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CD28 ligation induces transplantation
tolerance by IFN-y—dependent depletion
of T cells that recognize alloantigens
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Administration of an agonistic anti-CD28 mAb paradoxically inhibits donor T cell expansion and prevents
graft-versus-host disease (GVHD) in mice. Here we examined the mechanism of anti-CD28-mediated immuno-
suppression and found that anti-CD28 mADb activated, rather than blocked, CD28-mediated signaling in vivo.
Anti-CD28 treatment prevented GVHD by selectively depleting alloantigen-activated donor T cells through
apoptosis but spared the T cells that did not recognize recipient alloantigens. Overexpression of Bcl-x; did
not protect T cells from depletion and did not affect GVHD prevention after anti-CD28 treatment. Depletion
of activated T cells mediated through CD28 did not depend on the expression of death receptors Fas and TNF
receptors type I and I, but both the depletion of activated T cells and the suppressive effect of anti-CD28 mAb
on GVHD lethality required donor-derived IFN-y production. This study demonstrates that agonistic Ab’s
specific for the CD28 costimulatory molecule may be used as novel therapeutic agents to abrogate pathogenic
T cell responses by selective depletion of activated T cells.

Introduction
Costimulation is required for a productive immune response
after T cell receptor (TCR) engagement by the MHC/peptide com-
plex (1). The best-characterized and most potent costimulatory
molecule expressed on T cells is CD28, a 44-kDa homodimeric
glycoprotein that binds to B7-1 (CD80) and B7-2 (CD86) on APCs
(2, 3). CD28 costimulation increases transcription and stability of
mRNA encoding IL-2 (4). CD28 costimulation also increases the
expression of the antiapoptotic protein, Bcl-xi, thereby sustaining
proliferation of activated T cells (5). CD28 engagement promotes
the formation of an immunological synapse (6) and lowers the
threshold of TCR signaling required for effective cytokine produc-
tion or proliferation (7, 8). Previous studies by us and others indi-
cated that CD28 plays an important role in T cell activation and in
the pathogenesis of graft-versus-host disease (GVHD) (9, 10).
Although CD28 functions predominantly as a positive regulator
for T cell activation, several lines of evidence indicate that CD28
can also contribute to negative selection of peripheral T cells. CD28
signals that contribute to clonal expansion and effector function
also rendered T cells more susceptible to activation-induced cell
death (AICD) (11). Absence of CD28 confers resistance to AICD
of T cells after stimulation with superantigen (12). In the clinic,
CD28-null human T cells show resistance to apoptosis in patients
with systemic lupus erythematosus (13), theumatoid arthritis (14),
or multiple sclerosis (15). These observations support the concept
that the CD28 signal may facilitate peripheral T cell apoptosis.
Furthermore, direct evidence has emerged from recent studies
showing that when T cells are engaged with a strong TCR signal,
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the CD28 signal reduces T cell expansion, increases apoptosis, and
facilitates tolerance (16, 17).

CD28-specific Ab (37.51) has been used in experimental models
to mimic the natural ligands and provide costimulatory signals to
T cells, thus preventing T cell anergy in vitro (2). In vivo, however,
the same CD28-specific Ab inhibited T cell expansion and cytokine
production after stimulation with superantigen (18) or peptide
antigen (19). We found that anti-CD28 mAb prevents GVHD in
mice (20), and Dengler et al. observed that treatment with anti-
CD28 mAb prolongs allograft survival in rats (21). Blockade and
internalization of CD28 were assumed to contribute to these
effects of anti-CD28 treatment in vivo. In this study, we provide
direct evidence that anti-CD28 is agonistic in vivo and produces
immunosuppression by depleting T cells activated by alloantigens
through an IFN-y-dependent mechanism.

