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Immune recognition and rejection of 
allogeneic skin grafts

In the USA, approximately 2.4 million burn inju-
ries are reported every year. Many patients with 
major burns involving at least 25% of their total 
body surface die. The transplantation of large 
patches of skin would save their lives. However, 
allogeneic skin grafts are invariably rejected in an 
acute fashion. While current immunosuppressive 
treatments are effective in preventing early rejec-
tion of organ transplants, such as kidney, they 
have little or no effect in skin transplantation. In 
addition, until now, many attempts to engineer 
artificial skin or grow skin tissue in vitro have 
been ineffective. As a result, current clinical skin 
transplantation is confined to autotransplanta-
tion (i.e.,  the grafting of small patches of an 
individual’s own skin from one anatomical site 
to another). This underscores the need for engi-
neering strategies designed to induce immune 
tolerance to skin allografts, defined as indefinite 
survival in the absence of chronic, widespread 
immunosuppression.

The placement of an allogeneic skin patch 
triggers a potent reaction by the host’s immune 
system eventuating in rapid elimination of donor 
cells and rejection of the graft. Initial trauma and 
tissue injury resulting from placement of allo-
grafts is associated with an inflammatory process 
and the initiation of an innate immune response. 
During this response, polymorphonuclear cells, 

macrophages, dendritic cells (DCs), releasing 
cytokines, acute-phase proteins and angiogenic 
factors infiltrate the graft. Concomitantly, donor 
DCs migrate from the graft to the recipient’s sec-
ondary lymphoid organs where they can present 
donor antigens, thereby eliciting an adaptive 
immune response. This response is initiated by 
recipient T lymphocytes recognizing genetically 
encoded polymorphisms between members of the 
same species, a phenomenon referred to as T-cell 
allorecognition. Following allorecognition, CD4+ 
and CD8+ T cells become activated, proliferate, 
secrete proinflammatory cytokines and differ-
entiate into effector cells. Such activated effec-
tor T cells leave the secondary lymphoid organs 
and infiltrate the graft where they mediate its 
rejection, presumably by killing donor cells. 

Most of the knowledge pertaining to the 
immunological mechanisms involved in the 
rejection of allogeneic transplants is derived from 
studies on skin transplantation. Initial studies by 
Medawar et al. were performed during wartime, 
first in humans and then in animal models [1,2]. 
In the 1980s, the generation of mice displaying 
discrete mutations of genes of the MHC locus 
and of monoclonal antibodies against CD4 
and CD8 accessory molecules rendered possi-
ble studies exploring the roles of MHC class I 
and II genes in the allorecognition by CD4+ 
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and CD8+ T-cell subsets and in the rejection of 
skin allografts [3]. Recent engineering of geneti-
cally modified mice including transgenic mice, 
and mice with selected gene deficiencies, have 
provided new insights into the immunology of 
skin allograft rejection. In the present article, 
we describe the studies that have led to our cur-
rent perspective on the cellular and molecular 
mechanisms underlying the allorecognition and 
rejection of skin allografts.

Cutaneous dendritic cells 
& skin transplantation
Following placement of skin allografts, donor 
DCs, often referred to as passenger leukocytes, 
migrate out of the graft through lymphatic ves-
sels and infiltrate the recipient’s draining lymph 
nodes (LNs) where they present donor antigens 
to alloreactive T cells. Therefore, skin DCs play 
an essential role in the initiation of adaptive 
alloimmunity and skin graft rejection (Figure 1).

Skin DCs initiating adaptive alloimmune 
responses are comprised of two distinct cell sub-
sets: Langerhans cells (LCs) in the epidermis, 

and dermal DCs in the dermis. LCs, which are 
regularly spaced throughout the epidermis, rep-
resent 3% of epidermal cells. LCs are typically 
characterized by the expression of cytoplasmic 
organelles termed Birbeck granules, and the 
expression of CD1a membrane molecules in 
humans (not present in mice) capable of pre-
senting microbial lipid antigens to T cells [4]. In 
addition, the C-type lectin langerin (CD207) 
has been recently identified as a key marker of 
LCs [5]. The hematopoietic origin of LCs is well 
established. However, in steady-state conditions, 
LCs can replenish locally as evidenced by the 
host origin of LCs found in mice even after 
1 year of parabiosis [6]. By contrast, other DCs 
comprise mixed populations in LNs and spleen 
of parabiotic animals [7,8]. In steady-state condi-
tions, LC half-life is estimated to be 53–78 days, 
while other DCs display a half-life of 7–8 days 
[8–12]. The proliferation rate of LCs is estimated 
to be approximately 1–2%, compared with 5% 
for lymphoid organ DCs [8–10]. Skin LC precur-
sors coexpress langerin and CD14 (LPS recep-
tor); and their final migration into the suprabasal 
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Figure 1. Antigen-presenting cell and T-cell trafficking following skin transplantation. At 
3–4 days following placement of skin allografts, when the blood and lymphatic circulation is 
restored, graft APCs (bone marrow-derived MHC class II+ cells) migrate to the draining lymph nodes 
of the recipient where they can activate T cells through the direct pathway. Once activated, these 
T cells can now migrate to the site of the graft through the blood vasculature and participate in 
graft rejection. 
APC: Antigen-presenting cell; DC: Dendritic cell; LC: Langerhans cell; LN: Lymph node.
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layer of the epidermis is controlled by CXCL14, 
produced by keratinocytes [13,14]. During inflam-
mation, LCs repopulating the skin derive from 
peripheral blood precursors. For instance, after 
UV light exposure or cutaneous graft-versus-host 
disease (GVHD), which result in major LC loss, 
LC repopulation occurs from circulating mono-
cyte precursors that express CCR2 and CCR6 
[6,15]. Conversely, in less severe injuries that result 
in moderate LC loss, LCs can be repopulated 
locally [6,16]. Final LC differentiation, ultimately, 
appears to depend on the cytokine environment 
of the epidermis  [14], with contribution from 
granulocyte–macrophage colony-stimulating 
factor (GM-CSF), IL-15 and TGF-b.

Dermal DCs belong to a broader subset 
known as interstitial DCs [17]. The majority of 
dermal DCs are langerin-negative cells express-
ing high levels of the integrin CD11b and macro
phage markers such as F4/80, SIRP-a and 
CX3CR1 [10]. In addition, approximately 20% 
of the dermal DCs comprise a langerin-positive 
population [10,18,19]. Unlike LCs, these DCs lack 
expression of E-cadherin (E324 or uvomorulin), 
EpCAM (CD326) and CD103. Finally, dermal 
DCs contain a third subpopulation express-
ing a distinct set of surface markers, CD11c+ 
MHC class II+ langerin-CD103- CD11b-, which 
migrates to draining regional LNs in inflamed 
settings [20]. 

Initial studies of DC migration in skin 
transplantation relied on tracking cells labeled 
with fluorescent agents [21]. When the labeling 
agent was painted onto the skin [22], this agent 
was retrieved in the draining LNs, either car-
ried by migrating cells or in free form. Kripke 
et al. observed skin-cell migration in a contact 
hypersensitivity model. In this study, mice were 
transplanted with an allogeneic skin that had 
been painted with fluorescein isothiocyanate. 
Subsequently, antigen-presenting cells, capable 
of transferring an allogeneic MHC-restricted 
contact hypersensitivity reaction against fluores-
cein isothiocyanate antigens could be isolated 
from the recipient’s draining LN [23]. Similarly, 
Hoefakker et al. showed that, following place-
ment of human skin grafts on nude mice, 
HLA-DR+ cells migrated from the graft into 
the draining LN of this recipient [24]. In another 
study, Richters et al. demonstrated that 4 days 
after skin transplantation in rats, cells bearing 
a marker for the leukocyte common antigen of 
donor origin, and with a dendritic morphology, 
were present in the T-cell area of the recipient’s 
draining LNs [25,26]. Finally, studies by Larsen 
et al. demonstrated that skin DCs (both dermal 

DCs and LCs) emigrate rapidly out of skin 
explants placed in culture for 24 h [27–29], pro-
viding evidence that this migratory behavior is 
an intrinsic property of these cells. Based upon 
these observations, it was postulated that donor 
DCs migrating from the skin graft (referred to 
as ‘passenger leukocytes’) to the recipient’s LNs 
played a key role in the presentation of donor 
antigens to recipient T cells and the initiation of 
an adaptive alloimmunity [30]. It is probable that 
DCs migrate out of skin allografts via lymphatic 
vessels. Seminal studies performed in the 1970s 
provided indirect evidence of the key contribu-
tion of lymphatic drainage in the initiation of an 
alloreactive T-cell response to, and subsequent 
rejection of, a skin allograft [31,32]. In these stud-
ies, lymphatic drainage of the graft was pre-
vented by raising the skin graft off the recipient 
bed while preserving blood circulation through 
a pedicle. These grafts were not rejected by the 
host’s immune system and survived as long as 
the pedicle was still intact. Altogether, these 
studies support the view that shortly following 
placement of skin allografts, donor DCs migrate 
out of the transplant via lymphatic vessels and 
infiltrate the recipient’s draining LNs where they 
present alloantigens to recipient T cells (Figure 1).

