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Many strategies have been proposed to induce tolerance to transplanted tissue in rodents; however,
few if any have shown equal efficacy when tested in nonhuman primate transplant models. We
hypothesized that a critical distinction between specific pathogen-free mice and nonhuman primates
or human patients is their acquired immune history. Here, we show that a heterologous immune
response — specifically, virally induced alloreactive memory — is a potent barrier to tolerance induc-
tion. A critical threshold of memory T cells is needed to promote rejection, and CD8* “central” mem-
ory T cells are primarily responsible. Finally, treatment with deoxyspergualin, an inhibitor of NF-kB
translocation, together with costimulation blockade, synergistically impairs memory T cell activa-
tion and promotes antigen-specific tolerance of memory. These data offer a potential explanation
for the difficulty encountered when inducing tolerance in nonhuman primates and human patients
and provide insight into the signaling pathways essential for memory T cell activation and function.
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Introduction

A critical feature of the adaptive immune response is the
ability to recognize previously encountered pathogens.
Memory T cells, in contrast to naive cells, are pro-
grammed to activate quickly, with a reduced require-
ment for costimulatory signals. Upon re-exposure to
antigen, they rapidly regain effector function and gen-
erate a swift response that controls the pathogen and
prevents disease (1). Phenotypic subsets of memory T
cells, designated “central” and “effector” memory, have
recently been described with distinct cytotoxic and pro-
liferative capacities (2-4). However, the role of these
individual subpopulations during secondary immune
responses in vivo remains to be determined.

It is now clear that previous immunological exposures
and resultant T cell memory can influence the course of
future immune responses to unrelated pathogens, a phe-
nomenon termed heterologous immunity (5). Considerably
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less is known regarding the effect of an individual’s im-
mune history on the response to an allogeneic tissue
transplant. Although the frequency of naive T cells avail-
able to respond to any given pathogen is relatively small
(approximately 1:200,000), the proportion that can di-
rectly recognize foreign MHC represents a substantial
fraction of the total T cell repertoire (up to 1-10%) (6, 7).
Given this extraordinary precursor frequency and the
degeneracy of T cell recognition, it is not surprising that
alloreactive T cells become activated after viral infection
in experimental models (8-11). Similarly, allo-cross-reac-
tivity for HLA-B14, -44, and -35 has been demonstrated
by HLA-B8-restricted Epstein-Barr virus-specific (EBV-
specific) T cells in humans (12). Interestingly, one of these
cross-reactive combinations (B44 — B8) was identified as
an “immunogenic pairing” (i.e., reduced allograft sur-
vival) in a renal transplant registry analysis (13). Further
evidence of the clinical importance of cross-reactive mem-
ory T cells has been provided by Heeger et al., who have
shown that a higher frequency of anti-donor memory T
cells (presumably induced by prior environmental expo-
sures) is associated with an increased rejection rate in clin-
ical renal transplantation (14).

A variety of strategies have been devised to promote
long-term allograft acceptance without the need for
chronic immunosuppression in rodent models. Unfor-
tunately, these protocols have proven to be markedly less
effective when tested in preclinical primate models or in
humans. One major distinction between specific pa-
thogen-free mice and nonhuman primates or human
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patients is the exposure of the latter to pathogens and the
resultant immune history. Although many tolerance
strategies, such as regimens employing T cell costimula-
tion blockade, successfully target and control naive T cell
responses, memory cells have a lower threshold for acti-
vation (15, 16) and may not be susceptible. In support of
this, Valujskikh et al. have shown that the presence of sen-
sitized cells prevents the beneficial effects of anti-CD40L
in prolonging allograft survival (17). Thus, strategies that
successfully tolerize naive cells may fail when the host has
pre-existing anti-donor memory, perhaps explaining the
relative inability of these regimens to promote tolerance
in large-animal models. Here, we provide evidence that an
individual’s immune memory can profoundly influence
the outcome of tolerance induction protocols even when
strategies are used that uniformly induce tolerance to
highly immunogenic tissues in vigorous experimental
models. First, we document that viral infections can lead
to the generation of alloreactive memory T cells, which
can confer resistance to tolerance induction. The quanti-
ty of accumulated anti-donor memory is critical — that
is, there is a threshold of memory cells necessary to pro-
mote rejection — and we provide evidence that CD8* cen-
tral memory T cells are principally responsible for rejec-
tion. Further, there is a hierarchy in susceptibility to
tolerance: naive animals are uniformly sensitive to toler-
ance induction; recipients exposed to a single prior infec-
tion show a slightly diminished susceptibility; and
“immunologically experienced” hosts, having received
multiple sequential infections, are refractory to tolerance
induction. Finally, we show that the immunosuppressive
agent 15-deoxyspergualin (DSG), an inhibitor of NF-xB
translocation, synergizes with costimulation blockade to
promote antigen-specific tolerance of both naive and
memory T cells. These data suggest that heterologous
immunity — in particular, virally induced alloreactive
memory — may be an underappreciated barrier to toler-
ance induction in transplantation.

