
Introduction
CD4+ T-helper (Th) cells may be divided into at least
two functionally distinct subsets (1, 2). Th1 cells are
important in cell-mediated immunity, whereas Th2
cells are regulators of the humoral immune response
and suppress Th1 cell function (2). In transplantation
models, it is traditionally thought that Th1 cells cause
acute rejection and Th2 cells induce and maintain tol-
erance. This paradigm is supported by reports
demonstrating Th2 cytokine expression in grafts of
tolerant animals (3–7) and Th1 cytokine reversal of
the induction of tolerance (8, 9). However, there are
recent data that challenge this paradigm. For exam-
ple, rejection occurs in Th1 cytokine-knockout ani-
mals (10, 11), and tolerance can be induced in Th2
cytokine knockouts (12, 13), although this is not a
universal observation (14).

It has been suggested that there are several factors
that determine the fate of a naive Th cell in response
to antigenic challenge (15, 16). These include the
strength of the T-cell receptor (TCR) signal or antigen
density, the cytokine milieu, and specific costimulato-
ry pathways. T cells require two distinct signals for full
activation (17). The first signal is provided by the
engagement of the TCR with the major histocompat-
ibility complex (MHC) plus peptide complex on anti-
gen-presenting cells (APCs), and the second “costimu-
latory” signal is provided by engagement of one or
more T-cell surface receptors with their ligands on
APCs (15–18). Among the multiple costimulatory
pathways identified, increasing evidence suggests that
interactions of T-cell surface receptors CD28 and
CD154, with their respective ligands B7-1/B7-2 and
CD40, on APCs are critical for the T-cell responses to
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We used signal transducer and activator of transcription 4 (STAT4) and STAT6 gene knockout (–/–)
mice as recipients of fully mismatched cardiac allografts to study the role of T-cell costimulatory path-
ways in regulating allogeneic T-helper 1 (Th1) versus Th2 responses in vivo. STAT4–/– mice have
impaired Th1 responses, whereas STAT6–/– mice do not generate normal Th2 responses. Cardiac allo-
grafts from C57BL/6 mice were transplanted into normal wild-type (WT), STAT4–/–, and STAT6–/–

BALB/c recipients. STAT4–/– and STAT6–/– mice rejected their grafts with the same tempo as untreated
WT recipients. CD28-B7 blockade by a single injection of CTLA4Ig induced long-term engraftment
and donor-specific tolerance in all three groups of recipients. CD154 blockade by a single injection of
MR1 was effective in prolonging allograft survival and inducing tolerance in STAT4–/– mice but was
only marginally effective in STAT6–/– recipients and WT controls. In addition, a similar protocol of
MR1 was ineffective in prolonging graft survival in CD28–/– BALB/c recipients, suggesting that the lack
of efficacy seen in WT and STAT6–/– mice is not due to the presence of a functional CD28-B7 pathway.
Furthermore, there was a similar differential effect of CD28-B7 versus CD154-CD40 blockade in
inhibiting immune responses in animals immunized with ovalbumin and complete Freund’s adju-
vant. These novel data indicate that Th1 and Th2 cells are differentially regulated by CD28-B7 versus
CD154-CD40 costimulation pathways in vivo and may have potential implications for the develop-
ment of therapeutic strategies such as T-cell costimulatory blockade in humans.
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alloantigens (17, 19). At present, the role of CD28-B7
versus CD154-CD40 in regulating Th1 versus Th2
allogeneic responses in vivo is unknown.

Members of the signal transducer and activator of
transcription (STAT) gene family are critical for the dif-
ferentiation of Th-cell subsets. It has been demonstrat-
ed that STAT4 knockout (–/–) mice have impaired gen-
eration of Th1 cells, whereas STAT6–/– mice do not
generate normal Th2 responses (20, 21). Therefore,
these gene-knockout mice may be used to study the
role of Th1 and Th2 responses in rejection and toler-
ance induction. Using STAT4–/– and STAT6–/– mice as
recipients of vascularized, fully mismatched cardiac
allografts, we studied the role of T-cell costimulatory
pathway blockade with cytotoxic T-lymphocyte antigen
4 (CTLA4Ig; to block CD28-B7) or anti-CD154 mAb
(MR1; to block CD154-CD40) in preventing rejection
and inducing tolerance in a predominant Th1 versus
Th2 environment. Our data indicate that even in the
absence of normal Th1 or Th2 responses, rejection pro-
ceeds with the same tempo and that alloreactive Th1
and Th2 cells are differentially regulated by CD28-B7
versus CD154-CD40 costimulatory pathways in vivo.