Results
Anti-CD28 does not block interaction between B7 and CD28. Administra-
tion of anti-CD28 mADb 37.51 inhibits donor T cell expansion and
prevents GVHD in mice (20). A possible explanation is that this
mADb may block the interaction between B7 and CD28 in vivo. To
test this hypothesis, we measured whether anti-CD28 mAb 37.51
can inhibit the binding of murine CD28 fusion protein with human
IgG1 (mCD28-Ig) to activated B cells that express B7 but not CD28
(Figure 1). The result showed that CD28-Ig bound to activated B
cells almost equally well, regardless of preincubation with anti-
CD28 mADb (Figure 1B). Furthermore, anti-CD28 mAD can bind to
activated B cells that are precoated with CD28-Ig, but not otherwise
(Figure 1A). Therefore, we conclude that anti-CD28 mAb 37.51 and
B7 bind to different epitopes of the CD28 extracellular domain.
Anti-CD28 mAb provides T cell costimulation in vivo. To determine
whether anti-CD28 mAb provides T cell costimulation in vivo,
DO11.10 TCR transgenic mice were injected with antigenic or con-
trol peptide plus anti-CD28 or control Ab. Cytokine mRNA levels
were measured to evaluate T cell activation in the spleen. Stimu-
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Anti-CD28 mAb and B7 bind to different epitopes of CD28. LPS-acti-
vated B cells were incubated with hamster anti-mouse CD28 mAb alone
(dotted lines), mCD28-Ig alone (thin lines), or mCD28-Ig plus anti-CD28
mAD (thick lines). Cells were washed and then incubated with PE-con-
jugated goat anti-hamster IgG to detect anti-CD28 mAb (A) or with PE-
conjugated goat anti-human IgG to detect mCD28-Ig (B).

lation with OVA peptide induced cytokine production, whereas
stimulation with control peptide did not. The levels of cytokine
mRNA were much lower after OVA stimulation in CD28-deficient
mice than in WT mice (Figure 2A, lanes 3 and 6), indicating that the
CD28 signal enhances cytokine production in response to antigen.
In contrast, the levels of IL-2, IL-6, IL-10, IL-15, and IFN-y mRNA
were higher after stimulation with OVA plus anti-CD28 mAb as
compared with stimulation with OVA alone (Figure 2A, lanes 3
and 4). These results indicate that anti-CD28 mAb increases, rather
than blocks, T cell activation in vivo.

In further experiments, CD80/CD86-deficient mice were injected
with anti-CD28 mAb, staphylococcal enterotoxin A (SEA), or both
in combination under conditions where CD28 ligands are absent.
Stimulation with SEA plus anti-CD28 mAb induced intracellular
IL-2 expression in a significantly higher proportion of TCR V33
or VP11 cells (P < 0.05, Figure 2B) and IL-2 secreted in the serum
(P < 0.01, Figure 2C) than did stimulation with anti-CD28 mAb
or SEA alone. These results provide direct evidence that this anti-
CD28 mAb has agonistic effects in vivo.

Treatment with anti-CD28 mAb is effective in preventing GVHD induced
by polyclonal CD4 and CDS8 cells. To test whether anti-CD28 treatment
would prevent GVHD mediated by CD4 and CD8 T cells, a well-estab-

