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Blockade of the CD40/CD154 pathway potently attenuates T-cell
responses in models of autoimmunity, inflammation, and trans-
plantation. Indeed, CD40 pathway blockade remains one of the
most powerful methods of prolonging graft survival in models of
transplantation. But despite this effectiveness, the cellular and
molecular mechanisms underlying the protective effects of CD40
pathway blockade are incompletely understood. Furthermore, the
relative contributions of deletion, anergy, and regulation have not
been measured in a model in which donor-reactive CD4+ and CD8+

T-cell responses can be assessed simultaneously. To investigate the
impact of CD40/CD154 pathway blockade on graft-specific T-cell
responses, a transgenic mouse model was used in which recipients
containing ovalbumin-specific CD4+ and CD8+ TCR transgenic T
cells were grafted with skin expressing ovalbumin in the presence
or absence of anti-CD154 and donor-specific transfusion. The re-
sults indicated that CD154 blockade altered the kinetics of donor-
reactive CD8+ T-cell expansion, delaying differentiation into IFN-γ+

TNF+ multifunctional cytokine producers. The eventual differenti-
ation of cytokine-producing effectors in tolerant animals coincided
with the emergence of an antigen-specific CD4+ CD25hi Foxp3+

T-cell population, which did not arise from endogenous natural
Treg but rather were peripherally generated from naïve Foxp3−

precursors.

costimulation blockade

Blockade of the CD40/CD154 pathway has long been appreci-
ated as a potent means of inhibiting alloreactive T-cell

responses and prolonging graft survival. But despite this pro-
nounced effect on allograft survival in both murine and nonhuman
primate models (1–3), clinical trials using anti-CD154 mAbs in
transplantation were halted due to thromboembolic complica-
tions, likely related to the expression of CD154 on platelets (4, 5).
However, recent studies using anti-CD40 mAbs in both murine
and nonhuman primate models demonstrated comparable efficacy
to CD154 blockade, and thus significant interest in the pathway
remains (6–9).
Early studies by Parker et al. (3) described the treatment com-

bination of anti-CD154 and donor-specific transfusion (DST)
for the induction of immune tolerance in transplantation. Several
groups have since demonstrated the potent effects of this com-
bined therapy in the prolongation of islet (3, 10, 11), cardiac (12),
skin (10, 13), and kidney (14, 15) allograft survival in murine and
nonhuman primate models. Although costimulation blockade has
been associated with T-cell anergy (16) or deletion (17, 18), elu-
cidation of the precise independent and synergistic effects of DST
and anti-CD154 on the kinetics of donor-reactive CD4+ and
CD8+ effector T-cell expansion has been limited because of the
inability to identify and track graft-specific T cells in fully allo-
geneic models.
Importantly, studies by Taylor et al. (19) demonstrated that

CD4+ CD25+ regulatory T cells (Treg) are required for tolerance
induced via CD40/CD154 pathway blockade in a graft-versus-
host model. Although those studies revealed a requirement for
Treg during tolerance induction, whether the Treg required are
preexisting, thymically derived Treg or whether CD40/CD154
blockade induces the generation of peripherally elicited Treg is
not known. Furthermore, the temporal relationship between the

in vivo accumulation of Treg and deletion of graft-specific ef-
fectors after CD40/CD154 blockade has not been investigated.
To address these questions, we used an ovalbumin (OVA)-

expressing transgenic mouse model (20), which allowed us to di-
rectly track both donor-reactive CD4+ and CD8+ T-cell responses
simultaneously over time. Although previous studies have used
transgenic models to assess the degree of T-cell deletion after
CD154/CD40 blockade (16, 21), none has systematically inter-
rogated the impact of anti-CD154 on the kinetics of both CD4+
and CD8+ T-cell deletion and acquisition of effector function.
Our results indicated that although CD40/CD154 blockade alone
delayed donor-reactive CD4+ and CD8+ T-cell expansion and
differentiation, the addition of DST was required for antigen-
specific T-cell deletion. Importantly, anti-CD154 combined with
DST also led to peripheral conversion of Foxp3− donor-reactive
CD4+ T cells to Foxp3+CD25+ donor-specific Treg.

