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Abstract
The high frequency of memory T cells present in primates is thought to represent a major barrier
to tolerance induction in transplantation. Therefore, it is crucial to characterize these memory T
cells and determine their functional properties. High numbers of memory T cells were detected in
peripheral blood and all lymphoid tissues except lymph nodes, which were essentially the site of
naïve T cells. The majority of CD8+ memory T cells were effector memory cells located in the
blood and bone marrow while most CD4+ memory T cells were central memory cells present in
the spleen. Next, memory T cells from over 100 monkeys were tested for their response to
alloantigens by ELISPOT. Memory alloreactivity mediated via direct but not indirect
allorecognition was detected in all animals. The frequency of allospecific memory T cells varied
dramatically depending upon the nature of the responder/stimulator monkey combination tested.
MHC gene matching was generally associated with a low-memory alloreactivity. Nevertheless,
low anamnestic alloresponses were also found in a significant number of fully MHC-mismatched
monkey combinations. These results show that selected donor/recipient combinations displaying a
low memory alloresponsiveness can be found. These combinations may be more favorable for
transplant tolerance induction.
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Introduction
Memory represents the hallmark of adaptive immunity (1). Following antigen encounter,
some T-cell clones expand and differentiate into memory T cells that can persist for a
lifetime (2–4). Upon reexposure to the same antigen, these cells mount a faster and stronger
immune response as compared to naïve T cells that had never seen this antigen (5–7). This
anamnestic response is driven by the high frequency of memory T cells, their elevated
affinity for the antigen and their low requirement for costimulation (8). Memory T cells, like
‘stem cells’, can divide in the absence of antigen. Their number in vivo is fairly stable with
homeostasis being maintained by IL-7 and IL-15 cytokines. T-cell memory is mediated via
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two processes: (1) Protective memory mediated by effector memory T cells (TEMs) and (2)
Reactive memory ensured by central memory T cells (TCMs) (1,5).

The presence of allospecific memory T cells in individuals results from previous exposure to
alloantigens via transplantation, blood transfusion or pregnancy. In addition, microbial
infections presumably induce the differentiation/expansion of memory T cells to antigens
that can cross-react with allo-MHC antigens. This has been observed in mice after exposure
to lymphocytic choriomeningitis virus (LCMV) and Leishmania parasites (9–12). It is
believed that antigen mimicry between self-MHC/microbial peptide X and allo-MHC/
peptide Y complexes accounts for the high frequency of T cells recognizing allo-MHC
molecules (13–17). In contrast to laboratory mice, significant numbers of alloreactive
memory T cells are present in monkeys (wild caught) and humans prior to transplantation
(10,18,19). The high frequency of alloreactive memory T cells found in primates is thought
to contribute to their resistance to tolerization protocols. This is supported by the
demonstration in mice that alloreactive memory T cells, generated after microbial infection,
skin allografting or acquired through adoptive transfer, invariably prevent transplant
tolerance induction via mixed chimerism or costimulation blockade approaches (11,20–22).
This implies that deletion or inactivation of the host's donor-reactive memory T cells could
enhance our ability to induce drug-free transplant survival in primates. Alternatively,
selection of donors eliciting a low anamnestic response in the host might also lower the
threshold necessary to accomplish transplant tolerance in primates.

In the present study, we investigated the frequencies, phenotypes, alloantigen recognition
pathways and lymphokine secretion patterns of memory T cells isolated from the peripheral
blood and lymphoid tissues of cynomolgus monkeys. We show that the level of memory
alloreactivity varies greatly depending upon the responder/stimulator monkey pair tested, a
phenomenon influenced in part by the degree of MHC gene disparity among these monkeys.
The implications of this finding for the design of tolerance protocols in clinical
transplantation are discussed.

Materials and Methods
Animals

Male cynomolgus monkeys caught in the wild (Mauritius Island) and weighing 3–5 kg were
used (Charles River Primates, Wilmington, MA).

Cynomolgus MHC genotyping
First, genomic DNA was prepared from PBMC and splenocytes. A panel of 17
microsatellite loci spanning approximately 5 Mb of the MHC region were amplified from
the genomic DNA with fluorescent-labeled PCR primers and fragment size analysis was
determined. The microsatellite haplotypes for each animal were converted to predicted
MHC genotypes based on our previous cloning and sequencing work with cynomolgus
monkeys (23,24).

