingly shorter than the control group. As indicated by the result,
we considered the possibility that excess quantity of homologous
DCs could exaggerate rejection.

DC-SIGIRR Induces Expansion of Treg

and Secretion of Immunosuppressive
Cytokines

To determine the underlying mechanisms of DC-SIGIRR treat-
ment to prolong the islet allograft survival in treated mice, we
evaluated changes in T cell subsets and their secreted cytokines.
Lymphocytes were collected from recipient spleens and drain-
ing lymph nodes, then stained with the indicated fluorescein
mAbs and analyzed on a flow cytometer. The results revealed
that DC-SIGIRR group significantly reduced the population of
Th1 and Th17 subsets in splenocytes (P < 0.05) compared to the
control group and Ad-DC group. Expansion of Treg was observed

in both draining lymph nodes and splenocytes in DC-SIGIRR
group (P < 0.05) (Figures 4A-C). Nevertheless, there were no
significant differences in Th2 cell population in neither the lymph
nodes nor splenocytes between groups (data not shown).

Serum levels of IL-4, IL-10, IL-17, and INF-y were also meas-
ured (Figure 4D). Compared to the Ad-DC group, INF-y and
IL-17 were found lesser (P < 0.01) while IL-10 was significantly
increased in the DC-SIGIRR group compared to the other
groups. Additionally, there were no significant differences in IL-4
secretion in neither the lymph nodes nor splenocytes between
groups (data not shown).

DISCUSSION

Our present study shows that genetically modified DC-SIGIRR
expressed low level of costimulatory molecules, retained strong
phagocytic ability, induced expansion of Treg, and prolonged
islet allograft survival. SIGIRR, an IL-1R/TLR family member,
arrested signaling receptor complexes of IL-1family members
associated with T cell subset differentiation and also dampens
TLR-mediated activation. The negative regulation on signaling
pathway of ILR family and TLRs makes SIGIRR an initial regula-
tor of inflammation, innate immunity, and polarization of T cell
orchestrated adaptive responses.

Toll-like receptors initiate signaling pathways that evoke
activation of innate immunity, which induces DC maturation
and sequentially initiation of adaptive immune responses that
provoke allograft rejection. Moreover, mounting evidence indi-
cated that SIGIRR protein indeed participate in regulating the
maturation and functional states of DCs. In the study conducted
by Noris et al. (8), marked increases both in numbers of intra-
graft CD11b+ cells and DC and in the fraction of these cells that
expressed MHCII were found in sigirr—/— kidney grafts com-
pared with sigirr+/4. The pathogenetic mechanism underlying
the susceptibility of sigirr-deficientlpr/lpr mice to autoimmunity
diseases is based on enhanced activation of DCs to complexed
lupus autoantigens and production of proinflammatory cytokines
(18). To obtain more comprehensive information on the effect
of SIGIRR, it inspired us to explore the consequences of SIGIRR
overexpression in DCs. Thus we increased SIGIRR expression
of DCs by genetically modified Ad5F35 virus transduction.
Our results revealed that SIGIRR overexpression could steadily
refrain DCs from maturation with manifestation of low levels of
MHC and costimulatory molecules expression as well as stable
phagocytosis activity. It is reported that LPS stimulation leads to
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FIGURE 4 | DC-single immunoglobulin IL-1-related receptor (SIGIRR) molecule reduced the populations of Th1 and Th17 cells and their secreted cytokines while
increased the IL-10 level and induced expansion of Treg in transplant recipients. (A-C) Representative flow cytometry plots showing quantity of Th1, Th17, and Treg
lymphocytes in draining lymph nodes and spleens of PBS control, Ad-DC, and DC-SIGIRR on day 10 after transplantation and on the day of rejection. (D) Cytokines
level of serum were analyzed on day 10 after transplantation and on the day of rejection. Data represent the mean + SD of three independent experiments.
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considerable decrease of SIGIRR expression in different murine
tissues (19), and SIGIRR-deficient mice are more susceptible to
the systemic toxicity of LPS (7, 19). However, our results revealed
that even with the presence of LPS, SIGIRR could be persistently
up-regulated in DC transduced with SIGIRR.