Figure 2

Anti-CD28 mAb provides costimulatory signals to T cells in vivo. (A)
Anti-CD28 mAb increases cytokine mRNA levels in activated T cells in
vivo. DO11.10 WT (lanes 1-4) or CD28-deficient (lanes 5 and 6) mice
were injected with control mAb plus control peptide (lanes 1 and 5), anti-
CD28 mAb plus control peptide (lane 2), control mAb plus OVA peptide
(lanes 3 and 6), or anti-CD28 mAb plus OVA peptide (lane 4). One hour
after injection, spleens were harvested, and RPA was used to measure
cytokine mRNA levels. The lower portion of the gel was exposed to the
x-ray film for a much shorter period of time than was the upper portion
in order to produce bands of similar intensity for L32 and GAPDH as
for other probes. Each band represents one of two mice in the group.
Results from one of three representative experiments are shown. (B)
Anti-CD28 mAb increases IL-2 expression among activated T cells in
vivo. B6 CD80/CD86—deficient mice were injected intravenously with
100 ug of anti-CD28 mAb, 10 ug/mouse of SEA, or both in combina-
tion. Splenocytes were stained for surface expression of CD4 and TCR
V3,11 and for intracellular expression of IL-2. The data shown are
intracellular IL-2 expression on gated CD4+/TCR V3,11+ (SEA-reac-
tive) cells. (C) Anti-CD28 mAb increases IL-2 production in the serum.
Data are shown as averages of two mice in each group with error bars
indicating 1 SD. Results represent one of two replicate experiments.
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lished murine GVHD model with C57BL/6 (B6) (H2P) donors and
B10.BR (H2X) recipients was used. Lethally irradiated B10.BR mice
were transplanted with bone marrow plus supplemental splenocytes
from WT B6 donors, and B10.BR recipients were treated with anti-
CD28 mAb or irrelevant hamster IgG (Figure 3A). Anti-CD28 treat-
ment significantly reduced GVHD lethality compared with control
treatment (P < 0.0001). We also tested the effects of CD28 ligand
blockade with CTLA4-Ig on GVHD in the same model system. Treat-
ment with CTLA4-Ig prolonged survival as compared with control
treatment (P < 0.001), but none of the recipients survived long-term
(Figure 3B). Collectively, these results suggest that agonistic signals
resulting from binding of anti-CD28 mAb produce immunosuppres-
sion by a mechanism distinct from neutralization of CD28.
Anti-CD28 mAb depletes antigen-activated CD8 cells in vivo. To assess
the fate of antigen-specific CD8 cells in vivo after anti-CD28 treat-
ment, CD8" cells from B6 donors were transplanted into irradiated
syngeneic B6 or allogeneic BALB/c recipients, and recipients were
treated with anti-CD28 or control Ab. In syngeneic B6 recipients,
donor cells (CD8*/CFSE*) divided slowly, and the initial rate of
proliferation was not affected by CD28 expression or by adminis-
tration of anti-CD28 mAb in the absence of alloantigen. Further-
more, WT donor cells were not appreciably depleted by anti-CD28
treatment, and few apoptotic CD8* cells could be detected among
these three groups (Figure 4A). In allogeneic BALB/c recipients,
both WT and CD28-deficient donor (H2b*/CD8*) cells divided
rapidly and expanded extensively, but there was a dramatic dif-
ference in the percentage of WT cells with or without anti-CD28
treatment. Anti-CD28 treatment did not block CD8" cell division
but depleted CD8" cells that were rapidly dividing while sparing
those that were dividing slowly or not at all (Figure 4B). CD8" cells
remaining after treatment had much higher levels of apoptosis as
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compared with WT or CD28-deficient cells derived from untreat-
ed mice. These results indicate that the anti-CD28 mAb depletes
alloantigen-activated CD8 cells through apoptosis in vivo.
Anti-CD28 mAb also depletes antigen-activated CD4 cells. To test
whether anti-CD28 mADb can also deplete antigen-activated CD4*
cells, purified Thy1.2* cells were injected into irradiated syngeneic
B6 or allogeneic BALB/c mice, and recipients were sacrificed after
88 hours. In B6 recipients, anti-CD28 treatment had no effect on
homeostatic proliferation of donor CD4* or CD8" cells and did
not deplete donor cells in the absence of alloantigen (Table 1). In
allogeneic BALB/c recipients, the percentage and absolute numbers

Syngeneic B6 recipient

CcD28+

CD28+"+

Figure 3

Anti-CD28 mADb prevents GVHD lethality. Lethally irradiated B10.BR
mice were transplanted with T cell-depleted bone marrow plus sup-
plemental splenocytes from WT B6 donors. B10.BR recipients were
treated with anti-CD28 mAb or hamster IgG (A) or with CTLA4-Ig or
L6-1g (B), each at 100 ug/mouse every other day for a total of eight
doses. The number of mice in each group is indicated in parentheses,
and the data were pooled from three replicate experiments for A and
one experiment for B. BM, bone marrow.

