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SUMMARY

Transplantation tolerance is a dynamic state that involves several homeostatic mechanisms intrinsic to
the host. One of these mechanisms is activation-induced T cell death (AICD). However, it is unclear
where AICD takes place during alloreactive responses. Since activated T cells can re-enter the thymus,
we hypothesized that mature T cells activated by an allograft could be deleted upon re-entry into the
thymus. To test this hypothesis, we used wild-type or 2C TCR transgenic mice receiving syngeneic or
allogeneic heterotopic, vascularized heart grafts. First, we demonstrated that ex vivo CFSE-labelled T
cells re-entered the thymus when transferred into allograft recipients but not when transferred into
isograft recipients. Next, we compared the changes in cell subset numbers and incidence of apoptosis in
the thymi and spleens of allograft or isograft recipients. Seven days after transplantation, at a time in
which all the allografts were undergoing rejection, cells expressing donor-MHC class II molecules had
migrated to the thymus and to the spleen. In the thymus of allograft recipients, overall cellularity was
significantly reduced by 40% and associated with an increase in the number of double negative
(CD4~CD87) thymocytes and a decrease in double positive (CD4"CD8") thymocytes, consistent
with increased negative selection of thymocytes. Additionally, thymi of allograft recipients showed an
increase in the number of recently activated, mature T cells (TCRhi, CD25%, CD44™) and a significant
increase in the number of apoptotic cells, especially in the thymic medulla, that involved mature T cells
as indicated by the TCR™, CD44%, CD4 or CD8 single positive phenotype. Spleens of allograft
recipients were increased in size and cellularity but did not show any of the changes in cell subsets seen
in the thymi. Our data show that after allografting there is an increase in apoptotic cell death that is
associated with negative selection of developing thymocytes as well as of alloreactive mature T cells that
have re-entered the thymus upon activation in the periphery. This may occur upon migration of graft-
derived antigen-presenting cells to the thymus.
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INTRODUCTION

The establishment of reliable and feasible protocols for the
induction of long-term graft tolerance is a priority in the field of
transplantation [1]. In the absence of tolerogenic strategies, one
has to depend on immunosuppressive therapy to overcome
allograft rejection by the recipient’s immune system. It is
becoming apparent that the induction of transplantation tolerance
is a dynamic process that may involve several host-inherent,
homeostatic mechanisms operational at different stages after
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grafting [2—4]. These may include clonal deletion [5,6], induction
of T cell anergy or generation of immunoregulatory cells [7-10].
Although some or all of these mechanisms may be operational, as
suggested by the reduction of rejection episodes after the first 3
months following transplantation [11], none of them in isolation
seems to be sufficient to induce transplantation tolerance in non-
manipulated allograft recipients.

Recent evidence indicates that activation-induced cell death
(AICD) of alloreactive T cells plays a major role in the induction
of transplantation tolerance [5,12—17]. The location where
alloreactive T cells are deleted following transplantation is
unclear. An obvious place where AICD of T cells may occur is
within the graft upon re-stimulation of alloreactive T cells with
allogeneic parenchymal cells. This is supported by evidence
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indicating that AICD of alloreactive T cells does occur within the
graft as well as within peripheral lymphoid organs [17-21].
However, although apoptotic bodies can be seen within mono-
nuclear infiltrates in rejecting grafts [22,23], it may be difficult to
distinguish between apoptosis affecting mainly parenchymal cells
or the infiltrating T cells [24,25]. This suggests that AICD of
alloreactive T cells may occur outside the graft, probably in the
lymphoid organs of the recipient [7,8].

