
©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

Islets 4:4, 284-295; July/August 2012; ©2012 Landes Bioscience

 RESEARCH PAPER

284 Islets Volume 4 Issue 4

*Correspondence to: Garth Warnock; Email: garth.warnock@vch.ca
Submitted: 04/04/12; Revised: 06/21/12; Accepted: 06/22/12
http://dx.doi.org/10.4161/isl.21239

Introduction

Transplantation of insulin-producing islets is a treatment option 
for type 1 diabetes.21,22,33,34 However, the majority of recipients 
experience graft loss after 5 years of transplantation, despite the 
concurrent use of immunosuppressive drugs.22,33,34 Therefore, 
strategies aimed at increasing allograft rejection inhibition effi-
cacy are needed. Co-signaling molecules are essential for the 
initiation of the alloreactive immune response. As such, co-stim-
ulation blockade may represent a valuable approach to improve 
the paradigm of current immunosuppression protocol.

The most extensively characterized T-cell co-signaling mol-
ecules of the B7 family are B7.1 (CD80) and B7.2 (CD86), 
each of which can engage two opposite receptors, the stimula-
tory CD28 and the inhibitory cytotoxic T lymphocyte antigen-4 
(CTLA-4).18,27 CTLA-4 has a higher binding affinity to B7.1/
B7.2 than CD28 does, so it could uncouple second-signal inter-
action and prevent cell activation through competitive binding 

Costimulation blockade is an effective way to prevent allograft rejection. In this study, we tested the efficacy of two 
negative co-signaling molecules in protecting islet allograft function. We used local expression of B7-H4 by adenoviral 
transduction of islets (Ad-B7-H4) and systemic administration of CTLA-4.Ig to investigate the outcomes of allograft 
survival. Five groups of streptozotocin-induced diabetic C57BL/6 mice received 400 islets each from BALB/c donors. The 
groups consisted of control (G1); CTLA-4.Ig (G2); Ad-LacZ (G3); Ad-B7-H4 (G4); and Ad-B7-H4 and CTLA-4.Ig combined 
(G5). G1 and G3 developed graft failure on average of two weeks. G2, G4 and G5 survived for 43.8 ± 34.8, 54.7 ± 31.2 
and 77.8 ± 21.5 d, respectively. Activated T and B cells in the lymph nodes were significantly controlled by CTLA-4.Ig 
treatment. Significantly reduced infiltrates were also detected in the allografts of G2 compared with G1. By contrast, 
B7-H4 significantly inhibited Th1-associated IFN-gamma secretion in the early stage and increased Foxp3+ T cells in the 
long-term surviving allografts. Our study suggests that CTLA-4 and B7-H4 inhibit alloimmune responses through distinct 
mechanisms, and that combination therapy which activates two negative co-signaling pathways can further enhance 
islet allograft survival.
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of CD28-B7.1/B7.2 on T and B cells, respectively.12 CTLA-4-
immunoglobulin G fusion protein (CTLA-4.Ig) is able to sub-
stantially prolong allograft survival in rodent models of cardiac, 
renal, small-bowel and lung transplantation.1,14,26,37 Substantial 
studies using CTLA-4.Ig in the context of islet transplantation 
were also reported.6,9,13 Murine transplanted islets were pro-
tected from allogeneic destruction by adenoviral gene transfer 
or systemic administration6,9,13 LEA29Y, a mutated version of 
CTLA-4, shows higher binding affinity to B7.1/B7.2 and a lower 
dissociation rate, and is current in phase III clinical trials to pre-
vent kidney transplant rejection. It showed reduced cytotoxicity 
with greater suppression of both humoral and cellular immune 
responses.28,29

B7-H4, a B7 family homology molecule, functions to 
inhibit T-cell proliferation and induce death in activated T 
cells.4,17,19,23,25,30,39,40 B7-H4–mediated pathways inhibit activated 
autoreactive and alloreactive T and B cells in vitro.17,19,23,25,40 Its 
role as a negative regulator is further confirmed by a series of 
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Combined therapy resulted in longer islet graft survival com-
pared with both monotherapies (p = 0.03, G5 vs. G2; p = 0.05, 
G5 vs. G4, by log-rank test).

More importantly, removal of the graft-bearing kidneys from 
long-term survivors resulted in prompt return to hyperglycemia, 
confirming that transplanted islets were responsible for normo-
glycemia (Fig. 1A–C). In addition, those allografts responded 
to glucose stimulation normally, demonstrating that long-term 
surviving recipients regained normal insulin secretion function 
through transplantation (Fig. 1E).