Methods
Mice and viral infections. BALB/c, C57BL/6 (B6, CD45.2),
CS7BL/6-Igh-6"1C", B6.SJL-Ptpre* Pep3t/Boy] (B6.SJL,
CD45.1) mice were purchased from the Jackson Labo-
ratory (Bar Harbor, Maine, USA). To induce acute infec-
tion, mice were inoculated with 2 x 10° PFUs of the lym-
phocytic choriomeningitis virus (LCMV) Armstrong
strain (intraperitoneally), 5 x 106 PFUs of vaccinia virus
(VV) (intraperitoneally), or 2 x 10° PFUs of vesicular
stomatitis virus (VSV) (intravenously). For viral rechal-
lenge experiments, immune mice received 2 x 10° PFUs
of LCMV clone 13 (intravenously). Virus stocks were
grown and quantitated as previously described (18).
Infectious LCMV in serum and tissues was measured by
plaque assay on Vero cell monolayers as described (18).
Skin grafting and tolerance induction protocols. Full-thick-
ness skin grafts and the mixed chimerism tolerance
protocol using CTLA4-Ig (Bristol-Myers Squibb,
Princeton, New Jersey, USA), anti-CD40L (Bioexpress,
Lebanon, New Hampshire, USA), and busulfan was

administered as previously described (19). Rapamycin
(0.4 mg/kg/day intraperitoneally; d0-6, Wyeth,
Philadelphia, Pennsylvania, USA), anti-IL-2R mAb
(250 pg intraperitoneally; d0,2,4,6-PC61), anti-com-
mon ¥ chain (500 pg intraperitoneally; d0,2,4,6-3E12/
4G3, a gift from Thomas Malek), DSG (5 mg/kg per
day intraperitoneally; and d0-6, a gift from Nippon
Kayaku, Tokyo, Japan) were administered as indicated.

Cell preparations and flow cytometry. Intracellular IFN-y
expression was induced in response to 4-5 hours of ex
vivo restimulation with LCMYV peptides or allogeneic
stimulators. In brief, splenocytes were prepared from
experimental and naive animals. Responders were resus-
pended in cell culture media containing brefeldin (Gol-
giPlug, BD Pharmingen, San Diego, California, USA)
and recombinant hIL-2 (10 ng/ml). To enumerate the
allogeneic response, responders were plated in a 96-well
plate at a 1:1 ratio (1 x 10° cells per well) with stimula-
tors (splenocyte preparation from naive animals, either
allogeneic [BALB/c] or syngeneic). To quantify the viral
response, responder preparations were either incubated
with viral peptides (LCMV and VSV) or with infected
stimulator cells as previously described (20, 21). Respon-
ders alone, irrelevant peptide, or stimulation with syn-
geneic splenocytes were used as specificity controls. All
stimulations were performed for 4-5 hours at 37°C.
Intracellular staining for IFN-y was performed as per
the manufacturer’s instructions (Cytofix/Cytoperm kit,
BD Pharmingen). Peripheral blood was analyzed by
staining with the indicated fluorochrome-conjugated
antibodies (BD Pharmingen), followed by red blood cell
lysis and washing with a whole-blood lysis kit (R&D
Systems, Minneapolis, Minnesota, USA). Flow cytome-
try was performed on a FACSCalibur, and data were
analyzed using Cellquest software (Becton-Dickinson,
Braintree, Massachusetts, USA). Cell selections were
achieved using a MACS magnetic sorting system (Mil-
tenyi BioTec, Auburn, California, USA).

Statistical analyses. Statistical analyses were performed
using a Mann-Whitney U test for skin graft survival;
otherwise, a Student’s ¢ test was used.

Results

Viral infections induce heterologous allospecific effector and
memory responses. Although previous studies in both mice
and man have documented allospecific cytotoxic T lym-
phocyte (CTL) activity immediately after viral infection
(9-11), there is little quantitative information on the
retention of alloreactive memory T cells after viral infec-
tions and their potential effects on transplantation. As
an initial approach to determine whether prior exposure
to viral pathogens might influence the response to trans-
planted allogeneic tissues, we studied the expansion and
retention of virus-specific and alloreactive effector and
memory cells during and after acute viral infections with
LCMV (Armstrong strain), VV, or VSV. Each of these
viruses produces an acute infection that stimulates an
appropriate immune response, resulting in rapid clear-
ance of the pathogen and the generation of a stable
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memory T cell population that persists for the life of the
mouse (20, 22, 23). Mice (C57BL/6, H-2b) were infected
with the individual viruses, and the number of virus-spe-
cific and alloreactive (H-24-stimulated) IFN-y-produc-
ing cells were measured in the effector phase (peak
response) or during the memory phase (more than 6
weeks after infection) after viral clearance. For compari-
son, we measured the magnitude of the anti-donor T cell
response during and after skin allografts (Figure 1). Age-
matched naive control mice evaluated at similar time
points never displayed detectable antiviral or anti-H-24
responses (data not shown).

