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Summary
The role of dendritic cells (DC) in transplantation is often overshadowed by the more prominent roles
of T and B cells, which directly interact with, and in the absence of immunosuppressive therapy,
destroy the allograft. It has become increasingly recognized, however, that these potent antigen (Ag)-
presenting cells exert control over the immune response, and regulate the balance between tolerance
and immunity to transplanted organs and tissues. The role that chemokines play in influencing DC
function with impact on regulation of immune responses against the graft is only beginning to be
understood. Herein we consider how the manipulation of DC trafficking during an alloimmune
response can affect graft outcome.
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As the sole antigen (Ag)-presenting cells (APC) capable of transporting Ag from the periphery
to secondary lymphoid tissues for the activation of naïve T cells, dendritic cells (DC) are
essential regulators of the balance between allograft tolerance and immunity. Although rare,
these ubiquitous cells are transferred as donor “passenger leukocytes” in virtually every
transplanted organ or tissue. They thus are believed to have a significant impact on the initiation
of acute graft rejection by what is termed the “direct pathway” of allorecognition. Further, the
uptake of Ag shed from the graft by recipient immature DC is believed to lead to long-term
(chronic) rejection of the transplant mediated by “indirect” allorecognition. It is generally
understood that immature DC are recruited to sites of inflammation by inducible chemokines.
Thereafter, they are directed to draining secondary lymphoid tissues by constitutive
chemokines (i.e., CCL19 and CCL21) via upregulation of CCR7, concomitant with their
acquisition of other maturation hallmarks (e.g., loss of Ag endocytic ability, upregulation of
Ag-presenting and co-signaling molecules, and acquisition of potent naive T cell stimulatory
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ability) (1). However, little is known about the specifics of chemokine-directed trafficking of
Ag-presenting host vs donor DC in relation to activation of naive T cells and the initiation of
immune responses to allografts, despite the fact that Ag-specific immune tolerance is the
principal goal in transplant-related immunological research.

DC trafficking pathways
Numerous studies have shown that immature human and mouse blood- and bone marrow-
derived DC subsets express a panel of inflammatory chemokine receptors (CCR1-6,8,9,
CXCR3,4, CX3CR1) [Table 1 and reviewed in (1-5)]. Few studies (6,7) have been performed,
however, to evaluate the migratory response(s) of immature DC isolated from peripheral tissues
to inflammatory chemokine ligands. Yet it is these chemokines that are most likely to have a
significant impact on DC recruitment and graft survival in a transplant setting. In the few studies
that have been performed, it was determined that immature, tissue-isolated (e.g., liver) DC do
not respond to inducible chemokine exposure in vitro (6) and that they migrate poorly to
secondary lymphoid tissues in vivo (7). A recent study also has shown that the method (e.g.,
propagation from CD34+ hematopoietic progenitors vs blood monocytes) by which human DC
are generated can affect their migratory response to specific chemokines in vitro (8). Thus, it
is still unknown which chemokine(s) and receptors are important in directing immature
recipient DC to the allograft, and even whether immature DC are recruited to the graft at all.

Monocytes can differentiate into DC during reverse transmigration (9-11). Thus, immature
DC, that express low levels of major histocompatibility complex (MHC) and B7 molecules
and that are poor stimulators of naïve T cell activity, may play only a limited role in the uptake
of donor Ag during inflammation, possibly explaining why tissue-resident/isolated DC exhibit
refractory chemotactic responses in vitro. It may be that some of the monocytes (that also
respond to inducible chemokines) that are recruited during the early response to a graft
transform into DC as they exit the graft and enter afferent lymphatics [or, in some cases, the
blood (12,13)], and transport Ag to alloAg-specific T cells in secondary lymphoid tissues.
Further, it also may prove important to consider whether the Ag-bearing DC are the same DC
that initiate the immune response, or whether migratory, peripheral DC pass on their antigenic
message to their sedentary, secondary lymphoid tissue-resident DC counterparts (14).

Mature DC, on the other hand, regardless of tissue of origin or method of generation, respond
to the constitutive CC chemokines CCL19 and CC21 in vitro (Table 1), expressing on their
surface the constitutive CC chemokine receptor, CCR7 (1). It is important to note, however,
that, DC of varying degrees of maturity (as determined by cell surface phenotype and/or
function) have been shown either to express CCR7 or to migrate in response to its chemokine
ligands (3,6,7,15-20). Thus, use of this chemokine receptor as a maturation marker may be
fallible. Further study is necessary to determine, for example, the role that CCR7 plays in
maintenance of peripheral tolerance (16,18,21,22).