One attractive location for the deletion of activated T cells is
the thymus. Clonal deletion of autoreactive thymocytes occurs
during T cell development. Furthermore, clonal deletion of
alloreactive thymocytes can be induced upon intrathymic injection
of alloantigen, suggesting that this strategy may be useful to
induce transplantation tolerance [26]. In addition, graft antigeni-
city can be displayed in the thymus either through presentation of
soluble peptides from peripheral tissues by thymic antigen-
presenting cells (APC) [27], or through migration of graft-derived
APC into the thymus [11]. Based on this evidence we
hypothesized that, following allografting, AICD of alloreactive
T cells could occur in the thymus in the form of negative selection
not only of alloreactive developing thymocytes but also of mature
T cells. Such a hypothesis is consistent with isolated reports of
activated mature T cells being able to re-enter the thymus [28]. To
test our hypothesis we used a mouse model of heterotopic
vascularized heart transplantation into untreated recipients, and
examined the changes in thymic and splenic cell populations after
syngeneic and allogeneic transplantation. Our results indicate that
following allografting, donor-derived APC migrate to the thymus
and that this is associated with phenotypic changes in the
cellularity of this organ that are compatible with increased
negative selection of both alloreactive developing thymocytes and
mature activated T cells that have re-entered the thymus. These
changes demonstrate in vivo a tolerogenic mechanism that is
spontaneously operational after transplantation, and that may
explain the development of ‘partial’ tolerance to the graft.
However, in the absence of any additional manipulation of the
recipient, spontaneous negative selection of alloreactive T cells is
generally not sufficient to prevent graft rejection.

MATERIALS AND METHODS

Mice

Male C57BL/6 (H-2°) and BALB/c (H-2%) mice (12 weeks old at
the time of use) were obtained from Harlan Sprague—Dawley
(Indianapolis, IN, USA), and selected as donors and recipients,
respectively. This combination was chosen to provide a strong
histocompatibility barrier due to mismatching in both major and
minor MHC antigens. Breeding stock of 2C TCR transgenic mice
on C57BL/6 background were kindly provided by Dr D. Y. Loh
(Nippon Roche Research Center, Kamakura-shi, Japan). 2C TCR
transgenic mice carry functionally rearranged TCR transgenes from
a cytotoxic T cell clone 2C, which is specific for LY MHC class I
antigen [29]. Mice were housed under conventional conditions at
the University Animal Care Facility and cared for according to
guidelines of the Canadian Council on Animal Care. At least three
mice per group were studied in each of these experiments.

Surgical model

Intra-abdominal heterotopic cardiac transplantation was per-
formed as described previously [30]. Briefly, a median sternotomy
was performed in the donor, and the superior vena cava was

ligated. The ascending aorta and the pulmonary artery were
transected, and all pulmonary veins were ligated en bloc. The
donor ascending aorta and the pulmonary artery were anasto-
mosed end to side to the recipient aorta and inferior vena cava,
respectively.

Assessment of graft rejection

Heartbeat was monitored by daily abdominal palpation. The
degree of pulsation was scored as: A, beating strongly; B,
noticeable decline in the intensity of pulsation; or C, complete
cessation of cardiac impulses. The graft was removed for
histopathological study when cardiac impulses were no longer
palpable [31].

Graft histology

At necropsy, tissue samples were harvested and fixed in 10%
buffered formaldehyde for haematoxylin phloxine saffron stain-
ing. Microscopic sections were examined blindly for evaluation of
rejection. Criteria for allograft rejection included the presence of
vasculitis, infarction, lymphocytic infiltration and ischaemia [31].
These changes were scored as: 0 = no change; 1 = mild change;
2 = moderate change; 3 = marked change; and 4 = advanced
change.

Monoclonal antibodies

The following monoclonal antibodies were used in these experi-
ments: rat monoclonal antibodies against mouse CD4 (PE-labelled
H129-19, 1gG,,), CD8 (FITC-labelled 53-6-7, 1gG,,), CD25 (PE-
labelled PC61, IgG;), and CD44 (PE-labelled IM7, IgGyy);
Armenian hamster antibodies against mouse CD69 (PE-labelled
H1-2F3, IgG) and against the T cell receptor (TCR) (FITC-labelled
H57-597, IgG); and mouse antibodies against I-A® molecules (PE-
labelled AF6-120-1, IgG,,) against I-A¢ molecules (FITC-labelled
39-10-8, IgGs) (all of them purchased from Pharmingen, San
Diego, CA, USA). The monoclonal antibody 1B2 recognizes the 2C
clonotypic TCR, and was produced in-house (hybridoma kindly
provided by Dr H. Eilson, MIT, Boston, USA).