Flow cytometric analyses and cell sorting
PBMC, peripheral lymph nodes (PLN), spleen and bone marrow cells were labeled with a
combination of the following mAbs: CD3 PerCP (SP 34– 2), CD4 PerCP (L-200), CD8
PerCP (RPA-T8), CD8 APC (RPA-T8), CD95 FITC (DX2), CD95 APC (DX2), and CD28
PE (CD28.2) (BD Pharmingen, San Jose, CA). The fluorescence of the stained samples was
analyzed using FACS Calibur and FACS Scan flow cytometers and Cell Quest Software
(BD). Cells were gated on lymphocytes and sorted into CD95−CD28+ naïve and
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CD95+CD28low/high memory populations using a FACS Vantage cell sorter (BD
Immunocytometry System). The purity of sorted cells was consistently > 95%.

Measurement of direct and indirect alloresponses by ELISPOT
ELISPOT plates (Millipore, Bedford, MA) were precoated with 5 μg/mL of capture
antibodies against type 1 (γIFN, IL-2) and type 2 (IL-4 or IL-10) cytokines (Mabtech,
Sweden) in PBS and stored overnight at 4°C. The plates were blocked for 1 h with PBS
BSA 1% followed by three washes in PBS. A total of 1.5 × 105 responding cells were added
to each well in 100 μL complete RPMI 1640 (Mediatech, Cellgro) supplemented with 10%
normal monkey serum and L-glutamine, penicillin/streptomycin and Hepes buffer
(Invitrogen, NY). The responding cells were cocultured with an equal number of irradiated
donor PBMCs as stimulating cells (1.5 × 105 cells/well) (for direct allostimulation), or donor
sonicates (for indirect allostimulation) (6–12 million PBMCs in 50 mL culture tubes were
sonicated over ice for 2–3 min (Microson Cell Disruptor, Misonix Inc.) (25), or
unstimulated in medium alone or with PHA at 1 μg/mL (Sigma). After 12–48 h incubation at
37°C, the plates were washed and biotinylated detection antibodies (Mabtech) were added
(4°C OVN). After four washes with PBS/Tween, streptavidin-horseradish-peroxidase
conjugate in PBS BSA 0.5% (Dako, Glostrup, Denmark) was added for 2 h at room
temperature, followed by 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% H2O2. The resulting spots
were counted with an ELISPOT image analyzer (CTL Inc., Cleveland, OH).

Statistical methods
The statistical analyses were performed using STATView software (Abacus Concepts Inc.,
Berkeley, CA). p-Values were calculated using paired t-test. A p-value <0.05 was
considered statistically significant. The statistical analyses of the relationships between
MHC matching and memory alloreactivity were performed with a rank ANOVA using
generalized estimating equation to control for the fact that certain responders had multiple
representations.

Results
Phenotype, localization and frequency of memory T cells in cynomolgus monkeys