The number of virus-specific cells in both the effector
and memory stages, as measured by intracellular stain-
ing for IFN-y production (Figure 1a), was consistent with
prior reports for each virus (20, 21, 24, 25). Animals
infected with LCMV or VV generated a readily detectable
heterologous anti-H-24 response, as measured by the
number of T cells producing IFN-y upon short-term, in
vitro rechallenge with BALB/c splenocytes. As expected,
the virally induced heterologous anti-H-24 response was
lower in magnitude than the viral-specific response
(LCMV [NP396-404], Figure 1b; VV [infected syngeneic
cells], data not shown) or the anti-donor response after
skin graft challenge (Figure 1b), but it still represented
about 1-10% of the overall antiviral response. Despite
previous reports that infection with VSV elicits a cross-
reactive allogeneic response (anti-H-2b8) (9), we found

no comparable response to a distinct haplotype (H-24),
suggesting that the magnitude of the virally induced
heterologous response is dependent on the particular
virus-MHC pairing being evaluated.

Donor-specific memory prevents tolerance induction. Hav-
ing demonstrated that an encounter with environ-
mental pathogens results in the generation of memory
T cells with specificity for foreign MHC, we next exam-
ined whether donor-reactive memory cells could pre-
vent tolerance induction using a protocol that induces
robust, life-long deletional tolerance to fully MHC-mis-
matched skin grafts (19). Briefly, mice received a short
course of costimulation blockade (CTLA4-Ig and anti-
CD40L) in addition to donor bone marrow infusion
preceded by a single dose of busulfan, a stem cell-selec-
tive agent used to promote engraftment of the donor
bone marrow cells. Naive mice treated with this proto-
col exhibit stable mixed hematopoietic chimerism
(approximately 50% donor cells in peripheral blood)
and deletional donor-specific tolerance (19).

B cell-deficient mice were initially chosen to study the
effects of anti-donor memory on tolerance induction in
order to permit the study of anti-donor T cell memory
in the absence of anti-donor antibody. Although naive
B6 B cell-deficient recipients (C57BL/6-Igh”/") receiving
the tolerance protocol developed stable mixed
chimerism and accepted donor-specific BALB/c skin
grafts (median survival time [MST], more than 75 days)
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Analysis of viral- and allo-specific responses in vivo. B6 mice were infected with either LCMV, WV, or VSV. The results are displayed for the
peak of the response as well as during the memory phase (more than 6 weeks). For comparison, the response to a skin allograft is also shown.
(a) Representative dot plots displaying the number of CD8* IFN-y* T cells representing the antiviral response (LCMV-NP396-404, V-infect-
ed stimulators, VSV-N-peptide; left panels) and the corresponding heterologous allo-specific responses (right panels). (b) The number of
virus-specific (NP396-404, filled squares) and virally induced, alloreactive T cells (H-29 stimulated, filled triangles) after LCMV infection are
shown over time. The allo-specific response after skin graft is shown for comparison (H-29 stimulated, open squares; CD8*, upper panel;
CD4*, lower panel). Each time point represents the average for three animals. Experiments were repeated three times with similar results.
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A critical number of CD8* central memory T cells are needed to resist tolerance.
Naive B6 mice (CD45.2) received T cells from sensitized congenic B6 mice
(CD45.1). (a) Titration of memory cell numbers. Naive recipients received vary-
ing doses of T cells (calculated number of memory cells transferred in brackets)
from sensitized hosts (2 x 107 [400,000], filled squares; 107 [200,000], filled dia-
monds; 5 x 106 [100,000], filled triangles; 2 x 106 [40,000], open diamonds; 10°
[20,000], open triangles; 2 x 107 naive cells [none], open squares). (b) CD8*
memory T cells represent a potent barrier to tolerance induction. Purified CD4*,
CD8*, or whole T cells were isolated from sensitized mice and transferred to naive
congenic mice. Mice receiving either naive selected cells (data not shown) or CD4*
T cells (filled diamonds) from sensitized donors developed high-level donor cell
chimerism and accepted donor-type skin grafts indefinitely. The transfer of CD8*
T cells (filled triangles) from sensitized animals prevented tolerance induction in
a similar fashion to transferred whole T cells (filled squares) (MST, 21 days). (c)
CD8"* central memory T cells promote rejection more efficiently than “effector”
memory T cells. Equal numbers of CD8* (open squares), CD8* CD62L" (filled
squares), or CD8* CD62L" (open triangles) antigen-specific memory T cells were
transferred to naive congenic hosts, which were then subjected to the tolerance
protocol (control naive CD8* T cells, filled triangles). Both unseparated CD8*
memory T cells and central CD8* memory T cells efficiently rejected allogeneic
skin grafts in less than 3 weeks (MST, 21 and 18 days, respectively). In contrast,
effector memory T cells of the traditional CD62L'° memory phenotype were less
effective at promoting rejection (MST, more than 70 days; P < 0.01).