Methods
Mice. C57BL/6 (H-2b) and C3H/He (H-2k) mice aged
6–8 weeks were purchased from the Jackson Laborato-
ry (Bar Harbor, Maine, USA) and BALB/c (H-2d) mice
aged 6–8 weeks were purchased from Taconic Farms
(Germantown, New York, USA). CD28–/– (H-2d) mice
were purchased from the Jackson Laboratory and bred
in our animal facility. Mice homozygous for a targeted
disruption of STAT4 gene (STAT4–/– mice) and STAT6
gene (STAT6–/– mice) have been described previously
(20, 21). Briefly, IL-12–induced increases in the pro-
duction of IFN-γ cellular proliferation and natural
killer (NK) cell cytotoxicity are abrogated in lympho-
cytes from STAT4-deficient mice. These lymphocytes
also demonstrate a propensity toward the development
of Th2 cells. On the other hand, IL-4–induced increas-
es in the cell-surface expression of both major histo-
compatibility complex (MHC) class II antigens and IL-
4 receptor are completely abrogated, and lymphocytes
from STAT6-deficient animals fail to differentiate into
Th2 cells in response to either IL-4 or IL-13.

Fusion proteins and mAbs. MR1 was purchased from
Bioexpress Cell Culture Services (West Lebanon, New
Hampshire, USA). Murine CTLA4Ig was a generous gift
from Bristol Myers Squibb (Robert Peach, Princeton,
New Jersey, USA).

Transplantation. BALB/c mice (WT, STAT4–/–, STAT6–/–,
and CD28–/–) were used as recipients and C57BL/6 mice
as donors. The first cardiac allografts were placed in an
intra-abdominal location (22), and the second heart
grafts from C57BL/6 or C3H/He mice were placed in
the neck using a modification of Chen’s method (23).
Graft function was assessed daily by palpation. Ani-
mals received a single dose of mAb or fusion protein at
a dose of 250 µg by intraperitoneal injection either on

the day of transplantation (for MR1) or 2 days after
engraftment (for CTLA4Ig). These administration
schedules were based on our previous observations
that a single injection of CTLA4Ig is most effective
when administered on post-transplant day 2 , whereas
MR1 is best given on the day of transplant (4, 6, 24). In
some instances, animals also received an intravenous
injection of 5 × 106 donor splenocytes at the time of
transplantation, as described previously (6). The day
of rejection was defined as the day of cessation of pal-
pable heartbeat and was verified by autopsy and selec-
tive pathological examination. Loss of graft function
within 48 hours of transplant was considered a tech-
nical failure (<10% on average), and these animals were
excluded from further analysis.

Statistics. For the graft survival, Kaplan-Meier survival
graphs were constructed and log-rank comparison of the
groups was used to calculate P values. For the ELISPOT
results, P values were calculated using the paired t test.

Morphology. Cardiac grafts from both the isografts
and each untreated recipient group (n = 3–4) were fixed
in 10% buffered formalin, embedded in paraffin, coro-
nally sectioned, and stained with hematoxylin and
eosin (H&E) for evaluation of cellular infiltrates using
light microscopy. Cardiac grafts from long-term sur-
vivors (>100 days) treated with either MR1 or CTLA4Ig
were similarly prepared and stained with H&E, Verho-
eff ’s elastin (for vessel arteriosclerosis scoring), or Mas-
son’s trichrome (for evaluation of fibrosis).

Arteriosclerosis was assessed using light microscopy
and percentage luminal occlusion by intimal thicken-
ing determined using the scoring system as described
previously (25–27). In brief, a vessel score of 0 indicat-
ed less than 10% luminal occlusion, 1 indicated less
than 20%, 2 indicated 20–40%, 3 indicated 40–60%, 4
indicated 60–80%, and 5 indicated 100% occlusion.
Only vessels that were cut orthogonally and that dis-
played a clear internal elastic lamina were scored. All
arteries were scored by two blinded examiners.

Matched trichrome- and H&E-stained sections were
also examined for presence for fibrosis and interstitial
cellular infiltration. Each of these categories was grad-
ed and the average grade calculated for each group.
Fibrosis was quantified by collagen deposition high-
lighted by trichrome stain and scored on a 0–3 scale,
where 0 indicated no fibrosis and 1, 2, and 3 indicat-
ed mild, moderate, and severe fibrosis, respectively. A
0–3 scale was also used for scoring the degree of inter-
stitial mononuclear cell infiltration, with 0, 1, 2, and
3 indicating normal, minimal, moderate, and severe
cellular infiltration, respectively.