The monoclonal antibodies anti-CD95 and anti-CD28 were used to detect naïve T cells
(CD95−CD28+) as well as central (TCMs, CD95+CD28+) and effector (TEMs,
CD95+CD28−) memory T cells as previously described by Pircher et al. (26). Figure 1A
shows the frequencies of naïve and TCMs and TEMs among peripheral blood T cells of a
representative cynomolgus monkey. The memory T cells (CD95+) represented
approximately 48% of all T cells and were equally divided between central (CD28+, 23.5%)
and effector (CD28−, 24.5%) memory T cells. The remaining T cells (CD95−, 52%)
corresponded to naïve T cells. It is noteworthy that these relative proportions were
extremely stable with less that 5% variation among 48 monkeys tested. In another set of
experiments, CD95+CD28− and CD95+CD28+ T cells were backgated and analyzed for their
expression of CD44 and CD62L markers (traditionally used for phenotyping mouse memory
T cells [TMEMs]). CD95+CD28+ T cells were consistently CD44highCD62L+ (TCMs) while
all CD95+CD28− T cells were CD44highCD62L− (TEMs) (data not shown). On the other
hand, all naïve T cells were CD95−CD44low (data not shown). This confirms the validity of
CD95 and CD28 as markers for central and TEMs. This also shows that CD44 and CD62L
markers, traditionally used in mouse models, can be utilized to detect memory T cell subsets
in cynomolgus monkeys.
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Next, we investigated the tissue distribution and frequencies of naïve and memory T-cell
subsets in monkeys. As shown in Figure 1B, the majority of the CD3+ T cells collected from
the lymph nodes expressed a naïve phenotype while the peripheral blood, spleen and bone
marrow were primarily populated with memory T cells. In the lymph nodes, most CD4+ T
cells were naïve T cells while in the spleen and bone marrow most CD4+ T cells were
memory T cells (Figure 1C). In all lymphoid tissues, the vast majority of CD4+ T cells
displaying memory markers were TCMs (Figure 1C). Most of the CD8+ T cells (60–80%)
collected from the peripheral blood, bone marrow and spleen of the monkeys expressed a
memory phenotype (Figure 1D). In contrast, a large proportion of the CD8+ T cells isolated
from the lymph nodes were naïve T cells (Figure 1D). Finally, equal frequencies of central
and effector memory were found among CD8+ T cells from the spleen and bone marrow
while in the peripheral blood, CD8+ memory T cells were principally TEMs (Figure 1D). In
summary, large proportions of memory T cells are present in peripheral blood and all
lymphoid tissues with the exception of the lymph nodes, which is essentially the site of
naïve T cells. Many CD8+ memory T cells are TEMs located in the blood while most CD4+

memory T cells are TCMs found primarily in the spleen and bone marrow.

Variability of alloreactive memory T cells in different monkey combinations
We compared the frequencies of memory T cells secreting IL-2 and γIFN via direct
allorecognition in a series of responder/stimulator monkey combinations. Peripheral blood
memory T cells from a panel of individual monkeys were isolated by FACS sorting and
stimulated in vitro with irradiated allogeneic stimulator cells (mixed lymphocyte reaction).
The number of cytokine-producing TMEMs was determined by ELISPOT in each single
responder/stimulator combination. Figure 2 shows the frequencies of donor-reactive
memory T cells secreting IL-2 (Figure 2A) or γIFN (Figure 2B) in each of 164 and 250
monkey combinations, respectively. The histograms represent the distributions of the
frequencies of donor-reactive TMEMs among all the donor–recipient pairs tested that is the
percentages of monkey combinations (Y-axis) producing a memory response comprised
within a certain range of memory alloreactivity (X-axis). For instance, 36.8% of the monkey
pairs displayed a frequency of donor-reactive memory T cells secreting IL-2 comprised
between 1 and 50 cells per million TMEMs (Figure 2A). The magnitude of the memory T-
cell alloresponse varied dramatically among all the responder/stimulators combinations
tested (3–432 spots for IL-2 and 10–3624 spots for γIFN). This heterogeneity was not due to
experimental variability as most combinations were tested at least twice in separate
experiments (each including triplicate wells) and displayed similar spot numbers (variability
<10%). The frequencies of alloreactive memory T cells secreting IL-2 were consistently
lower than those of T cells producing γIFN. This presumably reflects the predominance of
alloreactive effector TMEMs producing γIFN in the peripheral blood. Interestingly, there
was a strong correlation between the frequencies of IL-2- and γIFN-producing TMEMs (r2 =
0.2158, p = 0.00002) (Figure 2C). We surmise that the secretion of IL-2 cytokine influences
the production of γIFN, a phenomenon we previously reported in mouse transplant models
(27). It is noteworthy that the frequencies of alloreactive naïve T cells did not vary
significantly among various donor–recipient pairs. This suggests that the observed
differences in anamestic alloreactivity reflect expansions of memory T cells (immunologic
history) presumably due to infections rather than intrinsic differences in the naïve T-cell
repertoire.