Blood cortisol levels

Cortisol levels in serum were measured by a commercially
available immunoassay (Advia Centaur, Bayer Diagnostics,
Etobicoke, ON, Canada). Normal levels for this assay are 119—
618 nmol/l.

Cell suspensions

Mice were sacrificed 7 days after receiving heart transplants.
Spleen and thymus were removed and placed in 10 ml of
complete DMEM medium containing 10% fetal calf serum on
ice. Single cell suspensions from these organs were prepared by
gentle dislodging and compression with a ridged syringe plunger.
Cells were washed (1500 r.p.m., 10 min, 4°C), and the pellets
resuspended in 5 ml of cold medium. Erythrocytes in spleen cell
suspensions were lysed in lysis buffer (2 ml Tris-buffered
ammonium chloride [90 ml of 0-16 M NH,C1" in 10 ml of 0-12
M Tris, pH 7-65]) for 2 min at room temperature. Viable
splenocytes were subsequently washed (1500 r.p.m., 10 min,
4°C) twice and counted. Cells (1-0 x 10°%) were used per group
for staining in PBS and the appropriate antibody.

Adoptive transfer experiments
To assess thymic re-entry of alloreactive T cells, resting spleen
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lymphocytes (20 x 10° cells per mouse) were labelled with CFSE
(Molecular Probes, Eugene, OR, USA) (final concentration of
10 wM in 10 x 10° cells/ml for 15 min at 37°C) and injected i.v.
into mice receiving syngeneic or allogeneic hearts as described
above (three mice per group). Four to five days later, thymi from
graft recipients were collected and single cell suspensions
prepared and examined for fluorescence (FL-1) by flow
cytometry.

FACS analysis

Thymocytes and splenocytes were incubated in 100 w1 of FITC-
or PE-labelled antibodies against different cell surface molecules
for 25 min, on ice and in the dark. Cells were subsequently
washed twice with PBS and finally resuspended in 500 w1 of PBS.
Flow cytometric analysis was carried out using CellQuest (Becton
Dickinson Co., Mountain View, CA, USA). Selective gating of
live lymphocytes/thymocytes on forward light scatter versus side
light scatter was performed. Expression of I-A? and I-A® was
analysed after gating for large cells on forward light scatter versus
side light scatter.

In situ apoptotic cell labelling and quantification

Apoptosis was assessed in thymus and spleen frozen sections by
the TUNEL technique, as described previously. Briefly, after
deparaffinization and rehydration, slides were incubated in
proteinase K (15 min at room temperature), washed in deionized
water and endogenous peroxidase inactivated with hydrogen
peroxide (3%) in methanol (5 min at room temperature).
Subsequently, slides were stained according to manufacturer’s
specifications (ApopTag™, Intergen Co., Purchase, NY, USA).
Negative control slides were processed at the same time in which
TdT enzyme was excluded. The number of apoptotic cells was
determined by light microscope examination at x 400 magnifica-
tion. For each slide, 10 fields of non-necrotic areas were examined
and the stained nuclei were counted. Number of apoptotic nuclei
for each group is expressed as mean * standard deviation of, at
least, three mice per group.

Statistics

Experiments were run in triplicate (with at least three mice per
group in each), and results expressed as mean * s.d. Results were
analysed using two-way ANOVA and subsequent 7-test. Level of
significance was set as P <0-05.

