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Summary
While both direct and indirect allorecognition are involved in allograft rejection, evidence to date suggests that tolerance is primarily dependent on indirect
pathway-triggered CD4+CD25+ T cell-mediated immunoregulation. However,
the precise influence of these two pathways on CD4+CD25+ T-cell function has
not been addressed. In the current study, we have utilized an adoptive transfer
model to assess selectively how the absence of either direct or indirect allorecognition affects CD4+CD25+ T-cell function. The effects of the loss of the
direct pathway were assessed by transplanting skin grafts from minor histocompatibility mismatched B10.D2 (H-2d) donors onto Balb/c (H-2d) recipients, or
by placing bone marrow chimeric DBA/2 (H-2d/H-2b) allografts onto C57BL/6
(H-2b) hosts. The requirement for indirect allorecognition was tested by grafting DBA/2 skin allografts onto either C57BL/6- or MHC-II-deficient C57BL/6
recipients. We report here that although CD4+CD25+ regulatory T cells can
suppress both directly and indirectly generated alloresponses, immunoregulation is favored when indirect presentation is the sole mechanism of allorecognition. Hence, in the absence of indirect presentation, net CD4+CD25+
T cell-dependent immunoregulation is weak, and high ratios of CD4+CD25+ to
CD4+CD25) T cells are required to ensure graft survival.

Introduction
In transplantation, alloantigens can be recognized by
recipient T cells through either of two pathways [1].
Direct allorecognition involves direct interaction between
the T-cell receptor (TCR) expressed on recipient T cells
and intact major histocompatibility complex (MHC) molecules present on the surface of donor antigen-presenting
cells (APCs). On the other hand, in the indirect pathway
of allorecognition, peptides derived from donor major
and minor histocompatibility molecules are processed by
recipient APCs and presented on self-MHC molecules to
recipient T cells. It is clear that both direct and indirect
allorecognition pathways are involved in graft rejection,
534

with each pathway contributing differently to the magnitude and temporal pattern of the rejection response
[2–4]. In contrast, data from various reports suggest that
transferable tolerance mediated by regulatory T cells is a
phenomenon almost exclusively dependent on indirectly
triggered immunosuppressive alloresponses [5–9]. CD4+
CD25+Foxp3+ regulatory T cells (TRegs) have recently
emerged as a principal regulatory T-cell subtype mediating immunological tolerance in both autoimmune
[10–15] and alloimmune models [16–18]. Given the
importance of TRegs in the induction of transplantation
tolerance, it has been postulated that these regulatory
T cells may also be restricted in their specificity toward
indirect allorecognition [19,20]. This assumption is,

ª 2007 The Authors
Journal compilation ª 2007 European Society for Organ Transplantation 20 (2007) 534–541

Allorecognition pathways and CD4+CD25+ regulatory T cells

Sánchez-Fueyo et al.

however, at variance with experiments performed both
in vitro and in vivo. For example, purified TRegs have been
shown to be capable of suppressing T-cell proliferation in
mixed lymphocyte cultures in which only direct allopresentation was available [21]. In addition, infusion of
donor-type TRegs is capable of diminishing graft-versushost disease across MHC barriers in a system in which
direct presentation is the primary pathway of allorecognition [22].
Most TRegs originate in the thymus, where regulatory
T-cell precursors appear to be positively selected on the
basis of high affinity for self-antigens expressed on thymic epithelium [23–25]. This favors the emergence of
TRegs highly enriched in autospecific cells [26,27], and
presumably with a lower capacity to interact effectively
with intact foreign MHC molecules than CD4+CD25) T
cells [26]. A TReg TCR repertoire heavily biased toward
recognition of auto- rather than allo-MHC molecules
could indeed explain why TRegs would require indirect
allopresentation to induce allograft tolerance. According
to this model, in absence of indirect allopresentation,
TReg activity would be grossly impaired. Recent evidence
indicates that TRegs can also arise in the periphery from
‘conventional’ T cells [28,29]. While the role of these
‘inducible’ TRegs in transplantation tolerance has not
been completely elucidated, data available suggest that
indirect allopresentation is critical for their generation
and function [30].
In the current study, we have attempted to reconcile
the somewhat contradictory experimental evidence on
TReg specificity obtained in alloimmunity models. This
has been performed by analyzing the capacity of effector
and regulatory T-cell subpopulations to function in two
different types of experimental situations: (i) models in
which allopresentation takes place exclusively through
MHC-matched APCs (indirect allorecognition) and (ii) a
model in which allopresentation is solely mediated by
donor-type MHC-mismatched APCs (direct allorecognition). Our results confirm previous reports [1,31,32] indicating that effector T-cell populations can utilize both
direct and indirect allorecognition pathways to mediate
allograft rejection. In addition, we provide evidence indicating that TReg activation in vivo can also occur through
both direct and indirect pathways, although their immunoregulatory function is more pronounced in allograft
responses driven via the indirect pathway. In fact, the
absence of indirect allopresentation markedly disrupts the
balance between effector and regulatory T-cell populations by disproportionally compromising the suppressive
capacity of TRegs. Hence, our data suggest that in the
absence of indirect allopresentation TRegs will only prevent graft rejection if present at very high numbers. Our
data are consistent therefore with the notion that