According to the result of preliminary experiment, approxi-
mately half of recipients in the Ad-DC group rejected on day 10
while all in the Ad-DC and control group rejected on the day 30
after transplantation. Therefore, we selected day 10 and 30 as a
time point to examine the biological differences among groups as
well as changes in physiological function of grafts over time before
rejection, in addition to the mere comparison of graft survival time.
As expected, DC-SIGIRR significantly prolonged the survival time
of islet allografts whereas Ad-DC exaggerated allograft rejection.
It has been clearly demonstrated by Faustman et al. (20) that islets
pretreated with anti-DC antibody prior to transplantation survived
in their histoincompatible recipients for >200 days while stable
islet allografts rapidly rejected once transplant recipients were
injected with DCs 60 days after transplantation, which is consistent
with our finding that DCs exaggerate graft rejection. Additionally,
many scholars adopted DC modification as a potential strategy
to induce transplantation tolerance (21, 22). The aforementioned
results demonstrate an important in vivo role for DCs in the stimu-
lation of allograft rejection.

Nevertheless, mature DCs may either activate or block Treg
generation upon Ag recognition while DCs do not activate
T cells instead of directing their differentiation to Treg (23).
DCs induce T cell expansion and Th cell subset polarization
via MHC and costimulatory molecules (24). And SIGIRR had
negative effect on DC maturation. However, upon stimulation
of transplant immunity, DCs mature and produce high amounts
of detrimental cytokines, like INF-y and IL17 to allograft, which
inhibits generation and function of Treg and tips the balance of
T cell subsets toward Teff (25). It was reported that SIGIRR dele-
tion severely impaired the appearance of Treg in graft while the
accumulation of Treg in accepted grafts was protective in various
experimental models of transplant tolerance by suppressing Teff
function (26). We then reasoned that persistent overexpression
of SIGIRR in DC could increase the expansion of Treg, secre-
tion of immunosuppressive cytokines and consequently improve
graft survival. Consistently, we found that DC-SIGIRR-treated
recipients had better glucose tolerance than the other groups, and
flow cytometry analysis demonstrated an expansion of Treg and
reduction of Th1 and Th17. This change in T cell subset helps to
alleviate allograft rejection (27), thereby prolonging the survival
of the islet allografts in our model. The reduction of INF-y and
IL-17 serum levels further confirmed this result. As a well-known
immunosuppressive cytokine, IL-10 is a key mediator of immune
tolerance (28). We observed higher expression of IL-10 in allo-
graft recipients, demonstrating that IL-10 is of great importance
for inducing transplant acceptance and tolerance (29).

Though SIGIRR significantly prolongs the islet allograft sur-
vival time, transplantation rejection occurred eventually. Given
the limitation of this study, we infer that the rejection could be
resulted from the following aspects. First, DC-SIGIRR could
not self-renewal like progenitor cells, which means that all of
DC-SIGIRR doomed to apoptosis in the end and consequently

caused time-limited overexpression of SIGIRR in recipients. On
the other hand, proportion of DC-SIGIRR decreased over time
concurrently with continuous generation of protogenetic DCs in
recipients, which gradually exaggerates rejection. Finally, it is a
consensus that the molecular mechanism of transplantation tol-
erance involves complex regulatory network of immune system,
instead of single certain pathway (30, 31). Based on this notion,
it is reasonable to believe that even persistently overexpression
of SIGIRR is not enough to induce stable tolerance. Therefore,
our study demonstrates the therapeutic potential of SIGIRR
overexpression in DCs in tolerance induction, which united other
molecular immune therapies to achieve graft tolerance.

Taken together, injection of DC-SIGIRR prior to transplant
prolonged allograft survival, but all of the islet allografts were
eventually rejected. This leads us to wonder if persistent genera-
tion of DC-SIGIRR in recipients may eventually induce immune
tolerance. Constitutive expression and combination therapeutic
treatment of SIGIRR need to be further explored. Moreover, sigirr
deficiency specifically in DCs is needed for further experiments
in order to fully explore the mechanism of SIGIRR in modulating
DCs function in mouse islet transplant model.

CONCLUSION

Single immunoglobulin IL-1 receptor-related genetic modifica-
tion efficiently confers low expression of MHC and costimulatory
molecules on DCs, which could induce expansion of Treg and
prolonged islet allograft survival in mice. These findings may have
important therapeutic implications for new immunomodulating
protocols, such as manipulating SIGIRR expression in APCs
before transplantation.