Next, memory T cells from each of 11 monkeys were tested individually against a panel of
stimulator cells. Alternatively, stimulator cells from each of 14 monkeys were tested
individually for their ability to elicit a memory T-cell response by a series of responder cells.
As shown in Table 1, individual monkeys displayed a high-memory alloreactivity against
certain stimulators but a low reactivity toward others. Alternatively, the same stimulator
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cells could elicit high-memory T-cell responses in some but not other allogeneic responders.
These results emphasize that the magnitude of the memory T-cell alloresponse depends
upon the combination tested.

Functional properties of alloreactive naïve and memory T cells
We investigated the cytokine secretion patterns of naïve and memory T cells recognizing
alloantigens in monkeys displaying high frequencies of alloreactive memory T cells. To test
this, naïve and memory T cells were isolated from the peripheral blood of eight monkeys by
FACS sorting and tested for their ability to mount an alloresponse via the direct (intact
alloMHC displayed on donor APCs) or indirect (donor peptides presented by self-MHC on
recipient APCs) allorecognition pathway. The frequencies of naïve and memory T cells
secreting IL-2 and γIFN (type 1 cytokines) and IL-4 and IL-10 (type 2 cytokines) were
determined using an ELISPOT assay as previously described (25). As shown in Figure 3A
only a few naïve T cells (50 cells/million naïve T cells) produced IL-2 cytokine. In contrast,
memory T cells mounted a potent direct alloresponse characterized by high frequencies of T
cells secreting type 1 cytokines, IL-2 and γIFN. A few but significant number of memory T
cells producing IL-4 type 2 cytokines (>50 cells/million TMEMs) were observed (Figure
3B). No cytokine secretion was observed following stimulation of T cell cultures with no
APCs (medium) or control syngeneic APCs (Figure 3A and B). No indirect alloreactivity
was detected with either naïve or memory T cells upon exposure to syngeneic APCs +
allogeneic sonicates (data not shown). The majority of allospecific memory T cells secreting
IL-2 were CD4+ memory T cells while most of the T cells producing γIFN corresponded to
CD8+ memory T cells (Figure 3C).

Next, we compared the kinetics of direct alloresponses mediated by naïve and memory T
cells. Naïve and memory T cells were isolated from the peripheral blood and cultured for
various periods of time with irradiated allogeneic stimulator cells and the frequencies of
activated T cells secreting γIFN were measured by ELISPOT. As shown in Figure 3D, a
significant number of memory T cells producing γIFN could be detected as early as 8 h after
allogeneic stimulation. The number of γIFN spots reached a peak at 24 h and remained
stable at 48 h postantigen stimulation. The kinetics were quite different with naïve T cells
for which the direct alloresponse was detectable only 24 h after alloantigen stimulation and
reached a maximum level at 48 h (Figure 3D). At all time points, the magnitude of the naïve
T-cell response was significantly lower than that observed with memory T cells (Figure 3D).
Therefore, memory T cells respond in an accelerated and elevated fashion to alloantigens as
compared to their naïve counterparts. This observation supports the concept that the
vigorous in vitro alloresponse recorded in primary MLR (in nontransplanted animals) is
chiefly mediated by allospecific memory T cells.

Relationships between MHC gene expression and the level of memory alloreactivity in
cynomolgus monkeys

We investigated whether the degree of MHC gene disparity between monkeys used as
responders or stimulators impacts memory alloreactivity. The MHC class I (A and B genes)
and II (DP, DQ and DR) genes expressed by our cynomolgus monkeys were characterized
using genetic techniques (23,24). The frequencies of alloreactive peripheral blood memory T
cells producing IL-2 or γIFN were measured by ELISPOT in several responder/stimulator
combinations using purified peripheral blood memory T cells. Figure 4A shows the
frequencies of γIFN-producing memory T cells measured in a series of responder/stimulator
pairs (n = 111) sharing from 0 (fully disparate) to 4 (no disparity) MHC class I alleles. Each
dot represents the memory response measured in an individual responder/stimulator monkey
pair. The line represents the linear regression curve corresponding to the relationship
between the levels of MHC class I gene sharing and the magnitude of γIFN T cell memory
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alloreactivity. Figure 4B shows the frequencies of IL-2 producing memory T cells measured
in a series of responder/stimulator pairs (n = 98) displaying various levels of MHC class II
gene (DP and DQ/DR) disparity. MHC class II DR and DQ genes were considered as a
whole given that none of the monkeys displayed any recombination between these two
genes. The regression curves shown in Figure 4A and B show that there was an inverse
correlation between the level of IL-2 and γIFN memory alloreactivity and the degree of
MHC class II and I gene sharing between responders and stimulators, respectively.
However, it is important to note that this was not an absolute rule given that a substantial
number of fully MHC class I- and II-disparate pairs displayed low γIFN and IL-2 memory
responses, respectively.