ELISPOT cytokine measurement. ELISPOT plates (Polyfil-
tronics Inc., Rockland, Massachusetts, USA) were coated
with either 4 µg/mL of rat anti-mouse IFN-γ(R4-6A2) or
with 5 µg/mL of rat anti-mouse IL-5 (TFRK-4) capturing
mAbs in sterile PBS overnight. The plates were then
blocked for 1.5 hours with sterile PBS containing 1% BSA
and washed with sterile PBS. Splenocytes (1.2 × 106 in 0.2
mL AIM-V medium) were then placed in each well in the



presence of 1.2 × 106 irradiated (20 Gy) syngeneic or allo-
geneic splenocytes (as APCs) and cultured for 48 hours at
37°C in 5% CO2. For detection of spots, 5 µg/mL of
biotinylated rat anti-mouse IFN-γmAb (XMG 1.2) or rat
anti-mouse IL-5 mAb (TFRK-5) were used, followed by 2
hours of incubation with streptavidin D horseradish per-
oxidase (Vector Laboratories, Burlingame, California,
USA) diluted at 1:2000 in PBS 0.025% Tween. All mAbs
were purchased from PharMingen (San Diego, California,
USA). After washing, the plates were developed using 0.8
mL of 3-amino-9-ethylcarbazole (AEC) (Pierce Chemical
Co., Rockford, Illinois, USA; 10 mg dissolved in 1 mL
dimethyl formamide) mixed with 24 mL of 0.1-M sodium
acetate, pH 5.0, containing 12 µL H2O2. The resulting
spots were counted on a computer-assisted enzyme-linked
immunospot image analyzer (T Spot Image Analyzer; Cel-
lular Technology Ltd., Cleveland, Ohio, USA) (28).

Immunization with ovalbumin and cell preparation for in vitro
assay. The animals were immunized with 100 µL of oval-
bumin (OVA)/CFA subcutaneously, such that each mouse

received a total of 100 µg of OVA, as described previously
(29). Treatment was started with CTLA4Ig (100 µg per
dose) or MR1 (100 µg per dose) on the day of immuniza-
tion and given every other day for five doses. Control mice
received control Ig. Lymph nodes were collected on day 10
after immunization. A single-cell suspension was prepared
from draining popliteal lymph nodes for measurement of
proliferation and cytokine production (29).

Proliferation and cytokine-production assays. Prolifera-
tion and cytokine production were measured after
stimulation with OVA in vitro at three doses (25, 50,
and 100 µg/mL), as described previously (29). For pro-
liferation and cytokine measurement, the cells were
cultured in 96-well plates (Corning-Costar, Cam-
bridge, Massachusetts, USA) with serum-free Ex Vivo
20 medium (BioWhittaker, Walkersville, Maryland,
USA) containing 75 mM/mL L-glutamine, 100 U/mL
penicillin and streptomycin, 1 mL/100 mL media of a
100× concentrated, nonessential amino acid solution,
0.1 mM HEPES/mL, 1 mM/mL sodium pyruvate (all
from BioWhittaker), and 0.05 mM/mL 2-mercap-
toethanol (Sigma Chemical Co., St. Louis, Missouri,
USA). The cells were incubated at 37°C in humidified
air containing 7% CO2.

For proliferation, lymph node cells were cultured at 2
× 106 cells/mL and 200 µL/well with various antigen
concentrations. After 96 hours of culture 1 µCi 3H-
thymidine (NEN Life Sciences Products, Boston, Mass-
achusetts, USA) was added in 10 µL of media to each well
for another 16 hours. Cells were harvested on filter mats
using a TOMTEC harvester and incorporation of thymi-
dine was analyzed with a Betaplate counter (Perkin-
Elmer Wallac Inc., Gaithersburg, Maryland, USA).

For cytokine assays, the cells were cultured at 2 × 106

cells/mL in 200 µL media at various antigen concen-
trations. Supernatants for IL-4 and IFN-γ ELISA were
collected after 48 hours of culture. Quantitative ELISAs
for IL-4 and IFN-γ were performed using paired anti-
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Figure 1
Allograft survival in untreated recipients. C57BL/6 hearts were trans-
planted into wild-type, STAT4–/–, or STAT6–/– BALB/c recipients.