Adaptive alloimmunity by 
T lymphocytes
�� Direct allorecognition by T cells

The process by which recipient T cells located in 
secondary lymphoid organs (draining LNs and 
spleen) interact with allogeneic MHC molecules, 
displayed on donor bone marrow-derived MHC 
class II+ passenger leukocytes, is termed ‘direct 
allorecognition’ (Figure 2). It involves CD4+ and 
CD8+ T cells recognizing intact donor MHC 
class II and I molecules, respectively. This 
type of antigen recognition induces a vigorous 
polyclonal T-cell response engaging up to 10% 
of the entire peripheral T-cell repertoire. The 
exceptional strength of this type of immune 
response is reflected in mixed lymphocyte reac-
tions in which naive T cells become activated 
in vitro upon exposure to allogeneic stimula-
tors. At first glance, such recognition of a for-
eign MHC molecule by a T lymphocyte appears 
to violate the dogma of self-MHC restriction of 
T cells. Some evidence has been provided sug-
gesting that cross-reactivity of T cells specific 
for a self-MHC molecule with an allogeneic 
MHC molecule can provide an explanation for 
this paradigm. Indeed, it is clear that alloreac-
tive T cells do not constitute a distinct popula-
tion within the overall pool of T lymphocytes. 
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Second, T cells utilize the same T-cell receptor 
(TCR) to recognize both nominal antigens and 
allogeneic MHC proteins. Based upon these 
principles, it has been proposed that direct 
allorecognition results from the cross-reactivity 
by T cells specific for a self-MHC molecule ‘A’ 
+ peptide ‘x’ with an allogeneic MHC molecule 
‘B’ + peptide ‘y’ [33]. This view is supported by 
numerous instances in which alloreactive T-cell 
clones with dual recognition for a nominal anti-
gen have been described. Recent studies using 
alloreactive T-cell clones, exon shuffling and 
single-site mutations within MHC genes and 
crystallography have shown that two nonmu-
tually exclusive mechanisms contribute to the 
high frequency of T cells engaged in direct 
allorecognition: 

�� The high determinant density model, in which 
the structure of the allogeneic MHC molecule 
governs T-cell recognition [34]; 

�� The multiple binary complex model, in which 
alloantigen recognition is dictated by the pep-
tides bound to allogeneic MHC molecules [35]. 

In the high determinant density model [34], 
TCR interaction is focused on exposed amino 
acid polymorphisms of the foreign MHC mol-
ecule, independently of the nature of the peptides 
bound to it. Each individual MHC molecule dis-
played on an allogeneic antigen-presenting cell 
(APC) could serve as a ligand for TCR binding, 
thereby providing a very high ligand density and 
activating a polyclonal T-cell response. The mul-
tiple binary complex model [35] is based upon 

the principle that allogeneic MHC molecules are 
loaded with a wide variety of peptides differing 
from those presented by self-MHCs. Therefore, a 
single allogeneic MHC molecule could stimulate 
a multitude of alloreactive T cells, each specific 
for a particular peptide–MHC complex. The 
prevalence of either high determinant density 
versus multiple binary complex Model in allorec-
ognition is likely to depend upon the degree of 
heterogeneity (structural and/or conformational) 
between recipient and donor MHC molecules.

�� Indirect allorecognition by T cells
Seminal studies by Lechler and Batchelor showed 
that allosensitization could occur in the absence 
of donor-derived passenger leukocytes follow-
ing retransplantation of kidney grafts in rats 
[36,37]. Based upon the assumption that donor 
parenchymal cells are not capable of sensitizing 
recipient alloreactive T cells, an alternative path-
way of allorecognition was proposed as the trig-
ger for host T-cell sensitization. In 1992, three 
independent studies performed in rodents and 
humans demonstrated that following allotrans-
plantation, recipient APCs process and present 
donor MHC molecules in the form of peptides, 
thus eliciting a T-cell response by CD4+ T cells 
[38,39,40]. This phenomenon was referred to as 
the ‘indirect allorecognition’ pathway (Figure 2). 
Unlike the classical direct alloresponse, it was 
observed that the indirect alloresponse was oligo-
clonal in that it was mediated by a limited set of 
T-cell clones displaying discrete TCRs for anti-
gens. Furthermore, in skin-transplanted mice, 
indirect alloresponses were invariably directed 
to a single or a few dominant determinants on 
donor MHC antigen. However, while different 
regions of MHC were found to be immunogenic 
depending upon the donor/recipient combina-
tion, these alloimmunogenic determinants were 
always located in polymorphic regions of donor 
MHC molecules [41,42]. Similar restriction of 
indirect alloresponses by T cells to dominant 
determinants on human MHC HLA mol-
ecules has been reported [43–45]. Collectively, 
these studies show that while direct allorecog-
nition is characterized by its polyclonality and 
polyspecificity, indirect allorecognition follows 
the rules of immunodominance in that it is 
restricted to a few dominant determinants on 
donor MHC molecules.

Initial ELISPOT studies in skin transplant 
models have suggested the prevalence of MHC 
versus other antigens in indirect alloreactivity. 
However, low, but detectable, responses follow-
ing incubation of recipient T cells with APCs 
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Figure 2. Pathways of T-cell allorecognition. Following skin transplantation, 
recipient alloreactive T cells can be activated to donor antigens presented via three 
distinct pathways: the direct pathway, in which T cells recognize intact allo-MHC 
molecules on donor APCs; the indirect pathway, in which recipient T cells recognize 
processed donor antigens (MHC and minor antigen peptides) presented by 
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T cells can be activated by acquired donor MHC molecules displayed on 
recipient APCs. 
APC: Antigen-presenting cell; TCR: T-cell receptor.
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plus third-party sonicates (MHC-mismatched 
to the donor) were detected. This suggested 
that non-MHC-derived peptides presented by 
recipient APCs could activate T cells. It is note
worthy that MHC-matched skin allotransplants 
are often acutely rejected. In fact, it is known 
that a variety of polymorphic proteins, referred 
to as minor histocompatibility antigens [46], can 
serve as a source of determinants for recognition 
by allospecific T cells following transplantation 
[47–49]. It is clear that these proteins may represent 
a source of antigens for exogenous processing 
by recipient APCs and subsequent presentation 
in MHC class II complexes to recipient CD4+ 
T cells (i.e., in an indirect fashion). In a recent 
study, we measured the frequencies of indirectly 
activated T cells responding to MHC or minor 
antigens in mice transplanted with a fully allo-
geneic skin graft. We found that 50–60% of 
the indirect response was mediated by T cells 
recognizing peptides derived from donor MHC 
molecules, while the response to minor antigens 
accounted for 40–50% of the overall indirect 
alloresponse [50]. However, it is noteworthy that 
this feature of the immune response to skin allo-
grafts does not reflect a general phenomenon in 
transplantation since 100% of T cells respond-
ing to corneal allografts are directed to minor 
antigens while, after cardiac transplantation, 
virtually all T cells are activated in response to 
MHC antigens [50]. 

Indirect allorecognition by CD8+ 
T cells
It has been assumed that the indirect allo
response is mediated exclusively by CD4+ T 
cells recognizing donor peptides generated 
from exogenous processing by recipient APCs 
and presentation in the groove of self-MHC 
class II molecules. However, it is now well 
established that MHC class I processing regu-
larly leads to presentation of extracellular anti-
gens to CD8+ T cells, a phenomenon termed 
‘cross-priming’  [51–53]. This suggests that, fol-
lowing allotransplantation, some recipient 
CD8+ alloreactive cells may become activated 
indirectly via recognition of donor-derived pep-
tides presented by self-MHC class I molecules 
on recipient APCs. In fact, the initial observa-
tions supporting the existence of cross-priming 
were published in 1977 by Matzinger in a skin 
transplantation model  [54]. This was later sup-
ported by Ivanyi’s observations that a fraction of 
the alloreactive cytotoxic T lymphocyte (CTL) 
population, directed against class I HLA alloan-
tigens generated in vitro during primary mixed 

lymphocyte reactions, is restricted to self-HLA 
MHC class I molecules [55–57]. Subsequently, 
studies by Popov et al. demonstrated that indi-
rect presentation in vivo of a single MHC class 
I peptide was sufficient to trigger the activation 
and differentiation of functional donor-specific 
CD8+ CTLs and rejection of MHC class I dis-
parate skin allografts  [58]. Further evidence of 
the actual contribution of indirect CD8+ T-cell 
allorecognition to the overall alloresponse and 
graft rejection was provided in a recent study 
by Heeger and Valujskikh using a murine skin 
transplant model [59]. In this study, IFN-g-
producing CD8+ T cells, activated in an indi-
rect fashion were detectable in allograft-primed 
mice at a frequency of 50–100 per million cells, 
compared with 3000 per million for responses 
through the direct pathway, and were similar 
in frequency to indirectly primed CD4+ T cells 
[59]. A subsequent study from the same scien-
tists showed that these indirectly activated CD8+ 
CTLs contributed to the rejection of skin allo-
grafts by attacking recipient vasculoendothelial 
cells upon graft revascularization [60]. Taken 
together, these studies show that CD8+ T cells 
primed through the indirect pathway play a key 
role in the indirect T-cell alloresponse triggered 
after placement of allogeneic skin transplants 
and represent an essential element of the rejec-
tion process. 