Results
Combined DST/CD154 Blockade Prolongs Skin Graft Survival and
Prevents Cellular Infiltration. Although many groups have studied
the impact of CD40 pathway blockade on graft survival and T-cell
responses (16, 19, 21, 22), the precise mechanism by which in-
hibition of CD40-mediated signals attenuates donor-reactive T-
cell responses remains incompletely understood. In fully allogeneic
models, anti-CD154 mAbs combined with DST has been shown to
significantly delay rejection, but the ability to track alloreactive T
cells is dependent on cytokine production. This limits the ability to
study donor-specific cells that might have become nonresponsive
due to the absence of CD40/CD154-mediated signals. Therefore,
to assess the contribution of T-cell nonresponsiveness to the pro-
tective effect of CD154 blockade on skin graft (SG) survival, naïve
donor-reactive OT-I and OT-II T cells were adoptively transferred
into naïve recipients that were then grafted with OVA-expressing
skin (Fig. 1A). Resulting SG survival in this transgenic model
reflected that previously observed in allogeneic systems (13). Un-
treated mice rapidly rejected SGs with a median survival time
(MST) of 13.5 d, whereas treatment with anti-CD154/DST signif-
icantly prolonged survival to more than 100 d (Fig. 1B).

CD154 Blockade/DST Inhibits Antigen-Specific CD8+ T-Cell Expansion.
To identify the relative contributions of T-cell deletion and anergy/
exhaustion, the kinetics of donor-reactive CD8+ T-cell expansion
and contraction were measured over time after transplantation
and treatment with anti-CD154/DST on days 0, 2, 4, and 6 post-
transplantation. Spleens of untreated mice developed a donor-
reactive T-cell response that peaked at days 7–10. CD154 block-
ade led to a significant delay (day 10) in the donor-reactive T-cell
response, whereas this response was significantly accelerated (day
4) in DST-treated animals. Finally, combined anti-CD154/DST
treatment led to minimal expansion of donor-reactive T cells over
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background at day 4 (Fig. 2 A and B). These effects of CD154
blockade on donor-reactive T-cell expansion kinetics were fur-
ther confirmed in the axillary and brachial draining lymph nodes
(LNs) (Fig S1).
To determine whether CD154/CD40 pathway blockade limits

antigen-specific T-cell differentiation, we analyzed markers of
activation (CD44 and CD62L) and a marker of short-lived ef-
fector lineage (KLRG-1) (23) in each treatment group on day 7
posttransplantation. We observed that CD154 blockade, in both
the presence and absence of DST, decreased the frequencies of
CD44high and CD62Llow antigen-specific CD8+ T cells and in-
creased the frequency of KLRG-1high antigen-specific CD8+ T
cells compared with untreated controls (Fig. 2C).

CD154 Blockade/DST Prevents Antigen-Specific CD8+ T-Cell Cytokine
Production and Cytolytic Potential. Although increased donor-
reactive T-cell expansion is an important indicator of potential
allograft rejection, it does not speak to the functionality of these
cells after transplantation. Thus, we interrogated the role of the
CD40/CD154 pathway in inducing the differentiation of com-
petent TNF and IFN-γ cytokine-producing effectors after trans-
plantation (Fig. 3A). We observed a minimum threshold of 105

graft-specific cytokine-secreting cells after transplantation in all
of the groups that experienced rejection. This threshold number
of cells was observed on days 7 and 10 in untreated animals (Fig.
3B). DST accelerated the emergence of dual cytokine-producing
cells to day 4, whereas anti-CD154 delayed the differentiation of
these cells until day 10 posttransplantation (Fig. 3B). Only the
DST/anti-CD154 group (which did not experience rejection)
failed to achieve this threshold number of cytokine-producing
cells at any time point (Fig. 3B).
To further investigate the impact of CD154 blockade on T-cell