CD4+CD25+, unlike CD4+CD25), T cells exhibit higher
indirect than direct alloreactivity.
Material and methods
Animals
Wild-type C57BL/6 CD45.1 or CD45.2 (H-2b), Balb/c
(H-2d), DBA/2 (H-2d), Balb/c, and C57BL/6 recombination
activating gene-2-deficient mice (Rag)/)) were purchased
from Taconic Farms (Germantown, New York, NY,
USA). MHC class II-deficient (MHC-II)/)) C57BL/6 were
also obtained from Taconic Farms, while MHC class II
and Rag double-deficient C57BL/6 mice (Rag)/)/MHCII)/)) were generated in our laboratory. Mice were maintained in pathogen-free conditions in the animal facility
at Beth Israel Deaconess Medical Center (BIDMC)
and used at 6–8 weeks of age. Animal experiments
were approved by BIDMC Institutional Animal Care
Committee.
Bone marrow chimeras
To generate bone marrow (BM) chimeras, DBA/2 mice
were lethally irradiated with 1000 rad total body irradiation, and were then injected i.v. with 10 · 106 unfractionated allogeneic C57BL/6 BM cells. Earlier studies have
shown that after allogeneic, but not syngeneic, BM transplantation and skin APCs, including Langerhans cells, are
completely replaced by donor cells within a few weeks
[33–35]. As a control group, irradiated DBA/2 mice were
transplanted with DBA/2 BM cells. BM chimeras were
used for transplant experiments 60 days after BM
infusion. The replacement of recipient-type APC by BMderived donor cells was confirmed in all cases by flow
cytometry before performing transplant experiments.
Skin transplantation
Full thickness tail skin grafts from donor mice were grafted onto the dorsum of recipient mice. Skin grafts were
sutured in place and covered with Vaseline gauze; a bolster dressing was applied for 7 days. Graft survival was
followed by daily visual inspection, with rejection defined
as complete loss of viable skin.
Cell purification and adoptive transfer experiments
CD4+CD25+ and CD4+CD25) T-cell sorting was achieved
by using a MoFlo High-Performance Cell Sorter (Cytomation; Fort Collins, CO, USA) after staining with fluorochrome-conjugated anti-CD25 and anti-CD4 (all from
BD PharMingen; San Diego, CA, USA). CD4+CD25+
T cells were sorted based on the high CD25 fluorescence,
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based on the previous experiments from our laboratory
indicating that >90% of these cells express Foxp3+. Purity
of CD4+CD25) and CD4+CD25+ preparations was consistently >90%. CD4+CD25+ and/or CD4+CD25) T cells
were adoptively transferred at various cell ratios into
Rag)/) recipient mice i.v. 1 day before skin allograft
transplantation. In this adoptive transfer system, the
administration of CD4+CD25) T cells results in rapid
skin allograft rejection, while CD4+CD25+ T cells do not
induce rejection and prevent CD4+CD25) T cells from
destroying the grafts [36]. For T-cell expansion experiments, 106 CD45.1-positive CD4+CD25) or CD4+CD25+
were adoptively transferred into Rag)/) CD45.2-positive
or Rag)/)/MHC-II)/) CD45.2-positive recipient mice i.v.
1 day before DBA/2 skin allograft transplantation.
Allograft recipients were sacrificed 14 days later, and the
absolute numbers of CD45.1-positive T cells were quantified by flow cytometry in both spleen and draining lymph
nodes.
Statistical analysis
Comparisons of the survival of transplanted allografts
were performed by employing the log-rank in Kaplan–
Meier survival analysis.
Results
TRegs powerfully prevent rejection of minor
histocompatibility-mismatched skin grafts
To analyze the effect of direct presentation on the function of effector and regulatory T-cell populations, we
adoptively transferred TRegs and/or CD4+CD25) T cells
into Balb/c Rag)/) recipients of minor histocompatibilitymismatched, MHC-matched, skin grafts (B10.D2). Minor
histocompatibility antigens require processing and presentation on self-MHC molecules to induce an immune
response, and hence do not elicit direct alloreactivity. The
co-transfer of CD4+CD25) T cells and TRegs at a ratio of
1:1 resulted in indefinite survival of B10.D2 grafts, but
had a far less profound effect on the survival of C57BL/6
MHC-mismatched skin allografts (Fig. 1a). Our results
indicate that net immunoregulatory effects in transplantation (i.e. balance of effector to regulatory T cells) are favored in the absence of direct allorecognition.
The absence of donor APCs in skin allografts enhances
TReg immunosuppressive function
To more clearly assess the impact of indirect allopresentation, in the absence of direct allopresentation, on the
function of regulatory and effector T-cell populations, we
utilized a model in which C57BL/6 Rag)/) recipients were
536