Figure 2
Pathology of murine cardiac allograft rejection:
syngeneic graft at day 8 after transplantation and
allografts of WT, STAT4–/–, and STAT6–/– recipi-
ents. (a) Syngeneic graft: the artery shows no signs
of inflammation and the cardiac muscle cells are
intact, with viable nuclei (arrow). (b) Wild-type
recipient graft: the small artery reveals inflamma-
tory cells adherent to the endothelium. There is
extensive infarction (coagulative or ischemic necro-
sis) of cardiac muscle cells (asterisk) and mononu-
clear inflammatory cell infiltration of the viable
myocardium (arrow). (c) STAT4–/– recipient graft:
there is active inflammation or endothelialitis of
the inner layer of the small artery (arrow). The
myocardium shows scattered lymphocytes. (d)
STAT6–/– recipient graft: the active transmural
inflammation (arrow) has resulted in extensive
infarction of the myocardium (asterisk). There is
also prominent inflammation of the parenchyma.
Original magnification ×400 (H&E).
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bodies and recombinant cytokines from PharMingen
according to the manufacturer’s recommendations.

Results
Effect of cytokine milieu on acute cardiac allograft rejection.
First, we investigated the effect of the absence of either
the STAT4 or STAT6 signal transduction pathway on
rejection of fully mismatched cardiac allografts. As
shown in Figure 1, both STAT4–/– and STAT6–/– recipi-
ents were able to acutely reject their vascularized car-
diac allografts; there was no significant difference in
graft survival times between WT versus either STAT4–/–

or STAT6–/– recipients. We then examined the graft mor-
phology of the rejecting recipients. Sections of cardiac
allografts were stained with H&E and were examined

under light microscopy. Four groups of animals were
studied: BALB/c into BALB/c, C57BL/6 into WT
BALB/c, C57BL/6 into STAT4–/– BALB/c, and C57BL/6
into STAT6–/– BALB/c. Syngeneic functioning control
grafts demonstrated preservation of myocytes with
intact nuclei and absence of interstitial cellular infil-
trates or vascular inflammation of cardiac vessels (Fig-
ure 2a). Rejected grafts from all three experimental
recipient groups (WT, STAT4–/–, and STAT6–/–) demon-
strated variable degrees of diffuse mononuclear cellu-
lar infiltration, endothelialitis, and areas of myocyte
damage and interstitial infarction (Figure 2, b–d).
These pathologic observations confirm the in vivo
graft-survival data and clearly demonstrate that vascu-
larized rejection occurs in the absence of normal Th1
or Th2 allogeneic responses.

Cytokine profiles of untreated WT, STAT4–/–, and STAT6–/–

recipients in response to donor alloantigen. We then investi-
gated profiles of cytokines produced by untreated recip-
ients in response to donor alloantigen. ELISPOT assay
was used to compare cytokine production (IFN-γ as a
prototype Th1 cytokine and IL-5 as a prototype Th2
cytokine) by splenocytes from untreated WT, STAT4–/–,
or STAT6–/– recipients that had acutely rejected heart
allografts in response to donor or syngeneic (negative
control) stimulator cells in vitro. As shown in Figure 3a,
the frequencies of alloreactive IFN-γ–producing recipi-
ent cells were significantly higher than autoreactive fre-
quencies in all groups, although the alloreactive fre-
quency was significantly lower (P = 0.002; difference
between the means was 1769.7) for STAT4–/– as com-
pared with STAT6–/– mice. In comparison, the alloreac-
tive frequency of IL-5–producing cells was only signifi-
cantly higher than the autoreactive frequency in
STAT4–/– recipients (Figure 3b), and that was signifi-
cantly higher (P = 0.0493; difference between the means
was 17) than the alloreactive frequency of STAT6–/– mice.
WT recipients demonstrated some variability of IL-5
production in response to allogeneic cells (Figure 3b).

Effect of T-cell costimulatory signal blockade on cardiac allo-
graft rejection in WT recipients. BALB/c mice were trans-
planted with C57BL/6 cardiac allografts and treated with
CTLA4Ig or MR1. Whereas a single injection of CTLA4Ig
on post-transplant day 2 markedly prolonged graft sur-
vival, a single injection of MR1 alone administered on day
0 was significantly less effective (Figure 4a). This obser-
vation with MR1 was not strain specific since a single
injection of MR1 had a comparable effect in C57BL/6
recipients of BALB/c hearts (survival times: 8, 41, 41, 52,
>100 × 2; P = NS) as compared with BALB/c recipients of
C57BL/6 hearts. Donor-specific tolerance induction by
CTLA4Ig treatment was confirmed by secondary heart-
graft challenge of animals with long-term surviving grafts
(>100 days). Whereas third-party (C3H/He) second grafts
were rejected, grafts from the original donor strain were
permanently accepted (Table 1).

