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Abstract
Transplant tolerance, defined as indefinite allograft survival without immunosuppression, has been
regularly achieved in laboratory mice but not in nonhuman primates or humans. In contrast to
laboratory mice, primates regularly have high frequencies of alloreactive memory T cells
(TMEMs) before transplantation. These TMEMs are poorly sensitive to conventional
immunosuppression and costimulation blockade, and the presence of donor-reactive TMEMs in
primates may account for their resistance to transplant tolerance protocols that have proven
consistently effective in mice. We measured the frequencies of anti-donor TMEMs before and
after transplantation in a series of rejecting and tolerant monkeys that underwent nonmyeloablative
conditioning, short-term immunosuppression, and combined allogeneic kidney/cell
transplantation. Transplants were acutely rejected in all the monkeys with high numbers of donor-
specific TMEMs before transplantation. In contrast, long-term survival was observed in the
recipients harboring lower frequencies of anti-donor TMEMs before transplantation. Similar
amounts of TMEM homeostatic expansion were recorded in all transplanted monkeys upon
hematopoietic reconstitution; however, only the tolerant monkeys had no expansion or activation
of donor-reactive TMEMs after transplantation. These results indicate that the presence of high
frequencies of host donor-reactive TMEMs before transplantation impairs tolerance induction to
kidney allografts in this nonhuman primate model. Indeed, recipients harboring a low anamnestic
reactivity to their donor before transplantation were successfully rendered tolerant via infusion of
donor cells and short-term immunosuppression. This suggests that selection of allogeneic donors
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with low memory responses in recipients may be essential to successful transplant tolerance
induction in patients.

INTRODUCTION
Enormous advances over the past 2 decades with nonselective immunosuppressive agents
have greatly improved the early survival of allogeneic transplants in patients. Nevertheless,
lifelong immunosuppression not only leads to treatment-related complications such as
nephrotoxicity and increased susceptibility to cancer and infections but frequently does not
prevent chronic rejection. Hence, there is a need for the design of more selective immune
therapies in transplantation.

Transplantation tolerance, defined as lack of acute and chronic allograft rejection in the
absence of ongoing immunosuppressive therapy (and intact immune reactivity to
pathogens), is the holy grail of transplant immunologists. This goal has been achieved in
some murine transplant models by induction of mixed hematopoietic chimerism (via donor
bone marrow transplantation) (1–3) and T cell costimulation blockade (4–9). However, in
primates, although these treatments reduce alloimmunity and improve allograft survival,
they fail to consistently provide tolerance (10, 11). These observations emphasize the
necessity of evaluating and refining in nonhuman primates the therapeutic protocols that
have been defined in laboratory rodents before their clinical application. They also
underscore the requirement for a better understanding of the mechanisms underlying
allotransplant rejection versus acceptance in primates.

In contrast to laboratory mice, high numbers of alloreactive memory T cells (TMEMs) are
present in nonhuman primates and humans before transplantation (4 to 8% and >40% of
whole T cells in mice and primates, respectively) (12–14), presumably due to cross-
reactivity from previous exposure to environmental, bacterial, or viral antigens. Indeed, self-
MHC (major histocompatibility complex)/microbial peptide complexes mimicking allo-
MHC/peptide complexes are known to sensitize some alloreactive T cells in rodents and
humans (15–18). In addition, allospecific TMEMs are regularly generated after exposure to
foreign MHC molecules during pregnancy, blood transfusion, or previous transplantation
(19). TMEMs, including presumably alloreactive T cells, undergo peripheral homeostatic
expansion in individuals rendered leukopenic due to irradiation or treatment with depleting
antibodies, which are common procedures in clinical transplantation (20). These TMEMs
are resistant to common immunosuppressive strategies including calcineurin inhibitors and
costimulation blockade due to their low activation threshold, heightened proliferative
capacity, rapid cytokine secretion, and ability to home to nonlymphoid tissues (21–24). It is
likely that these allospecific TMEMs represent an essential element of the allograft rejection
process in primates (25). It is noteworthy that alloreactive TMEMs induced in mice via
microbial infection, skin allograft, or adoptive transfer invariably prevent transplant
tolerance induction via mixed chimerism or costimulation blockade (26–29). These data
suggest that the high frequency of alloreactive TMEMs found in unmanipulated primates
may account for their resistance to tolerance induction, a hypothesis that has not yet been
formally tested.