Blockage of CD28 signaling through CTLA-4.Ig results 
in downregulation of IL-2 receptor CD25 on antigen-specific 
CD4+ T cells and immunological ignorance. We next investi-
gated the mechanism of B7-H4 and/or CTLA-4 action on the 
allogeneic immune response. Alloreactive T cells first prolifer-
ate in the local draining lymph nodes and then infiltrate into 
the allograft following transplantation. The prolongation of 
islet allograft survival through blockage of either the B7-H4 or 
CTLA-4 pathway could be due to the inhibition of T-cell prim-
ing in the renal lymph nodes. In fact, neither of the therapies 
affected activated T cells measured by expression of CD69, 
CD44, and CD62L (data not shown). However, CTLA-4.Ig, 
but not Ad-B7-H4 or combined therapy, significantly inhibited 
IL-2 receptor CD25 expression among CD4+ T cells (Fig. 2A, 
5.10 ± 0.45 vs. 3.18 ± 0.42, p = 0.001). Alloantigen binding to 
the TCR stimulates the secretion of IL-2 and the expression of 
IL-2 receptor (IL-2R). IL-2 is necessary for the proliferation of T 
cells. The activated T cells have elevated levels of IL-2 and IL-2R. 
Therefore, the inhibition of T cell proliferation may be through 
downregulation of IL-2 and/or IL-2R. The reduced expression 
of IL-2R α chain CD25 was only seen in CTLA-4.Ig treated 
mice suggested that CTLA-4 inhibit allograft rejection through 
interfering with T cell priming. The reason for no difference of 
CD25+CD4+ expression in combination treated mice may be 
due to the predominant role of Ad-B7-H4 on the local allograft 
instead of systemic effects of CTLA-4.Ig. A recent study using 
solid transplantation model showed that B7-H4 and CTLA-4 
might represent independent pathways, suggesting a differential 
role of these two molecules in the context of allotransplantation.38

The downregulation of CD25 by CTLA-4.Ig treatment may 
result in the alteration of its ability to respond to alloantigen 
stimulation. Data showed that co-culture of lymphocytes har-
vested from control C57BL/6 (H-2b) mice transplanted with 
BALB/c donor islets without any treatment resulted in a robust 
proliferative response to donor type BALB/c (H-2d) stimula-
tors, which was significantly higher than that in the CTLA-4.
Ig treated group (Fig. 2B, p = 0.01). IL-2, which is a hallmark 
for T-cell proliferation, may regulate this hyporesponsive state. 
Data showed that transcription and secretion were lower in the 
co-culture of CTLA-4.Ig–treated vs. in that of control cells (data 
not shown), suggesting a reduced expression of IL-2 at both 
mRNA and protein levels. The reduced amount of IL-2 observed 
in the former co-culture could be caused either by a decline in the 
total number of cells able to secrete IL-2, or by impaired func-
tion of IL-2 secretion from each cell. To test these two possi-
bilities, ELISPOT was performed to assess IL-2 secretion at the 

in vivo studies. Systemic administration of B7-H4.Ig fusion pro-
tein inhibits the proliferation and cytokine production of anti-
gen peptide–specific T cells from TCR transgenic mice.23 Early 
treatment of NOD mice with B7-H4.Ig reduces the incidence of 
autoimmune diabetes.32 Local expression of B7-H4 by a recom-
binant adenovirus or by gene transfection of the NIT cell line 
was able to prolong mouse islet allograft survival through inhibit-
ing alloreactive immune responses.30,31,39 In contrast, blockade of 
endogenous B7-H4 expression by a neutralizing antibody against 
B7-H4 on host cells promotes the generation of allogeneic cyto-
toxic lymphocytes (CTL) and graft vs. host disease (GVHD).23 
Furthermore, mice treated with anti-B7-H4 blocking antibody 
consistently developed accelerated experimental autoimmune 
encephalomyelitis (EAE, a murine model of multiple sclerosis), 
compared with controls.19 Taken together, B7-H4 has been estab-
lished as a co-inhibitor in T-cell immunity regulation.

B7-H4 mRNA is broadly expressed in tissues including in pla-
centa, liver, kidney, pancreas, prostate, testis, ovary, and spleen.23 
However, protein expression seems to be restricted. Freshly iso-
lated human T cells, B cells, and dendritic cells do not express 
B7-H4, but it can be induced on those cells after in vitro stim-
ulation.23 B7-H4 mRNA is expressed in non-lymphoid tissues, 
including endothelial cells (such as islet cells), indicating that the 
B7-H4 pathway could be more important in the periphery than 
in secondary lymphoid tissues, where expressed CTLA-4 controls 
activated T cells. Thus, B7-H4 might provide a complementary 
effect at peripheral inflammatory sites where CTLA-4 is absent. 
Since different negative co-signaling molecules inhibit distinct 
checkpoints of T-cell activation and function, combined use of 
B7-H4 and CTLA-4 as immunosuppressive drugs may act syn-
ergistically to inhibit alloantigen responses. Moreover, since both 
B7-H4 and CTLA-4 are physiologic immunoselective inhibitors, 
their combined use should result in fewer side effects than the 
current paradigm of immunosuppressive drugs.

In this study, we investigated the efficacy and mechanism of 
these two molecules in a fully MHC-mismatched islet transplan-
tation model.