The initial indirect alloresponse, induced to 
donor MHC antigens after placement of skin 
allografts, is limited to a few dominant deter-
minant peptides [41,44,45]. However, we and 
others have provided evidence indicating that 
at later time points after transplantation, new 
allodeterminants begin to be presented [62–65] – 
a phenomenon referred to as antigen spreading. 
This phenomenon had been previously described 
in chronic inflammatory autoimmune disease 
models including experimental autoimmune 
encephalitis (EAE) and Type 1 diabetes [66–68]. 
Similar to that observed in autoimmune mod-
els, the immune response diversifies to formerly 
cryptic peptides on the target antigens. These 
determinants comprise poorly processed pep-
tides, which, despite their high affinity to self-
MHC molecules, do not reach the threshold of 
presentation required to trigger a T-cell response. 
It is believed that, over the course of an inflam-
mation process, secretion of proinflammatory 
cytokines such as TNF-a and IFN-g can alter 
antigen processing and trigger or enhance the 
presentation of formerly cryptic determinants, 
thus perpetuating the T-cell response in autoim-
munity and alloimmunity. Such spreading of 
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indirect alloreactivity to new determinants on 
allogeneic MHC molecules has been observed 
in patients displaying chronic allograft vasculo
pathy [64,69]. It is probable that this phenomenon 
contributes to the induction and/or maintenance 
of a chronic form of transplant rejection [63,64]. 

�� Semidirect allorecognition by T cells
Along with the classical direct and indirect 
allorecognition pathways in transplantation, a 
third mechanism has been proposed, notably by 
Herrera and Lechler [70], that can blur the dis-
tinction between the two classical pathways and 
potentially add complexity to the model. This 
‘semidirect’ pathway involves the phenomena 
of MHC molecules being transferred between 
donor and recipient APCs, which is also known 
as ‘cross-dressing’ (Figure 2) [71]. Unlike the indirect 
pathway, which involves donor MHC fragments 
processed and presented on host MHCs [72], the 
semidirect pathway involves entire MHC com-
plexes, removed or released from donor tissue 
and used as antigen-presenting molecules by host 
APCs. As a result of this process, a single host 
APC could both present allopeptides via self-
MHC II to CD4+ T helper cells (the indirect 
pathway) and directly stimulate cytotoxic CD8+ 
T cells by an acquired donor MHC I molecule. 

This dual presentation from host DCs to 
CD4+ and CD8+ T cells, as a result of the semi
direct pathway, could provide a ‘three-cell model’ 
of T-cell activation, where the CD8+ cell is fully 
activated by both its contact with the APC’s 
MHC class I:antigen complex and the CD4+ cell 
concurrently stimulated by the same APC. Jiang 
et al. argue that this three-cell model overcomes 
the difficulty of explaining how cytotoxic cells 
are partially activated by the donor APCs and 
then, in an unconnected manner, fully activated 
by CD4+ T cells that have been activated by the 
indirect pathway [73]. The three-cell interaction 
of DCs with CD4+ and CD8+ T cells has been 
shown to dramatically impact CD8+ T-cell func-
tion [74]; but this interaction is not indispensable 
for mounting a rejection response. Studies show 
that severe combined immunodeficiency (SCID) 
mice, reconstituted with either CD4+ T cells or 
CD8+ T cells, can still reject allogeneic skin 
transplants [75], and CD4+ knockout mice can 
reject fully allogeneic skin transplants (although 
they can accept minor antigen mismatched car-
diac transplants) [76]. However, there is mounting 
evidence that CD4+ T-cell help is required for the 
establishment of a CTL memory population [77] 
and strong recall response [78,79]. The latter stud-
ies present strong evidence that a DC needs to be 

fully activated, or ‘licensed,’ by interaction with a 
CD4+ T cell, including CD40/CD40L costimu-
lation, before it can initiate the differentiation of 
CD8+ T cells to memory CTLs. The semidirect 
pathway provides a mechanism for a recipient 
DC to play a role in both the direct and indirect 
stimulation of CD4+ and CD8+ T cells and the 
creation of a CD8+ alloreactive memory effector 
T-cell population.

Evidence is gathering for the intercellular 
transfer of MHC molecules that form the basis 
of the semidirect pathway of allorecognition. 
Extensive sharing of surface molecules, including 
MHCs, between T and B cells and their conju-
gate APCs has been demonstrated in the related 
study of trogocytosis [80]. The semidirect path-
way involves sharing between two APCs. Herrera 
et al. demonstrated that DCs can acquire MHC 
molecules from allogeneic DCs or endothelial 
cells in vitro, and that the recipient DCs were able 
to activate T cells via the transferred MHC [70], 
with further in vitro evidence from the Lechler 
laboratory (King’s College, London, UK) [81]. 
Moreover, the MHC transfer occurred between 
DCs separated by a semipermeable membrane, 
blocking any intact cell passage, although less 
efficiently than with cell-to-cell contact, impli-
cating exosomes (discussed later) as a means of 
transfer. Most importantly, this MHC transfer 
also occurred in  vivo in their mouse model. 
Transgenic DCs, lacking both MHC class  I 
and II molecules, were able to acquire these 
molecules from the host. Similarly, Brown et al. 
demonstrated bidirectional in  vivo sharing of 
MHC molecules between APCs [82]. Using flow 
cytometry, immunohistochemistry and confo-
cal microscopy, they found cells displaying both 
donor and host MHC class II molecules after 
kidney and cardiac allografts. They further verify 
that these molecules are present on the cell sur-
face, and that the allogeneic MHC molecules 
never move to the interior of the recipient cell, 
strongly suggesting that the surface expression 
of these molecules is not simply a preliminary 
step towards the endocytosis and processing of 
these molecules. Their investigation was limited 
to MHC class II molecules, but certainly does not 
rule out similar results for MHC class I. These 
studies clearly suggest a process wherein recipi-
ent T cells can encounter allo-MHC molecules 
on either donor APCs (the direct pathway), or 
recipient APCs, displaying intact, acquired donor 
MHC on their surface (the semidirect pathway). 

One possible method for the transfer of 
MHC:antigen complexes between APCs 
is via exosomes, which are small (generally 
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50–100 nm) vesicles released by a number of 
cell types and capable of containing MHC 
molecules in their membranes. The addition 
of exosomes as MHC donors in the semidirect 
pathway could expand both the scope of the 
pathway and give us valuable tools to manipu-
late it. And there is strong evidence that exo-
some to DC transfer of MHC molecules occurs. 
In one study, the stimulation of antigen-specific 
CD8+ T cells by DCs lacking MHC class I was 
only possible when the cells were incubated 
with exosomes bearing MHC class  I:antigen 
complexes [83].  This immunogenic potential 
of MHC:antigen bearing exosomes is being 
explored in vivo. The mechanism for exosome 
interaction with APCs is not yet clear; but 
MHC transfer has been shown to occur and 
to lead to both activation of T cells and toler-
ance induction in vivo [83]. Our growing under-
standing of the semidirect pathway and MHC 
transfer in transplantation suggests more tools 
for promoting transplant tolerance. The pres-
ence of self-MHC on recipient APCs display-
ing both intact and processed alloantigens may 
promote the activation of regulatory mecha-
nisms associated with transplant tolerance. It 
is noteworthy that the treatment of transplant 
recipients by immature donor DCs has been 
a promising but elusive method of tolerance 
induction. Introduction of recipient immature 
DCs, loaded with donor-derived exosomes, 
could give the same positive results, without 
the potential dangers of the injected donor DCs 
maturing in vivo and inducing proinflammatory 
antidonor immunity and rejection. 

�� Contribution of direct & indirect 
T-cell allorecognition pathways to 
allograft rejection
It is firmly established that CD4+ T cells, acti-
vated via direct allorecognition, provide help 
for the differentiation/expansion of functional 
antidonor CD8+ CTLs [84], which can mediate 
tissue injury and subsequent acute rejection of 
skin grafts. This has been proven in recipient 
mice lacking MHC class II molecules (no indi-
rect CD4+ T-cell recognition) and depleted of 
CD8+ T cells [85]. These mice acutely rejected 
allogeneic skin grafts, thus confirming rejec-
tion mediated exclusively via allorecognition 
by CD4+ T cells. In another study, Pietra et al. 
used BALB/c Rag1-/- and SCID mice (devoid of 
both CD4+ and CD8+ T cells) as recipients of 
allografts from C57BL/6 and C57BL/6 MHC 
class II knockout donors. Reconstitution of 
hosts with either LN T cells or purified CD4+ 