Next, we investigated whether the correlation between the level of MHC gene sharing and
the memory alloreactivity was statistically significant. The statistical analyses were
performed with a rank ANOVA using generalized estimating equation to control for the fact
that certain responders had multiple representations. As shown in Table 2, we observed a
statistically significant correlation between the degree of MHC class I disparity (all class I
genes considered) and the frequency of γIFN-secreting memory T cells (p = 0.0199). This
result presumably reflects the association of γIFN production and the activation of
peripheral blood CD8+ TEMs recognizing MHC class I alloantigens (Figure 3C).
Apparently, sharing of MHC class IA but not B genes between responders and stimulators
was correlated with a low γIFN memory alloreactivity (Table 2). It is noteworthy that a low
but significant correlation (p = 0.0402) was also observed between the γIFN memory
response and MHC class II DQ/DR matching. This may be due to the activation of some
CD4+ MHC class II-restricted TEMs. Alternatively, this may reflect the influence of CD4+

T cell help (via IL-2 secretion) on CD8+ T cells producing γIFN.

There was a highly significant correlation between the degree of MHC class II gene
disparity and the magnitude of the IL-2 memory T-cell alloreactivity (p = 0.0023). This
phenomenon was observed with both DR/DQ and DP genes (p = 0.016 and 0.018,
respectively). This result is consistent with the fact that IL-2 is primarily produced by CD4+

memory T cells recognizing donor MHC class II molecules in a direct fashion (Figure 3C).
In contrast, sharing of MHC class I genes had no effect on the frequency of memory T cells
producing IL-2. Therefore, MHC gene matching between allogeneic responders and
stimulators was usually associated with a lower memory T cell alloresponsiveness.
However, it is important to note that a significant number of monkeys displayed low
memory responsiveness to fully MHC class I- or II-disparate allogeneic stimulators (Figure
4A and B).

Discussion
Selective suppression of donor-specific T cells responsible for transplant rejection has been
achieved in many experimental mouse models. However, these protocols have seldom been
successfully extended to transplant tolerance in primates. Wild-caught monkeys and humans
display higher frequencies of potentially alloreactive memory T cells than laboratory mice, a
feature that may render them resistant to tolerance induction (28–30). Memory T cells
capable of recognizing allogeneic MHC molecules in a direct fashion were detected in all
the monkeys prior to any treatment. It is likely that memory T cells recognizing alloantigens
directly correspond to cross-reactive T cells previously exposed to microbial peptides
presented in a self-MHC context that is Self-MHC + X (microbial peptide) = AlloMHC + Y
(donor peptide) (31). This type of mimicry is thought to account in part for the large fraction
of the T-cell repertoire directed to alloantigens in individuals that have never been exposed
to alloantigens (32,33). Alternatively, we found no TMEMs with indirect alloreactivity in
any of the monkeys tested, an observation consistent with previous findings in rodents and
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swine (25,34,35). This observation suggests that these monkeys have never been exposed to
allogeneic MHC molecules, a phenomenon probably accounting for the absence of
alloantibodies in these animals. It is important to emphasize that humans who have been
exposed to allogeneic MHC molecules through blood transfusion, a prior transplant or
pregnancy may possess indirectly activated memory T cells. Indeed, some patients, even
without a history of pregnancy or blood transfusions, display significant levels of
alloantibodies pretransplantation (36,37), a feature that may reflect the presence of memory
T cells initially activated through the indirect pathway. It is noteworthy that the monkeys
tested in our study were males, a feature excluding any alloantigen exposure via pregnancy
in this group. Therefore, unlike rodents and the monkeys used in this study, some patients
may display memory T cells sensitized through indirect allorecognition pretransplantation.