Here, we investigated the influence of pretransplant TMEM alloreactivity on tolerance to
kidney allografts induced via combined donor cell infusion and short-term
immunosuppression in cynomolgus monkeys. We show that long-term allograft survival in
the absence of immunosuppression is favored in recipients displaying a low anamnestic
response to their donors. This implies that long-term kidney allograft survival in the absence
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of immunosuppression may be achieved using current tolerance protocols in patients
displaying a low anamnestic reactivity against their donor.

RESULTS
Frequencies of alloreactive TMEMs in cynomolgus monkeys

Peripheral blood TMEMs from a panel of individual cynomolgus monkeys were isolated by
fluorescence-activated cell sorting (FACS) and stimulated in vitro with irradiated allogeneic
stimulator cells (direct allorecognition) from each of a series of allogeneic monkeys. The
numbers of cytokine-producing TMEMs were determined by enzyme-linked immunospot
(ELISPOT) in each of 251 single responder/stimulator combinations. The magnitude of the
memory interferon-γ (IFN-γ) alloresponse varied greatly among all the responder/stimulator
combinations tested, ranging from 10 to 3624 cells per million TMEMs (Fig. 1A). Eight
stimulator and responder combinations with various amounts of memory alloreactivity were
selected as donor/recipient pairs for transplant experiments (arrows, Fig. 1, A and B).

Relationships between numbers of anti-donor TMEMs before transplantation or in either
tolerant or rejecting recipients of kidney allografts

Eight monkeys selected for their distinct levels of donor-specific memory reactivity (Fig.
1B) were conditioned with the regimen shown in Fig. 2 (30) and received cells (bone
marrow or spleen) and a kidney transplant from the same allogeneic donor.
Immunosuppressive treatment with cyclosporine A was stopped 28 days after
transplantation. The three recipients (M505, M4507, and M4808) with a low frequency of
donor-specific TMEMs (<250 IFN-γ–producing cells per million TMEMs) displayed long-
term allograft survival (Table 1). These monkeys became tolerant (graft survival >250 days,
no chronic rejection) (Table 1). For the two monkeys that mounted an intermediate-level
anamnestic response, M4109 became tolerant, whereas M3305 rejected its kidney allograft
at day 140. These data suggest that other cells or factors could contribute to susceptibility to
tolerogenesis in this model. The three other recipients, which displayed a high anti-donor
pretransplant anamnestic reactivity (>1000 spots per million TMEMs), rejected their
allografts acutely (60 to 90 days). The mean frequency of IFN-γ–producing TMEMs in the
rejecting group was statistically significantly higher than that of the tolerant monkey group
(one-tailed t test assuming equal variance, P = 0.023). All rejecting monkeys and one
tolerant monkey lost donor chimerism by day 20 after transplantation, whereas chimerism
was detectable for up to 50 days (M4808) and >50 days (M4507) in the two other tolerant
animals. Anti-donor antibodies were detected in the serum of three out of four recipients
with acute rejection, but only one tolerant monkey (M505) displayed alloantibodies.

Homeostatic expansion of TMEMs in transplanted monkeys
Homeostatic expansion of TMEMs found in vivo upon cell recovery after leukocyte
depletion or irradiation has been associated with loss of chimerism and/or failure to achieve
transplant tolerance in primates (20, 31). To test this, we compared the overall TMEM
expansion in two monkeys that underwent acute rejection and three monkeys that became
tolerant of their allograft. The homeostatic expansion of TMEMs was similar in the tolerant
and rejecting monkeys (Fig. 3A). Actually, M4507, which belonged to the tolerant group,
had the highest amount of TMEM expansion after transplantation. As shown in Fig. 3B,
virtually all of the T cells replenishing the host after conditioning and transplantation
displayed a surface memory phenotype (CD95+ T cells >98%) (32).
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Expansion/activation of donor-reactive TMEMs in transplanted monkeys
Next, we compared the kinetics and quantity of expansion of donor-reactive TMEMs
activated after kidney transplantation in the four recipients displaying long-term transplant
survival as well as two monkeys that rejected their kidney transplants in an acute fashion.
First, the anamnestic donor-specific alloresponse was monitored in a control monkey that
had received no treatment and rejected its kidney allograft within 6 days after
transplantation. The pretransplant level of memory alloreactivity in this control monkey was
intermediate (470 donor-specific IFN-γ–secreting cells per million TMEMs). After
placement of the allogeneic kidney, we observed a massive expansion of donor-specific
TMEMs that peaked at 50 days after transplantation (Fig. 4). The amount of memory
alloreactivity was still high at 200 days after transplantation, long after rejection of the
kidney allograft. At 300 days after transplantation, the frequency of donor-reactive TMEMs
had almost returned to the pretransplantation level. In the rejecting monkeys (infused with
donor cells) displaying a high memory alloreactivity before transplantation (M3205 and
M3405), we observed some expansion of activated donor-specific TMEMs that secreted
IFN-γ after transplantation (Fig. 4). It is noteworthy that the activation of a memory
alloresponse in these monkeys was less pronounced than that observed in the control
untreated monkey. This suggests that the immunosuppressive treatment had contained to
some degree the posttransplant anamnestic alloresponse in the treated kidney recipients. In
contrast, the tolerant monkeys displaying a low memory alloreactivity before transplantation
showed no expansion of donor-specific TMEMs after transplantation (Fig. 4).