T cells ensured acute rejection of wild-type, but 
not MHC class II knockout transplants [86]. By 
contrast, T cells depleted of the CD4+ subset 

did not elicit graft rejection. Therefore, in this 
model, direct CD4+ T-cell allorecognition was 
necessary and sufficient to mediate the rejec-
tion. On the other hand, there is plenty of evi-
dence showing that adoptive transfer of CD8+ 
T cells, recognizing alloantigens in a direct 
manner in immunodeficient RAG knockout 
mice, is sufficient to ensure acute rejection of 
skin allografts. Taken together, these studies 
show that either CD4+ or CD8+ T cells acti-
vated through the direct allorecognition path-
way can, on their own, mediate acute rejection 
of allogeneic skin transplants. This implies 
that depletion of donor passenger leukocytes 
that serve as APCs in direct allorecognition 
should promote graft survival. In fact, this was 
achieved in a mouse kidney transplant model 
by ‘parking’ the allograft in a first recipient 
to allow the migration of donor DCs out of 
the graft. These kidney grafts, now devoid of 
DCs, were then collected and transplanted into 
a second recipient, genetically identical to the 
first [36,37]. This manipulation resulted in long-
term survival of the allograft. Injection of donor 
DCs to the recipients of these retransplanted 
kidneys led to rapid rejection. Furthermore, 
reconstitution of the intermediate recipient 
with donor-derived bone marrow induced 
mixed hematopoietic chimerism and resulted in 
prompt rejection of the allogeneic kidney trans-
plant (presumably by replenishing DCs in the 
graft)  [36]. Similar experiments performed in 
our laboratories in skin graft models led to dif-
ferent conclusions. Fully allogeneic grafts were 
cultured for 24 h in Petri dishes, a process that 
resulted in removal of dermal DCs from the 
graft. These allografts failed to induce a direct 
alloresponse when placed on an allogeneic host 
(as evidenced using an ELISPOT assay), but 
they were rejected at the same rate as normal 
skin allografts. This suggests that, unlike renal 
allotransplants, direct allorecognition is suffi-
cient, but not necessary, to induce skin allo-
graft rejection. Finally, it is important to note 
that while direct activation of naive allospecific 
T cells may require donor MHC presentation 
by so-called professional APCs (i.e., graft pas-
senger leukocytes), recipient memory T cells 
may be activated by donor endothelial and epi-
thelial cells expressing allogeneic MHC class II 
molecules as a consequence of local inflamma-
tion. This process may not be critical in labora-
tory mice displaying very few memory T cells 
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at the time of transplantation (<5%). By con-
trast, nonhuman primates and humans display 
high frequencies of alloreactive memory T cells 
recognizing donor MHC molecules directly 
pretransplantation (>50%). These allospecific 
memory T cells are thought to derive from the 
priming of T cells by crossreactive microbial 
antigens [87–89], a phenomenon referred to as 
heterologous immunity [90,91]. These memory 
T cells may become activated following anti-
gen presentation by nonprofessional APCs and 
play an important role in the initiation of direct 
alloresponses and in its perpetuation following 
elimination of bona fide APCs of donor origin. 
It is probable that the presence of such alloreac-
tive memory T cells in primates explains their 
resistance to transplant tolerance protocols, 
which are traditionally effective in laboratory 
mice [92]. 

It is now well documented that T cells, 
activated through the indirect allorecognition 
pathway, provide help for the differentiation 
of antidonor CD8+ cytotoxic T cells [85,93,94], 
for the production of allospecific antibodies 
by B cells [95–97], and for delayed type hyper
sensitivity reactions [98]. The first evidence that 
indirect T-cell alloreactivity can influence the 
rejection process was obtained by Fangmann 
et al. who reported that immunization of recip-
ients with allogeneic MHC peptides resulted 
in accelerated graft rejection [38,99]. Recent 
studies using genetically engineered mice and 
T-cell clones have allowed the study of indirect 
alloresponse in isolation and helped evaluate its 
potential role in the rejection process. Seminal 
studies from Auchincloss’ laboratory showed 
that skin transplants from MHC knockout 
donors, whose APCs lacking MHC expression 
cannot trigger a direct alloresponse, are acutely 
rejected. This suggested that the indirect path-
way of allorecognition is sufficient, on its own, 
to cause rejection of an allogeneic skin trans-
plant [85,93,94]. In another series of experiments, 
Valujskikh et al. generated a Th1 T-cell line 
from BALB/c recipient mice (H-2d) of B10.A 
(H-2a) skin transplant that was specific for a sin-
gle immunodominant, self-restricted allogeneic 
MHC class II peptide, I-Ak b (58-71). When 
transferred into BALB/c SCID mice recipients 
of B10.A skin allografts, this cell line-mediated 
skin graft rejection, characterized by the pres-
ence of Th1 cytokines, macrophage infiltration 
and extensive fibrosis. Analysis of the rejected 
skin transplant showed only the presence of the 
peptide-specific CD4+ T cells and no detectable 
direct pathway alloresponse [100,101]. 

B cells, antibodies & skin 
allograft rejection
The essential role of T lymphocytes in the 
process of skin graft rejection stemmed prima-
rily from studies showing that these allografts 
were not rejected in animals lacking T cells. 
In addition, there is ample evidence indicat-
ing that adoptive transfer of purified T cells is 
sufficient to restore the rejection of skin allo-
grafts in immunodeficient rodents. The role 
of B cells in skin graft rejection is somewhat 
more intriguing and controversial. Initial stud-
ies performed in the 1960s and 1970s favored 
the view that production of antidonor antibod-
ies by allospecific B cells is an essential element 
of the rejection process. However, later studies 
demonstrated that B cell-deficient mice acutely 
reject skin allografts in a manner indistinguish-
able from wild-type mice. It has now become 
clear that B cells contribute to the allograft 
rejection process either through alloantibody 
production or as an APC (Figure 3).

Seminal studies by Koene and others showed 
that passive transfer of alloantibodies alone gen-
erally failed to cause rejection of skin allografts 
in nude mice or other strains [102,103]. Actually, 
it was reported that transfer of donor-specific 
antibodies can promote allograft survival in 
certain conditions, a phenomenon referred to as 
‘enhancement mechanism’ [104]. On the other 
hand, the adoptive transfer of B lymphocytes 
from sensitized mice caused accelerated rejection 
of grafts. In fact, established skin grafts were 
hyperacutely rejected in nude mice if the admin-
istration of specific alloantibody was combined 
with efficient species of complement  [102,103]. 
Furthermore, later studies showed that in order 
to cause rejection, antiserum had to be adminis-
tered after the vascular connection between the 
host bed and skin grafts were established, which 
typically occurs within 4–6 days after transplan-
tation [105]. Interestingly, skin grafts became less 
sensitive to antibody-mediated rejection after 
prolonged residence on the recipients [106], usu-
ally several weeks following transplantation, 
which was presumably due to replacement of 
graft vessels with recipient endothelium [107]. It 
is commonly accepted that B-cell activation and 
alloantibody production requires signals pro-
vided by CD4+ Th cells, activated through the 
indirect allorecognition pathway. This conclu-
sion was drawn from studies showing that lack of 
MHC class II gene expression in recipients and, 
presumably, absence of indirect allorecognition 
leads to significant impairment for alloantibody 
production in skin-transplanted mice [108]. In the 
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presence of recipient MHC class II molecules, 
indirectly activated T cells can provide help 
for memory B-cell generation, antibody class 
switching and affinity maturation through vari-
ous cytokines and costimulatory molecules that 
recognize receptors expressed on B cells (Figure 3). 
Memory B cells may be able to contribute to 
allograft rejection through their ability to serve 
as APCs and directly activate allospecific T cells. 
Likewise, some recent studies have revealed the 
essential role of B cells in the differentiation, 
expansion and survival of alloreactive memory 
T cells following skin transplantation [109]. It 
was observed that alloantigen presentation by 
B cells promotes the proliferation of CD4+ cen-
tral memory T cells and the survival (via BCL2) 
of effector CD8+ memory T cells [109]. 

NK cells, allorecognition & skin 
allograft rejection
Traditionally, NK cells represent an essential 
element of the innate immune system as they 
are developmentally programmed to kill targets, 
either directly or via antibody-dependent cel-
lular cytotoxicity (ADCC), in the absence of 
antigen sensitization (Figure 3) [110,111]. Despite 
the fact that NK cells do not express germline-
encoded antigen receptors, they can discrimi-
nate between cells of self- and nonself-origins. 
In fact, NK cells express clonotypic receptors 
specifically for self-MHC class I molecules [111]. 
Following recognition of autologous MHC 
class  I molecules, engagement of a series of 
inhibitory receptors, including killer inhibi-
tory receptors, prevents the development of 
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Figure 3. Alloresponses mediated by B cells and NK cells after skin transplantation. Following skin transplantation, B cells and 
NK cells can contribute to alloimmunity and allograft rejection via several mechanisms. Antidonor antibodies can directly kill donor cells 
via complement-dependent cytotoxicity or opsonize allogeneic cells (i.e., target cells for ADCC). NK cells can kill donor cells lacking 
expression of self-MHC class I molecules (missing self), or can contribute to DTH reactions and activation of cytolytic cells by producing 
proinflammatory cytokines including IFN-g and TNF-a. 
ADCC: Antibody-dependent cell-mediated cytotoxicity; APC: Antigen-presenting cell; DTH: Delayed type hypersensitivity.
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an autoimmune process by NK cells [111–114]. 
Alternatively, lack of self-MHC class I interac-
tion by NK cells leads to NK-cell activation, 
cytokine release and cytotoxicity [115–117], a phe-
nomenon referred to as ‘missing self ’ [118,119]. 
Likewise, NK cells are traditionally associated 
with the destruction of virally infected cells and 
tumor cells [110,120–122]. In addition, some evi-
dence has been provided showing that NK cells 
can recognize and destroy allogeneic cells and 
tissues lacking self-MHC class I molecule expres-
sion such as skin grafts from b2 microglobulin  
knockout mice and semiallogeneic F1 donors 
[123,124]. By contrast, it has been reported that 
NK cells contribute to induction and mainte-
nance of tolerance. NK cells could favor allo-
graft survival by eliminating donor professional 
APCs [125,126] and by secreting immunoregula-
tory IL-10 cytokines and the activation of anti-
inflammatory Th2 and Treg cells [127]. In addi-
tion, a recent report indicates that NK cells can 
promote tolerance of allogeneic transplants by 
downregulating the homeostatic proliferation of 
CD8+ memory T cells [128]. Therefore, contrary 
to previous beliefs, NK cells appear to play an 
essential role in the initiation and regulation of 
alloimmune responses and in the rejection or 
tolerance of allografts. The mechanisms under-
lying the impact of NK cells on APC functions 
and on T-cell activation are poorly understood. 
However, it is clear that the dual nature of the 
‘NK-cell effect’ may vary depending upon the 
type of NK cell subset activated and engagement 
of different inhibitory or stimulatory receptors 
on NK cells. 