differentiation, in vivo cytotoxicity assays were performed. Anti-
CD154 treatment did not attenuate the antigen-specific cytolysis of
target cells relative to untreated controls. However, DST mono-
therapy significantly reduced the cytolysis of target cells on day 7,
perhaps related to the rapid contraction of antigen-specific T cells
at this time point. Consistent with the reduced expansion and
cytokine production by donor-reactive T cells, anti-CD154/DST

treatment significantly impaired cytolysis of target cells (Fig. 3C).
Taken together, these data indicate that although CD154/CD40
pathway blockade delayed the accumulation of donor-reactive T
cells, it did not prevent the killing of donor-derived targets.

CD154 Blockade Reduces Antigen-Specific CD4+ T-Cell Accumulation
and Promotes Migration of Foxp3+ Treg to the Graft. To assess the
availability of CD4+ T-cell help in this model, we analyzed the
effect of CD154 blockade on donor-specific helper T-cell acti-
vation. Donor-reactive CD4+ T cells expanded with similar ki-
netics as CD8+ T cells over time. Treatment with either anti-
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Fig. 1. CD154 blockade and DST prolongs SG survival. (A) Mice were
adoptively transferred with 1.5 × 106 of each OT-I and OT-II T cells 2 d before
transplantation. On day 0, mice were transplanted with mOVA SG and were
treated with 107 mOVA DST and/or 500 μg of MR-1 where indicated. (B)
Untreated mice rejected SGs with an MST of 13.5 d. Anti-CD154 mono-
therapy led to bimodal survival of SGs, with 50% of mice rejecting grafts
with an MST of 15 d and 50% demonstrating indefinite survival (P = 0.0027).
DST monotherapy resulted in to an MST of 18 d (P = 0.031), whereas com-
bined anti-CD154/DST led to an indefinite survival of SGs (P < 0.0001). Data
are cumulative of two independent experiments with five mice per group.
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Fig. 2. CD154 blockade delays expansion of antigen-specific CD8+ T cells but
does not alter activation status at peak of response. Mice were treated as
described in Fig. 1 and killed at the indicated time points. (A) Concatenated
flow plots of CD8+ splenocytes. Gates shown are on donor-reactive CD8+

(Thy1.1+) T cells. (B) Frequencies of donor-reactive CD8+ splenocytes are
shown. OT-I T-cell populations in untreated mice peaked at days 7–10 with
2.27% ± 0.27% and 2.98% ± 0.69%, respectively. Compared with untreated
controls, anti-CD154 treatment delayed expansion of T cells (D10: 3.47% ±
1.37%), whereas DST accelerated expansion of OT-I T cells (D4: 0.32% ±
0.04% vs. 5.08% ± 0.98%; P = 0.006). Combined treatment minimally ex-
panded T cells (D4: 1.39% ± 0.95%). (C) Activation markers on OT-I T cells on
day 7 in the spleen. CD40/CD154 blockade reduced CD44 and CD62L up-
regulation, while promoting an increase in KLRG-1 expression. Data are
summarized from three experiments with three mice per group. Values are
mean ± SEM. *P < 0.05; ***P < 0.001.
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CD154 or DST led to a substantially reduced accumulation of
donor-reactive CD4+ T cells on day 7 compared with untreated
controls, but anti-CD154/DST treatment significantly impaired
donor-reactive helper T-cell responses (Fig. 4 A and B).
Because Treg have been shown to promote graft survival in

several models (24), we assessed whether CD154 blockade re-
sulted in the expansion of Treg in vivo. We found no gross change
in the frequency of CD4+ CD25+ Foxp3+ T cells in mice treated
with anti-CD154 (Fig. 4C). We next asked whether anti-CD154
altered the ability of Treg to accumulate in the graft (Fig. 4D).
Immunohistochemical analysis of Foxp3+ cells in SGs at day 7
revealed that anti-CD154/DST treatment led to a dramatic in-
crease in Treg infiltration compared with untreated controls.