DISCUSSION
A number of approaches including mixed chimerism and T cell costimulation blockade are
known to regularly achieve tolerance to organ allotransplants in laboratory mice (4, 5, 7–9,
33). However, transplant tolerance cannot be accomplished in mice whose T cells have been
exposed to alloantigens or viral infections (12, 13, 26). Moreover, such resistance to
tolerance induction can be extended to naïve mice via adoptive transfer of TMEMs collected
from allosensitized mice (12, 13, 26). Therefore, the high frequency of TMEMs present in
wild-caught monkeys before transplantation but not in laboratory mice could explain why
current strategies have failed to consistently accomplish transplant tolerance in primates.

Here, TMEMs capable of recognizing an allogeneic MHC directly were detected in all the
monkeys before any treatment. Among the eight monkeys studied after combined allogeneic
donor cell and kidney transplantation, we found a statistically significant correlation
between the frequencies of anti-donor TMEMs in recipients and the rejection or tolerance of
kidney allografts (P = 0.023).

The preferential homeostatic expansion of T cells displaying memory markers after
irradiation and leukocyte depletion has been described in mice and primates (20, 31, 34).
Here, we show that homeostatic expansion of TMEMs after transplantation can be observed
in both the rejecting and the tolerant monkeys, whereas the frequencies of donor-specific
TMEMs increased in only the rejecting recipients. It is likely that many TMEMs undergoing
homeostatic expansion represent cells that only transiently acquire a memory phenotype and
that rapidly revert to a naïve phenotype as previously described by Bevan’s group (35).
These unconventional TMEMs display surface memory markers but are not functional
TMEMs. Therefore, as previously suggested by another study in transplanted monkeys
treated with anti-CD154 antibodies, homeostatic T cell activation may not represent a major
barrier to transplant tolerance induction in primates (36).

The treatment with immunosuppressive antibodies and calcineurin inhibitors failed to
prevent the activation of alloreactive T cells only in the recipients with high pretransplant
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levels of donor-reactive TMEMs. It remains to be determined whether these TMEMs are
responsible for the loss of donor hematopoietic chimerism in transplanted monkeys. These
data imply that in tolerant monkeys, some mechanisms such as clonal deletion and/or T cell
regulation had selectively impaired the expansion and activation of donor-reactive but not
other TMEMs. It is important to note that although these tolerant monkeys display initially
high levels of chimerism, they rapidly lose their donor hematopoietic chimerism despite the
apparent lack of anti-donor T cell alloreactivity (11, 30, 37). These data suggest that failure
to maintain durable mixed chimerism in these monkeys is not caused solely by the activation
of some donor-specific TMEMs after transplantation.

In summary, our results reinforce the view that alloreactive TMEMs present in primates
before transplantation prevent tolerance induction to allografts. However, our study shows
that this is not an absolute rule in that a recipient displaying a low-level anamnestic
reactivity against a particular donor can be successfully tolerized using our mixed chimerism
protocol. We have recently reported that the amount of memory alloreactivity is extremely
variable depending on the nature of the responder/stimulator pair considered (32). MHC
matching between potential transplant recipients and donors was generally associated with a
low anamnestic alloresponse (32). However, the contrary was not true because a significant
number of individuals displayed a low memory reactivity to fully MHC gene disparate
allogeneic monkeys (32). The mixed hematopoietic chimerism strategy has actually been
successful in achieving tolerance in patients recipient of a fully or haplo-matched allogeneic
kidney transplant (38, 39). The amounts of memory alloreactivity in these patients remain to
be investigated. Our results underscore the need suggested by recent studies from Kirk’s
group (25, 40, 41) for the development of immune therapies capable of blocking or
eliminating these TMEMs before tolerance induction in primates. Alternatively, our results
suggest that selection of donor/recipient pairs with low TMEM alloreactivity may be
sufficient to resolve this problem and accomplish reliably tolerance induction to allogeneic
organ and tissue transplants in patients.