Results

Costimulation blockade with both Ad-B7-H4 and CTLA-4.
Ig shows better islet allograft survival than with either mono-
therapy. In order to investigate the efficacy of monotherapy with 
Ad-B7-H4 or CTLA-4.Ig vs. combined therapy, five groups were 
included in this study. The groups consisted of control (G1), 
CTLA-4.Ig (G2), Ad-LacZ (G3), Ad-B7-H4 (G4) and combined 
Ad-B7-H4 and CTLA-4.Ig (G5). Figures 1A–C show that all 
C57BL/6 diabetic recipients from all five groups achieved nor-
moglycemia after transplantation with BALB/c islets, confirming 
the establishment of primary graft function. However, G1 and 
G3 developed hyperglycemia on an average of 14.83 ± 3.43 and 
14.5 ± 3.53 d, respectively. By contrast, Ad-B7-H4 and CTLA-4.
Ig treatment resulted in prolongation of islet allograft survival 
(Fig. 1D, mean survival 43.75 and 54.67 d for G2 and G4, respec-
tively). Combined therapy resulted in further prolongation of 
islet allograft acceptance (Fig. 1D, mean survival time 77.75 d).  
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Similar hyporesponsiveness and low IL-2 production were 
observed following third party CBA (H-2k) stimulation, dem-
onstrating a generally declined response to alloantigen stimulus 
after CTLA-4.Ig treatment. Thus, CTLA-4.Ig limited T-cell 

single-cell level. Spots secreted from the former co-culture were 
significantly lower than that of the control group, suggesting 
that reduced numbers of cells able to secrete IL-2 were partially 
responsible for the low production of IL-2 (Fig. 2C, p = 0.002).

Figure 1. Prolongation of allograft survival in streptozotocin-induced diabetic recipient C57BL/6 mice treated with CTLA-4.Ig, transplanted with 
Ad-B7-H4–transduced BALB/c mouse islets, and combined therapy. (A) Blood glucose levels in the recipients with control and CTLA-4.Ig treatment. 
A significantly longer period of time of euglycemia is observed in recipient C57BL/6 (B6) mice treated with CTLA-4.Ig (red line) compared with mice 
treated with control (black line) protein. (B) Significantly longer period of time of euglycemia in B6 mice transplanted with Ad-B7-H4–transduced islets 
(green line), compared with that treated with Ad-LacZ control (gray lines). (C) Blood glucose levels in B6 mice transplanted with Ad-B7-H4–transduced 
islets plus CTLA-4.Ig treatment (blue line) were plotted. (D) Kaplan–Meier graft survival curve is derived from blood glucose data. Monotherapy with 
either CTLA-4.Ig or Ad-B7-H4 resulted in prolongation of islet allograft survival (p = 0.001, CTLA-4 vs. control; p = 0.0001, Ad-B7-H4 vs. Ad-LacZ). 
Combination of these two treatments resulted in further prolongation compared with either monotherapy (p = 0.03 combined vs. CTLA-4.Ig; p = 
0.05 vs. Ad-B7-H4 by the log-rank test), n = 12 in each group. There were four, four and eight mice in group 2, 4 and 5 received the nephrectomy if 
they survived more than 90 d after transplantation. Mice in group G2, G4 and G5 survived a significant longer period of time compared with two 
control groups (on an average of 43.75, 54.67, and 77.75 vs.14.83 and 14.5 d, respectively). (E) Intraperitoneal glucose tolerance test (IPGTT) in C57BL/6 
recipients with mono- or combined therapies 30 d post-transplant were compared with wild type control mice without transplants (n = 6). Data are 
expressed as means ± SD, and there is no significant difference between therapy and control groups.
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that CTLA-4.Ig, but not Ad-B7-H4, inhibited activation of B 
cells in the renal lymph nodes.

To further investigate the role of the B7-H4 and CTLA-4 
pathways in allogeneic B- and/or interaction of B/T-cell immune 
response, both IgM and IgG alloantibodies were detected using 
a cellular ELISA method. A high level of IgM alloantibody was 
detected in two control groups (G1 and G3), indicating a robust 
proliferation in the B-cell compartment 12 d post-transplant (Fig. 
3C). Treatment with either CTLA-4.Ig or combined therapy, but 
not with Ad-B7-H4 alone, reduced production of IgM (Fig. 3C, 
p = 0.001, G1 vs. G2; p = 0.05, G5 vs. G1; p = 0.03, vs. G3), 
suggesting an inhibitory effect of CTLA-4.Ig on donor-specific 
alloantibody production. IgG, which may indicate the isotype 
switching mediated by CD4+ T cells, was also detected. Similar 
inhibitory results were observed in the CTLA-4.Ig treated group 
(Fig. 3D). Statistical significance was only achieved in the com-
bined group when compared with G3 (Fig. 3D, p = 0.04, G5 vs. 
G3), suggesting a weaker inhibition on IgG in combined therapy 
compared with CTLA-4.Ig alone. In summary, treatment with 
CTLA-4.Ig alone or combined with Ad-B7-H4 significantly 
inhibited B-cell activation and IgM/IgG production, but with a 
lesser effect of this inhibition in the combined-treatment group. 
Treatment with Ad-B7-H4 alone did not affect activation of 
B-cell and alloantibody production in the early stage after islet 
transplantation.