We observed a possibly clinically important variability in the level of memory alloreactivity
pretransplantation depending upon the monkey combination examined. This feature
appeared to reflect in part disparities at the MHC genetic locus since a majority of the
monkey pairs sharing MHC class I and II genes displayed low frequencies of donor-reactive
memory T cells. A higher degree of MHC class II sharing between responders and
stimulators was associated with lower IL-2 and γIFN memory responses by TMEMs.
Indeed, the absence of MHC class II mismatches is traditionally associated with a lack of
direct alloresponsiveness by CD4+ T cells as evidenced by weakly reactive MLR (38). The
subsequent lack of CD4+ T cell help might result in a poor effector response by γIFN-
producing T cells (Figure 3C). Also, the presence of shared MHC class II molecules on
allogeneic stimulator cells could promote the suppression of memory T cells by regulatory
CD4+FoxP3+ T cells (Tregs) whose activation is governed by the recognition of self-MHC
class II molecules on target cells (39). Matching of MHC class I genes was usually
associated with a low γIFN memory T-cell response by TMEMs. Consistent with these
observations, haplo-matched combinations also exhibited a low anamnestic alloreactivity
(data not shown). We hypothesize that (1) recipients transplanted with MHC-matched
allografts may be particularly susceptible to donor-specific tolerance due to their low
antidonor memory T cell responsiveness and, (2) MHC class II matching may be sufficient
to enhance transplant tolerance induction in primates by averting the CD4+ T-cell memory
alloresponse and the IL-2 secretion thereby limiting effector T-cell functions by γIFN-
producing CD8+ T cells while promoting donor-specific regulatory T-cell immunity.

It is important to note that while MHC matching was usually associated with a low memory
T-cell response, a significant number of monkeys displayed a low anamnestic response to
some fully MHC gene-disparate animals. This suggests that certain MHC gene disparities
are poorly immunogenic in selected responder/stimulator combinations. This is supported by
the observation that certain monkeys displayed a high memory response to some but not
other fully mismatched allogeneic monkeys. This may also reflect the influence of non-
MHC genes or antigens in the development of the alloreactive anamnestic response. Indeed,
differences in the memory T-cell repertoire due to microbial infections may account for the
sensitization of some monkeys against particular allo-MHC molecules. For instance T cells
from humans primed to EBV peptides presented by HLA-B8 also react to the allo-MHC
molecule HLA-B4402. Therefore, HLA-B8 individuals may possess TMEMs directed to
HLA-B4402 allogeneic subjects as a result of an EBV infection. Altogether, our
observations show that MHC gene matching may be helpful but is not essential for selecting
donor/recipient combinations in whom tolerance induction is possible.

In summary, our results show that nonhuman primates display significant numbers of
alloreactive memory T cells prior to transplantation. However, the level of memory
alloreactivity is extremely variable depending upon the nature of the responder/stimulator
pair considered. MHC matching between potential transplant recipients and donors is
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generally associated with a low anamnestic alloresponse. However, the contrary is not true
since a significant number of individuals display a low memory reactivity to fully MHC
gene disparate allogeneic animals. Several lines of evidence suggest that the presence of
donor-reactive memory T cells in recipients represents a major barrier to transplant tolerance
induction. Our study suggests that selection of donor–recipient pairs with a low-memory
alloreactivity rather than MHC gene matching may be helpful to the success of tolerance
induction in clinical transplantation.
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Figure 1. Phenotype and distribution of naïve and memory T cells
(A) T cells from the peripheral blood were isolated and stained with anti-CD95 FITC (DX2)
and CD28 PE (CD28.2) monoclonal antibodies and analyzed via cytofluorometry. This plot
shows the distribution of CD95−CD28+ (naïve T cells, 52% of total T cells), CD95+CD28+