of CD4* (CD8-/H2K"") and CD8" (CD8*/H2K"*) donor cells were
decreased after anti-CD28 treatment (Table 1). CFSE profiles indi-
cate that the proportion of rapidly dividing cells decreased while the
proportion of slowly dividing and quiescent cells increased in the
donor CD4" and CD8" populations after anti-CD28 treatment (Fig-
ure 5). Similar results were obtained when the same measurements
were made at earlier time points after cell transfer (data not shown).
These results demonstrate that anti-CD28 treatment can selectively
deplete CD4* and CD8" T cells that recognize alloantigens in vivo.
Bel-x;. does not protect T cells from depletion by anti-CD28 mAb in vivo.
An important function of CD28 costimulation is to enhance expres-
sion of Bcl-x; and thus promote T cell survival (5). In our study we
found that engagement with an agonistic anti-CD28 mAb para-
doxically depleted alloreactive T cells through apoptosis. To assess
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Anti-CD28 mAb depletes donor CD8 cells in allogeneic recipients but not in syngeneic recipients. CFSE-labeled CD8* cells from WT or CD28-defi-
cient B6 donors were transplanted into irradiated (1,000 cGy) B6 (A) or BALB/c (B) recipients. Some recipients were also treated with anti-CD28 mAb
at 100 ug/mouse on days 0 and 2. Recipient splenocytes were tested at 84 hours after the transplant, and cells were pooled from three mice in each
group. CD8*/CFSE* cells were identified as donor cells in B6 recipients, while H2KP* cells were identified as donor cells in BALB/c recipients. The
numbers in the upper panels are the percentages of donor cells in the individual gate, the middle panels show the CSFE profile on gated donor cells,
and the lower panels show the percentage of annexin V-positive cells at each cell division. Results represent one of two replicate experiments.
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Table 1
Anti-CD28 treatment depletes both CD4+ and CD8+ donor cells in
allogeneic recipients

Syngeneic B6 recipients Allogeneic B6 recipients

CD4+ CD8+ CD4+ CD8+
Ctrl CD28 Ctrl CD28 Ctrl CD28 Ctrl CD28
Percentager 9 10 10 10 53 5 14 3

Number8 15 18 17 18 580 8 150 5

APercentage of donor cells in recipient spleens at 88 hours after trans-
plantation. BNumber of donor cells in recipient spleens in thousands.
Citrl, isotype control Ab; CD28, anti-CD28 mAb.

the role of Bcl-x, in T cell depletion mediated by anti-CD28 mAb
in vivo, T cells were isolated from WT or Bcl-x; transgenic B6 mice
and transferred into irradiated allogeneic BALB/c recipients. The
numbers of CD4 and CD8 donor cells were dramatically reduced
in the recipient spleens after anti-CD28 treatment, independent of
the level of Bcl-x; expression (Figure 6A).

We then examined whether overexpression of Bcl-x. can reverse
the effect of anti-CD28 treatment on the prevention of GVHD in
a well-established murine GVHD model with B6 (H2") donors and
bm12 (H2b™12) recipients. Lethal acute GVHD was readily induced
by T cells from either WT or Bcl-x; transgenic donors. Furthermore,
GVHD lethality induced by either type of donor T cells was equally
prevented by treatment with anti-CD28 mAb (P > 0.1, Figure 6B).
The results from these experiments indicate that Bcl-x. cannot pro-
tect activated T cells from death induced by anti-CD28 mAb in vivo.