Blockage of CD28 signaling through CTLA-4.Ig limits 
the infiltrates into the allografts. Graft failure is the result of 
destruction of transplanted islets by infiltrates. Both systemic 
administration of CTLA-4.Ig and local expression of Ad-B7-H4 
on donor islets can improve islet allograft survival. Survival of 
islet allografts could be due to reduced numbers of intragraft cells 
or alteration of phenotype in the locale. The above data demon-
strates that these two treatments exhibited distinct abilities in 
controlling T-cell priming and B-cell activation in the draining 

priming and resulted in ignorance to alloantigen stimulation in 
the renal lymph node.

In sharp contrast, Ad-B7-H4 treatment didn’t affect T-cell 
priming in the renal lymph node (data not shown).

Blockage of CD28 signaling through CTLA-4.Ig results in 
downregulation of activated B cells and production of alloanti-
bodies. T cells are essential for allograft rejection, but B cells can 
also contribute to acute and chronic graft rejection.11,24 Activation 
of B cells and/or the development of allosensitization antibodies 
are a critical factor in determining the outcomes of islet trans-
plantation.24 Data showed that activation of B cells at a very early 
stage, as measured by CD69 expression, was significantly lower 
in monotherapy with CTLA-4.Ig or with combined therapy, but 
not with monotherapy with Ad-B7-H4 (Fig. 3A, B, p = 0.002, G1 
vs. G2; p = 0.002, G5 vs. G1; p = 0.02, vs. G3), demonstrating 

Figure 2. CTLA-4.Ig treatment resulted in reduced IL-2 receptor CD25 
activation on allogeneic CD4+ subsets and generated immunological 
ignorance in the renal lymph node. (A) Single cells harvested from renal 
lymph nodes of C57BL/6 (B6) mice treated with CTLA-4.Ig, Ad-B7-H4, 
and combined therapy (compared with controls) at 12 d post-transplant 
were subjected to FACS analysis. The percentage of CD25+CD4+ is 
shown as means, each dot represents one mouse (n = 10 in each group). 
Monotherapy with CTLA-4.Ig alone significantly reduced the expression 
of IL-2 receptor CD25 on CD4+ subsets (p = 0.001, G1 vs. G2).  
(B) Single cells harvested from renal lymph nodes of C57BL/6 (B6, H-2b) 
mice treated with CTLA-4.Ig vs. the control group were co-cultured 
with γ-irradiated (at 3000 rad) stimulators from donor-specific BALB/c 
(H-2d) at a responder/stimulator (R/S) ratio of 1:2 for 3 d in a MLR assay. 
Cell proliferation was calculated as mean counts per minute (cpm) ± SE 
of triplicate culture wells. The response of lymphocytes from CTLA-4.Ig 
therapy was significantly lower than those from control mice (p = 0.01 
control vs. CTLA-4.Ig). A similar hyporesponsiveness was detected in 
response to third-party antigen CBA (H-2k) stimulation (p = 0.04).  
(C) IL-2 production from the above co-culture was examined using 
ELISPOT. Decreased spots were observed in the CTLA-4.Ig–treated 
group compared with controls in response to either donor-specific 
BALB/c or third party CBA antigen (p = 0.002). The results represented 
three independent experiments. One star (*) indicates p ≤ 0.05. Two 
stars (**) indicate p < 0.01. Three stars (***) indicate p < 0.001.
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reduction of 37.2, 48.8, and 61.2% in CD4+, CD8+ and CD19+ 
subsets, respectively), demonstrating that CTLA-4.Ig limited the 
number of cells present the graft. Similarly, low numbers of infil-
trated CD8+ and CD19+ cells were observed in the combined-
therapy group (Fig. 4D and E). By contrast, Ad-B7-H4 treatment 
alone did not limit infiltrates of CD4+, CD8+ or CD19+ subsets 
(Fig. 4).

A similar activation state of CD4+, CD8+ and CD19+ subsets 
was detected in the Ad-B7-H4 monotherapy treatment group 
(data not shown). However, a significantly lower expression level 
of CD69+ on CD8+ was detected in the CTLA-4.Ig monotherapy 
and combined-therapy groups (Fig. 4F, p = 0.002, G1 vs. G2; p = 
0.02, G5 vs. G1 or G3), suggesting an inhibition of CD8 activa-
tion in the allograft by CTLA-4.Ig treatment.

Ad-B7-H4 treatment results in reduced Th1 responses in 
the allografts. We next examined pro-inflammatory cytokine 
production in the locale. The production of IL-17 was simi-
lar among all groups and expressed at a very low level without 
polarized-cytokine stimulation (data not shown). CTLA-4.
Ig did not affect IFN-γ secretion (data not shown). By con-
trast, Ad-B7-H4 or combined therapy significantly reduced the 

lymph node, suggesting that CTLA-4 and B7-H4 use differ-
ent mechanism to control the allogeneic immune response. To 
explore the mechanisms by which these two molecules improved 
islet allograft survival, we investigated the phenotype in the 
allograft. Sections were stained with CD4+, CD8+, and CD19+ 
(a B-cell marker). CTLA-4.Ig resulted in a significant decrease 
in all three subsets (Fig. 4A and B). A similar reduction of CD8+ 
and CD19+ cells was observed in the combined-therapy group 
(Fig. 4A and B). Ad-B7-H4 treatment did not alter the number 
of T/B-cell subsets infiltrating the allograft.