staining for IFN-y. Preliminary studies indi-
cated that approximately 1% of CD4* and
approximately 2-4% of CD8* splenic T cells
possessed a memory phenotype (production
of IFN-y upon short-term in vitro restimula-
tion [4-5 hours]). Two days after the transfer
of cells, we then subjected the recipients to
the tolerance induction protocol. Mice receiv-
ing T cells from naive congenic hosts were
nearly uniformly (over 95%) susceptible to
chimerism and tolerance induction. Resis-
tance to tolerance was observed in recipients
reconstituted with T cells purified from sen-
sitized mice. Groups receiving lower doses of
allo-specific memory cells followed a pattern
similar to naive mice, with a slightly dimin-
ished susceptibility to tolerance induction. In
contrast, the majority of mice receiving more
than 5 x 10° whole T cells from sensitized
hosts (more than 100,000 memory cells)
failed to generate donor cell chimerism and
rejected skin grafts by 1 month (Figure 2a).

CD8"* central memory T cells are the principal
mediators of rejection. In additional studies,
we investigated the relative contributions of
CD8* and CD4* memory cells in promoting
rejection. Equal numbers of purified CD4*
or CD8* T cells from sensitized animals
were transferred to naive congenic recipi-
ents before tolerance induction (CD4* and
CD8" cell preparations were at least 90%
pure with no more than 1% contamination
of the complementary subset). Animals re-
ceiving CD8* memory T cells quickly reject-
ed their skin grafts, similar to animals
receiving unfractionated memory cells
(MST, 21 days). In stark contrast, animals
that received CD4* memory cells developed
donor cell chimerism and enjoyed pro-
longed graft survival (more than 100 days)
(Figure 2b). These data suggest that CD8*
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(data not shown), sensitized (more than 60 days after pri-
mary BALB/c skin transplant) B cell-deficient recipients
were refractory to tolerance induction and universally
rejected their secondary donor allografts by three weeks
(MST, 19 days) (data not shown). These results suggest-
ed that donor-specific memory T cells could abrogate
the ability of the costimulation blockade-based proto-
col to induce mixed chimerism and tolerance.

A critical threshold of donor-specific memory T cells is required
to resist tolerance induction. To ascertain whether a critical
number of memory cells was needed to prevent tolerance
induction, we developed an adoptive transfer system in
which graded doses of T cells from sensitized wild-type
B6.SJL (CD45.1) mice (skin grafted 60 days earlier) were
transferred to naive congenic B6 (CD45.2) recipients
before administration of the tolerance induction proto-
col. Before transfer, the number of donor-reactive CD4*
and CD8* memory cells was quantified by intracellular

memory cells represent a powerful barrier to tolerance
induction in this model, and additional pathways, cru-
cial for memory cell activation and function, need to be
identified to allow for successful tolerance induction in
the face of existing donor-specific CD8" T cells.
Recently, there have been several reports documenting
the phenotypic and functional heterogeneity that exists
in the memory T cell compartment (2-4). A model of
central and effector memory has been proposed because
of differences in location and expression of homing mol-
ecules (CD62L and CCR7) (2). Central memory T cells
(CD62LP CCR7") lack immediate “killing” activity but
rapidly produce IL-2 when restimulated in vitro, sug-
gesting a greater proliferative capacity than their effec-
tor counterparts. Effector memory T cells (CD62L"
CCR7"), on the other hand, rapidly produce IFN-y, con-
tain intracellular perforin, and are capable of immediate
ex vivo cytotoxicity. Given their capability for immediate
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effector function and favorable homing properties, it has
been suggested that effector memory T cells would be
better able to control subsequent immune challenges
and that central memory T cells remain available in sec-
ondary lymphoid organs to provide “help” and to re-
plenish dwindling effectors (1). In order to investigate
the roles of effector and central memory T cells in pre-
venting tolerance induction in our model, we transferred
equal numbers (200,000) of antigen-specific (as assessed
by IFN-y production upon short-term restimulation in
vitro) CD8*, CD8" CD62LM, or CD8* CD62!° memory T
cells into naive congenic mice. We then subjected each
group to the tolerance induction protocol as described
above. As in previous experiments, mice receiving unfrac-
tionated CD8* memory T cells quickly rejected donor
allografts (MST, 21 days). Surprisingly, despite the lack
of immediate cytotoxic potential, central CD8" memory
T cells promoted rejection more efficiently (MST, 18
days) than effector CD8" memory T cells (MST, more
than 70 days; P < 0.01) (Figure 2c).