MATERIALS AND METHODS
Animals

Male cynomolgus monkeys weighing 3 to 5 kg were used (Charles River Laboratories).
Details of recipient/donor pair selection, host conditioning protocols, as well as clinical
outcomes were previously reported (30).

Bone marrow and kidney transplantation
The basic elements of our regimen are summarized in Fig. 2. In brief, these included total
body irradiation [1.5 gray (Gy)], local thymic irradiation (7 Gy), intravenous anti-thymocyte
globulin (ATG) (Atgam, Pharmacia and Upjohn) (50 mg/kg per day), or thymoglobulin (20
mg/kg, Genzyme) and kidney along with bone marrow (M505, M4507, M4808, M3305,
M3205, and M3405) (3 × 108 to 4 × 108 cells/kg at day 0) or splenocyte (M4109 and
M1509) (three injections of 0.1 × 108 to 0.4 × 108 cells at days 7, 9, and 12 after kidney
transplantation) cell infusion (from the same donor), followed by a 1-month course of
cyclosporine A (Novartis) (tapered from an initial dose of 15 mg/kg per day) to maintain
therapeutic serum levels (>300 ng/ml). Cyclosporine A was discontinued on day 28 after
transplant. Monkeys underwent heterotopic renal transplantation and bilateral nephrectomies
under ketamine hydrochloride/diazepam anesthesia. In recipients treated with anti-CD154
monoclonal antibodies (mAbs) (h5C8, 20 mg/kg at days 0 and 2 and 10 mg/kg at days 5, 7,
9, and 12), ketorolac (1 mg/kg on days −1 and 0) was administered to prevent thrombosis, as
previously described (42). In addition to this treatment, M4808 was treated with anti-CD20
mAbs (rituximab, 10 mg/kg given at days −14, −7, and 0). In the control monkey, which
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had received no immunosuppressive treatment, at the time of transplantation, one kidney
had been left in situ with ureter ligated. At the time of rejection (day 6), continuity of the
ureter’s native kidney was reestablished to allow continued study of the animal.

Flow cytometric analyses
Cell surface antigens were analyzed by multicolor flow cytometry. Peripheral blood
mononuclear cells (PBMCs) were directly labeled with a combination of the following
mAbs: CD3 PerCP (peridinin chlorophyll protein) (SP 34-2), CD4 PerCP (L-200), CD8
PerCP (RPA-T8), CD8 APC (allophycocyanin) (RPA-T8), CD95 FITC (fluorescein
isothiocyanate) (DX2), CD95 APC (DX2), and CD28 PE (phycoerythrin) (CD28.2). All
antibodies were purchased from BD Pharmingen. The fluorescence of the stained samples
was analyzed with FACSCalibur and FACScan flow cytometers and CellQuest software
(BD Immunocytometry Systems). Lymphocytes were gated on the forward and side light
scatter, and 3000 to 5000 events were collected.

Isolation of TMEMs
PBMCs were incubated with mAbs anti-CD95 FITC (DX2) and anti-CD28 PE (CD28.2) for
15 min at +4°C, washed once, and resuspended in sort buffer [phosphate-buffered saline
(PBS), 2% fetal calf serum (FCS)]. Cells were gated on lymphocytes and sorted into
CD95−CD28+ naïve and CD95+CD28low/high memory populations with a FACSVantage cell
sorter (BD Immunocytometry Systems) (32). The purity of sorted cells was consistently
>95%.

Measurement of direct alloresponses by ELISPOT
ELISPOT plates (Millipore) were precoated with capture antibodies (5 µg/ml) against type
IFN-γ cytokine (Mabtech) in PBS and stored overnight at 4°C. The plates were blocked for
1 hour with PBS containing 1% bovine serum albumin (BSA) (fraction V) (A1933, Sigma)
followed by three washes in PBS. Responding cells (150 × 103) were added to each well of a
96-well ELISPOT plate in 100 µl of complete RPMI 1640 (Mediatech, Cellgro)
supplemented with 10% pooled naïve monkey serum and L-glutamine, penicillin/
streptomycin, and Hepes buffer (Invitrogen). The responding cells were cocultured with an
equal number of irradiated stimulating allogeneic cells (150 × 103 cells per well) (43), or
unstimulated in medium alone, or with phytohemagglutinin (PHA) at 1 µg/ml (Sigma). After
a 48-hour incubation at 37°C, the plates were washed three times in PBS followed by
another three washes in PBS/Tween (Sigma). Biotinylated detection antibodies (Mabtech)
were added, and the plates were maintained at 4°C for an additional overnight incubation.
After four washes with PBS/Tween, streptavidin–horseradish peroxidase conjugate in PBS/
BSA (Dako #PO397) was added for at least 2 hours at room temperature, followed by an
additional six washes. The development was performed with aminoethylcarbazole (10 mg/
ml in N,N-dimethylformamide; D4254, Sigma) freshly prepared in 0.1 M sodium acetate
buffer (pH 5) mixed with 30% H202. The resulting spots were counted with a computer-
assisted ELISPOT image analyzer (CTL Inc.). The results of duplicate values were averaged
(mean ± SD) and expressed as the frequency of cytokine-producing T cells per million of T
cells plated minus medium.