We then used FACS to quantitate the percentage and absolute 
numbers of infiltrate cells in the transplanted grafts. CTLA-4.
Ig treatment resulted in an increased percentage of CD4+ and 
a decreased percentage of CD19+ subsets (data not shown). A 
similar result was observed in the combined-therapy group (data 
not shown). No significant alteration in CD8+ infiltrates was 
observed except a reduced percentage with combined-therapy as 
compared with controls (data not shown). In concordance with 
immunohistochemical data, the absolute numbers of CD4+, 
CD8+ and CD19+ subsets in the graft were significantly lower in 
the CTLA-4.Ig-treated group than control group (Fig. 4C-E, a 

Figure 3. CTLA-4.Ig treatment resulted in reduced expression of CD69 on CD19 subsets and donor-specific alloantibody production. Single cells 
harvested from renal lymph nodes of C57BL/6 (B6) mice treated with CTLA-4.Ig, Ad-B7-H4, and combined therapy (compared with controls) 12 d 
post-transplant were subjected to FACS analysis and alloantibody detection. (A) Representative density plots are shown for CD69+ and CD19+ subsets. 
(B) The percentage of CD69+CD19+ is plotted as means, each dot representing one mouse (n = 10 in each group). Monotherapy with CTLA-4.Ig alone 
significantly reduced the expression of CD69 on CD19+ subsets (p = 0.002). Combined therapy exhibited a similar decline in CD69+CD19+ expression  
(p = 0.002, G5 vs. G1; p = 0.02, vs. G3). Donor-specific alloantibody IgM (C) or IgG (D) was detected using cellular ELISA, as described in Methods and ex-
pressed as mean ± SD. A significantly decreased production of IgM was detected in monotherapy with CTLA-4.Ig and in combined therapy (p = 0.001, 
G1 vs. G2; p = 0.05, G5 vs. G1; p = 0.03 vs. G3). A similar decline in IgG production was also observed. Data represented three independent experiments. 
One star (*) indicates p ≤ 0.05. Two stars (**) indicate p < 0.01. Three stars (***) indicate p < 0.001.
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generation and is upregulated during the differentiation of CD4+ 
but not CD8+ T cells. EOMES is induced in effector CD8+ T 
cells. T-bet activates Th1 while suppresses Th2 and Th17 pro-
grams. The expression of T-bet is augmented in Th1 subsets. 
CTLA-4.Ig treatment significantly inhibited the transcription of 
EOMES but not T-bet (Fig. 5C, p = 0.01, G1 vs. G2), suggesting 
the limitation of activated CD8 (Fig. 4H.) by repressing EOMES 
but not T-bet or cKrox (data not shown). By contrast, Ad-B7-H4 

secretion of IFN-γ in CD4+ subsets (Fig. 5A and B, p = 0.001, 
G3 vs. G4; p = 0.02, G5 vs. G1; p = 0.04, vs. G3), suggesting 
that B7-H4, but not CTLA-4, inhibits Th1-associated cytokine 
production.

Transcription factors related to CD4/CD8 and Th1/Th2 
paradigms were also measured. Transcription factors cKrox, 
EOMES, and T-bet play critical roles in T cell differentiation, 
proliferation, and activation. cKrox is necessary for CD4 T cell 

Figure 4 (see previous page). Immune infiltrates in the allograft are reduced after CTLA-4.Ig treatment. (A) Representative slides of grafts stained for 
CD4+, CD8+ or CD19+ cells are shown at 200 x magnification from five groups. (B) Quantification of CD4+, CD8+ and CD19+ cells showed low infiltrates 
in CTLA-4.Ig treated group. At least 10 sections were counted blindly in each group and expressed as number of cells per field. Absolute numbers of 
individual cell subsets CD4+ (C), CD8+ (D), CD19+ (E) were calculated. (F) Percentage of CD69+ cells in the CD8+ subset. One star (*) indicates p ≤ 0.05. 
Two stars (**) indicate p < 0.01. Three stars (***) indicate p < 0.001.