Virally induced donor-specific memory cells prevent tolerance
induction. Given the observations that viral infections
induce alloreactive memory responses and that donor-
specific memory can prevent tolerance, we established a
model to evaluate the impact of virally induced allo-spe-
cific memory on tolerance induction. We hypothesized
that although a single infection with LCMV may gener-
ate a sufficient heterologous response at the peak of the
antiviral response to induce graft rejection, the number
of alloreactive cells that remain in the memory phase
may be insufficient to overcome the tolerance protocol.
Furthermore, infection of a specific pathogen-free mouse
with a single virus may not adequately simulate the clin-
ical situation in which exposure to a myriad of
pathogens and antigens is the rule and memory cells
typically represent 40-50% of the T cell pool in adult
humans (26). Thus, we studied animals that received
multiple, distinct viral infections over time
to more closely approximate the acquired

although not statistically significant in this experiment,
in the number of animals becoming chimeric and toler-
ant (9 of 12, P = 0.2 when compared with the naive
group). This slightly diminished susceptibility to toler-
ance mirrored our earlier results when suboptimal doses
of memory cells were transferred (Figure 2a). In other
experiments, tolerance was induced in 37 of 45 LCMV-
immune mice (82%), which is lower than the over 95% tol-
erance induction rate in naive mice, as observed in well
over 200 nonconcurrent control recipients, suggesting
that prior exposure to a potent infection such as LCMV
may indeed have a moderate effect. In contrast to unin-
fected recipients, mice that had previously been exposed
to multiple viral infections were refractory to tolerance
induction and rejected their allografts (MST, 24 days;
n =12) (Figure 3a). In all groups, the presence of stable
donor hematopoietic cell engraftment correlated with
long-term skin graft survival (i.e., no chimerism indicat-
ed no skin graft survival) (Figure 3b). Not surprisingly,
the number of virally induced alloreactive memory cells
was higher in animals with multiple infections than in
singly infected animals (data not shown).

DSG, an inhibitor of NF-KB translocation, promotes toler-
ance of antigen-specific memory T cells. Although naive cells
require stimulation through the T cell receptor and
additional costimulatory signals for their activation,
memory T cells are less stringent in their activation
requirements. In an attempt to promote tolerance of
antigen-specific memory T cells, we identified potential
pathways that may inhibit memory cell activation. Anti-
CD25, rapamycin, and blocking monoclonal antibod-
ies against the common y chain have all been reported
to act synergistically with costimulation blockade to
inhibit allograft rejection (27-29). In addition, we exam-
ined the effects of the novel immunosuppressant DSG,
which has shown efficacy in both nonhuman primate
models and human patients (30, 31). DSG is reported

immune history of human patients or out- a 100 b1 00
bred nonhuman primates, which com- ]
. 2 80 80 .
monly show evidence of exposure to many 2 % ; .
pathogens (e.g., EBV, CMV, VZV, polyoma). 2 60" ;g‘l’ﬂnlvlee - g 60 ) : .
Accordingly, we infected mice (C57BL/6) g 40 *Muﬁime it § 40 “
with either a single pathogen (LCMV,VV,or 2 . e
VSV) or sequentially with multiple pa- :\E 20 ¢ 20 .
thogens (LCMV—VV or LCMV—VV—VSV), 0 : : : 0
allowing 6-8 weeks between infections and 0 20 40 60 80 100 Naive Single Multiple
at least 8 weeks after the final infection Days after transplant
before study in the tolerance experimentsto  Figure 3

ensure that only memory cells remained.
Uninfected, age-matched naive B6 mice uni-
formly developed high-level chimerism
(mean chimerism, 49.1 £ 4.22 in 10 of 10 ani-
mals) and accepted donor skin grafts indef-
initely (10 of 10; MST, more than 100 days)
(Figure 3a). Mice that were immune to a sin-
gle pathogen (LCMYV, Figure 3,and VV, data
not shown) demonstrated a slight decrease,

Virally induced, alloreactive memory cells prevent tolerance induction. Naive,
monoimmune (LCMV or W), or polyimmune mice (LCMV—W or LCMV—W—VSV)
received the mixed chimerism, costimulation blockade-based tolerance protocol. (a
and b) Skin graft survival and donor chimerism levels after tolerance induction. Naive
mice universally accept donor-type skin allografts (left panel, filled squares) and
become high-level mixed chimeras (10 of 10, right panel). The majority of mice
immune to a single pathogen become tolerant, although not as consistently as naive
mice (9 of 12, open triangles). Mice immune to multiple pathogens are refractory to
tolerance induction (3 of 12; MST, 24; P = 0.002 when compared with naive mice;
filled diamonds). Inf, infection(s).
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DSG and costimulation blockade synergistically inhibit memory cells. Both alloreactive and
virus-specific memory cell responses were analyzed. (a) Skin graft survival of mice that had pre-
viously (1 week earlier) received T cells from sensitized congenic mice and were treated with
either the tolerance induction protocol alone or in combination with various agents. The com-
bination of DSG and costimulatory blockade promoted tolerance of donor-specific memory
cells (n=5; MST, 100 days; filled squares). The costimulation blockade tolerance regimen given
alone (n = 5, open squares) or in combination with other agents, including rapamycin (n =5,
filled triangles), anti-CD25 (n = 5, open triangles), and anti-y. (n = 5, filled diamonds) failed to
inhibit memory-dependent rejection. Two additional experiments demonstrated similar results.
(b) LCMV-immune mice were rechallenged with LCMV clone 13 and treated with costimulation
blockade (costim), DSG, or the combination of costimulation blockade and DSG. Five days
after rechallenge, CD8* (class | restricted NP396-404 and GP276-286) and CD4* (class Il
restricted P13 GP60-80) responses were analyzed. The combination of costimulatory blockade
and DSG synergistically inhibited LCMV-specific CD8* memory T cells (*P < 0.01). No tx, no