RESULTS

Graft survival and histopathology

As we have characterized previously [31], graft rejection in the
vascularized, heterotopic heart transplantation model used in our
studies occurs between 7 and 10 days after transplant in all the
allograft recipients. In contrast, all the syngeneic grafts survive
indefinitely (> 100 days). In the series used for the current
studies, all heart allografts had histological signs of severe cellular
and vascular rejection by POD 7. In contrast, normal histology
was found in isografts at that time.

Thymi of allograft recipients show changes compatible with
increased negative selection

As reported previously [32-34], 7 days after transplantation we
found that the thymi of allograft recipients were significantly
reduced in size and had an average of 40% less cellularity

compared to isograft controls (28-3 x 10% * 153 x 10° thymo-
cytes/thymus oversus 44-5 x 10° = 22.5 x 10° thymocytes/
thymus, P <0-01) (Fig. 1a). This observation prompted us to
examine the cell subsets in the thymi. The major stages of T cell
development in the thymus are defined on the basis of expression
of co-receptor molecules (CD4 and CDS8) [35]. Immature
thymocytes are double negative (CD4 CDS8 ) and they constitute
about 5% of all thymocytes. Double negative cells may progress
toward a stage characterized by expression of both coreceptors
(double positive or CD4"CD8" thymocytes), which constitute
about 80% of all thymocytes. It is during this transition from
double negative stage to double positive stage that positive and
negative selection occurs. Positively selected thymocytes develop
into single positive cells (either CD4 " or CD8 ") and these are the
cells ready to be exported to the periphery. Negatively selected
cells die by apoptosis [36].

The decrease in size and cellularity of thymi of allograft
recipients could be due to increased negative selection. Under
these conditions, one sees an increase in double negative cells and
a decrease in double positive thymocytes [37]. When thymocyte
subsets in allograft recipients were compared with syngeneic graft
recipients, we found that allograft recipients had a significantly
higher proportion and number of double negative thymocytes
(from 1-9% in isograft recipients to 8-9% in allograft recipients, P
<0:01; see Fig. 1b,c). In addition, the thymi of allograft
recipients had a significant decrease in the number of double
positive thymocytes (from 85-2% in isograft recipients to 61-:6% in
allograft recipients, P < 0-01; Fig. 1b,c). Together, these findings
are consistent with the conclusion of increased negative selection
in the thymus.

The increase in negative selection observed in the thymus of
allograft recipients was not seen in the spleen after allografting,
where 75-85% of lymphocytes were B cells and less than 1%
were double positive T lymphocytes. These findings also argue
against the differences in thymi being non-specific changes due to
circulating lymphocytes.

Since stress responses associated with high levels of steroid
production can induce specific deletion of double positive
thymocytes [38—40], we determined the levels of cortisol at day
7 post-transplantation. We found that pooled cortisol levels were
similar in syngeneic and allogeneic graft recipients: 128 nmol/l
(n = 3) in syngeneic graft recipients, and 120 nmol/l in allograft
recipients (n = 3). Thus, the decreased thymus cellularity and
decreased numbers of double positive thymocytes were not due to
a glucocorticoid-induced death of double positive cells.

Increased number of mature T cells with ‘activated’ phenotype in
the thymi of allograft recipients

Surprisingly, we found that the thymi of allograft recipients also
had a significantly greater proportion of single positive cells
compared to syngeneic graft recipients (14-72 * 1-25% wversus
648 = 1-04%, P <0-01). This applied to CD4 single positive
cells and to CD8 single positive cells, although the changes were
more prominent for the latter subset. The increase in single
positive (CD4"CD8~ or CD4~CD8™) cells in the thymus could
reflect an increase in terminally differentiated thymocytes ready to
be exported to the periphery. However, this is unlikely in the
context of a significant decrease in the number of double positive
thymocytes. Alternatively, the increase in single positive thymo-
cytes may illustrate thymic re-entry of mature activated T cells
consistent with a previous report of activated T cells being able to
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Fig. 1. Decreased cellularity and increased negative selection in the thymus of allograft recipients. (a) The thymi of allograft recipients
house significantly lower numbers of cells. Single cell suspensions from thymi of mice receiving syngeneic (white bars) or allogeneic (black
bars) vascularized hearts grafts were prepared and total cell numbers were calculated. The figure represents one experiment with three mice
per group (ANOVA: ***P < (0-001). (b) Changes in thymocyte subsets after syngeneic or allogeneic vascularized heart transplantation by two
colour flow cytometric analysis of CD8 and CD4 expression in thymocyte single cell suspension. Plots are representative of six different
mice in each group. (c) Increased numbers of double negative thymocytes and decreased numbers of double positive thymocytes in allograft
recipients. Pooled data from thymi of mice receiving syngeneic (white bars) or allogeneic (black bars) heart grafts (n = 5 per group) (***P