Figure 5. Distinct phenotypes of allograft are observed after CTLA-4.Ig and/or Ad-B7-H4 treatment. (A) Representative density plots of IFN-γ+ on 
CD4+. (B) Quantification data of IFN-γ+ expression in the CD4+ subset. Relative expression of RNA using real-time PCR was detected for IFN-γ, Gzmb, 
EOMES, and T-bet from islet allografts after CTLA-4.Ig monotherapy (C), Ad-B7-H4 monotherapy (D), and combined therapy with CTLA-4.Ig plus 
Ad-B7-H4 (E and F) are shown. GAPDH was used as loading control. Each dot represents one mouse. Each group consisted of at least six recipients, 
and data represent the mean ± SE of three independent experiments. One star (*) indicates p ≤ 0.05. Two stars (**) indicate p < 0.01. Three stars (***) 
indicate p < 0.001.
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of the immune responses is determined by the combined effect 
of multiple pathways.8,15,16,20 Different combinations of multiple 
co-signaling pathways have been investigated. Accumulating 
animal experimental data reveal that the combined usage of co-
signaling blockade protects allografts better than monotherapies. 
For example, the combination of anti-inducible costimulator 
(ICOS/B7RP-1) monoclonal antibody and CTLA-4.Ig improves 
islet and heart allograft survival.15,20 Similar synergized/additive 
effects were observed with the combination of CTLA-4.Ig and 
anti-CD40 ligand or with CD40.Ig plus anti-ICOS.8,16 In the 
current study, we showed that combined usage of local expression 
of B7-H4 and systemic administration of CTLA-4.Ig further 
enhanced islet allograft survival compared with monotherapies. 
Thus, our data adds evidence that simultaneously blocking mul-
tiple co-signaling pathways provides more potent inhibition of 
transplant rejection than a single pathway blockade strategies.

The relative contribution of different co-signaling pathways 
may be dependent on the model, types of response (Th1 vs. 
Th2), location (local vs. systemic control, or peripheral vs. lym-
phoid tissues), or timing within the immune response (early acti-
vation vs. late effector function). The importance of CTLA-4 as 
a negative co-signaling molecule is well established in CTLA-4–
deficient (knockout) mice that die at 2–3 weeks of age as a result 
of infiltration into multiple organs.35 The mechanisms by which 
CTLA-4 inhibits T/B-cell responses have been well characterized 
at both the cellular and molecular levels. CTLA-4 was identi-
fied by differential screening of a cytolytic T-cell cDNA library.3 
Soluble CTLA-4 is a potent inhibitor of T- and B-lymphocyte 
responses in vitro and in vivo.12 CTLA-4.Ig, a fusion protein 
consisting of CTLA-4 extracellular domain and IgG Fc, lacks 
a cytoplasmic tail for transducing intracellular signals inside 
T cells. However, it still can bind B7.1 and B7.2 on APCs and 
functions as a competitive inhibitor of the CD28/B7 interac-
tion. Our current data suggest that the survival of islet allografts 
with CTLA-4.Ig treatment may through lowering the threshold 
for T-cell activation by competing with CD28 signaling in the 
periphery but not through recruiting immuno-suppressive Tregs 
into the local site. Systemic administration of CTLA-4.Ig low-
ered the activation states of both CD4+ and B cells in the local 
draining lymph nodes and therefore recruited few activated leu-
kocytes into the transplanted site.

By contrast, the inhibition by B7-H4 seems to be independent 
of CD28. Addition of CD28 was not able to reverse B7-H4 inhi-
bition of activated T-cell responses in vitro.23 The non-redundant 
immunoregulatory role of B7-H4 was further confirmed in a 
solid transplantation model.38 Targeting the B7-H4 pathway in 
CD28–/– and CTLA-4.Ig–treated wild-type recipients results in 
accelerated rejection of cardiac allografts, demonstrating a domi-
nant role of B7-H4 as a negative regulator independent of the 
CD28/CTLA-4 pathway. In concordance with this notion, the 
addition of B7-H4 results in longer islet allograft survival than 
with CTLA-4.Ig treatment alone, suggesting that the B7-H4 
pathway might be complementary to the classic CD28/CTLA-
4-B7.1/B7.2 pathway. Alternatively, the B7-H4 pathway may be 
able to control T-cell activation and function differently from 
CTLA-4.

treatment resulted in a reduction of T-bet but not of EOMES 
(Fig. 5D, p = 0.02, G3 vs. G4). In addition, B7-H4 also inhib-
ited RNA transcription for IFN-γ, suggesting that the mecha-
nism of B7-H4 action was through inhibition of a Th1 response. 
Although different mechanisms were employed by CTLA-4 and 
B7-H4, both were able to inhibit cytotoxic-related granzyme B 
(Gzmb) (Fig. 5C-F).

β-cell function in the allograft is improved after mono- and/
or combined therapy. Prolongation of islet allograft survival by 
CTLA-4.Ig and/or Ad-B7-H4 treatment indicates improved 
β-cell function. We tested β-cell function ex vivo and in vivo 
using immunohistochemistry and IPGTT 12 d post-transplant. 
Recipients treated with CTLA-4.Ig, Ad-B7-H4, or combination 
of these two, showed less isletitis and greater insulin expression 
(Fig. 6A and B). This improvement was further assessed in vivo 
via IPGTT (Fig. 6C). This showed a better response upon glucose 
stimulation in the three treatment groups compared with both 
controls (Fig. 6C, p = 0.01 vs. controls), suggesting an improved 
capacity of secretion of insulin by β cells to balance blood glucose 
levels in vivo. Thus, improved β-cell function resulted in survival 
of transplanted islets for a longer period of time.