In order to more fully evaluate
the effects of costimulation
blockade and DSG on memory
cell activation and function, we
also studied recall responses in
the LCMV model. Mice im-
mune to LCMV (LCMV infec-
tion more than 60 days earlier)
were rechallenged with LCMV
and were administered costim-
ulation blockade (CTLA4-Ig/
anti-CD40L) alone, DSG alone,
costimulation blockade and DSG,
or no treatment. Five days after
rechallenge, T cells were harves-
ted and epitope-specific CD8*
(class I restricted NP396-404
and GP276-286) and CD4*
(class II restricted P13 GP61-80)
memory responses were ana-
lyzed. Memory responses in mice
treated with costimulation block-
ade were similar to those in
immune control animals receiv-
ing no treatment (Figure 4b),
consistent with studies demon-
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to bind to the intracellular chaperone Hsc70 and inhib-
it translocation of NF-kB, a transcription factor impor-
tant for T cell activation and survival (32, 33).

Using our adoptive transfer model, we evaluated the
agents for their ability to inhibit memory cell activa-
tion. Mice that had previously received T cells from sen-
sitized congenic mice (approximately 200,000 memory
T cells) were subjected to the tolerance protocol alone
or the tolerance protocol in combination with the spe-
cific inhibitors. The addition of rapamycin, anti-CD235,
or anti-y. failed to promote tolerance of anti-donor
memory cells. The mice rejected their grafts at similar
times as control animals receiving the tolerance proto-
col alone (Figure 4a), suggesting that memory cell acti-
vation and function was not critically dependent on
those pathways. Interestingly, mice receiving the cos-
timulation blockade-based tolerance protocol and
DSG uniformly became tolerant and accepted their
allografts indefinitely despite prior transfer of anti-
donor memory cells (n = 5; MST, more than 100 days)
(Figure 4a). Upon further follow-up, animals receiving
the tolerance protocol and DSG accepted skin allo-
grafts and maintained stable donor chimerism for at
least 1 year. When rechallenged with secondary donor
and third-party skin allografts, animals accepted sec-
ondary donor skin grafts while rejecting third-party
grafts in control time, suggesting that the combination
of costimulation blockade and DSG effectively pro-
moted tolerance of both naive and memory donor-reac-
tive T cells (data not shown).

strating that memory T cells do
not require costimulation deliv-
ered through CD28 or CD40L
for their activation. DSG alone exerted only a moder-
ate effect on the antiviral memory response, whereas
the combination of costimulation blockade and DSG
synergistically impaired the antiviral memory response
— in particular, the CD8* memory T cell response (Fig-
ure 4b) (P = 0.01 when compared with no treatment).

To determine if the combination of costimulation
blockade and DSG promoted tolerance of memory cells
in an antigen-specific manner, we transferred memory
cells from LCMV-immune mice (approximately 500,000
P14 memory T cells) and from allo-immune mice
(approximately 400,000 donor-specific memory T cells).
Two days later, we administered the tolerance protocol
alone or in combination with DSG (Figure Sa). Similar to
previous results, mice receiving the tolerance protocol
and DSG accepted donor-specific skin grafts, indicating
effective inhibition of the transferred allo-memory cells.
Animals receiving the tolerance protocol alone rejected
grafts by 1 month (n = 5; MST, 28 days) (data not shown).
To test whether the effect of DSG was antigen specific, we
assessed the functional response of the transferred mem-
ory cells in both groups 2 months after transplantation.
As expected, mice treated with the protocol and DSG
failed to display any donor-reactive T cells (Figure Sb),
indicating that the regimen had effectively tolerized the
transferred allo-specific memory cells. Conversely, mice
treated with the costimulation blockade tolerance pro-
tocol alone clearly exhibited the presence of donor-reac-
tive memory cells (Figure 5b). All of the IFN-y* cells
resided in the transferred population (CD45.1%) (data not
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Figure 5