< 0-001).

re-enter the thymus [28]. To test this hypothesis, we first
examined the capacity of ex wivo, CFSE-labelled alloreactive
mature T cells to re-enter the thymus upon adoptive transfer into
graft recipients at the time of transplant. As illustrated in Fig. 2a,
no significant fluorescence was detected in the thymus of isograft
recipients 4-5 days after injection. In contrast, we observed
significant fluorescence in the thymus of allograft recipients,
demonstrating the re-entry of mature T cells into the thymus of
allograft recipients. In addition, the profile of fluorescence with at
least three distinctive peaks implied that these cells had gone
through three cycles of division, and therefore were activated T
cells (Fig. 2a).

Next, we examined the expression of surface molecules that
are indicative of mature T cell priming in mature T cells in the
thymus of graft recipients [41]. Specifically, we looked at the
expression of CD44, CD25 (IL-2 receptor « chain) and CD69 in
cells expressing high levels of TCR on the surface. CD44 is the
main hyaluronic acid receptor on the cell surface [42]. This
receptor mediates lymphocyte migration to lymphoid organs. It is
expressed at high levels by 80-90% of fetal thymocytes, most of
them in the double negative stage [42]. However, only 5% of adult
thymocytes express CD44. Acquisition of CD44 by mature,
peripheral T cells is a differentiation event linked to antigenic
priming. Therefore, expression of CD44 in high levels is a good
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Fig. 2. Allograft recipients have increased numbers of mature T cells activated in the periphery that have re-entered the thymus. (a) Re-entry
of activated T cells into the thymus of allograft recipients. Ex vivo CFSE-labelled T cells (20 x 10° cells/mouse) were adoptively
transferred into isograft or allograft recipients. Thymi were harvested 4 or 5 days after transplant and examined for fluorescence (FL-1) by
flow cytometry. (b) Percentages of cells expressing high levels of TCR on their surface and CD44 (**#*P < 0.001), CD25 (*P < 0-05) and
CD69. White bars: syngeneic allograft recipients; black bars: allogeneic graft recipients.

marker for primed T cells. We found that the thymi of allograft
recipients had a significantly higher percentage of CD44™ cells
expressing high levels of TCR compared to syngeneic graft
recipients (66-7 = 11-2% wversus 17-5 = 6:8%;P <0-01)
(Fig. 2b), consistent with these cells being single positive mature
T cells. In the thymus of allograft recipients, the ratio of
CD47CD44™ cells to CD8"CD44 " cells was skewed towards a
CD4" T cell predominance (data not shown). These changes were
not seen in the thymi of isograft recipients. This finding implied
that there is an increase in mature and activated T cells (as
indicated by the high levels of TCR expression) in the thymi of
allograft recipients, compatible with the hypothesis of recircula-
tion of peripherally activated T cells into the thymus.