Anti-CD154/DST Promotes Conversion of Donor-Reactive CD4+ T Cells
Into CD25+ Foxp3+ Induced Treg. Although we observed no increase
in total Treg in the draining LNs after CD40/CD154 blockade,
the increased Treg infiltration in SGs of these animals led us to
hypothesize that a graft-specific Treg population may be emerg-
ing in the context of CD40/CD154 blockade, but might be un-
detectable within the larger pool of non–graft-reactive Treg. To
test this hypothesis, we analyzed donor-reactive Thy1.1+ CD4+

T cells in the LNs for Foxp3 expression. Before transplantation,
adoptively transferred naïve OT-II T cells, did not express Foxp3
(Fig. 5A, Top), whereas donor-reactive CD4+ T cells in LNs of
untreated mice developed a small population of Foxp3-express-
ing cells compared with naïve controls. At early time points,
neither anti-CD154 nor DST alone significantly increased the
frequency of Foxp3+ cells among donor-reactive CD4+ T cells
compared with untreated controls. However, CD154 blockade
resulted in a modest increase in the frequency of donor-specific
Foxp3+ CD25+ CD4+ Treg at day 14. Interestingly, the combi-
nation of anti-CD154/DST treatment resulted in a significant
increase in the frequency of graft-specific Foxp3+ CD25+ CD4+

Treg in vivo by day 7 (Fig. 5 A and B).

Because low frequencies of endogenous Treg (nTreg) have been
reported in recombinant activating gene (RAG)-sufficient OT-II
T cells (25), we next asked whether the observed increase in
accumulated graft-specific Foxp3+ CD25+ CD4+ T cells was due
to expansion of a small population of Foxp3+ OT-II nTreg that
existed in the transferred cell preparation, or due to peripheral
conversion of antigen-specific CD4+ T cells into induced Treg
(iTreg) after CD40/CD154 blockade. Therefore, we adoptively
transferred 1.5 × 106 Thy1.1+ OT-I and 1.5 × 106 RAG-deficient
CD45.2+ OT-II T cells, which lack Foxp3-expressing cells (25),
into CD45.1+ recipients. Mice received a mOVA SG and either
remained untreated or were treated with combined anti-CD154/
DST. On day 7 posttransplantation, draining LNs were analyzed
for the presence of antigen-specific Foxp3+ CD4+ T cells. Re-
sults indicated that anti-CD154/DST significantly induced the
conversion of donor-reactive CD4+ T cells into graft-specific
Foxp3+ CD25+ iTreg compared with untreated controls (Fig. 5 C
and D). Taken together, these data indicate that blockade of the
CD40 pathway in the presence of DST resulted in the peripheral
conversion of antigen-specific CD4+ T cells into iTreg.
The ratio of Treg to antigen-specific effector T cells has been

previously identified as a predictor of the potential protective ef-
fects of Treg (26). Thus, we compared the relative levels of accu-
mulated donor-reactive CD8+ T cells and donor-specific Foxp3+

CD25+ CD4+ T cells. As described earlier, untreated recipients
substantially expanded donor-reactive CD8+ T cells, while gener-
ating negligible levels of antigen-specific Foxp3+ CD4+ T cells
(Fig. 5E, Left). Conversely, anti-CD154/DST treatment dramati-
cally increased the ratio of graft-specific Foxp3+ CD4+ T cells to
donor-reactive CD8+ effectors in the draining LNs over time (Fig.
5E, Right).