Figure 1 TRegs powerfully prevent the rejection of minor histocompatibility mismatched skin allografts. (a) 4 · 105 TRegs adoptively transferred into syngeneic Rag)/) Balb/c hosts together with 4 · 105
CD4+CD25) T cells show a greater capacity to delay the acute rejection of minor histocompatibility mismatched (B10.D2; H-2d) than that
of MHC-mismatched (C57BL/6; H-2b) skin allografts (P < 0.0039).
(b) The transfer of 4 · 105 CD4+CD25) T cells results in more rapid
acute rejection of C57BL/6 than B10.D2 allografts (P < 0.0499). MST,
median survival time in days.

transplanted with skin allografts harvested from BM chimeric DBA/2 donors, generated by reconstituting lethally
irradiated DBA/2 (H-2d) mice with allogeneic recipient
strain C57BL/6 (H-2b) BM. Control mice were generated
by reconstituting lethally irradiated DBA-2 mice with syngeneic DBA/2 BM. C57BL/6 Rag)/) recipients receiving
naı̈ve syngeneic CD4+CD25) T-cell transfer acutely rejected skin allografts harvested from either C57BL/6-chimeric DBA/2 donors or control DBA/2-chimeric donors
with similar tempo (Fig. 2), suggesting that the capacity
of effector T cells to induce allograft rejection in this
model is not markedly impaired in the absence of direct
allopresentation. Similar results were observed after infu-
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Figure 2 In the absence of donor APCs, the capacity of TRegs to prevent the rejection of MHC-mismatched skin allografts is increased.
Skin allografts harvested from irradiated DBA/2 mice reconstituted
with either DBA/2 (DBA/2-DBA/2 chimera) or C57BL/6 (C57BL/6-DBA/
2 chimera) BM, and placed onto Rag)/) C57BL/6 recipients, are similarly rejected after the transfer of 4 · 105 syngeneic CD4+CD25)
T cells. In contrast, while the co-transfer of 4 · 105 TRegs together
with 4 · 105 CD4+CD25) T cells delays the rejection of C57BL/6-DBA/
2 chimeric grafts, it has virtually no effect on the survival of DBA/2DBA/2 chimeric skin allografts (DBA/2-DBA/2 versus C57BL/6-DBA/2
chimeras, P < 0.045). MST, median survival time in days.