ETHICS STATEMENT

This study was carried out in accordance with the recommen-
dations of Experimental Animals Welfare Guideline of the Sun
Yat-sen University Animal Care and Research Committee. The
protocol was approved by the Sun Yat-sen University Animal
Care and Research Committee.

AUTHOR CONTRIBUTIONS

ZX and XZ contribute equally to this work and considered as co-
first authors. ZX analyzed the data, interpreted the results, and
drafted the manuscript of the work; ZX, XL and XZ constructed
the animal models; ZX, XZ, RD and MC analyzed the data; ZX,
XZ,XL,MC and YM interpreted the results; YM and RD designed
the work and revised it critically.

FUNDING

Thisworkwassupported by grantsfrom the National Natural Science
Foundation of China, China (81370574 and 81670591), Guangdong
Natural Science Foundation, China (2016A030311028 and
2014A030310384), Guangdong Provincial Health Department
Foundation, China (B2014114), and the Science and Technology
Program of Guangzhou, China (201704020073).

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1671


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Xue et al.

DC-SIGIRR Prolong Graft Survival

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

Hering BJ, Bellin MD. Transplantation: sustained benefits of islet trans-
plants for TIDM. Nat Rev Endocrinol (2015) 11(10):572-4. doi:10.1038/
nrendo.2015.126

Gangemi A, Salehi P, Hatipoglu B, Martellotto ], Barbaro B, Kuechle JB,
et al. Islet transplantation for brittle type 1 diabetes: the UIC protocol. Am
J Transplant (2008) 8(6):1250-61. doi:10.1111/j.1600-6143.2008.02234.x
Moser M. Dendritic cells in immunity and tolerance-do they display
opposite functions? Immunity (2003) 19(1):5-8. doi:10.1016/S1074-7613
(03)00182-1

FuH, Song S, Liu E, Ni Z, Tang Y, Shen X, et al. Dendritic cells transduced with
SOCS1 gene exhibit regulatory DC properties and prolong allograft survival.
Cell Mol Immunol (2009) 6(2):87-95. doi:10.1038/cmi.2009.12

Garlanda C, Anders HJ, Mantovani A. TIR8/SIGIRR: an IL-1R/TLR family
member with regulatory functions in inflammation and T cell polarization.
Trends Immunol (2009) 30(9):439-46. doi:10.1016/}.it.2009.06.001

Lech M, Garlanda C, Mantovani A, Kirschning CJ, Schlondorff D, Anders HJ.
Different roles of TiR8/Sigirr on toll-like receptor signaling in intrarenal
antigen-presenting cells and tubular epithelial cells. Kidney Int (2007)
72(2):182-92. doi:10.1038/sj.ki.5002293

Garlanda C, Riva F, Polentarutti N, Buracchi C, Sironi M, De Bortoli M, et al.
Intestinal inflammation in mice deficient in Tir8, an inhibitory member of
the IL-1 receptor family. Proc Natl Acad Sci U S A (2004) 101(10):3522-6.
doi:10.1073/pnas.0308680101

Noris M, Cassis P, Azzollini N, Cavinato R, Cugini D, Casiraghi F, et al. The
Toll-IL-1R member Tir8/SIGIRR negatively regulates adaptive immunity
against kidney grafts. JImmunol (2009) 183(7):4249-60. doi:10.4049/
jimmunol.0803549

Goldstein DR, Tesar BM, Akira S, Lakkis FG. Critical role of the toll-like
receptor signal adaptor protein MyD88 in acute allograft rejection. J Clin
Invest (2003) 111(10):1571-8. doi:10.1172/JCI200317573

Tesar BM, Zhang J, Li Q, Goldstein DR. TH1 immune responses to fully
MHC mismatched allografts are diminished in the absence of MyD88, a toll-
like receptor signal adaptor protein. Am ] Transplant (2004) 4(9):1429-39.
doi:10.1111/j.1600-6143.2004.00544.x

Goth SR, Chu RA, Pessah IN. Oxygen tension regulates the in vitro maturation
of GM-CSF expanded murine bone marrow dendritic cells by modulating
class II MHC expression. ] Immunol Methods (2006) 308(1-2):179-91.
doi:10.1016/j.jim.2005.10.012

Mazzolini G, Alfaro C, Sangro B, Feijoo E, Ruiz J, Benito A, et al. Intratumoral
injection of dendritic cells engineered to secrete interleukin-12 by recombi-
nant adenovirus in patients with metastatic gastrointestinal carcinomas. J Clin
Oncol (2005) 23(5):999-1010. doi:10.1200/JCO.2005.00.463