Next, we looked at the expression of CD25 by TCR"-
expressing cells. CD25 is the « chain of the IL-2 receptor [35].
CD25 is expressed at low levels by thymocytes in early stages of
their development. However, CD25 expression disappears during

thymic development and is only re-expressed after T cell
activation in the periphery [35,43]. We found that the thymi of
allograft recipients had a significant increase in cells expressing a
TCRMCD25" phenotype that was not apparent in the thymi of
isograft recipients (30-4 £ 13-1% wversus 0-72 £ 0-06%; P
<0:01) (Fig. 2b). In the context of an increased proportion of
both single positive cells and TCR™CD44™ cells in the thymi of
allograft recipients, this result further corroborates that these
thymi have increased numbers of mature activated T cells, likely
upon re-entry from the periphery.

CD69 is a very early activation molecule expressed on the
surface of T cells soon after activation [44]. In the thymus, CD69
is expressed predominantly by single positive cells expressing
high levels of TCR, implying that CD69 expression in the thymus
maybe linked to selection events [35,45]. We found that although
allograft recipients had slightly higher numbers of CD69*TCR™
cells in the thymus, the difference did not reach statistical

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 127:43-52



48 L. A. Chau et al.

significance when compared with syngeneic graft recipients
(Fig. 2b).

To confirm in vivo that the previous changes within the
thymus of allograft recipients involved in part mature alloreactive
T cells activated in the periphery, we analysed the changes in
thymus populations in 2C TCR transgenic mice of selective MHC
background, grafted with syngeneic or allogeneic hearts. In these
mice, up to 95% of peripheral T cells express the 2C TCR. This
TCR has a well-defined alloreactivity that is sufficient to mount a
T cell-dependent graft rejection. The profiles for graft survival in
these mice were consistent with the results observed with non-
transgenic mice: when 2C TCR transgenic mice were grafted with
syngeneic hearts, the grafts survived indefinitely; in contrast, graft
rejection occurred after 8 days of 2C TCR transgenic C57B1/6
mice receiving allogeneic BALB/c hearts. As shown in Fig. 3, 2C
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TCR transgenic mice that received allografts had similar changes
in their thymi as those seen in allograft-receiving wild-type mice
including a significant increase in double negative thymocytes and
concomitant decrease in double positive thymocytes, compared to
littermates receiving syngeneic grafts. These mice also provided
the opportunity to confirm that the increase in single positive cells
in the thymus following allografting was due in part to recently
activated mature T cells re-entering the thymus. This was shown
by looking at the expression of activation markers on the
alloreactive T cells, i.e. those T cells expressing high levels of
the 2C TCR (detected with the clonotypic antibody 1B2). As
shown in Fig. 3b,c, we detected significant increases in the
number of cells expressing high levels of the 2C TCR and CD44
or CD25 in allograft recipients. Since the 2C TCR-expressing T
cells are responsible for most of the alloreactivity in this
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Fig. 3. Increased negative selection and increased number of activated, alloreactive mature T cells in the thymi of 2C TCR transgenic mice
after receiving a vascularized allograft. (a) Changes in thymocyte subsets of 2C TCR transgenic C57B1/6 mice after syngeneic or allogeneic
vascularized heart transplantation by two-colour flow cytometric analysis of CD8 and CD4 expression in thymocyte single cell suspension.
Plots are representative of three different mice in each group (*P < 0-05). (b) and (c) Increased numbers of mature alloreactive (high 2C
TCR-expressing), activated T cells based on surface expression of CD44 (b) and CD25 (c). Pooled data from thymi of mice receiving
syngeneic (white bars) or allogeneic (black bars) heart grafts (n = 3 per group) (**P < 0-01; ***P < 0-001). (I, DN; i, DP; &, CD4 " SP; I,

CD8*SP.
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sample. A comparison of the quantity of cells expressing an I-A°
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Isograft, white bars. Allograft, black bars.

transplantation model, we concluded that the increased number of
mature T cells in the thymus of allograft recipients are alloreactive
T cells activated by the graft.