Deathreceptors are not required for T cell depletion caused by anti-CD28 ther-
apy. CD28 engagement with an agonistic mAb 37.51 enhances T cell
activation and depletes antigen-activated T cells through apoptosis,
and T cell apoptosis in vitro depends primarily on death receptors. We
therefore expected that death receptor signaling would be required for
T cell depletion by anti-CD28 mAb. To test this hypothesis we com-
pared the susceptibility of T cells from WT donors or Fas, TNF p53,
and p7S receptor-deficient donors to anti-CD28-mediated depletion.
We found that, regardless of Fas and TNF receptor expression, CD4*

Syngeneic B6 recipient

Allogeneic BALB/c recipient
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and CD8" T cells were susceptible to in vivo depletion by anti-CD28
treatment (Figure 7), suggesting that Fas and TNF receptors are not
required for T cell depletion in this system. We could not examine
the role of these death receptors in the GVHD prevention mediated
by anti-CD28 mADb, since T cells deficient for TNF receptors fail to
induce GVHD (data not shown and ref. 22).

IEN-=y isrequired for T cell depletion and prevention of GVHD by anti-CD28
mAb. IFN-y inhibits T cell expansion and promotes apoptosis of anti-
gen-activated T cells (23-25) and plays a critical role in the induction
of T cell tolerance in transplantation (26, 27). We therefore examined
the role of IFN-y in T cell depletion by anti-CD28 mAb. Splenocytes
from B6 WT or IFN-y7~ mice (H2P) were transferred into irradiated
allogeneic B10.BR (H2¥) recipients. Donor CD4 and CDS8 cells were
evaluated in the recipient spleen 4 days after cell transfer. The abso-
lute number of CD4 cells from WT donors was reduced 42-fold after
anti-CD28 treatment compared with control treatment, while the
absolute numbers of CD4 cells from IFN-y7~ donors were reduced
only 2.6-fold (Figure 8A). This difference in CD4 depletion induced
by anti-CD28 mADb is statistically significant (P < 0.01). Similarly, the
absolute number of CDS8 cells from WT donors was reduced 66-fold
after anti-CD28 treatment, while the absolute numbers of CD8 cells
from IFN-y7~ donors were reduced only 4.7-fold (Figure 8A). This
difference in CD8 depletion is also statistically significant (P < 0.01).
These results indicate that IFN-y is critically important for T cell
depletion by anti-CD28 mAb.

Since IFN-y7~ T cells were largely resistant to depletion by anti-
CD28 treatment in vivo, we hypothesized that anti-CD28 mAb would
not prevent GVHD induced by T cells from IFN-y-deficient donors.
Lethal, acute GVHD was readily induced in B10.BR recipients by T
cells from IFN-y7~ donors. While treatment with anti-CD28 mAb sig-
nificantly improved long-term survival in the recipients of WT donor
cells (P < 0.0001), this treatment failed to do so in the recipients of
IEN-y7~ donor cells (Figure 8B). These results demonstrated that
IFN-y is necessary for induction of tolerance by anti-CD28 mAb.

Discussion

In this study, we have found that administration of anti-CD28 mAb
amplified activation-dependent production of cytokines in response
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Figure 6

Bcl-x_ does not interfere with the effects of anti-CD28 treatment. (A) Thy1.2+ cells from
B6 WT or Bcl-x_ transgenic donors were transplanted into irradiated BALB/c recipients.
Groups of three mice each were treated with control or anti-CD28 mAb. At 84 hours
after the transplant, pooled splenocytes were stained for expression of CD4, CD8, and
H-2Kd. The absolute numbers of CD4+ and CD8+* donor T cells in the recipient spleen
were calculated from the total number of splenocytes multiplied by the percentage of
CD4+/H-2Kd- and CD8+/H-2Kd- cells in the total spleen population. (B) Purified CD4+
T cells from WT or Bcl-x, transgenic B6 donors were injected into irradiated (700 cGy)
bm12 mice. Recipients were given a single injection of hamster IgG or anti-CD28 mAb
at 100 ug/mouse on the day of transplantation. Irradiated bm12 mice that received no
cells were used as controls without GVHD. Five mice were used in each group.