Zmuda EJ, Powell CA, Hai T. A method for murine islet isolation and sub-
capsular kidney transplantation. J Vis Exp (2011) (50):2096. d0i:10.3791/2096
Furman BL. Streptozotocin-induced diabetic models in mice and rats. Curr
Protoc Pharmacol (2015) 70(5):1-20. doi:10.1002/0471141755.ph0547s70
Andrikopoulos S, Blair AR, Deluca N, Fam BC, Proietto J. Evaluating
the glucose tolerance test in mice. Am J Physiol Endocrinol Metab (2008)
295(6):E1323-32. doi:10.1152/ajpendo.90617.2008

Kaka AS, Foster AE, Weiss HL, Rooney CM, Leen AM. Using dendritic cell
maturation and IL-12 producing capacity as markers of function: a cautionary
tale. J Immunother (2008) 31(4):359-69. doi:10.1097/CJL.0b013e318165f5d2
GranucciE Ferrero E, Foti M, Aggujaro D, Vettoretto K, Ricciardi-Castagnoli P.
Early events in dendritic cell maturation induced by LPS. Microbes Infect
(1999) 1(13):1079-84. doi:10.1016/S1286-4579(99)00209-9

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rahman A, Isenberg DA. Systemic lupus erythematosus. N Engl ] Med (2008)
358(9):929-39. doi:10.1056/NEJMra071297

Wald D, Qin J, Zhao Z, Qian Y, Naramura M, Tian L, et al. SIGIRR, a negative
regulator of Toll-like receptor-interleukin 1 receptor signaling. Nat Immunol
(2003) 4(9):920-7. d0i:10.1038/ni968

Faustman DL, Steinman RM, Gebel HM, Hauptfeld V, Davie JM, Lacy PE.
Prevention of rejection of murine islet allografts by pretreatment with
anti-dendritic cell antibody. Proc Natl Acad Sci U S A (1984) 81(12):3864-8.
doi:10.1073/pnas.81.12.3864

Ochando JC, Krieger NR, Bromberg JS. Direct versus indirect allorecognition:
visualization of dendritic cell distribution and interactions during rejection
and tolerization. Am ] Transplant (2006) 6(10):2488-96. doi:10.1111/
j.1600-6143.2006.01494.x

Khan A, Fu H, Tan LA, Harper JE, Beutelspacher SC, Larkin DEF, et al.
Dendritic cell modification as a route to inhibiting corneal graft rejection by
the indirect pathway of allorecognition. Eur ] Immunol (2013) 43(3):734-46.
doi:10.1002/eji.201242914

O’Keeffe M, Mok WH, Radford KJ. Human dendritic cell subsets and function
in health and disease. Cell Mol Life Sci (2015) 72(22):4309-25. doi:10.1007/
s00018-015-2005-0

Tjota MY, Sperling AL Distinct dendritic cell subsets actively induce Th2 polar-
ization. Curr Opin Immunol (2014) 31:44-50. doi:10.1016/j.c0i.2014.09.006
Chen X, Howard OM, Oppenheim JJ. Pertussis toxin by inducing IL-6
promotes the generation of IL-17-producing CD4 cells. J Immunol (2007)
178(10):6123-9. d0i:10.4049/jimmunol.178.10.6123

Chen L, Wang T, Zhou P, Ma L, Yin D, Shen J, et al. TLR engagement
prevents transplantation tolerance. Am J Transplant (2006) 6(10):2282-91.
doi:10.1111/j.1600-6143.2006.01489.x

Chou FC, Kuo CC, Wang YL, Lin MH, Linju Yen B, Chang DM, et al.
Overexpression of galectin-9 in islets prolongs grafts survival via downregu-
lation of Th1 responses. Cell Transplant (2013) 22(11):2135-45. doi:10.3727/
096368912X657891

Shouval DS, Biswas A, Goettel JA, McCann K, Conaway E, Redhu NS, et al.
Interleukin-10 receptor signaling in innate immune cells regulates mucosal
immune tolerance and anti-inflammatory macrophage function. Immunity
(2014) 40(5):706-19. doi:10.1016/j.immuni.2014.03.011