The observation that MR1 treatment was less effective
than CTLA4Ig could be attributed to the continued
presence of costimulation through the CD28-B7 path-

Figure 3
Frequency of cytokine-producing donor-specific T cells in recipient
WT, STAT4–/–, and STAT6–/– BALB/c mice following allogeneic heart
transplantation. Mice were transplanted with C57BL/6 allogeneic
hearts. Recipient spleens were removed at the time of rejection (9–10
days after transplant). Splenocytes (1.2 × 106 cells per well) were incu-
bated with either recipient (open bars) or donor (filled bars) irradi-
ated splenocytes. The frequencies of IFN-γ–producing T cells (a) and
IL-5–producing T cells (b) were then determined using ELISPOT assay
as described in Methods. The results are expressed as the mean num-
ber of spots per well ± SE obtained from three to four mice tested indi-
vidually in each group. P values of syngeneic versus alloreactive
responder frequencies in each animal group are as follows. IFN-γ: P =
0.0196, 0.0132, and 0.006 in WT, STAT4–/–, and STAT6–/– recipients,
respectively. IL-5: P = 0.2327, 0.0092, and 0.0942 in WT, STAT4–/–,
and STAT6–/– recipients, respectively. AP = 0.002; BP = 0.0493.
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way. To investigate this possibility, we administered a
single injection of 250 µg MR1 to CD28–/– allograft
recipients. As shown in Figure 4 b, untreated CD28–/–

recipients had some prolongation of graft survival as
reported previously (30), but MR1 treatment was inef-
fective in promoting long-term graft acceptance, sug-
gesting that even in the absence of a functional CD28-
B7 signal, CD154 blockade did not induce tolerance.

Effect of T-cell costimulatory signal blockade on cardiac allo-
graft rejection in STAT4–/– recipients. Similar to our find-
ings in WT recipients, CTLA4Ig treatment prolonged
survival and induced donor-specific tolerance to car-
diac allografts in STAT4–/– recipients (Figure 5 and
Table 1). Interestingly, unlike the case of WT recipients,
MR1 promoted long-term graft survival and induced
donor-specific tolerance (acceptance of second-donor
strain grafts and rejection of third-party grafts; Table
1) in STAT4–/– recipients similar to CTLA4Ig therapy.
These data suggest that CD154 blockade is more effec-
tive in suppressing alloimmune responses in the
absence of a normal Th1 cytokine milieu.

Effect of T-cell costimulatory signal blockade on cardiac allo-
graft rejection in STAT6–/– recipients. We then investigated
the effect of CD28-B7 versus CD154-CD40 blockade
on fully mismatched cardiac allograft rejection using
STAT6–/– recipients. Treatment with CTLA4Ig pro-
longed graft survival and induced donor-specific toler-

ance as seen in WT and STAT4–/– recipients, whereas
therapy with MR1 was significantly less effective in
STAT6–/– recipients, similar to our observations in WT
mice (Figure 6 and Table 1). Overall, CD154 blockade
was significantly more effective in promoting long-
term graft survival in STAT4–/– recipients when com-
pared with either WT (P = 0.0438) or STAT6–/– recipients
(P = 0.0461). These data indicate that CD154 blockade
is only marginally effective in suppressing alloimmune
responses in a predominantly Th1 environment.

Effect of CD28-B7 versus CD154-CD40 blockade on devel-
opment of chronic rejection. Grafts of WT, STAT4–/–, or
STAT6–/– recipients treated with a single injection of
MR1 or CTLA4Ig surviving more than 100 days were
evaluated histopathologically for evidence of chronic
rejection as manifested by graft arteriosclerosis, fibro-
sis, and interstitial inflammation. Grafts of animals
treated with CTLA4Ig had minimal signs of arte-
riosclerosis (vessel scores were less than 0.5 in all
groups), interstitial inflammation, or fibrosis. Grafts
of animals treated with MR1, on the other hand,
developed moderately severe arteriosclerosis (mean
vessel scores of WT, STAT4–/–, and STAT6–/– recipients
treated with MR1 were 3, 3.10 ± 1.07, and 3.25 ± 1.75,
respectively), fibrosis, and interstitial inflammation.
Although, as indicated above, the number of long-
term survivors were small in the WT and STAT6–/–

recipients treated with MR1 (1–2/group), there did
not appear to be any difference in the pathology of
chronic rejection between the different recipient
groups treated with MR1.