Conclusion
In summary, placement of allogeneic skin 
allografts is associated with a potent immune 
response involving both innate and adaptive 
arms of the host’s immune system. T cells 
activated via direct, indirect and, presumably, 
semidirect pathways, as well as B cells and NK 
cells, can ensure the rejection process via direct 
killing of donor cells or via the production of 
proinflammatory cytokines. Many attempts to 
induce tolerance to allogeneic skin transplants 
(indefinite survival in the absence of chronic 
immunosuppression) have been unsuccessful, 
probably owing to the exceptional potency and 
diversity of the alloimmune response evoked 
by these transplants. So far, induction of 
mixed chimerism following donor bone mar-
row transplantation is the most reliable method 
for achieving tolerance to fully allogeneic skin 
grafts [129–132]. However, this method relies on 
stable mixed chimerism associated with dele-
tion of alloreactive T  cells in the host’s thy-
mus, a process that has been achieved only in 
laboratory rodents. 

Future perspective
Recent development of new tolerance proto-
cols, including mixed hematopoietic chimer-
ism and T-cell costimulation blockade, have 
proven to be effective in achieving tolerance 
to fully allogeneic skin allografts in laboratory 
mice. However, these strategies have consist-
ently failed to significantly prolong skin allo-
graft survival in primates. A number of studies 
indicate that, unlike laboratory mice, primates 

Executive summary

�� Following skin transplantation, cutaneous dendritic cells, including Langerhans cells and dermal dendritic cells, migrate to the recipient’s 
draining lymph nodes where they present donor antigens to alloreactive T cells. 

�� Recipient T cells recognize donor antigens via two distinct pathways: the direct pathway (intact donor MHC molecules displayed on 
donor antigen-presenting cells [APCs]) and the indirect pathway (donor peptides bound to self-MHC molecules on recipient APCs). 

�� Both direct and indirect alloresponses by T cells are sufficient, on their own, to induce donor-specific T-cell-mediated cytotoxic responses 
and trigger acute rejection of an allogeneic skin graft.

�� The indirect allorecognition pathway is required for B-cell activation and alloantibody production and it is presumably the driving force 
behind chronic allograft rejection.

�� There is accumulating evidence for the existence of a third allorecognition pathway, the semidirect pathway involving T-cell recognition 
of donor MHCs transferred on recipient APCs. The contribution of this mechanism to skin graft rejection is still unknown.

�� B cells contribute to the rejection of skin allografts by presenting donor antigens to T cells, via opsonizing donor cells (through binding 
of alloantibodies) and via direct complement-dependent, antibody-mediated cytotoxicity. 

�� B cells play a critical role in skin allograft rejection by promoting the differentiation, expansion and survival of donor-specific memory 
T cells.

�� NK cells contribute to the rejection of skin allografts by directly killing donor cells (via detection of missing self-MHC class I molecules) or 
indirectly through antibody-dependent cellular cytotoxicity.

�� The potency and diversity of the innate and adaptive immune responses to allogeneic skin grafts is associated with resistance to 
tolerance induction.

�� Future tolerance strategies in skin transplantation will rely on primary vascularization of skin patches (to reduce their immunogenicity) 
and on inactivation of alloreactive memory T cells (in primates), which prevent the development of regulatory immunity.



www.futuremedicine.com 767future science group

Immune recognition & rejection of allogenic skin grafts Review

Bibliography
Papers of special note have been highlighted as:
n  of interest

1	 Billingham RE, Medawar PD: The technique 
of free skin grafting in mammals. J. Exp. Biol. 
28, 385 (1951).

2	 Billingham RE, Brent L, Medawar PB: 
Activity acquired tolerance of foreign cells. 
Nature 172(4379), 603–606 (1953).

3	 Rosenberg AS, Singer A: Cellular basis of skin 
allograft rejection: an in vivo model of 
immune-mediated tissue destruction. Annu. 
Rev. Immunol. 10, 333–358 (1992).

4	 Hunger RE, Sieling PA, Ochoa MT et al.: 
Langerhans cells utilize CD1A and langerin to 
efficiently present nonpeptide antigens to 
T cells. J. Clin. Invest. 113(5), 701–708 (2004).

5	 Valladeau J, Ravel O, Dezutter-Dambuyant C 
et al.: Langerin, a novel c-type lectin specific to 
langerhans cells, is an endocytic receptor that 
induces the formation of Birbeck granules. 
Immunity 12(1), 71–81 (2000).

6	 Merad M, Manz MG, Karsunky H et al.: 
Langerhans cells renew in the skin throughout 
life under steady-state conditions. Nat. 
Immunol. 3(12), 1135–1141 (2002).

n	 Describes factors associated with skin 
dendritic cell (DC) subset renewal from 
precursors located in the bone marrow or 
from local precursors.

7	 Liu K, Victora GD, Schwickert TA et al.: 
In vivo analysis of dendritic cell development 
and homeostasis. Science 324(5925), 392–397 
(2009).

8	 Liu K, Waskow C, Liu X, Yao K, Hoh J, 
Nussenzweig M: Origin of dendritic cells in 
peripheral lymphoid organs of mice. 
Nat. Immunol. 8(6), 578–583 (2007).

9	 Liu YJ, Soumelis V, Watanabe N et al.: TSLP: 
an epithelial cell cytokine that regulates T cell 

differentiation by conditioning dendritic cell 
maturation. Annu. Rev. Immunol. 25, 193–219 
(2007).

10	 Ginhoux F, Liu K, Helft J et al.: The origin 
and development of nonlymphoid tissue 
CD103+ DCS. J. Exp. Med. 206(13), 
3115–3130 (2009).

11	 Vishwanath M, Nishibu A, Saeland S et al.: 
Development of intravital intermittent 
confocal imaging system for studying 
langerhans cell turnover. J. Invest. Dermatol. 
126(11), 2452–2457 (2006).

12	 Kamath AT, Henri S, Battye F, Tough DF, 
Shortman K: Developmental kinetics and 
lifespan of dendritic cells in mouse lymphoid 
organs. Blood 100(5), 1734–1741 (2002).

13	 Larregina AT, Morelli AE, Spencer LA et al.: 
Dermal-resident CD14+ cells differentiate 
into langerhans cells. Nat. Immunol. 2(12), 
1151–1158 (2001).

14	 Schaerli P, Willimann K, Ebert LM, Walz A, 
Moser B: Cutaneous CXCL14 targets blood 
precursors to epidermal niches for 
langerhans cell differentiation. Immunity 
23(3), 331–342 (2005).

15	 Merad M, Hoffmann P, Ranheim E et al.: 
Depletion of host langerhans cells before 
transplantation of donor alloreactive T cells 
prevents skin graft-versus-host disease. 
Nat. Med. 10(5), 510–517 (2004).

16	 Chorro L, Sarde A, Li M et al.: Langerhans 
cell (LC) proliferation mediates neonatal 
development, homeostasis, and 
inflammation-associated expansion of the 
epidermal LC network. J. Exp. Med. 
206(13), 3089–3100 (2009).

17	 Merad M, Ginhoux F, Collin M: Origin, 
homeostasis and function of langerhans cells 
and other langerin-expressing dendritic 
cells. Nat. Rev. Immunol. 8(12), 935–947 
(2008).

18	 Ginhoux F, Collin MP, Bogunovic M 
et al.: Blood-derived dermal langerin+ 
dendritic cells survey the skin in the steady 
state. J. Exp. Med. 204(13), 3133–3146 
(2007).

19	 Poulin LF, Henri S, De Bovis B, Devilard E, 
Kissenpfennig A, Malissen B: The dermis 
contains langerin+ dendritic cells that develop 
and function independently of epidermal 
langerhans cells. J. Exp. Med. 204(13), 
3119–3131 (2007).

20	 Shklovskaya E, Roediger B, Fazekas De St 
Groth B: Epidermal and dermal dendritic cells 
display differential activation and migratory 
behavior while sharing the ability to stimulate 
CD4+ T cell proliferation in vivo. J. Immunol. 
181(1), 418–430 (2008).

21	 Morikawa Y, Tohya K, Ishida H, Matsuura N, 
Kakudo K: Different migration patterns of 
antigen-presenting cells correlate with 
Th1/Th2-type responses in mice. Immunology 
85(4), 575–581 (1995).

22	 Van Wilsem EJ, Breve J, Kleijmeer M, Kraal G: 
Antigen-bearing langerhans cells in skin 
draining lymph nodes: phenotype and kinetics 
of migration. J. Invest. Dermatol. 103(2), 
217–220 (1994).

23	 Kripke ML, Munn CG, Jeevan A, Tang JM, 
Bucana C: Evidence that cutaneous antigen-
presenting cells migrate to regional lymph 
nodes during contact sensitization. J. Immunol. 
145(9), 2833–2838 (1990).

24	 Hoefakker S, Balk HP, Boersma WJ, Van Joost 
T, Notten WR, Claassen E: Migration of 
human antigen-presenting cells in a human 
skin graft onto nude mice model after contact 
sensitization. Immunology 86(2), 296–303 
(1995).