Discussion
In this study, we have elucidated the effects of CD40/CD154 path-
way blockade on donor-reactive CD4+ and CD8+ T-cell responses.
Based on these data, we conclude that treatment with either DST
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Fig. 3. CD154 blockade delays donor-reactive CD8+ T cells differentiation into multifunctional cytokine-producing cells. Mice were treated as described in
Fig. 1 and killed at the indicated time points. (A) Concatenated flow plots of intracellular cytokine staining in splenic OT-I T cells after stimulation for 4 h
in vitro with SIINFEKL peptide. (B) Cytokine production by splenic OT-I T cells, summarized from three experiments with three mice per group. Untreated mice
developed into dual cytokine producers at day 7 (6.22 × 104 ± 0.29 × 104). DST accelerated T-cell production of TNF and IFN-γ (D4: 4.90 × 104 ± 2.14 × 104).
Anti-CD154 delayed T-cell differentiation (D10: 1.15 × 105 ± 0.65 × 105). Anti-CD154/DST inhibited differentiation (D4: 2.08 × 104 ± 1.98 × 104). (C) Day 10
in vivo cytotoxicity assay. Peptide-coated targets and unpulsed control targets were labeled with different concentrations of carboxyfluorescein succinimidyl
ester and adoptively transferred into recipients. After 18 h, the ratio of unpulsed targets to peptide-pulsed targets remaining was assessed by flow cytometry.
Relative to untreated controls, anti-CD154 treatment did not alter killing of target cells (91.01% ± 0.82% vs. 66.59% ± 11.03%; P = 0.379). DST treatment
significantly impaired killing (55.52% ± 8.28%; P = 0.003). Anti-CD154/DST significantly impaired cytolysis (28.26% ± 12.78%; P = 0.001). Data are summarized
from two experiments with five mice per group. Values are mean ± SEM.
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or anti-CD154 resulted in mechanistically distinct modes of graft
protection. Anti-CD154 treatment delayed the expansion and dif-
ferentiation of donor-reactive CD8+ T cells into multifunctional
cytokine-producing cells. Furthermore, CD154 blockade led to
late conversion of donor-reactive Foxp3− CD4+ T cells into
Foxp3+ iTreg. This effect was observed in both RAG-sufficient
and RAG-deficient antigen-specific T cells, which are known to
contain no FoxP3+ nTreg (25).
Although previous studies have shown a role for regulation in

the tolerance induced via DST/anti-CD154 (19, 27, 28), here we
show that the mechanism underlying the observed increase in
Foxp3+ Treg after exposure to DST/anti-CD154 is conversion of
antigen-specific naïve T-cell precursors into Foxp3+ cells. We
speculate that the conversion of naïve/effector CD4+ T cells into
iTreg requires the presence of antigen, which is provided much
earlier in the setting of DST than in anti-CD154 monotherapy.
Conversely, DST led to early expansion but abortive activation of
donor-reactive CD8+ T cells, with rapid contraction that likely

contributed to the decreased ability to lyse target cells by day 10.
However, antigen-specific Foxp3+ CD25+ iTreg were not in-
duced after DST treatment in the absence of CD154 blockade.
Thus, we conclude that this degree of abortive activation alone
was insufficient to protect grafts from rejection. Only the com-
bination of abortive activation and the early emergence of pe-
ripherally induced iTreg was able to sufficiently attenuate donor-
reactive effector T-cell responses and prolong graft survival.
These data suggest that an early increase in the ratio of Treg to
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Fig. 5. Anti-CD154 and DST treatment promote conversion of donor-re-
active CD4+ T cells into CD25+ Foxp3+ iTreg. (A) Day 7 concatenated flow plots
of OT-II (Thy1.1+) T cells in LNs, with gates on CD25+ Foxp3+ OT-II cells. (B)
Longitudinal analysis of Foxp3+ OT-II T cells. On day 7, the frequency of Treg
in untreated mice was 0.88% ± 0.44% that of OT-II T cells. Anti-CD154
(4.68% ± 1.49%; P = 0.071) and DST (2.27% ± 1.37%; P = 0.389) mono-
therapies slightly increased the frequency of Foxp3-expressing T cells within
the OT-II T-cell compartment. Anti-CD154/DST significantly increased Foxp3
expression in OT-II T cells compared with untreated controls (10.61% ±
3.28%; P = 0.042). On day 14, both anti-CD154 and anti-CD154/DST reached
similarly high levels of iTreg conversion (16.57% ± 2.68% and 16.17% ±
10.53%, respectively; P = 0.973). Data are summarized from three experi-
ments with three mice per group. (C and D) B6.SJL (CD45.1+) were adoptively
transferred with OT-I and RAG−/− OT-II T cells and treated with anti-CD154/
DST. On day 7, draining LNs were analyzed for Foxp3-expressing OT-II T cells.
(C) Representative flow plots of CD45.2+ RAG−/− OT-II T cells; gate represents
CD25+ Foxp3+ iTreg cells. (D) Combined CD154 blockade and DST significantly
increased the conversion of OT-II T cells into Foxp3+ iTreg compared with
untreated controls (6.452% ± 1.552% vs. 0.559% ± 0.225%; P = 0.0035). Data
are summarized from two experiments with between three and five mice
per group. (E) Relative frequencies of Thy1.1+ OT-I T cells compared with
peripherally converted Thy1.1+ OT-II iTreg from untreated LNs (Left) and anti-
CD154/DST–treated LNs (Right). OT-I T cells are measured on the left y-axis,
and the OT-II Treg are measured on the right y-axis. Data are summarized
from three experiments with three mice per group. Values are mean ± SEM.
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effector T cells may underlie the potent protective effects of anti-
CD154/DST combined therapy.
Through what mechanism does interruption of CD40/CD154-