Differential effects of CD28-B7 and CD154-CD40 blockade
in priming of STAT4–/– and STAT6–/– mice to nominal anti-
gen. To determine if the differential effects of CD28-B7
versus CD154-CD40 blockade in regulating Th1 and
Th2 responses are applicable to a nominal antigen sys-
tem, we studied the immune response of WT, STAT4–/–,
and STAT6–/– BALB/c mice immunized with OVA/CFA.
We treated WT, STAT4–/–, and STAT6–/– BALB/c mice
with CTLA4Ig or MR1 in vivo. In vitro stimulation of
primed lymph node cells with OVA showed similar pro-
liferative responses in control Ig-treated WT, STAT4–/–,
and STAT6–/– mice. Whereas CTLA4Ig treatment sup-
pressed the proliferative response in all treated mice,
MR1 treatment was only effective in suppressing pro-
liferation in STAT4–/– mice (Figure 7a). Cytokine pro-

Figure 4
Effect of MR1 or CTLA4Ig treatment on cardiac allograft survival in
wild-type (a) or CD28–/– mice (b). Recipients were treated with MR1
(250 µg intraperitoneally) on the day of transplantation or with
CTLA4Ig (250 µg intraperitoneally) on day 2. Untreated controls are
shown by solid line. AP < 0.01; BP = 0.33.

Table 1
Second heart graft survival (days) in animals bearing original heart
graft for more than 85 days

Recipient Original treatment Second graft donor

C57BL/6 C3H/He

WT CTLA4Ig >100, >100, >100 9, 13, 35
STAT4–/– CTLA4Ig >61, >89, >100 8, 8
STAT4–/– MR1 >100, >100 13
STAT6–/– CTLA4Ig >55, >100, >100 9, 36, 36
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duction was also measured, and the results of both
IFN-γ and IL-4 paralleled those of the proliferation
assay. In STAT4–/– mice, a small amount of IFN-γ was
produced, and treatment with MR1 abrogated it com-
pletely (Figure 7b). In addition, IL-4 production in
STAT4–/– mice was suppressed after MR1 treatment as
well as after CTLA4Ig treatment. As expected, there was
minimal IL-4 detectable in the supernatants of the
STAT6–/– mice cultures, but similar to IFN-γ produc-
tion, it was unchanged after MR1 treatment (Figure
7c). These findings underscore the fact that the differ-
ential effects of CD154-CD40 in STAT4–/– versus
STAT6–/– mice are not restricted to allogeneic stimula-
tion but also apply to nominal antigen systems in vivo.

Strategies to optimize the effect of CD154 blockade in WT
and STAT6–/– recipients. First, we investigated whether
increasing the frequency of administration of MR1
could further improve graft survival in WT and
STAT6–/– recipients. As shown in Figure 8, administra-
tion of four doses of MR1 (250 µg on post-transplant
day 0, 2, 4, and 6) significantly improved graft survival
in WT and STAT6–/– recipients as compared with the
single injection protocol. In addition, we (6, 31) and
others (32) have shown previously that administration
of donor cells synergize with CD154 blockade to pro-
mote long-term allograft survival. Therefore, we want-
ed to investigate the effect of combining donor spleno-
cytes plus CD154 blockade in WT, STAT4–/–, and
STAT6–/– recipients of cardiac allografts. All recipients
received an intravenous injection of 5 × 106 donor
splenocytes plus a single dose of MR1 on the day of
transplantation, as above. As seen in Figure 9, coad-
ministration of donor splenocytes plus a single injec-
tion of MR1 resulted in long-term graft survival in all
WT, STAT4–/–, and STAT6–/– recipients. Therefore, the
addition of donor cells rendered CD154 blockade more
effective in inhibiting Th1 allogeneic responses in vivo.
These data, taken together with the data obtained with

the multiple injection protocol, indicate that Th1 cells
are not inherently resistant to CD154 blockade.

Discussion
We used STAT4–/– and STAT6–/– mice to study the role of
CD28-B7 and CD154-CD40 costimulatory pathways in
regulating Th1 versus Th2 alloimmune responses in
vivo. Our data clearly show that clinical and morpho-
logical rejection occurs with a normal tempo in recipi-
ents lacking normal Th1 (STAT4–/–) or Th2 responses
(STAT6–/–). To our knowledge, this is the first report
describing in vivo studies of knockout animals targeted
at the STAT 4 and 6 genes in an organ-transplant model.
Our data are consistent with data published previously
using single cytokine gene-knockout recipients such as
IL-2–/–, IFN-γ–/–, IL-12-p40–/–, IL-12-p35–/–, or IL-4–/– animals
(10–13, 33). These data, in concert with our observa-
tions, challenge the simplistic traditional Th1/Th2 par-
adigm in transplantation that Th1 promotes graft rejec-
tion and Th2 is permissive for graft acceptance (34–36).