Statistics
Statistical analyses were performed with StatView software (Abacus Concepts Inc.). P
values were calculated with one-tailed t test assuming equal variance. A P value of <0.05
was considered statistically significant.
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Pathology studies
Wedge renal biopsies were obtained whenever a rise in creatinine occurred and at 2- to 6-
month intervals in animals with stable function (44). Biopsy, nephrectomy, and autopsy
sections were stained with hematoxylin-eosin and periodic acid–Schiff stains and scored in
coded samples with Banff 2003 and Collaborative Clinical Trials in Transplantation (CCTT)
criteria (45, 46).
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Fig. 1.
Memory T cell (TMEM) responses before transplantation in cynomolgus monkeys. (A and
B) Pretransplant frequencies of donor-reactive TMEMs in recipients. (A) The peripheral
blood TMEMs from a panel of individual monkeys were isolated by FACS using CD95 and
C28 markers and stimulated in vitro with irradiated allogeneic stimulator cells (direct
allorecognition). The frequencies of IFN-γ−producing TMEMs were determined by
ELISPOT in each of 251 responder/stimulator combinations. The arrows correspond to the
eight monkey combinations selected for combined bone marrow/kidney transplantation. (B)
Frequencies of IFN-γ–secreting TMEMs measured in the eight monkeys selected as
recipients after stimulation with allogeneic APCs (from the allogeneic monkeys selected as
donors) or control syngeneic (autologous) APCs or in the absence of APCs (medium).
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Fig. 2.
Conditioning and combined donor cell/kidney transplantation. The monkeys underwent total
body irradiation (TBI) (1.5 Gy) at days −6 and −5 and thymic irradiation (TI) (7 Gy) at day
−1. They also received ATG at days −2, −1, and 0 (50 mg/kg given intravenously). At day
0, they were transplanted with an allogeneic kidney and injected with bone marrow cells
(BMCs) or spleen cells (3 × 108 to 4 × 108 cells/kg and 0.1 × 108 to 0.4 × 108 cells/kg,
respectively) from the same donor, followed by a 28-day course of cyclosporine A (CYA)
(15 mg/kg per day).
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Fig. 3.
Expansion of TMEMs after conditioning and transplantation. (A) Kinetics of posttransplant
expansion of TMEMs measured in the peripheral blood of two recipients that underwent
acute rejection (Rej) (dotted lines, open symbols) and three tolerant (Tol) monkeys (solid
lines and symbols). (B) T cells from the peripheral blood were isolated and stained with
anti-CD95 APC (DX2), anti-CD28 PE (CD28.2), and anti-CD3 PerCP (SP34-2) mAbs and
analyzed via cytofluorometry. This plot shows the distribution of CD95−CD28+ (lower
right: naïve T cells), CD95+CD28+ (upper right: central TMEMs), and CD95+CD28− (upper
left: effector TMEMs), gated on CD3+ T cells. This plot is representative of the six monkeys
tested individually before transplantation (Pre-Tx, top panel) and 50 days after
transplantation (Post-Tx, lower panel). The variation of the percentages of T cell subsets
between monkeys is shown in fig. S1. The numbers shown in each quadrant indicate the
percentages of each T cell subset among T cells.
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Fig. 4.
Posttransplant activation/expansion of donor-specific TMEMs. TMEMs were collected from
the peripheral blood of recipients before transplantation and at different time points after
combined bone marrow/kidney transplantation. The frequencies of IFN-γ–producing
TMEMs recognizing donor MHC antigens directly were determined by ELISPOT. The
results are expressed as numbers of cytokine-producing cells per million TMEMs. Direct
memory alloresponses were assessed in four tolerant recipients (solid lines and dots) and
two acutely rejecting monkeys (dotted lines and open symbols). In addition, memory
alloreactivity was monitored in a control recipient, which received no immunosuppressive
and conditioning treatment before transplantation and underwent acute rejection within 6
days after the placement of an allogeneic kidney (gray line and symbols).
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