mediated signals induce the expression of Foxp3? Our favored
hypothesis is that inhibition of CD40 signaling conditions antigen-
presenting cells (APCs) or subsets of APCs such that synaptic
contact with antigen-specific T cells instructs them to become
regulatory cells rather than activated effectors. This hypothesis is
based on work demonstrating peripheral generation of Foxp3+

Treg after exposure to tolerogenic plasmacytoid dendritic cells
(DCs) (27). The specific cell surface or soluble mediators that
function to regulate iTreg conversion is an important area of fu-
ture research; however, we predict that DCs in which CD40 sig-
naling is inhibited will fail to present costimulatory molecules or
secrete inflammatory cytokines to instruct CD4+ T cells to dif-
ferentiate into Treg. For example, IL-6 has been shown to potently
inhibit TGF-β–mediated Treg differentiation (29), and a recent
study demonstrated that loss of CD40 signaling rendered DCs
deficient in IL-6 production (30).
Alternatively, it is possible that anti-CD154 functions to inhibit

CD40 signaling on another cell type. In particular, CD8+ T cells
have been shown to express CD40 and are capable of secreting
inflammatory cytokines that also might inhibit iTreg conversion
(31, 32). Furthermore, peripheral conversion of naïve CD4+ T
cells into Foxp3+ Treg has been observed after interruption or
attenuation of TCR-mediated signals. In particular, von Boehm-
er’s group observed the conversion of Foxp3− CD4+ T cells into
Foxp3+ T cells after exposure to low-dose antigen (33), and, con-
versely, iTreg generation was inhibited by high TCR stimulation
(34). Peripheral generation of Foxp3+ T cells also has been
demonstrated after resolution of an acute systemic autoimmune
disease (35). In addition, extrathymic development of CD25hi Treg
from CD25− precursors was observed after in vivo treatment of
anti-CD4 mAb during transplantation (36). Thus, there likely are
many mechanisms by which naïve CD4+ T cells may be instructed
to become Foxp3+ regulatory cells in the periphery. Here we
demonstrate that in vivo blockade of the CD40/CD154 pathway is
one of those mechanisms, and show that early emergence of these
iTreg correlates with graft survival.
Our data also indicate that a primary effect of CD154/CD40