Kitani A, Fuss I, Nakamura K, Kumaki E, Usui T, Strober W. Transforming
growth factor (TGF)-betal-producing regulatory T cells induce Smad-
mediated interleukin 10 secretion that facilitates coordinated immunoregu-
latory activity and amelioration of TGF-betal-mediated fibrosis. ] Exp Med
(2003) 198(8):1179-88. doi:10.1084/jem.20030917

Zuber ], Sykes M. Mechanisms of mixed chimerism-based transplant toler-
ance. Trends Immunol (2017) 38(11):829-43. doi:10.1016/.it.2017.07.008
Wekerle T, Segev D, Lechler R, Oberbauer R. Strategies for long-term
preservation of kidney graft function. Lancet (2017) 389(10084):2152-62.
doi:10.1016/50140-6736(17)31283-7

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

Copyright © 2017 Xue, Zhang, Chen, Lu, Deng and Ma. 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

November 2017 | Volume 8 | Article 1671


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nrendo.2015.126
https://doi.org/10.1038/nrendo.2015.126
https://doi.org/10.1111/j.1600-6143.2008.02234.x
https://doi.org/10.1016/S1074-7613
(03)00182-1
https://doi.org/10.1016/S1074-7613
(03)00182-1
https://doi.org/10.1038/cmi.2009.12
https://doi.org/10.1016/j.it.2009.06.001
https://doi.org/10.1038/sj.ki.5002293
https://doi.org/10.1073/pnas.0308680101
https://doi.org/10.4049/jimmunol.0803549
https://doi.org/10.4049/jimmunol.0803549
https://doi.org/10.1172/JCI200317573
https://doi.org/10.1111/j.1600-6143.2004.00544.x
https://doi.org/10.1016/j.jim.2005.10.012
https://doi.org/10.1200/JCO.2005.00.463
https://doi.org/10.3791/2096
https://doi.org/10.1002/0471141755.ph0547s70
https://doi.org/10.1152/ajpendo.90617.2008
https://doi.org/10.1097/CJI.0b013e318165f5d2
https://doi.org/10.1016/S1286-4579(99)00209-9
https://doi.org/10.1056/NEJMra071297
https://doi.org/10.1038/ni968
https://doi.org/10.1073/pnas.81.12.3864
https://doi.org/10.1111/
j.1600-6143.2006.01494.x
https://doi.org/10.1111/
j.1600-6143.2006.01494.x
https://doi.org/10.1002/eji.201242914
https://doi.org/10.1007/s00018-015-2005-0
https://doi.org/10.1007/s00018-015-2005-0
https://doi.org/10.1016/j.coi.2014.09.006
https://doi.org/10.4049/jimmunol.178.10.6123
https://doi.org/10.1111/j.1600-6143.2006.01489.x
https://doi.org/10.3727/096368912X657891
https://doi.org/10.3727/096368912X657891
https://doi.org/10.1016/j.immuni.2014.03.011
https://doi.org/10.1084/jem.20030917
https://doi.org/10.1016/j.it.2017.07.008
https://doi.org/10.1016/S0140-6736(17)31283-7
http://creativecommons.org/licenses/by/4.0/

	Dendritic Cells Transduced with Single Immunoglobulin IL-1-Related Receptor Exhibit Immature  Properties and Prolong Islet Allograft Survival
	Introduction
	Materials and Methods
	Animals
	Reagents
	Generation of Bone Marrow Derived Dendritic Cells (BMDCs), Adoptive Transduction of SIGIRR, and Phenotype Analysis
	Phagocytosis Assay
	Islet Isolation, Activity Evaluation, and Transplantation
	Intraperitoneal Glucose Tolerance Test (IPGTT)
	Flow Cytometric Analysis
	Enzyme-Linked Immunosorbent Assay
	Hematoxylin and Eosin (HE) and Immunofluorescence (IF) Analyses
	Statistical Analyses

	Results
	Genetically Modified Ad5F35 Increases the Transduction Efficiency of DCs
	DC-SIGIRR Inhibits Expression of Costimulatory Molecules and Remains High Phagocytic Ability in Presence of LPS
	DC-SIGIRR Protects Allograft Function and Prolongs the Survival
	DC-SIGIRR Induces Expansion of Treg and Secretion of Immunosuppressive Cytokines

	Discussion
	Conclusion
	Ethics Statement
	Author Contributions
	Funding
	References