The most important and novel findings of this
report are the differential effects of CD28-B7 blockade
by CTLA4Ig and CD154-CD40 blockade by MR1 treat-
ment in STAT4–/– versus STAT6–/– mice. Whereas a sin-
gle injection of CTLA4Ig on post-transplant day 2 was
universally effective in promoting long-term graft sur-
vival and inducing donor-specific tolerance in WT,
STAT4–/–, and STAT6–/– recipients, a single injection of
MR1 was effective primarily in STAT4–/– mice, but not
in WT and STAT6–/– mice, in promoting long-term
engraftment and tolerance. Our studies with both (a)
a multiple-injection protocol of MR1 and (b) a single
injection of MR1 with coadministration of donor
splenocytes (Figures 8 and 9), clearly indicate that Th1
cells of WT and STAT6–/– recipients are not inherently
resistant to CD154 blockade.

Several studies have shown previously that CD28-B7
blockade is effective in blocking Th1 immune respons-
es and in some models may spare Th2 cell function (4,

Figure 6
Effect of MR1 or CTLA4Ig treatment on cardiac allograft survival
in STAT6–/– mice. Recipients were treated with MR1 (250 µg
intraperitoneally) at the day of transplantation or with CTLA4Ig
(250 µg intraperitoneally) on day 2. Untreated controls are shown
by solid line. AP < 0.01.

Figure 5
Effect of MR1 or CTLA4Ig treatment on cardiac allograft survival
in STAT4–/– mice. Recipients were treated with MR1 (250 µg
intraperitoneally) on the day of transplantation or with CTLA4Ig
(250 µg intraperitoneally) on day 2. Untreated controls are shown
by solid line. AP = 0.14.
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37, 38). However, there are also data to indicate that
CD28 signaling promotes Th2 responses (39) and that
CD28-B7 blockade is effective in blocking immune
responses in Th2-mediated diseases (40–44). Our data
clearly indicate that CTLA4Ig inhibits immune
responses in both STAT4–/– and STAT6–/– recipients, sug-
gesting that CD28-B7 blockade is effective in blocking
the prevailing immune response irrespective of whether
it is predominantly Th1 or Th2. In addition, CTLA4Ig
was also effective in preventing development of chron-
ic rejection, confirming our previous studies in rat
models of chronic allograft rejection (26, 45, 46). These
data have relevant clinical implications for several
immune-mediated human diseases.

Our observations with CTLA4Ig in STAT4–/– mice are
also consistent with data published previously showing
that IFN-γ is necessary for tolerance induction in a fully
allogeneic transplant model (10), since STAT4–/– mice
produce low levels of IFN-γthat is independent of IL-12
signaling (47, 48). Our data confirm these observations
in an alloantigen as well as a nominal antigen system
(see Figure 3a and 7b). These levels may be sufficient for
the required putative regulatory functions of IFN-γ(10).

The exact mechanisms of the interesting and some-
what surprising data of the differential effect of CD154
blockade with a single injection of MR1 in WT and
STAT6–/– versus STAT4–/– animals are unknown. Our
data with the CD28–/– recipients indicate that the mar-
ginal efficacy of MR1 in WT and STAT6–/– recipients is
distinctly independent of a functional CD28-B7 path-
way. This is also supported by the fact that a similar
protocol of MR1 therapy was very effective in STAT4–/–

animals. The fact that CD154 blockade is effective in
blocking immune responses in STAT4–/– animals is con-
sistent with previous studies establishing the efficacy
of such an approach in Th2-mediated diseases like hap-
ten-induced dermatitis (49), Graves’ disease (50), and
collagen-induced arthritis (51).

The relative resistance of a predominantly Th1
immune response to CD154 blockade in WT and
STAT6–/– animals have three potential explanations. First,
it is possible that CD154-CD40 blockade requires the
presence of Th2 cytokines in order to be optimally effec-
tive. This is supported by a previous observation from
our group that CD154 blockade results in a Th2 switch
in a cardiac transplant model (6, 31). A second, yet relat-