Migration of APC from the allograft to host thymus

Negative selection in the thymus is primarily mediated by bone
marrow-derived cells expressing MHC molecules [41,46,47].
Thus, we looked for the presence of allogeneic (I-A°-expressing)
cells in the thymus and spleen of allograft recipients (I-A%). We
found that both thymus and spleen of allograft recipients
contained significant numbers of I-A® expressing cells (Fig. 4a,b).
Although passive uptake of CD4 or CD8 by thymocytes can occur
at very low levels [48,49], this has not been reported for MHC
class II molecules. Thus, detection of allogeneic MHC molecules
is more compatible with migration of allogeneic cells to the
thymus [50].

Increased numbers of apoptotic cells in cortex and medulla of
thymi from allograft recipients

If increased negative selection is taking place in the thymi of
allograft recipients, one should see an increase in apoptosis in
these thymi [36]. Furthermore, the location of apoptotic cells
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Fig. 5. Increased apoptosis in the thymic medulla of allograft recipients.
Histological samples of thymi of allogeneic (a) and syngeneic (b)
transplant recipients. Apoptotic cells, as detected by TUNEL are indicated
by white arrows. (c) Quantification of the increased numbers of apoptotic
cells in the thymus of allograft recipients as detected by TUNEL
(**P <0-01).

would also be important as it is indicative of the underlying
process leading to cell death [36]. As shown previously, normal
thymi have scattered apoptotic cells primarily in the cortex,
probably reflecting lack of positive selection. However, if
negative selection is increased, there is a significant augmentation
in apoptotic cells mostly in the thymic medulla [36]. To assess the
incidence and location of apoptosis in the thymi of syngeneic and
allogeneic graft recipients, we used standard TUNEL staining of
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thymic sections. As shown in Fig. 5, we observed a significant
increase in the number of apoptotic cells in the thymi of allograft
recipients compared to those of syngeneic graft recipients
(1692 £ 934 apoptotic cells/section versus 140 = 9 apoptotic
cells/section; P < 0-01). This increase was particularly dramatic in
the medulla. A quantitative assessment of apoptotic cells is shown
in Fig. 6. The phenotypic characterization of single positive,
apoptotic cells suggest that they are mature T cells as indicated by
the expression of high levels of TCR and CD44. In allograft
recipients, this subset of cells represented 12% for TCR™ CD4 ™",
and 4-7% for TCR™ CD8".

DISCUSSION

Our results with wild-type or TCR transgenic mouse transplant
models provide the first in vivo demonstration of increased
negative selection in the thymi of vascularized allograft recipients,
acting on both developing thymocytes and mature, activated T
cells that have re-entered the thymus. Based on this evidence, we
propose a model in which activation-induced death of some
alloactivated T cells occurs, in part, in the thymus after activation
in the periphery. This process may induce some degree of
tolerance to the graft, and contribute to the decreased need for
immunosuppression with time. However, this spontaneous process
is not sufficient to induce graft acceptance since it occurs in mice
undergoing graft rejection.

We have found that allograft recipients have a significant
decrease in thymus cellularity, confirming previous reports of
similar finding following allogeneic transplantation [32—34]. These
changes are not due to age-dependent loss of thymic function
because they did not occur in age-matched, syngeneic graft
recipients or in non-manipulated controls (data not shown). On
the contrary, our results indicate that the thymus of adult
individuals has the required microenvironment for negative
selection. Recent data indicate that the thymus preserves its ability
to support T cell development into late stages of life, despite its
apparent involution after puberty [51]. During an allo-response,
with concomitant migration of allogeneic MHC molecule-expres-
sing cells to the thymus, thymic function may be enhanced.

Assuming a constant input of precursors into the thymus, the
decrease in cellularity after allogeneic transplantation may result
from increased death rate within the thymus or from increased
export of mature T cells. We favour the former since we
demonstrate an increase in apoptosis in the thymi of allograft
recipients for the first time. Furthermore, the increase in the
number of apoptotic cells is particularly significant in the medulla.
This is also consistent with our claim of negative selection of
mature T cells since re-entry in to the thymus takes place likely at
the cortico-medullary junction, and it is in the medulla where
most negative selection events have been demonstrated [36].