blockade is to delay CD8+ T-cell expansion and differentiation.
Previous reports have examined donor-reactive T cells at a single
time point posttransplantation and have concluded that anti-
CD154 mAb leads to deletion of CD4+ and CD8+ T-cell re-
sponses (16, 21). However, our analysis of the kinetics of the T-
cell response revealed that CD154/CD40 pathway blockade alone
delayed, rather than deleted, antigen-specific CD4+ and CD8+ T-
cell responses, with both responses in anti-CD154 treated animals
eventually reaching the same magnitude as in untreated controls.
Given that the half-life of anti-CD154 mAb (MR-1) is 1.5 wk
in vivo, and that the last dose was given on day 6 posttransplan-
tation, we would not expect to see a significant drop in circulating
blocking antibody during the time course studied (days 0–14).
This indicates that our findings are not the result of an emerging
response as the CD154 blockade wanes, but rather represent a
“breakthrough” response in which graft-reactive CD8+ T cells
have delayed differentiation but eventually develop into fully
competent effectors even in the presence of blocking antibody.
Conversely, our analysis revealed that DST accelerated the ki-
netics of donor-reactive CD4+ and CD8+ T-cell expansion, a
finding corroborated by previous studies showing that at a single
time point, donor-reactive T cells isolated from mice treated with
DST exhibited increased CD44 expression, indicative of a more
activated phenotype (21). Taken together, our analysis of the
kinetics and magnitude of donor-reactive T-cell responses suggest
a mechanism in which T cells are strongly driven into division in
the presence of DST, but are induced to delay differentiation in
the presence of anti-CD154. In the presence of both reagents, the
resulting “push and pull” results in donor-reactive T-cell deletion
or conversion to Treg. A similar finding has been reported in the
setting of low donor-reactive T-cell precursor frequency, in which

minimal competition for antigen may provide increased access to
APCs, and thus cells are driven to divide earlier and more ro-
bustly (37–40). Through the provision of an increased source of
antigen, DSTmay similarly decrease the T-cell:APC ratio, thereby
stimulating increased division. In both systems, robust division in
the absence of costimulation leads to eventual deletion (39).
Our use of congenically marked TCR transgenic cells of a de-

fined specificity in this study was advantageous, in that we were
able to both identify populations of graft-specific T cells without
relying on effector function for detection and definitively address
the issue of iTreg conversion vs. expansion of Treg from a preex-
isting small population of FoxP3+ Treg. However, a potential lim-
itation of this study is that it focused on the behavior of a
monoclonal T-cell population responding to a surrogate minor
antigen, and thus it is possible that this system might not be fully
comparable to a polyclonal T-cell response to allogeneic tissues.
Identifying polyclonal graft-specific T cells during transplantation
remains an important area of future investigation.
We conclude that the mechanism by which DST and anti-

CD154 blockade synergize to protect the graft involves both the
abortive response of donor-reactive CD8+ T cells that have been
driven into unsupported division and the conversion of antigen-
specific CD4+ T cells into iTreg after CD154 blockade. Although
the use of intact Fc receptor-binding anti-CD154 is not a clinically
viable strategy given the potential for thromboembolic compli-
cations, blockade of this pathway remains the single most effective
method of inducing transplantation tolerance in experimental
models. Thus, studying the mechanisms by which this mechanism
induces robust tolerance remains an important question for the
field, with the aim of developing alternative methods of inhibiting
CD154. Recent studies have used an RNAi approach to inhibit
CD40 expression (41, 42), and a similar approach could be en-
visaged for CD154 inhibition. Alternatively, non–cross-linking
mAbs could be developed to antagonize CD154, much like non-
activating single-chain FV-based reagents have been developed in
lieu of cross-linking anti-CD28 mAbs (43), which has resulted in a
much more severe side effect profile than that seen in anti-CD154
mAbs in pilot studies in humans (44). Thus, further elucidation
of the mechanisms underlying the potency of CD154 blockade in
inducing transplantation tolerance may allow for the identifica-
tion of critical cellular and molecular pathways required for the
establishment and maintenance of transplantation tolerance.

Materials and Methods
Mice. B6-Ly5.2/Cr (H2-Kb, CD45.1) and C57BL/6 (H2-Kb, CD45.2) mice were
obtained from the National Cancer Institute. OT-I and OT-II transgenic mice
(purchased from Taconic Farms) were bred to a Thy1.1+ background at Emory
University. Membrane bound-OVA (mOVA) mice (20) were a gift from Dr.
Marc Jenkins (University of Minnesota, Minneapolis, MN) and were main-
tained in accordance with Emory University’s Institutional Animal Case and
Use Committee guidelines. OT-II × RAG−/− transgenic mice were purchased
from Taconic Farms. All animals were housed in pathogen-free animal facil-
ities at Emory University.