to specific antigen in vivo. Furthermore, anti-CD28 mADb increased
IL-2 production by nontransgenic T cells in response to superantigen
in mice that are deficient for the CD28 ligands, CD80/CD86. These
results unequivocally show that anti-CD28 functions as an agonistic
mADb in vivo, as it does in vitro. Anti-CD28 therapy depleted CD4
and CD8 T cells that replicated in response to alloantigen through
apoptosis and prevented GVHD. T cell depletion mediated by anti-
CD28 mADb requires intact IFN-y expression on donor T cells, but
cannot be prevented by overexpression of Bcl-x., and occurs inde-
pendently of Fas and TNF receptor expression. These results indi-
cate that agonistic Ab’s specific for CD28 may be used as novel thera-
peutic agents to abrogate pathogenic T cell responses by selecting
depletion of activated T cells.

Prenatal blockade of CD80/CD86 substantially inhibits clonal
deletion of T cells in the thymus and leads to an accumulation
of autoreactive T cells in the periphery (28). Using pregnancy as
a model, Vacchio and Hodes tested the H-Y specific response of
maternal T cells in the presence or absence of CD28 in vivo. They
found that peripheral tolerance did not occur in CD28 KO pregnant
mice in contrast to the partial clonal deletion and hyporesponsive-
ness of remaining T cells observed in CD28 WT pregnant mice (17).
We recently reported that CD28 costimulation reduces peripheral
T cell responses by increasing apoptosis when TCR ligation exceeds
a critical threshold (16). These studies provide evidence that CD28
can contribute to T cell negative selection in thymic and peripheral
T cells. Here we have provided evidence that engagement with an
agonistic anti-CD28 mAb depletes dividing T cells that recognize
alloantigens in vivo but had no detectable effects on donor T cells
transplanted into syngeneic recipients where alloantigen is absent.
This finding provides a rationale for the potential application of
anti-CD28 therapy to induce antigen-specific T cell tolerance.

There are two leading hypotheses to explain the outcomes of
anti-CD28 treatment: inducing T cell death or blocking T cell pro-
liferation. We favor the first explanation for the following reasons:
(a) treatment with anti-CD28 mAb did not reduce the number
of cell divisions (Figures 4 and 5) but increased apoptosis of cells

1628 The Journal of Clinical Investigation

htep://www.jci.org

counterparts in allogeneic recipients (Figure 6A),
which substantiates previous observations that
overexpression of Bcl-x. delays cell cycle entry and
proliferation (29). Studies from others have indicat-
ed that overexpression of Bcl-x;. inhibits passive cell
death when CD28 and CD154 signals are blocked
(29), but Bcl-x;, does not interfere with AICD (30,
31). Since agonistic anti-CD28 mAb enhances T
cell activation (Figure 2), it is plausible to expect
that overexpression of Bcl-xi. may not prevent T cell
depletion induced by anti-CD28 treatment as shown
in Figure 6A. The data, however, do not exclude that
Bcl-x, or other Bcl-2 family members promote T cell survival under
more physiological CD28 stimulation.

Two major pathways account for the death of activated T cells in
vivo. One pathway is mediated by death receptors, termed AICD,
and the other pathway is regulated by Bcl-2 family proteins, termed
activated T cell autonomous death (32, 33). While Fas signaling
contributes to the death of some activated T cells, it certainly does
not control the death of all activated T cells in vivo, since several
reports have shown that activated T cells die in the absence of Fas
as well (34-37). By using triple mutant mice deficient for Fas and
TNEF receptors, we found that these receptors are not required for
death of activated T cells after CD28 engagement in vivo. These
results also suggest that IFN-y-dependent T cell apoptosis may
not necessarily require death receptors.