25	 Richters CD, Van Pelt AM, Van Geldrop E 
et al.: Migration of rat skin dendritic cells. 
J. Leukoc. Biol. 60(3), 317–322 (1996).

display large numbers of alloreactive T cells 
prior to transplantation. These memory T cells 
have been shown to prevent tolerance induc-
tion to alloantigens. Therefore, successful tol-
erance induction to skin allografts will require 
elimination or inactivation of such alloreactive 
memory T cells in patients. On the other hand, 
there is increasing evidence suggesting that lack 
of vascularization of skin allografts at the time 
of their placement is responsible for increased 
immunogenicity of these grafts by favoring skin 
DC trafficking via lymphatic vessels and pre-
venting some regulatory immunity associated 
with antigen delivery via blood vessels. Based 
on this, it is probable that vascularization of 
skin allografts at the time of transplantation, 
along with blockade of lymphangiogenesis, will 

promote tolerance induction to skin allografts 
using strategies that have proven to be success-
ful for primarily vascularized solid organ trans-
plants. Work is in progress in our, and other, 
laboratories to explore these new directions in 
skin transplantation. 

Financial & competing interests disclosure
This work was supported by grants from the NIH 
(NICHD RO1HD050484 and KO2AI53103) to Gilles 
Benichou. The authors have no other relevant affiliations 
or financial involvement with any organization or entity 
with a financial interest in or financial conflict with the 
subject matter or materials discussed in the manuscript 
apart from those disclosed. 

No writing assistance was utilized in the production of 
this manuscript.



Immunotherapy (2011) 3(6)768 future science group

Review Benichou, Yamada, Yun, Lin, Fray & Tocco

26	 Richters CD, Van Gelderop E, Du Pont JS, 
Hoekstra MJ, Kreis RW, Kamperdijk EW: 
Migration of dendritic cells to the draining 
lymph node after allogeneic or congeneic rat 
skin transplantation. Transplantation 67(6), 
828–832 (1999).

27	 Larsen CP, Morris PJ, Austyn JM: Migration 
of dendritic leukocytes from cardiac allografts 
into host spleens. A novel pathway for 
initiation of rejection. J. Exp. Med. 171(1), 
307–314 (1990).

n	 Provides direct evidence that donor 
passenger leukocytes derived from heart 
transplants can migrate to the host’s spleen, 
presumably via blood vessels.

28	 Larsen CP, Morris PJ, Austyn JM: Donor 
dendritic leukocytes migrate from cardiac 
allografts into recipients’ spleens. Transplant. 
Proc. 22(4), 1943–1944 (1990).

29	 Larsen CP, Austyn JM: Langerhans cells 
migrate out of skin grafts and cultured skin: 
a model in which to study the mediators of 
dendritic leukocyte migration. Transplant. 
Proc. 23(1 Pt 1), 117–119 (1991).

30	 Larsen CP, Austyn JM, Morris PJ: The role of 
graft-derived dendritic leukocytes in the 
rejection of vascularized organ allografts. 
Recent findings on the migration and 
function of dendritic leukocytes after 
transplantation. Ann. Surg. 212(3), 308–315; 
discussion 316–307 (1990).

31	 Barker CF, Billingham RE: The role of afferent 
lymphatics in the rejection of skin homografts. 
J. Exp. Med. 128(1), 197–221 (1968).

32	 Tilney NL, Gowans JL: Host sensitization by 
alymphatic skin allografts in the rat. 
Surg. Forum 21, 512–514 (1970).

33	 Rogers NJ, Lechler RI: Allorecognition. 
Am. J. Transplant. 1(2), 97–102 (2001).

34	 Lechler RI, Lombardi G, Batchelor JR, 
Reinsmoen N, Bach FH: The molecular basis 
of alloreactivity. Immunol. Today 11(3), 83–88 
(1990).

35	 Lechler R, Lombardi G: The structural basis of 
alloreactivity. Immunol. Res. 9(2), 135–146 
(1990).

36	 Lechler RI, Batchelor JR: Immunogenicity of 
retransplanted rat kidney allografts. Effect of 
inducing chimerism in the first recipient and 
quantitative studies on immunosuppression of 
the second recipient. J. Exp. Med. 156(6), 
1835–1841 (1982).

37	 Lechler RI, Batchelor JR: Restoration of 
immunogenicity to passenger cell-depleted 
kidney allografts by the addition of donor 
strain dendritic cells. J. Exp. Med. 155(1), 
31–41 (1982).

38	 Fangmann J, Dalchau R, Fabre JW: 
Rejection of skin allografts by indirect 
allorecognition of donor class I major 

histocompatibility complex peptides. J. Exp. 
Med. 175(6), 1521–1529 (1992).

39	 Benichou G, Takizawa PA, Olson CA, 
Mcmillan M, Sercarz EE: Donor major 
histocompatibility complex (mhc) peptides are 
presented by recipient mhc molecules during 
graft rejection. J. Exp. Med. 175(1), 305–308 
(1992).

40	 Liu Z, Braunstein NS, Suciu-Foca N: T cell 
recognition of allopeptides in context of 
syngeneic mhc. J. Immunol. 148(1), 35–40 
(1992).

41	 Benichou G, Fedoseyeva E, Olson CA, 
Geysen HM, Mcmillan M, Sercarz EE: 
Disruption of the determinant hierarchy on a 
self-MHC peptide: concomitant tolerance 
induction to the dominant determinant and 
priming to the cryptic self-determinant. 
Int. Immunol. 6(1), 131–138 (1994).

42	 Benichou G, Tam RC, Soares LR, 
Fedoseyeva EV: Indirect T-cell 
allorecognition: perspectives for peptide-
based therapy in transplantation. Immunol. 
Today 18(2), 67–71 (1997).

43	 Liu Z, Sun YK, Xi XYP et al.: Limited usage 
of T cell receptor V b genes by allopeptide-
specific T cells. J. Immunol. 150(8 Pt 1), 
3180–3186 (1993).

44	 Liu Z, Colovai AI, Tugulea S et al.: Mapping 
of dominant HLA-DR determinants 
recognized via the indirect pathway. 
Transplant Proc. 29(1–2), 1014–1015 (1997).

45	 Liu Z, Colovai AI, Tugulea S et al.: Indirect 
recognition of donor HLA-DR peptides in 
organ allograft rejection. J. Clin. Invest. 
98(5), 1150–1157 (1996).

46	 Warrens AN, Lombardi G, Lechler RI: 
Presentation and recognition of major and 
minor histocompatibility antigens. Transpl. 
Immunol. 2(2), 103–107 (1994).

47	 Roopenian D, Choi EY, Brown A: The 
immunogenomics of minor histocompatibility 
antigens. Immunol. Rev. 190, 86–94 (2002).

48	 Goulmy E: Human minor histocompatibility 
antigens: new concepts for marrow 
transplantation and adoptive immunotherapy. 
Immunol. Rev. 157, 125–140 (1997).

49	 Goulmy E, Pool J, Van Lochem E, 
Volker‑Dieben H: The role of human minor 
histocompatibility antigens in graft failure: 
a mini-review. Eye 9(Pt 2), 180–184 (1995).

50	 Boisgerault F, Liu Y, Anosova N, Dana R, 
Benichou G: Differential roles of direct and 
indirect allorecognition pathways in the 
rejection of skin and corneal transplants. 
Transplantation 87(1), 16–23 (2009).

n	 Shows that the contribution of donor major 
versus minor histocompatibility antigens to 
the indirect alloresponse depends upon the 
nature of the transplanted tissue.

51	 Arnold D, Faath S, Rammensee H, Schild H: 
Cross-priming of minor histocompatibility 
antigen-specific cytotoxic T cells upon 
immunization with the heat shock protein 
gp96. J. Exp. Med. 182(3), 885–889 (1995).

52	 Carbone FR, Bevan MJ: Class I-restricted 
processing and presentation of exogenous 
cell-associated antigen in vivo. J. Exp. Med. 
171(2), 377–387 (1990).

53	 Heath WR, Carbone FR: Cytotoxic 
T lymphocyte activation by cross-priming. 
Curr. Opin. Immunol. 11(3), 314–318 (1999).

54	 Matzinger P, Bevan MJ: Induction of 
H-2-restricted cytotoxic T cells: in vivo 
induction has the appearance of being 
unrestricted. Cell Immunol. 33(1), 92–100 
(1977).

55	 Breur-Vriesendorp BS, Ivanyi P: Self-
restricted primary human histocompatibility 
leukocyte antigen (HLA)-specific cytotoxic 
T lymphocytes. Intl Immunol. 5(1), 103–107 
(1993).

56	 Kievits F, Ivanyi P: A subpopulation of mouse 
cytotoxic T lymphocytes recognizes 
allogeneic H-2 class I antigens in the context 
of other H-2 class I molecules. J. Exp. Med. 
174(1), 15–19 (1991).

57	 Kievits F, Ivanyi P: H-2 class I-restricted 
recognition of allogeneic class I peptides. 
Transplant. Proc. 25(1 Pt 1), 88 (1993).

58	 Popov IA, Fedoseyeva EV, Orr PL, 
Garovoy MR, Benichou G: Direct evidence for 
in vivo induction of CD8+ cytotoxic T cells 
directed to donor MHC class I peptides 
following mouse allotransplantation. 
Transplantation 60(12), 1621–1624 (1995).