Antigen-specific tolerance of memory cells. (a) Congenic mice were either infected with LCMV (Thy 1.1) or received a skin allograft (CD45.1).
Eight weeks after challenge, T cells were isolated to obtain both allo- and virus-specific memory cells and then transferred into naive B6 mice
(CD45.2/Thy1.2). Mice then received the tolerance protocol or the tolerance protocol with DSG. sg, skin graft. (b) When the tolerance pro-
tocol alone was administered, both alloreactive and virus-specific memory cell populations were preserved, resulting in allograft rejection.
When given in combination with DSG, donor-reactive cells were specifically deleted, and viral memory remained intact upon rechallenge.
Unstim, unstimulated. (c) Model for heterologous immunity as a barrier to transplantation tolerance.

shown), suggesting that the tolerance protocol effective-
ly inhibited the generation of new effectors but failed to
control pre-existing memory cells. Importantly, both
groups displayed similar numbers of functional, virus-
specific memory T cells, indicating that the combination
of costimulation blockade and DSG acts synergistically
to impair memory T cell responses in an antigen-specific
manner, whereas pre-existing memory cells, which are
not engaged by their cognate antigen during the treat-
ment period, are preserved for future challenges.

Discussion

Memory is an indispensable component of the immune
response. The primary purpose of the amnestic
response is to protect the host from future challenges of
the identical pathogen. There is also accumulating evi-
dence to suggest that in certain settings, memory elicit-
ed by certain viruses can enhance the clearance of even
unrelated pathogens (5). Unfortunately, the heterolo-
gous response may also lead to immune-mediated dis-
ease in some circumstances (34, 35). Another potential-
ly adverse consequence of an antiviral response is the
production of effector T cells capable of directly recog-
nizing foreign MHC and the subsequent formation of
long-lived alloreactive memory cells.

An unresolved area of intense interest in the field of
transplantation biology has been the somewhat puz-
zling and recurring observation that tolerance strate-
gies, which promote long-lived graft survival in
rodents, have consistently failed when evaluated in
nonhuman primate models and clinical trials. This
has led to the emerging concept that environmental

exposures and large memory pools may constitute a
more formidable barrier to tolerance induction than
the immune system of experimental rodents.
Although cross-reactivity of pathogen-reactive T cells
with allogeneic MHC complexes has been demonstrated
at the cellular level, our results provide direct in vivo evi-
dence that prior immune encounters can provide a pow-
erful barrier to tolerance induction. Viral infections lead
to the generation of alloreactive memory T cells, which in
turn confer resistance to tolerance induction. Whether
this is the result of bystander activation, mimicry on a
molecular level (viral peptide bound by sel--MHC resem-
bling self-peptide bound by foreign MHC) or a combina-
tion of the two remains to be fully elucidated (36, 37). The
number of memory cells the host has accumulated is crit-
ical; as we have shown, there is a threshold of memory
cells necessary to promote rejection. Although naive ani-
mals and those receiving a single infection were suscepti-
ble to tolerance induction, it is very likely that these ani-
mals have encountered far fewer pathogens than
potential transplant recipients, in whom the prevalence
of viral infections (including EBV, CMV, HSV, VSV,
influenza, etc.), as in the general population, is quite high.
In support of our hypothesis, we have shown that ani-
mals immune to multiple viruses, perhaps a closer
approximation to “immune-experienced” hosts, almost
universally fail to become tolerant when using a regimen
that uniformly leads to tolerance in naive recipients.
Our results indicate that CD8" memory T cells are the
principal mediators of rejection in this model. However,
this does not necessarily exclude a role for CD4* memo-
ry as a barrier to tolerance induction in other settings. In
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this model, the number of CD4* memory T cells gener-
ated in vivo and then transferred to naive hosts was
approximately fourfold lower than the number of mem-
ory CD8* T cells. Thus, in this system, the number of
CD4* memory T cells may not achieve the critical thresh-
old needed to precipitate rejection.

Perhaps one of the most interesting new areas of
investigation in immunology is the description of func-
tional subsets within the memory T cell pool. Although
the properties of these subsets have not yet been com-
pletely defined, one might have anticipated that effec-
tor memory cells, which are programmed to home to
peripheral locations and primed for immediate effector
function, would constitute a more formidable barrier to
tolerance than their central memory counterparts.
Interestingly, our data indicate that central memory T
cells are actually considerably more potent on a per-cell
basis in their ability to resist tolerance induction. This
suggests that central and effector memory may differ in
dependence of each on CD28 and CD40 costimulatory
signals or that the superior proliferative capacity of cen-
tral memory cells is necessary to resist tolerance.