(central memory T cells, 23.5% of total T cells) and CD95+CD28− (effector memory T cells,
24.5% of total T cells). This plot is representative of 32 monkeys tested individually. The
variation of the percentages of T cell subsets between monkeys was less than 5%. (B)–(D)
shows the distribution of naïve T cells, memory T cells (TMEMs) and memory T cell
subsets (TCM, central memory T cells; TEM, Effector memory T cells) in different
lymphoid organs and tissues (PBL, peripheral blood; LN, lymph nodes; SPL, spleen; BM,
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bone marrow). The average percentages ± SD of different subsets among CD3+ T cells (B),
CD4+ T cells (C) or CD8+ T cells (D) were obtained with 5–12 monkeys tested individually.
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Figure 2. Distribution of the frequencies of donor-reactive TMEMs among all the stimulator-
responder pairs
(A) and (B) shows the frequencies of donor-reactive memory T cells secreting IL-2 (panel
A) or γIFN (panel B) for each of 164 and 250 monkey combinations, respectively. The
histograms represent the distributions of the frequencies of donor-reactive TMEMs among
all the stimulator/responder pairs tested that is the percentages of monkey combinations (Y-
axis) exhibiting a memory response whose level is comprised within a certain range of T-
cell frequency (X-axis). The actual percentages are indicated above each bar. (C) shows the
relationship between the frequencies of IL-2- and γIFN-producing memory T cells. R
corresponds to the coefficient of correlation. The line shows the linear regression curve. The
p-value was calculated using a paired t-test.
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Figure 3. Functional properties of alloreactive memory T cells
(A) and (B): The frequencies of naïve (panel A) and memory (panel B) alloreactive T cells
secreting type 1 cytokines (IL-2 and γIFN) and type 2 cytokines (IL-4 and IL-10) via direct
alloreognition were measured using an ELISPOT assay. Negative controls included T cells
stimulated with medium and T cells stimulated with syngeneic stimulators (direct pathway)
or sonicates (indirect pathway). (C) CD4+ and CD8+ memory T cells were isolated by FACS
sorting and tested for their ability to secrete IL-2 or γIFN upon stimulation with allogeneic
stimulators (direct pathway). (D) Naïve and memory T cells were isolated and cultured for
different periods of time (4–48 h) with allogeneic stimulators. The frequencies of activated
T cells producing either IL-2 or γIFN were measured by ELISPOT. The data represent the
average numbers of cytokine-producing spot per million T cells ± SD (based on triplicate
wells). The results are representative of 3–5 monkeys tested individually in 2–3 separate
experiments.
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Figure 4. Influence of MHC disparity between responders and stimulators on the levels of
memory alloreactivity
The frequencies of memory T cells producing γIFN (4A) or IL-2 (4B) as measured by
ELISPOT in a series of responder/stimulator pairs (n = 98 for IL-2 and n = 111 for γIFN)
sharing from 0 (fully disparate) to 4 (no disparity) alleles at the MHC class I (A and B
alleles, panel A) or II (DP and DQ/DR alleles, panel B) loci. MHC class II DR and DQ
genes were considered as a whole as none of the monkeys displayed a recombination
between these two genes. Each dot represents the memory response measured for an
individual responder/stimulator monkey pair. The lines represents the linear regression
curves corresponding to the relationships between the levels of MHC class gene sharing and
the magnitude of T cell memory alloreactivity.
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Table 2

Correlations between the levels of memory T cell alloreactivity and the degree of MHC gene sharing between
allogeneic monkey responder/stimulator pairs

TMEM Matching at MHC locus Number of combinations tested p-Value

γIFN All class I genes 111 0.0199

Class IA 144 0.0014

Class IB 167 0.0701

All class II genes 154 0.0657

Class II DR/DQ 161 0.0402

Class II DP 186 0.1908

IL-2 All class I genes 83 0.3895

Class IA 108 0.1729

Class IB 103 0.8050

All class II genes 98 0.0023

Class II DR/DQ 105 0.0016

Class II DP 103 0.0018

We compared the memory T-cell responses (γIFN or IL-2) in a series of responders differing from their stimulators by different MHC class I or II
genes. The statistical relevance (p-values) of the correlations between the degree of gene sharing at a given locus and the level of the memory
response was analyzed with a rank ANOVA using generalized estimating equation to control for the fact that certain responders had multiple
representations. The p-values <0.05 (shown in bold) were considered statistically significant.
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