Figure 7
Effect of MR1 or CTLA4Ig treatment on in vitro lymphocyte proliferation and cytokine production in mice immunized with OVA. The ani-
mals were immunized with OVA/CFA, and treatment started with CTLA4Ig or MR1 on the day of immunization and given every other day
for five doses. Control mice received control Ig (CIg). Lymph nodes were collected on day 10 after immunization and proliferation (a), and
cytokine production (b and c) was measured after stimulation with OVA in vitro at three doses: 25 µg/mL, shaded bar; 50 µg/mL, open bar;
and 100 µg/mL, filled bar.
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ed, explanation is the possibility that high precursor fre-
quency of antigen-specific T cells (such as in the trans-
plant setting) or a high antigenic load in the presence of
Th1 cytokines is less responsive to CD154 blockade
alone. This hypothesis is supported by a recent study by
Li et al. (52) that showed Th1 to Th2 immune deviation
after anti–IL-12 therapy caused prolonged engraftment
in recipients of MHC-matched but minor histocompat-
ibility-antigen mismatched (low alloreactive T-cell
mass/low antigen-density system) grafts as compared
with recipients of MHC-mismatched (high alloreactive
T-cell mass/high antigen-density system) allografts.
Third, a predominance of Th1 cytokines may result in
priming of effector cells that are resistant to costimula-
tory blockade. In support of this possibility are the
recent findings in some models (53) and in some mouse-
strain combinations (54), that T-cell costimulatory
blockade was not effective in inhibiting rejection driven
by CD8+ T cells. Therefore, it is possible that in WT and
STAT6–/– recipients a predominance of Th1 cytokines
activate CD8+ T cells, which may in turn play a critical
role in graft rejection and may not be completely blocked
by MR1 (see below). Indeed, the ELISPOT data present-
ed in Figure 3a show a significantly high number of IFN-
γ–producing cells in response to alloantigen in vitro in
both WT and STAT6–/– recipients. Therefore, whereas a
single injection of MR1 was insufficient to block this
predominant Th1 immune response in vivo, increasing
the frequency of administration of MR1 resulted in sig-

nificant improvement in graft survival as compared with
the single-injection protocol in WT and STAT6–/– recipi-
ents. Our observations are consistent with data report-
ed by Kirk et al. in primates showing that a short course
of anti-CD154 (55) was less effective in promoting long-
term rejection-free survival of kidney grafts as compared
with chronic anti-CD154 therapy (56). Furthermore, in
our model, even in cases where MR1 did result in pro-
longing graft survival, it was still not as effective as
CTLA4Ig in completely inhibiting the alloimmune
response to prevent development of chronic rejection.
These observations are important for designing clinical-
ly relevant strategies based on T-cell costimulatory
blockade in organ transplantation.

In several fully allogeneic transplant models, block-
ade of CD154 alone was ineffective in inducing toler-
ance; adjunctive therapies with donor antigen in the
form of donor cells or bone marrow infusion, or simul-
taneous blockade of CD28-B7, was necessary to achieve
long-term graft acceptance and tolerance (6, 57). Our
data with donor splenocytes combined with a single
injection of MR1 confirm the synergy between admin-
istration of donor alloantigens and CD154 blockade in
promoting long-term graft survival even in a predomi-
nantly Th1 environment that is usually less responsive
to CD154 blockade alone (STAT6–/– recipients). The
mechanisms of action of donor alloantigen adminis-
tration in promoting tolerance remain unknown,
although both microchimerism as well as donor-anti-
gen source theories have been proposed (58, 59). How-
ever, one possibility is that administration of donor
splenocytes may act by tolerizing alloreactive CD8+ T
cells. Indeed, there are data to indicate that adminis-
tration of donor alloantigen is effective in tolerizing
recipient 2C transgenic mice (60). These mice have pre-
dominantly CD8+ T cells that are reactive to allogeneic
class I MHC molecules Ld. Obviously, further studies
are required to dissect the exact mechanisms of the

Figure 8
Effect of administration of multiple injections of MR1 on cardiac
allograft survival in WT and STAT6–/– recipients. C57BL/6 hearts
were transplanted into wild-type or STAT6–/– BALB/c recipients.
Recipients were treated with either a single dose of MR1 alone (250
µg intraperitoneally) on the day of transplantation or four doses of
MR1 (250 µg intraperitoneally, four times) on post-transplant day
0, 2, 4, and 6. The multiple-injection protocol significantly increased
graft survival in both recipient groups. AP = 0.0456; BP = 0.0043.

Figure 9
Effect of coadministration of donor splenocytes plus a single injec-
tion of MR1 on cardiac allograft survival in WT, STAT4–/–, and
STAT6–/– recipients. C57BL/6 hearts were transplanted into WT,
STAT4–/–, or STAT6–/– BALB/c recipients. Recipients were treated with
MR1 (250 µg intraperitoneally) plus 5 × 106 donor splenocytes intra-
venously on the day of transplantation. There were no significant dif-
ferences between the three recipient types.
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observed differential effects of CD154 blockade in a
predominantly Th1 versus Th2 environment and the
role of donor cells in promoting tolerance.

In conclusion, our data show that whereas CD28-B7
blockade is effective in inhibiting Th1 as well as Th2
alloimmune responses and promoting tolerance in vivo,
CD154 is quantitatively less effective in a predomi-
nantly Th1 environment. These novel observations have
implications for understanding the mechanisms of allo-
graft rejection and tolerance and may impact the devel-
opment of future immunotherapeutic strategies in
transplantation and other immune-mediated diseases.
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