59	 Valujskikh A, Hartig C, Heeger PS: Indirectly 
primed CD8+ T cells are a prominent 
component of the allogeneic T-cell repertoire 
after skin graft rejection in mice. 
Transplantation 71(3), 418–421 (2001).

60	 Valujskikh A, Lantz O, Celli S, Matzinger P, 
Heeger PS: Cross-primed CD8+ T cells mediate 
graft rejection via a distinct effector pathway. 
Nat. Immunol. 3(9), 844–851 (2002).

n	 Demonstrates the role of indirect CD8+ 
T-cell-mediated alloresponse in allograft 
rejection. It is suggested that these cells 
contribute to rejection by killing 
recipient‑derived endothelial cells 
during neovascularization.

61	 Liu Z, Sun YK, Xi YP et al.: Limited usage of 
T cell receptor V b genes by allopeptide-specific 
T cells. J. Immunol. 150(8 Pt 1), 3180–3186 
(1993).

62	 Suciu-Foca N, Ciubotariu R, Liu Z, Ho E, 
Rose EA, Cortesini R: Persistent allopeptide 
reactivity and epitope spreading in chronic 
rejection. Transplant. Proc. 30(5), 2136–2137 
(1998).



www.futuremedicine.com 769future science group

Immune recognition & rejection of allogenic skin grafts Review

769www.futuremedicine.com

63	 Ciubotariu R, Liu Z, Colovai AI et al.: 
Persistent allopeptide reactivity and epitope 
spreading in chronic rejection of organ 
allografts. J. Clin. Invest. 101(2), 398–405 
(1998).

64	 Suciu-Foca N, Ciubotariu R, Colovai A et al.: 
Persistent allopeptide reactivity and epitope 
spreading in chronic rejection. Transplant. Proc. 
31(1–2), 100–101 (1999).

65	 Boisgerault F, Anosova NG, Tam RC, 
Illigens BM, Fedoseyeva EV, Benichou G: 
Induction of T-cell response to cryptic  
MHC determinants during allograft  
rejection. Hum. Immunol. 61(12), 1352–1362 
(2000).

n	 Shows spreading of indirect alloresponse to 
initially cryptic determinants on donor  
MHC molecules during the course of  
allograft rejection.

66	 Lehmann PV, Forsthuber T, Miller A, 
Sercarz EE: Spreading of T-cell autoimmunity 
to cryptic determinants of an autoantigen. 
Nature 358(6382), 155–157 (1992).

67	 Lehmann PV, Sercarz EE, Forsthuber T, 
Dayan CM, Gammon G: Determinant 
spreading and the dynamics of the autoimmune 
T-cell repertoire. Immunol. Today 14(5), 
203–208 (1993).

68	 Kaufman DL, Clare-Salzler M, Tian J et al.: 
Spontaneous loss of T-cell tolerance to glutamic 
acid decarboxylase in murine insulin-dependent 
diabetes [see comments]. Nature 366(6450), 
69–72 (1993).

69	 Suciu-Foca N, Ciubotariu R, Itescu S, Rose EA, 
Cortesini R: Indirect allorecognition of donor 
HLA-DR peptides in chronic rejection of heart 
allografts. Transplant Proc. 30(8), 3999–4000 
(1998).

70	 Herrera OB, Golshayan D, Tibbott R et al.: 
A novel pathway of alloantigen presentation by 
dendritic cells. J. Immunol. 173(8), 4828–4837 
(2004).

71	 Yewdell JW, Haeryfar SM: Understanding 
presentation of viral antigens to CD8+ T cells 
in vivo: the key to rational vaccine design. 
Annu. Rev. Immunol. 23, 651–682 (2005).

72	 Gould DS, Auchincloss H Jr: Direct and 
indirect recognition: the role of MHC antigens 
in graft rejection. Immunol. Today 20(2), 77–82 
(1999).

73	 Jiang S, Herrera O, Lechler RI: New spectrum 
of allorecognition pathways: implications for 
graft rejection and transplantation tolerance. 
Curr. Opin. Immunol. 16(5), 550–557 (2004).

74	 Beuneu H, Garcia Z, Bousso P: Cutting edge: 
Cognate CD4 help promotes recruitment of 
antigen-specific CD8 T cells around dendritic 
cells. J. Immunol. 177(3), 1406–1410 (2006).

75	 Shelton MW, Walp LA, Basler JT, Uchiyama K, 
Hanto DW: Mediation of skin allograft 

rejection in scid mice by CD4+ and CD8+ 
T cells. Transplantation 54(2), 278–286 (1992).

76	 Youssef AR, Otley C, Mathieson PW, 
Smith RM: Role of CD4+ and CD8+ T cells in 
murine skin and heart allograft rejection across 
different antigenic desparities. Transpl. 
Immunol. 13(4), 297–304 (2004).

77	 Janssen EM, Droin NM, Lemmens EE et al.: 
CD4+ T-cell help controls CD8+ T-cell 
memory via trail-mediated activation-induced 
cell death. Nature 434(7029), 88–93 (2005).

78	 Zhang S, Zhang H, Zhao J: The role of CD4 
T cell help for CD8 CTL activation. Biochem. 
Biophys. Res. Commun. 384(4), 405–408 
(2009).

79	 Curtsinger JM, Lins DC, Mescher MF: Signal 3 
determines tolerance versus full activation of 
naive CD8 T cells: dissociating proliferation 
and development of effector function. J. Exp. 
Med. 197(9), 1141–1151 (2003).

80	 Joly E, Hudrisier D: What is trogocytosis and 
what is its purpose? Nat. Immunol. 4(9), 815 
(2003).

81	 Smyth LA, Harker N, Turnbull W et al.: The 
relative efficiency of acquisition of 
MHC:peptide complexes and cross-presentation 
depends on dendritic cell type. J. Immunol. 
181(5), 3212–3220 (2008).

82	 Brown K, Sacks SH, Wong W: Extensive and 
bidirectional transfer of major 
histocompatibility complex class II molecules 
between donor and recipient cells in vivo 
following solid organ transplantation. 
FASEB J. 22(11), 3776–3784 (2008).

83	 Thery C, Zitvogel L, Amigorena S: 
Exosomes: composition, biogenesis and 
function. Nat. Rev. Immunol. 2(8), 569–579 
(2002).

84	 Krieger NR, Yin DP, Fathman CG: CD4+ 
but not CD8+ cells are essential for 
allorejection. J. Exp. Med. 184(5), 2013–2018 
(1996).

85	 Lee RS, Grusby MJ, Glimcher LH, Winn HJ, 
Auchincloss H Jr: Indirect recognition by 
helper cells can induce donor-specific 
cytotoxic T lymphocytes in vivo. J. Exp. Med. 
179(3), 865–872 (1994).

86	 Pietra BA, Wiseman A, Bolwerk A, Rizeq M, 
Gill RG: CD4 T cell-mediated cardiac 
allograft rejection requires donor but not host 
MHC class II. J. Clin. Invest. 106(8), 
1003–1010 (2000).

n	 Provides some key information regarding  
the role and mechanism of action of 
allospecific CD4+ T cells activated 
following cardiac transplantation.

87	 Bingaman AW, Farber DL: Memory T cells in 
transplantation: generation, function, and 
potential role in rejection. Am. J. Transplant. 
4(6), 846–852 (2004).

88	 Burrows SR, Silins SL, Khanna R et al.: 
Cross-reactive memory T cells for 
Epstein‑Barr virus augment the alloresponse 
to common human leukocyte antigens: 
degenerate recognition of major 
histocompatibility complex-bound peptide by 
T cells and its role in alloreactivity. Eur. J. 
Immunol. 27(7), 1726–1736 (1997).

89	 Valujskikh A: The challenge of inhibiting 
alloreactive T-cell memory. Am. J. Transplant. 
6(4), 647–651 (2006).

n	 Describes current knowledge regarding the 
contribution of alloreactive memory T cells 
to rejection and tolerance resistance of 
allogeneic transplants.

90	 Adams AB, Williams MA, Jones TR et al.: 
Heterologous immunity provides a potent 
barrier to transplantation tolerance. J. Clin. 
Invest. 111(12), 1887–1895 (2003).

91	 Taylor DK, Neujahr D, Turka LA: 
Heterologous immunity and homeostatic 
proliferation as barriers to tolerance. 
Curr. Opin. Immunol. 16(5), 558–564 (2004).

92	 Nadazdin O, Boskovic S, Murakami T et al.: 
Phenotype, distribution and alloreactive 
properties of memory T cells from 
cynomolgus monkeys. Am. J. Transplant. 
10(6), 1375–1384 (2010).

93	 Lee RS, Grusby MJ, Laufer TM, Colvin R, 
Glimcher LH, Auchincloss H Jr: CD8+ 
effector cells responding to residual class I 
antigens, with help from CD4+ cells 
stimulated indirectly, cause rejection of ‘major 
histocompatibility complex-deficient’ 
skin grafts. Transplantation 63(8), 1123–1133 
(1997).

94	 Auchincloss H Jr, Lee R, Shea S, 
Markowitz JS, Grusby MJ, Glimcher LH: 
The role of ‘Indirect’ Recognition in 
initiating rejection of skin grafts from major 
histocompatibility complex class ii-deficient 
mice. Proc. Natl Acad. Sci. USA 90(8), 
3373–3377 (1993).