A critical finding in our experiments has been the detection of
increased numbers of mature activated T cells in the thymi after
allogeneic stimulation. This observation was associated with
thymic re-entry of mature T cells upon activation as shown by
adoptive transfer of CFSE-labelled T cells, and consistent with the
previous report by Agus et al. [28]. Our claim is particularly
supported by the results obtained with a monoclonal T cell mouse
transplant model. The significance of recirculation into the
thymus of mature, activated T cells is not established. It has
been suggested previously that recirculation into the thymus
following activation in the periphery may provide an opportunity

for re-tolerization of T cells [52]. This could or could not be
associated with T cell death [52]. Alternatively, thymic re-entry of
mature activated T cells may reflect a fundamental mechanism to
regulate T cell homeostasis. In this scenario, the thymus may
provide the appropriate environment where activation-induced
cell death takes place, as proposed for the gut [53,54], and ensure
the efficient removal of unwanted T cells in late stages of immune
responses. This could complement previous reports on clonal
deletion of alloreactive T cells, but without evidence of where this
occurs [13].

Although double positive thymocyte apoptosis induced by
steroids may be associated with up-regulation (e.g. CD3, TCR,
CD69 and CD25) or down-regulation (e.g. CD4, CD8 and heat
stable antigen) of surface molecules [55], the possibility that
steroid-mediated stress responses are responsible for the observa-
tions reported here has been excluded in our study and in previous
studies using similar models [32,54]. First, the levels of cortisol
were similar between syngenic and allogeneic graft recipients.
Secondly, cell death occurred in the context of an increased
proportion of cells expressing high levels of TCR and CD44, the
latter being a molecule that is not up-regulated in developing
thymocytes undergoing apoptosis [55]. Thirdly, increased cell
death by apoptosis was mostly seen in the medulla, and thus
affecting primarily single positive T cells and these cells are less
sensitive to steroid-induced apoptosis.

One striking finding of this study is the apparent inability of
thymic clonal deletion in isolation to induce full tolerance to an
allograft in most recipients. This observation is not only
applicable to our study but also to previous reports using
intrathymic injection of alloantigens that have shown substantial
inter-experimental variation [7]. Four different explanations can
be offered. First, the kinetics of alloresponse and AICD in the
thymus may be very different, the former occurring earlier than
the latter. According to this possibility, alloreactive T cells
activated in the regional secondary lymphoid organ may go to the
graft where they would act as effectors before their deletion in the
thymus. A second possibility is that the elements for negative
selection are less efficient in the adult thymus. Such an argument
is suggested by the observation that fetal thymocytes are more
sensitive to tolerization than adult thymocytes [56]. A third
potential explanation is that both allograft rejection and thymic
deletion of alloreactive T cells take place simultaneously but
involve two separate pools of T cells due to recirculation from the
spleen into separate compartments. Fourthly, non-T cell-mediated
mechanisms may be operational for rejection and not affected by
thymic negative selection. This may include NK cell-mediated or
antibody-mediated mechanisms. Analysis of the fine antigen
specificity of graft rejection in the model used in the current study
is beyond the scope of this report and will be the subject of future
investigations to provide further insight with regards to this
possibility. Finally, an additional argument to be made in human
transplantation is that some of the immunosuppressive therapies
used in patient management can interfere with negative selection
in the thymus. For example, it has been reported that cyclosporin
may interfere with the deletion of autoreactive thymocytes [57]
and that could also be applicable to AICD in the thymus.

In summary, our study demonstrates that recipients of
vascularized allografts have increased negative selection in their
thymi. Allograft-induced T cell death in the thymus affects not
only developing thymocytes but also mature alloreactive T cells
that have re-entered the thymus upon activation. The implications

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 127:43—-52



Negative selection in the thymus of allograft recipients 51

of these findings in clinical transplantation remain to be
established. However, this may be one of the mechanisms
involved in the development of partial tolerance to allografts.
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