sing CD4+CD25) T cells into recipients of grafts harvested from wild-type DBA/2 mice (data not shown). In
contrast, the co-transfer of CD4+CD25+ TRegs together
with CD4+CD25) T cells could only significantly prolong
allograft survival when skin allografts were obtained from
chimeric DBA/2 donors bearing C57BL/6 APCs, and not
from wild-type DBA/2 mice or control hematopoietic chimeric DBA/2 donors bearing DBA/2 APCs (Fig. 2).
Indirect alloantigen presentation is required
for efficient TReg function
To further establish the requirement of indirect allopresentation for TReg function, we performed additional
adoptive transfer experiments using Rag)/) or Rag)/)/
MHC-II)/) double-deficient C57BL/6 mice as recipients
of wild-type MHC-mismatched DBA/2 skin allografts. In
this strain combination involving Rag)/)/MHC-II)/)
recipients, the activation of CD4+ alloreactive T cells is
solely triggered by direct interaction with DBA/2 donor
APCs migrating from the skin allograft. CD4+CD25)
T cells rapidly rejected skin allografts after being transferred
into Rag)/)/MHC-II)/) recipients, indicating that direct
allopresentation is sufficient to induce a productive cytopathic alloimmune response (Fig. 3a). In contrast, TRegs
co-transferred together with CD4+CD25) T cells into
Rag)/)/MHC-II)/) recipients exhibited weaker graft-pro-

Figure 3 TRegs are less efficient at suppressing the cytopathic alloimmune responses in hosts lacking class II self-MHC molecules. (a)
Adoptive transfer of 2 · 105 C57BL/6 CD4+CD25) T cells results in
rapid rejection of DBA/2 grafts placed onto Rag)/) C57BL/6 recipients
regardless of the presence or absence of recipient MHC molecules. (b)
The absence of MHC-II in Rag)/) /MHC-II)/) C57BL/6 recipients markedly diminishes the immunoregulatory function of 4 · 105 TRegs transferred together with 2 · 105 CD4+CD25) T cells (Rag)/) recipients
versus Rag)/)/ MHC-II)/) hosts, P < 0.0064).

tecting properties than when transferred into conventional Rag)/) recipients expressing self-MHC-II molecules
(Fig. 3b). Although TRegs could indeed suppress effector
T cells and induce universal indefinite graft survival in
the Rag)/)/MHC-II)/) hosts, this result required the
administration of a very high (4:1) CD4+CD25+ to
CD4+CD25) T-cell ratio (MST>90 days, n ¼ 4, data not
shown). These data are consistent with a very low precursor frequency of directly alloreactive T cells among the
TReg subpopulation.
TRegs and CD4+CD25) T cells expand similarly
in MHC-II)/) hosts under lymphopenic conditions
The lack of strong TReg-mediated immunoregulation in
MHC-II)/) hosts could be potentially due to a differential
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Figure 4 Absence of class II self-MHC molecules similarly compromises the expansion and/or survival of TRegs and CD4+CD25) T cells.
1 · 106 CD45.1+ TRegs or CD45.1+ CD4+CD25) T cells were transferred into CD45.2+ Rag)/) syngeneic recipients bearing DBA/2 skin
allografts, and 14 days later the number of CD4+ CD45.1+ cells recovered from either spleen or draining lymph nodes was quantified by
flow cytometry. In Rag)/) recipients genetically lacking MHC-II, the
expansion of both TRegs and CD4+CD25) T cells was similarly
decreased. The results shown here correspond to 1 experiment representative of 3.