95	 Watschinger B, Gallon L, Carpenter CB, 
Sayegh MH: Mechanisms of allo-recognition. 
Recognition by in vivo-primed T cells of 
specific major histocompatibility complex 
polymorphisms presented as peptides by 
responder antigen-presenting cells. 
Transplantation 57(4), 572–576 (1994).

96	 Liu Z, Sun YK, Xi YP et al.: Contribution of 
direct and indirect recognition pathways to 
T cell alloreactivity. J. Exp. Med. 177(6), 
1643–1650 (1993).

97	 Suciu-Foca N, Liu Z, Harris Pe et al.: 
Indirect recognition of native HLA 
alloantigens and B-cell help. Transplant. 
Proc. 27(1), 455–456 (1995).

98	 Chen W, Murphy B, Waaga AM et al.: 
Mechanisms of indirect allorecognition  
in graft rejection: class II MHC 



Immunotherapy (2011) 3(6)770 future science group

Review Benichou, Yamada, Yun, Lin, Fray & Tocco

allopeptide‑specific T cell clones transfer 
delayed-type hypersensitivity responses in 
vivo. Transplantation 62(6), 705–710 (1996).

99	 Fangmann J, Dalchau R, Fabre JW: 
Rejection of skin allografts by indirect 
allorecognition of donor class I major 
histocompatibility complex peptides. 
Transplant. Proc. 25(1 Pt 1), 183–184 (1993).

100	 Valujskikh A, Matesic D, Gilliam A, 
Anthony D, Haqqi TM, Heeger PS: T cells 
reactive to a single immunodominant 
self-restricted allopeptide induce skin graft 
rejection in mice. J. Clin. Invest. 101(6), 
1398–1407 (1998).

101	 Valujskikh A, Heeger PS: CD4+ T cells 
responsive through the indirect pathway can 
mediate skin graft rejection in the absence of 
interferon-g. Transplantation 69(5), 1016–1019 
(2000).

102	 Koene RA, Gerlag PG, Jansen JJ, 
Hagemann JF, Wijdeveld PG: Rejection of 
skin grafts in the nude mouse. Nature 
251(5470), 69–70 (1974).

103	 Koene RA, Gerlag PG, Hagemann JF, 
Van Haelst UJ, Wijdeveld PG: Hyperacute 
rejection of skin allografts in the mouse by the 
administration of alloantibody and rabbit 
complement. J. Immunol. 111(2), 520–526 
(1973).

104	 De Waal RM, Capel PJ, Koene RA: The role 
of anti-H-2K and H-2D alloantibodies in 
enhancement and acute antibody-mediated 
rejection of mouse skin allografts. J. Immunol. 
124(2), 719–723 (1980).

105	 Gerlag PG, Koene RA, Hagemann JF, 
Wijdeveld PG: Hyperacute rejection of skin 
allografts in the mouse. Sensitivity of 
ingrowing skin grafts to the action of 
alloantibody and rabbit complement. 
Transplantation 20(4), 308–313 (1975).

106	 Gerlag PG, Capel PJ, Hagemann JF, 
Koene RA: Adaptation of skin grafts in the 
mouse to antibody-mediated rejection. 
J. Immunol. 125(2), 583–586 (1980).

107	 Jooste SV, Colvin RB, Soper WD, Winn HJ: 
The vascular bed as the primary target in the 
destruction of skin grafts by antiserum. I. 
Resistance of freshly placed xenografts of skin 
to antiserum. J. Exp. Med. 154(5), 1319–1331 
(1981).

n	 Provides direct evidence showing the 
contribution of alloantibodies to skin  
graft rejection.

108	 Steele DJ, Laufer TM, Smiley ST et al.: Two 
levels of help for B cell alloantibody production. 
J. Exp. Med. 183(2), 699–703 (1996).

n	 Demonstrates that B-cell help for 
alloantobody production is provided 
primarily by T cells, activated through the 
indirect allorecognition pathway.

109	 Ng YH, Oberbarnscheidt MH, 
Chandramoorthy HC, Hoffman R, 
Chalasani G: B cells help alloreactive t cells 
differentiate into memory T cells. Am. J. 
Transplant. 10(9), 1970–1980 (2010).

110	 Hamerman JA, Ogasawara K, Lanier LL: 
NK cells in innate immunity. Curr. Opin. 
Immunol. 17(1), 29–35 (2005).

111	 Lanier LL: NK cell recognition. Annu. Rev. 
Immunol. 23, 225–274 (2005).

112	 Yokoyama WM: The search for the missing 
‘missing-self ’ receptor on natural killer cells. 
Scand. J. Immunol. 55(3), 233–237 (2002).

n	 Describes how NK cells become activated 
when exposed to cells missing self-MHC 
class I expression.

113	 Yokoyama WM, Kim S: How do natural killer 
cells find self to achieve tolerance? Immunity 
24(3), 249–257 (2006).

114	 Yokoyama WM, Kim S, French AR: The 
dynamic life of natural killer cells. Annu. Rev. 
Immunol. 22, 405–429 (2004).

115	 Bauer S, Groh V, Wu J et al.: Activation of NK 
cells and T cells by NKG2D, a receptor for 
stress-inducible mica. Science 285(5428), 
727–729 (1999).

116	 Diefenbach A, Jensen ER, Jamieson AM, 
Raulet DH: Rae1 and H60 ligands of the 
NKG2D receptor stimulate tumour immunity. 
Nature 413(6852), 165–171 (2001).

117	 Mandelboim O, Lieberman N, Lev M et al.: 
Recognition of haemagglutinins on virus-
infected cells by NKP46 activates lysis by 
human NK cells. Nature 409(6823), 
1055–1060 (2001).

118	 Karre K, Ljunggren HG, Piontek G, 
Kiessling R: Selective rejection of H-2-
deficient lymphoma variants suggests 
alternative immune defence strategy. Nature 
319(6055), 675–678 (1986).

119	 Ljunggren HG, Karre K: In search of the 
‘missing self ’: MHC molecules and NK cell 
recognition. Immunol. Today 11(7), 237–244 
(1990).

120	 Biron CA, Brossay L: NK cells and NK T cells 
in innate defense against viral infections. 
Curr. Opin. Immunol. 13(4), 458–464 
(2001).

121	 Kiessling R, Klein E, Pross H, Wigzell H: 
‘Natural’ killer cells in the mouse. II. 
Cytotoxic cells with specificity for mouse 
moloney leukemia cells. Characteristics of the 
killer cell. Eur. J. Immunol. 5(2), 117–121 
(1975).

122	 Kiessling R, Klein E, Wigzell H: ‘Natural’ 
killer cells in the mouse. I. Cytotoxic cells with 
specificity for mouse moloney leukemia cells. 
Specificity and distribution according to 
genotype. Eur. J. Immunol. 5(2), 112–117 
(1975).

123	 Karlhofer FM, Ribaudo RK, Yokoyama WM: 
MHC class I alloantigen specificity of ly-49+ 
IL-2-activated natural killer cells. Nature 
358(6381), 66–70 (1992).

124	 Karlhofer FM, Ribaudo RK, Yokoyama WM: 
MHC class I alloantigen specificity of ly-49+ 
IL-2-activated natural killer cells. J. Immunol. 
177(9), 5761–5765 (2006).

125	 Laffont S, Seillet C, Ortaldo J, Coudert JD, 
Guery JC: Natural killer cells recruited  
into lymph nodes inhibit alloreactive  
T-cell activation through perforin-mediated 
killing of donor allogeneic dendritic cells. 
Blood 112(3), 661–671 (2008).

n	 Demonstrates that NK cells can contribute 
to allograft acceptance by killing donor DCs 
and thereby prevent alloantigen presentation 
and activation of alloreactive T cells.

126	 Yu G, Xu X, Vu MD, Kilpatrick ED,  
Li XC: NK cells promote transplant  
tolerance by killing donor antigen-presenting 
cells. J. Exp. Med. 203(8), 1851–1858 
(2006).

127	 Maroof A, Beattie L, Zubairi S, Svensson M, 
Stager S, Kaye PM: Posttranscriptional 
regulation of II10 gene expression allows 
natural killer cells to express 
immunoregulatory function. Immunity 29(2), 
295–305 (2008).

128	 Zecher D, Li Q, Oberbarnscheidt MH et al.: 
NK cells delay allograft rejection in 
lymphopenic hosts by downregulating the 
homeostatic proliferation of CD8+ T cells. 
J. Immunol. 184(12), 6649–6657 

129	 Sykes M, Szot GL, Swenson KA, Pearson DA: 
Induction of high levels of allogeneic 
hematopoietic reconstitution and donor-
specific tolerance without myelosuppressive 
conditioning. Nat. Med. 3(7), 783–787 
(1997).

130	 Wekerle T, Sayegh MH, Hill J et al.: 
Extrathymic T cell deletion and allogeneic 
stem cell engraftment induced with 
costimulatory blockade is followed by central 
T cell tolerance. J. Exp. Med. 187(12), 
2037–2044 (1998).

131	 Wekerle T, Kurtz J, Ito H et al.: Allogeneic 
bone marrow transplantation with 
co‑stimulatory blockade induces 
macrochimerism and tolerance without 
cytoreductive host treatment. Nat. Med. 6(4), 
464–469 (2000).

132	 Durham MM, Bingaman AW, Adams AB 
et al.: Cutting edge: Administration of 
anti-CD40 ligand and donor bone marrow 
leads to hemopoietic chimerism and 
donor-specific tolerance without 
cytoreductive conditioning. J. Immunol. 
165(1), 1–4 (2000).