Although the signal requirements for memory cell acti-
vation and function have not been completely defined,
traditional costimulatory signals (e.g., CD28/B7, CD40/
CD40L) do not seem to be essential (15, 16). Recent work
has identified cytokines (IL-15 and IL-7) important for
maintenance of memory through homeostatic prolifer-
ative mechanisms (35, 38-40). Interestingly, neither of
these cytokines was essential for productive recall
responses. Consistent with these data, we present data to
suggest that the interruption of key cytokine signaling
pathways, using either blocking antibodies (anti-IL-2R
or anti-y.) or the immunosuppressive molecule rapa-
mycin, did not significantly inhibit memory cell func-
tion in our model. In contrast, the combination of T cell
costimulation blockade and the immunosuppressive
agent DSG synergized to inhibit the function of memo-
ry T cells in both allograft and viral models. The putative
mechanism of action of DSG is to inhibit translocation
of NF-kB, a transcription factor involved in many cellu-
lar processes, including T cell activation (41). Interest-
ingly, NF-kB plays a critical role in determining the bal-
ance between pro- and antiapoptotic factors, which in
turn determine the fate of the cell (42, 43). The experi-
ments in which we cotransfer LCMV-specific and allo-
specific memory cells indicate that the combination of
DSG and costimulation blockade can induce inactiva-
tion of antigen-specific memory cells, since only those
cells encountering their cognate ligands during the peri-
od of drug administration were affected. Protective
immunity was preserved, since viral memory cells not
specific for the tolerogen (donor marrow) remained fully
competent and capable of responding to a subsequent
viral rechallenge. Inhibition of NF-kB at a key step in
memory T cell activation may result in a decrease in
essential cellular survival signals and tip the balance
toward cell death, permitting the deletion of antigen-
specific memory cells.

Our data suggest that heterologous immunity, in par-
ticular virally induced alloreactive memory, may repre-
sent an underexplored barrier to tolerance induction in
transplantation. It provides a potential explanation for
the lack of success when tolerance regimens, effective in
rodent models, are tested in nonhuman primate mod-
els or in human patients. Although cross-reactive re-
sponses between unrelated viruses have been document-
ed, simple probability suggests that the occurrence of
heterologous allogeneic responses after pathogen expo-
sure should be even more likely (given the high precur-
sor frequency of the direct allogeneic response).

There are three distinct possibilities whereby pathogen
exposure could influence the host’s response to allo-anti-
gen. First there may be an active, ongoing infection at the
time of tolerance induction. This includes exposure to an
acute infection coincidental with attempts at tolerance or
the presence of a smoldering persistent, productive infec-
tion in which the pathogen is present but under immune
control. Potential unfavorable outcomes include the pos-
sibility of tolerance to the pathogen and loss of immune
control, or the ongoing antiviral response may promote
rejection and an inability to induce tolerance. We and
others have attempted to address this question experi-
mentally and in prior studies have demonstrated that a
concurrent acute infection with LCMYV at the time of tol-
erance induction can precipitate rejection (36, 37).
Recently, we have also demonstrated that the presence of
an ongoing, persistent productive viral infection inter-
feres with attempts to induce tolerance (44). Heeger and
colleagues have recently published similar findings for
the chronic parasitic infection Leishmania (45). Both of
these studies address a similar question in systems in
which there is eventual immune control of the infection
but the pathogen is never completely cleared and persists
for the life of the mouse (18, 46, 47). This may be of par-
ticular relevance to a subset of transplant patients who
suffer from ongoing, chronic infections such as hepatitis
C. However, mechanisms in addition to simple cross-reac-
tivity may also be important in these models. For exam-
ple, the active immune response against the persistent
pathogen may in and of itself provide a means, such as
elevated levels of cytokines and growth factors, to over-
come costimulatory blockade.

The second scenario is exposure of the host to multi-
ple acute viral infections that resolve completely before
attempts of tolerance are initiated. This condition, which
is present in virtually all human transplant recipients,
has not previously been investigated experimentally. In
this work, we examined the influence of prior resolved
infections on the host’s memory pool and demonstrat-
ed dramatic effects on tolerance induction. Our results
indicate that a single prior acute viral infection (e.g.,
LCMYV, VV), which is subsequently completely cleared, is
inadequate to generate a sufficient number of alloreac-
tive memory T cells necessary to reach the critical thresh-
old required to impair attempts at tolerance and pro-
mote rejection. Humans, unlike experimental rodents,
have been exposed to a wide variety of pathogens, each
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of which has the potential to generate alloreactive mem-
ory (Figure 5c). Our data indicate that if sufficient num-
bers of donor-specific memory T cells accumulate after
multiple acute viral infections over time, a critical thresh-
old is exceeded, and attempts at tolerance induction that
fail to target memory cells will be unsuccessful (Figure
5¢). Lastly, the influence of pathogens that are harbored
in a quiescent, true latent state has yet to be tested exper-
imentally. Ongoing studies in our laboratory seek to
address this important issue.

In conclusion, while further work is necessary to
identify the pathways critical for memory cell activa-
tion and survival, the combination of costimulation
blockade and DSG offers a clinically relevant strategy
to promote antigen-specific tolerance of environmen-
tally induced, alloreactive memory T cells. Thus, future
plans for tolerance trials in humans should take into
consideration that even recipients of primary trans-
plants may not be as “naive” as practitioners believe.
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