IFN-y plays a critical role in the regulation of T cell responses to
alloantigens and in the induction of transplant tolerance (26, 27).
IFN-y is not always necessary for T cell tolerance, however, because
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Figure 7
T cells deficient for Fas and TNF receptors are susceptible to anti-
CD28-induced depletion in vivo. The experiment was conducted as
described in Figure 6A. Thy1.2+ cells from B6 WT or Ipr, p55--, and
p757- triple knock-out (TKO) donors were transplanted into irradiated
BALB/c recipients. The absolute numbers of CD4+ and CD8* donor T
cells are shown. The data represent two replicate experiments.
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Figure 8

The role of IFN-y on T cell depletion and GVHD prevention mediated by anti-CD28 mAb. (A) Splenocytes from B6 WT or /IFN-y7- (GKO) donors
were transplanted into lethally irradiated B10.BR recipients. Groups of two mice each were treated with control or anti-CD28 mAb at 50 ug/
mouse. Four days after the cell transfer, spleen cells were stained for expression of CD4, CD8, and H-2Kb. The absolute numbers of CD4+ and
CD8* donor T cells in the recipient spleen were calculated from the total number of splenocytes multiplied by the percentage of CD4+/H-2Kb*
and CD8+/H-2KP+ cells in the total spleen population. The data shown are the mean = SD from two mice per group and represent two replicate
experiments. (B) T cell-depleted marrow cells plus splenocytes from either WT or /FN-y~- B6 donors were injected into lethally irradiated B10.BR
recipients. Recipients were given a single injection of hamster IgG or anti-CD28 mAb at 100 ug/mouse on the day of transplantation. Irradiated
B10.BR mice that received T cell-depleted marrow cells alone were used as controls without GVHD. The numbers of recipients in each group
are shown in the parentheses, and data were pooled from two experiments.

tolerance can be achieved in the absence of IFN-y by anti-LFA-1
therapy in MHC-mismatched transplantation (38) and by blockade
of costimulatory signals in minor antigen mismatched transplan-
tation (27). In this report, we showed that IFN-y is required for the
depletion of alloreactive T cells and for the induction of tolerance
after CD28 ligation. Interestingly, the induction of tolerance by
blocking costimulation also depends on IFN-y (26, 27). Blockade of
costimulation induces tolerance through passive T cell apoptosis (29),
while CD28 ligation induces tolerance through active T cell apoptosis.
Since T cell apoptosis plays a critical role in transplant tolerance (39,
40), it is plausible that IFN-y may be essential for T cell apoptosis and
thus required for tolerance induction in multiple systems.

The mechanisms by which IFN-y potentiates death of activated
T cells are largely unknown. Some studies suggested that IFN-y is
involved in Fas-mediated apoptosis by promoting caspase-8 produc-
tion (25, 41, 42), while others indicate that activate macrophages
and nitric oxide, but not Fas, are required for the IFN-y-dependent
pathway of apoptosis (23, 43). The molecular mechanism(s) by
which IFN-y influences T cell apoptosis after CD28 ligation in vivo
are currently under investigation. We propose that agonistic CD28
ligation will deliver signals by way of its cytoplasmic motifs, enhance
IFN-y and its inducible genes, activate proapoptotic proteins, and pro-
mote death of antigen-activated T cells through the mitochondrial
pathway. Defining the proximal, downstream, and effector signal-
ing pathway(s) by which the agonistic CD28 signal induces negative
selection of peripheral T cells in vivo will likely provide a rationale to
selectively target this molecule for in vivo immune modulation.