Regulation by deletion or inhibition is observed in the long-
term surviving allografts via CTLA-4.Ig or Ad-B7-H4 treat-
ment. To characterize the immune response in the long-term 
surviving recipients at late stage, staining for H&E, insulin, 
CD45, CD4, CD8 and Foxp3 was performed. Three treated 
groups showed strong insulin staining and different degree of 
infiltrates, with lowest in the CTLA-4.Ig–treated group (Fig. 
7A and B). Infiltrates were further characterized by CD4, CD8, 
and Foxp3 staining, with overall low numbers of CD8+ subsets 
in all groups (Fig. 7C). CD4+ subsets were reduced by 59% in 
the CTLA-4.Ig group compared with Ad-B7-H4 treatment 
(Fig. 7C). Lower expression of CD4+ expression was observed 
in the combined-therapy group, but statistical significance was 
not achieved when compared with Ad-B7-H4. By contrast, an 
increase of 76 and 70% for Foxp3+ staining was observed in 
Ad-B7-H4 and combined-treatment groups compared with the 
CTLA-4.Ig treated group, demonstrating that inhibitory regu-
lation was dominated in the Ad-B7-H4 and combined-therapy 
groups (Fig. 7C). Thus, it seems that protection of islet allograft 
function is achieved through deletion of infiltrates by CTLA-4.
Ig treatment and through immune regulation in Ad-B7-H4 and 
combined treatment.

Discussion

Transplantation rejection results from alloreactive T-cell activa-
tion. The requirements of signal 2 or co-signaling for full T-cell 
activation suggest that targeting co-signaling pathways may offer 
the potential to inhibit allograft rejection in a T-cell-specific 
manner. In fact, studies using one of the co-signaling molecules 
show prolonged allograft survival in various transplantation mod-
els.2,7,10 However, alloreactive T-cell proliferation and allograft 
rejection still occur despite blockade of a single co-signaling path-
way.2,7,10 The discovery of complementary and/or redundant roles 
of each independent co-signaling pathway implies that the fate 
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Furthermore, the inhibitory effect on the Th1 response in the 
early stage may contribute to the formation of increased num-
bers of Foxp3+ cells in the late stage. Thus, the action of B7-H4 
is mainly through non-deletion and/or generating suppressive 
T-cell subsets.

In summary, we show that co-inhibitory molecules B7-H4 
and CTLA-4 can prolong islet allograft survival through differ-
ent mechanisms, and that combined therapy further enhances 
this protection. It is likely that combined therapy can reduce 
the amount of immunosuppressive therapy needed to control 
allograft rejection and therefore minimize the cytotoxicity. The 
discovery of the detailed mechanism of each co-signaling mol-
ecule could facilitate a safe and effective regimen in improving 
allograft function after transplantation.

Materials and Methods

Mice. C57BL/6 (H-2b) and BALB/c (H-2d) mice were pur-
chased from Jackson Laboratory and housed in the Jack Bell 
Research Center under conventional conditions. All mice were 
cared for according to the guidelines of the Canadian Council 

The mechanisms by which B7-H4 engagement prevents allo-
reactive T-cell proliferation have been proposed in our model. 
One option is in part through inhibition of a Th1 response in 
the early stage, supported by inhibition of IFN-γ secretion on 
CD4+ subsets and decreased transcription of Th1-associated 
transcription factor T-bet in the allografts. This is in consis-
tent with observations in B7-H4 knockout mice which exhibit 
augmented Th1 responses.25 The generation of distinct lineages 
of Teffs and Tregs is a hallmark of an alloreactive immune 
response. The effector Th1/Th2 paradigm often dominates a 
T-cell response, while Tregs can only be produced under spe-
cial conditions, such as in the presence of IL-10 and/or TGF-
β. However, the effector and regulatory T cell populations are 
not distinct. Under condition, IFN-γ inhibits Foxp3 forma-
tion induced by TGF-β, suggesting that it is rare to generate 
Tregs under an inflammatory environment.36 In fact, blocking  
IFN-γ can promote Foxp3+ Treg differentiation both and in 
an adoptive transfer model.36 In our islet transplant model, 
a significant increase of Foxp3 expression was found in the 
allograft in the late stage, suggesting an inhibitory function on 
the alloreactive immune response through regulating T cells. 