DST and Adoptive Transfers. For DST administration, mOVA spleens were
processed into single cell suspensions, and 107 splenocytes were given before
transplantation. For adoptive transfers of donor-reactive T cells, spleen and
mesenteric LNs of OT-I and OT-II mice were processed and stained with mAbs
antibodies for CD4, CD8 (both from Invitrogen), Thy1.1, and Vα2 (BD Phar-
mingen) for flow cytometry analysis. Cells were resuspended in PBS, and
then 1.5 × 106 of each Thy1.1+ OT-I and OT-II were injected i.v. In some
experiments, CD45.2+ OT-II × RAG−/− cells were adoptively transferred into
CD45.1+ recipients.

Skin Transplantation and Antibody Treatment. Full thickness tail and ear skins
were transplanted onto dorsal thorax of recipient mice and secured with
adhesive bandages. Where indicated, mice were treated with 500 μg of
hamster monoclonal anti-mouse CD154 (MR-1; BioExpress) on days 0, 2, 4,
and 6 posttransplantation.

Surface Stains and Flow Cytometry. Spleens or draining axillary and brachial
LNs were stained for CD4 and CD8 (both from Invitrogen); Thy1.1, CD44, and
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CD62L (all from BD Pharmingen); and KLRG-1 (Southern Biotech). Samples
were analyzed using a multicolor LSRII FACS machine (BD Biosciences). Data
were analyzed using FlowJo software (Treestar).

Intracellular Cytokine Staining. Responder splenocytes were stimulated with
10 nM OVA257–264 (SIINFEKL, Emory University Microchemical Core Facility)
and 10 μM OVA323–339 peptides in the presence of 10 μg/mL Brefeldin A for
4 h. Intracellular staining kits were used to detect TNF and IFN-γ (BD Phar-
mingen), according to the manufacturer’s instructions.

In Vivo Cytotoxicity Assay. C57BL/6 (CD45.2) splenocytes were divided into
two populations and stained with either 2.5 μM or 0.25 μM carboxy-
fluorescein succinimidyl ester. The cells either remained unpulsed or were
pulsed with 1 μM SIINFEKL peptide, respectively. Once mixed at equal ratios
(5 × 105 cells of each), cells were injected i.v. into experimental mice
(CD45.1). At 18 h postinjection, lysis of target cells was assessed, as described
previously (45).

Histology. Skin grafts were removed and frozen in cryomolds with OCT
Embedding Compound (Tissue-Tek) on day 7 posttransplantation. Longitu-
dinal sections of grafts were cut into 5-μm-thick sections with a cryostat (CM
1850; Leica Microsystems) and mounted on Superfrost Plus microscope slides
and fixed with 100% acetone. Anti-mouse Foxp3 (eBiosciences) was used for

Foxp3 immunohistochemical detection by 3,3 diaminobenzidine perox-
idation and counterstained with hematoxylin. A Zeiss LSM 510 META point
scanning laser confocal microscope was used for immunofluorescent stain-
ing visualization. Foxp3+ cells were quantified by counting positive cells in 10
HPFs (400× magnification).

Treg Staining. Splenocytes and draining LNs were processed and stained with
antibodies to CD4 and CD8 (both from Invitrogen), Thy1.1 or CD45.2, Vα2, and
CD25 (all from BD Pharmingen). Intracellular staining with anti-Foxp3 was
performed using an eBiosciences intranuclear staining kit in accordance with
the manufacturer’s instructions.

Statistical Analysis. Survival data were plotted on Kaplan–Meier curves, and
log-rank tests were performed. Longitudinal analysis of T cells was performed
using two-way ANOVA, followed by a Bonferroni posttest on significant re-
sults. One-way ANOVA was used for single time point analysis of T-cell accu-
mulation and phenotypes, followed by Tukey posttest on significant results.
All analyses were performed using GraphPad Prism software.
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