Methods

Mice. B6, B6.SJL-LyS* Ptpres Pep3® (B6.LyS.1), BALB/c, B10.BR,
BALB/c CD28-deficient, and B6 CD80/CD86 double-deficient
mice were purchased from The Jackson Laboratory (Bar Harbor,
Maine, USA). Founders of DO11.10 transgenic mice were provided
by Dennis Y. Loh (Nippon Roche Research Center, Kamakurshi,
Japan). The DO11.10 transgenic TCR recognizes a peptide derived
from chicken OVA (OVA323-330) presented by I-Ad. OVA3;4-334 was
used as a control peptide. DO11.10 CD28-deficient mice were
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generated by intercrossing DO11.10 and BALB/c CD28-deficient
strains. Bcl-x; transgenic founders on a B6 background were pro-
vided by Craig Thompson (University of Pennsylvania, Philadel-
phia, Pennsylvania, USA). B6 founders deficient for Fas, TNF p55
receptors, and p75 receptors were provided by David Lynch (Amgen
Inc., Seattle, Washington, USA). Mice were housed in microisola-
tor cages at the Fred Hutchinson Cancer Research Center (Seattle,
Washington, USA). Experimental procedures were reviewed and
approved by the Institutional Animal Care and Use Committee.

RNase protection assay. Total RNA was isolated from the spleens of
DO11.10 WT or CD28-deficient mice previously injected with the
reagents indicated. Control or OVA peptide was administered at 50
ug/mouse and control or anti-CD28 mAb at 100 ug/mouse. Total
RNA was extracted from each spleen using kits from Stratagene (La
Jolla, California, USA), according to instructions of the manufactur-
er. RNase protection assay (RPA) was performed with the RiboQuant
Multi-Probe RPA System from PharMingen (San Diego, California,
USA). Murine cytokine cDNAs were used as templates for T7 poly-
merase-directed synthesis of 32P-UTP-labeled antisense RNA probes.
A 5-ug aliquot of each target RNA was used for hybridization.

T cell purification and transplantation. CD4*, CD8',and Thy1.2" T cells
were purified by positive selection with a magnetic cell separation
system (Miltenyi Biotech, Auburn, California, USA), as described pre-
viously (9, 20). The purity of T cells used in this study ranged from
95 t0 99%. In B6 (H2P) — bm12 (H2b™12) transplant model, purified
CD4" cells (105/mouse) from B6 WT or Bcl-x; transgenic donors were
injected in the tail vein of irradiated (700 cGy) bm12 recipients. In
B6 (H2P) — B10.BR (H2¥) transplant model, T cell-depleted marrow
cells plus spleen cells from B6 donors (each at 15 x 10¢/mouse) were
transferred into lethally irradiated (1,000-1,200 cGy) B10.BR (H2k)
recipients. For measurement of proliferative responses in vivo, puri-
fied donor T cells were labeled with CFSE (Molecular Probes Inc.,
Eugene, Oregon, USA) and transferred via the tail vein into previ-
ously irradiated (1,000 cGy) B6 (H2P), BALB/c (H24), or B10.BR (H2k)
recipients. The number of donor cells injected varied among experi-
ments (8 x 10° to 12 x 10%/mouse), but in any given experiment equal
numbers of cells were transplanted into each recipient.
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Immunofluorescence analysis. Spleens were harvested and pooled
from two or three recipients in each group. Three- or four-color
cell staining was performed to measure the expression of surface or
intracellular molecules according to standard techniques. Analysis
was performed by using a FACScan or FACScalibur and CellQuest
software (Becton Dickinson Immunocytometry Systems, San Jose,
California, USA). Ab’s used for staining included FITC-labeled
anti-TCR VB3, anti-TCR VP11, CyChrome-labeled anti-CD4, APC-
labeled anti-CD8a., phycoerythrin-labeled (PE-labeled) annexin
V, anti-H2K4, biotin-labeled anti-IL-2, biotin-labeled anti-H2K?,
streptavidin-PE and streptavidin-CyChrome (all from PharMin-
gen), and biotin-labeled anti-Ly5.1 prepared in our laboratory.

Statistical analysis. For comparison of recipient survival among
groups in GVHD experiments, the log-rank test was used to detect
statistical difference. To compare the engraftment, expansion, or
depletion of donor T cells in the recipient, a Student’s ¢ test was
used to detect the statistical difference.
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