effect of MHC-II on the homeostatic proliferation of
TRegs and CD4+CD25) T cells. To test this hypothesis, we
directly compared the expansion of these two T-cell subpopulations after adoptive transfer into Rag)/) and Rag)/
)
/MHC-II)/) skin allograft recipients. The absence of
MHC-II resulted in a marked decrease in the number of
transferred T cells being recovered from the spleen or
draining lymph nodes 14 days after adoptive transfer
(Fig. 4). This reduction was, however, similar to both
TRegs and CD4+CD25) T cells (Fig. 4). Hence, self-MHCII molecules are equally required for the homeostatic
expansion and survival of both regulatory and effector
T-cell populations.
Discussion
Several recent reports from both animal [5–9,20] and
human studies [37–39] suggest that in transplantation
effective immunoregulation is primarily triggered by indi538

rect alloantigen presentation. CD4+CD25+Foxp3+ TRegs,
which are required for tolerance induction under various
circumstances, appear to exhibit a repertoire of TCR specificities biased toward high-affinity recognition of selfMHC molecules [23,24,26,27,40]. Hence, it has been proposed that TReg stimulation in transplantation may only
occur in response to indirectly presented alloantigens
[19,20]. Similar conclusions have been drawn from
experimental transplantation models in which TRegs arise
in the periphery from conventional T cells after engagement with alloantigen-loaded host dendritic cells [30].
Nonetheless, whether the in vivo potency of TRegs varies
with mode direct versus indirect of allopresentation has
not been directly proven.
In the current study, we have utilized a variety of genetically modified mice, in an adoptive transfer model of
the allograft response, to dissect the specific contributions
of direct and indirect allopresentation to TReg function in
transplantation selectively. A very high frequency of effector, but not regulatory, T cells cross-react with foreign
MHC molecules in vitro [26,41–43]. Thus, given that the
outcome of the transplant, rejection versus tolerance,
resides in a balance between the contingent of immunoregulatory and alloaggressive T cells [19,44], it can be
hypothesized that the absence of direct allopresentation
would selectively impact on alloreactive effector T cells,
diminishing their relative numbers and thereby allowing
the pool of regulatory T cells to gain control of the alloimmune response.
Our first set of experiments involved the use grafts harvested from MHC-matched minor histocompatibility mismatched mice, a model in which antidonor immune
responses are elicited by self-MHC molecules presenting
minor histocompatibility antigens (indirect pathway).
Allogeneic minor histocompatibility antigens are known to
activate a much lower frequency of alloreactive effector
T cells than intact allo-MHC molecules. Moreover, alloMHC molecules, besides stimulating T cells by direct allorecognition, are also a major source of allogeneic peptides
for indirect allopresentation. Accordingly, polyclonal
effector T-cell populations should be less capable of
rejecting minor histocompatibility-mismatched allografts,
than fully MHC-mismatched skin allografts, as our results
employing isolated CD4+CD25) T cells clearly confirm
(Fig. 1b). Hence, our results showing a more potent effect
of regulatory T cells in preventing skin allograft rejection
when using B10.D2 grafts, when compared with fully
MHC-mismatched C57BL/6 allografts, may be due, at
least in part, to a smaller pool size of alloreactive
CD4+CD25) T cells. To address this question, we
employed an additional model using BM chimeric skin
allograft donors. These BM chimeric donor mice, generated by reconstituting lethally irradiated DBA/2 (H-2d)
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mice with allogeneic recipient strain C57BL/6 (H-2b) BM,
have an intact capacity to express H-2d class I and II molecules in their tissues, but lack donor-type allogeneic
APCs, including Langerhans cells [33–35]. Thus, allografts
harvested from chimeric donors should be capable of
mediating powerful indirectly driven alloimmune
responses, without activating alloreactive effector T cells
via the direct pathway. In this system, indirectly driven
effector immune responses had a similar capacity to
induce graft rejection than directly plus indirectly triggered responses. In other words, the transfer of
CD4+CD25) T cells alone into recipients bearing grafts
harvested from unmanipulated MHC-mismatched donors
or from BM chimeric donors resulted in a similar tempo
of allograft rejection. Hence, in contrast to our first
experimental setting, in this model using BM chimeric
donors, the co-transfer of TRegs and CD4+CD25) T cells
could provide more accurate information on the specific
impact of direct and indirect allopresentation on
TReg-suppressive function. Our results show that in the
absence of donor-type APCs TReg function is maximized,
suggesting that TRegs preferentially suppress indirectly driven
responses. Taken together, our data indicate the absence
of direct alloantigen presentation results in both: (i) a
decreased alloreactive function of effector T cells
(although rapid allograft rejection is still ensured if a
potent indirectly driven alloimmune response is present);
and (ii) more efficient TReg-mediated immunoregulatory
effects. This conclusion is also supported by the experiments performed by utilizing Rag)/)/MHC-II)/) recipients, in which TRegs exerted weaker graft-protecting
effects than when transferred into Rag)/)/MHC-II+/+
mice. However, the observation that in Rag)/)/MHC-II)/)
recipients TRegs could indeed inhibit skin allograft rejection if transferred at large numbers very likely indicates
that a small fraction of TRegs has direct allospecificity.
The use of immunodeficient hosts lacking MHC class
II raises the concern of whether the absence of MHC-II
molecules might exert a different effect on the homeostatic proliferation of effector and regulatory T-cell subpopulations. Previously reported results indicate that
CD4+CD25) and CD4+CD25+ T-cell homeostatic proliferations are equally susceptible to the absence of MHC-II
molecules [45]. However, given the quantitative nature of
our experimental system, it was imperative to directly
assess this issue in an allograft model. Our data in skin
allograft recipients indicate that lack of MHC-II molecules similarly impacts on the proliferation and survival
of both effector and regulatory T-cell populations. This is
the case not only in the spleen, but also in draining
lymph nodes, which constitute the primary compartment
in which allorecognition takes place. Taken together, our
results suggest that differences in the immunoregulatory