Figure 6. Enhanced β-cell function was observed in the allograft of recipients treated with CTLA-4.Ig or Ad-B7-H4. β-cell functionwas assessed by im-
munohistochemistry and IPGTT 12 d post-transplant. (A) Representative sections were stained for H&E, CD45 and insulin from each treatment group. 
(B) Isletitis was scored according to staining for H&E, CD45 plus insulin. Sections were randomly selected and blindly scored using six to eight animals 
per group. Isletitis was graded by Yoon’s method. Grade: 0, normal islets; 1, mononuclear infiltration, largely in the periphery, in less than 25% of the 
islet; 2, 25 to 50% of islet showing mononuclear infiltration; 3, over 50% of islet showing mononuclear infiltration; and 4, small, retracted islet with few 
mononuclear cells. (C) IPGTT was performed in 5 experimental groups. Treatment with CTLA-4.Ig and/or Ad-B7-H4 significantly improved β-cell func-
tion (p < 0.001 vs. controls by ANOVA).
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mice were used as donors, and C57BL/6 
(H-2b) mice as recipients. A group of 400 
islets was isolated from donors and trans-
planted into the left renal capsule of recipi-
ent C57BL/6 mice rendered diabetic by a 
single IP injection of STZ (Sigma) at a dose 
of 200 mg/kg three to four days prior to 
transplantation, as described previously.27 
The BALB/c donor islets were transduced 
with 5 pfu of Ad-B7-H4 or Ad-LacZ, as 
described previously.27 Islet allograft recipi-
ents were injected IP with CTLA-4.Ig 
(Bristol-Myers Squibb), beginning on the 
day of transplantation (1.5 mg/kg; days 0, 
3, 6, 9 and 12).

Flow cytometric analysis. 106 cells 
were stained with anti-CD3, anti-CD69, 
anti-CD25, anti-CD4, anti-CD8, anti-
CD19 or control rat IgG (eBioscience). 
Intracellular staining of IFN-γ was per-
formed after 4 h stimulation with PMA 
and ionomycin. 20,000 live gated events 
were acquired on FACScan, and Devo 
software was used to analyze relevant 
populations.

Mixed-leukocyte reaction assay 
(MLR). Irradiated (3000 rad) spleno-
cytes (3 x 105) from donor strain BALB/c 
or third party CBA/J mice were used as 
stimulator cells and were cultured in tripli-
cate with responder cells obtained from the 

recipients with different treatments. [3H]-methylthymidine was 
added 18 h before harvesting.

Immunohistochemistry. Cryostat sections were used for insu-
lin, CD45, Foxp3, CD4, CD8 and CD19 staining, according to 

on Animal Care and regulations of the University of British 
Columbia.

Mouse islet isolation and transplantations. In all studies, 
female mice were used between 8–12 weeks of age. BALB/c (H-2d) 

Figure 7. Allografts from long-term surviv-
ing recipients treated with CTLA-4.Ig and/or 
Ad-B7-H4 exhibit distinct expression patterns. 
β-cell function, infiltrates and subsets of infil-
trates were assessed from long-term surviving 
mice 90 d post-transplant. (A) Representa-
tive sections were stained for H&E, CD45 
plus insulin, CD4, CD8, and Foxp3 from each 
treatment group. (B) Isletitis was scored ac-
cording to staining for H&E, CD45 plus insulin. 
Sections were randomly selected and blindly 
scored using four to eight animals per group. 
Isletitis was graded by Yoon’s method (see 
Fig. 6). (C) Expression of CD4, CD8, and Foxp3 
was calculated according to the numbers of 
positive-staining cells per field, and the field 
was randomly selected and blindly scored. 
Treatment with CTLA-4.Ig exhibited minimal 
infiltrates (p < 0.001 vs. Ad-B7-H4 by ANOVA). 
A high number of Foxp3+ cells was found in 
Ad-B7-H4 and combined groups (p < 0.001 vs. 
CTLA-4.Ig by ANOVA). n = 6–10 islet allografts 
per group.
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the manufacturer’s instructions (BD Bioscience) and as described 
previously.27

Real-time PCR. Graft-bearing kidneys were removed under 
a dissection microscope for RNA extraction. Real-time PCR was 
performed as previously described.27 Relative expression levels are 
expressed as 2–(CTubiquitin–CTgene) (where CT is cycling threshold), 
with ubiquitin RNA as the endogenous control. The primer pairs 
are listed in Table 1.

IgG and IgM alloantibody detection. Serum from treated 
mice was assayed for IgG and IgM alloantibodies using the 
indirect cellular enzyme-linked immunosorbent assay (ELISA) 
described by Fan.5

ELISPOT. IL-2 spots were detected using a kit and performed 
according to the manufacturer’s instructions (eBioscience).

IP glucose tolerance test (IPGTT). After 5 h fasting, mice 
were injected with 2 g/kg body weight of glucose IP. Tail blood 
samples were taken for assay at 0, 15, 30, 60 and 120 min.

Detection of infiltrates into the allograft. Grafts were cut 
under a dissection microscope, and single-cell suspensions 
were purified through a 40 μm strainer, followed by deple-
tion of red blood cells with lysis buffer or using Ficoll gradient 
separation. Cells were then subject to FACS labeling or RNA 
extraction.

Statistics. Mann-Whitney rank-sum and ANOVA with 
Bonferroni analysis were used to calculate multiple comparisons. 
Survival was analyzed using Kaplan–Meier analysis (the log-rank 
test). Differences are considered significant if p < 0.05. Data are 
expressed as means ± SD or means ± SE (Figs. 2 and 5) and n = 
12 for survival curve.
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