properties of TRegs observed after transfer into MHC-II+/+
and MHC-II)/) hosts are unlikely to be attributable to
differences in cell expansion, survival or migratory patterns.
In short, while our experiments have been performed
with a limited number of animals, our results clearly indicate that allorecognition pathways have a major impact
on the balance between effector and regulatory T-cell
populations. In the absence of direct pathway, the number of alloreactive effector T cells is reduced and TRegs
exert optimal suppression. In contrast, pre-eminence of
direct allopresentation leads to vigorous effector alloimmune responses in the face of suboptimal TReg function.
The observation that most TRegs lack direct allospecificity could explain why, in unmanipulated recipients, TRegs
are unable to prevent acute allograft rejection, a response
dominated by directly activated effector T cells, unless a
provision is made to inactivate a substantial proportion
of the allo-aggressive T cells [44,46]. Similarly, the
requirement for high numbers of infused TRegs to prevent
graft-versus-host disease in MHC-mismatched situations
is consistent with a low frequency of CD4+CD25+ T cells
exhibiting direct allospecificity [22,47,48]. Our data also
provide for a reinterpretation of several experiments
reported decades ago. For example, the model herein proposed can explain why, under certain circumstances,
minor histocompatibility mismatched grafts, in which
only indirect allopresentation is available, are spontaneously accepted [49]. In addition, the reason why F1 kidney allografts ‘parked’ into immunodeficient hosts can be
subsequently engrafted into immunocompetent recipients
in the absence of immunosuppression, may be accounted
for by the preeminence of the indirect allorecognition
pathway in a situation in which donor strain dendritic
cells have been depleted [50]. More recently, the observation that tolerance to MHC-mismatched allografts cannot
be achieved in MHC-II-deficient recipients via costimulation blockade can also be explained at least in part by
impaired TReg function in the absence of indirect presentation [6]. The failure of directly presented alloantigens to
elicit a substantial TReg-meditated immunoregulatory
response has also important clinical implications. For
instance, attempts at inducing transplantation tolerance
via administration of donor-type tolerogenic dendritic
cells may not be entirely successful, unless some kind of
MHC matching has been ensured. The same concerns are
valid for strategies aiming at the ex vivo expansion of
recipient donor-specific TRegs for immunotherapeutical
purposes in transplantation. Thus, based on our results,
we predict that large numbers of polyclonal TRegs would
have to be transferred to provide adequate immunoregulation, unless an effective way to generate MHC-reactive
TRegs is found. Furthermore, our data may warrant the
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use of effective immunosuppression post-transplantation
to delay the administration of tolerogenic treatments until
replacement of donor APCs with recipient-type APCs has
taken place. Finally, our data emphasize the need to take
into account indirect allopresentation for the design of
CD4+CD25+ TReg-based tolerance-monitoring assays in
clinical transplantation.
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