CCL19, CCL21, and CCR7
We (23) and others (24) have investigated the impact that interruption of the constitutive
chemokine pathway has on prolongation of murine allograft survival utilizing paucity of lymph
node T cell (plt/plt) mice that lack expression of CCL19 and have impaired CCL21 expression.
In plt allograft recipients, prolongation of normal heart graft survival is minimal (24) to modest
(23), and skin allografts are rejected rapidly (23,24), whereas islet allografts (engrafted under
the kidney capsule) are permanently accepted (24). Thus, it appears that the requirement for
CCL19- and CCL21-directed leukocyte migration may be strain combination- and/or
transplant tissue-specific. At least a partial explanation for the delayed but eventual rejection
of murine heart allografts and the rapid rejection of skin allografts is likely the presence of a
small amount of functional CCL21 in plt recipients [two genes exist for CCL21 protein,-
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CCL21-leu and CCL21-ser. CCL21-leu, that is expressed in the lymphatics, remains intact in
plt recipients, while CCL21-ser, that is expressed in T cell stroma, as well as within lymphatics,
is deleted (25,26)]. However, that CCR7 knock-out mice also do not exhibit a protective
phenotype for skin or heart allografts (27,28) further underscores the importance of this
pathway in immune regulation. Clearly, a ‘back-up’ mechanism exists to insure that essential
DC:T cell interactions can still occur [e.g., it has been shown that “tertiary lymphoid tissues”
form in some virally-infected plt mice (26)] in the case of a breakdown in constitutive
chemokine receptor or ligand function.

When the CCR7/CCL19/CCL21 pathway is disrupted via administration of fusion protein
(CCL19-Ig) to murine heart allograft recipients, the effect on graft survival also is modest
(29). However, kidney transplant recipients that received CCL19-Ig exhibited >100 day (~22
weeks) survival of their allografts (28). Strikingly, the significant prolongation of islet
allografts in plt recipients only occurred in recipients with kidney-encapsulated islets; when
islets were transplanted intrahepatically, the allografts were rejected rapidly. Using lymph node
(aly/aly)- or spleen (Hox11-/-)- deficient mice as recipients, it has been determined that skin
transplants rely mainly on draining lymph nodes (DLN) for T cell interaction, escaping
immunologic detection in the presence of splenic T cells alone (30), while heart transplants
are rejected by either spleen-resident or DLN T cells (27,30). In the islet allograft studies, the
authors linked a deficiency in donor DC migration to DLN in plt recipients to the indefinite
islet graft survival (24). In corneal transplantation also, it recently has been shown that
CCR7+ DC transport Ag from the graft to draining lymph tissue, and that this transport can be
reduced through the administration of an αCCL21 antagonist (31). Collectively, these studies
call into question whether each transplanted organ or tissue is regulated by specific
immunologic tissues and migratory pathways, and whether therapies that aim to alter leukocyte
trafficking may have to be tailored to the specific tissue being transplanted. That hearts are
robustly rejected, while kidneys persist beyond the acute rejection phase when CCR7 reception
of its ligands is blocked, warrants deeper investigation into the degree to which the CCR7
chemokine pathway is involved in specific allograft models.

Donor vs recipient DC trafficking
In addition to the need for a better understanding of the specifics of chemokine-directed
trafficking of APC to and from the graft and into T cell areas of secondary lymphoid tissues,
the role(s) and kinetics of donor vs recipient DC trafficking in anti-allograft immune responses
is another understudied area in transplantation immunobiology (4). Early studies of donor APC
trafficking revealed that donor leukocytes traffic from murine skin (32) or heart (33) allografts
into recipient draining lymph nodes or spleen, respectively. However, in the heart allograft
studies (33), the donor cells were identified by their expression of MHC II alone, leaving the
migratory pathway of DC specifically still in question. Unlike T cells, that can be depleted
successfully with toxins directed against the CD3 Ag (34,35), the explicit targeting of DC for
removal from donor tissue and/or recipient animals can be difficult, as murine CD11c
expression is not exclusive to DC (36,37). Recently, the generation of the diphtheria toxin
receptor (DTR)-GFP-DC mouse (discussed further below) has yielded some interesting data
in DC depletion studies (29,36); in humans, the advent of the monoclonal mouse IgM antibody
reactive against human DC, CMRF-44, holds promise, at least for in vitro DC depletion
investigations (38). Early investigations (39-41) utilizing MHC II-deficient donors and
recipients found that murine allografts can be rejected by either donor or recipient MHC II-
competent APC; depleting APC from only the donor or the recipient is not enough to protect
the graft. These studies did not evaluate APC trafficking, nor was the role that DC alone played
in the immune response to the graft in MHC-deficient donors or recipients determined.
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Recently, an elegant study was performed to track DC migration during allograft rejection
(29). The investigators observed donor DC in recipient lymphoid tissues within 3 hours of
(islet) transplantation; with their numbers peaking around 24 h post-transplant. Interestingly,
these donor DC remained in the spleen of recipients that had rejected their allografts up to two
weeks after rejection. The authors determined that donor DC exhibited a more mature cell
surface phenotype earlier after transplant than did recipient DC, and that donor DC displayed
a distinct chemokine receptor pattern (e.g., higher levels of CXCR4, CCR5, and CCR7
compared to recipient DC). Of further interest, while DT-mediated depletion of donor DC in
islets prior to transplantation induced only modest protection of the allografts (29), culture of
islets with CCL21 for 24 hours before transplant, inducing robust efflux of donor passenger
DC from the tissue, resulted in a doubling of the median islets survival time. In another recent
study utilizing a rat liver transplant model, donor MHC class II+ cells (which included DC, T
cells and B cells) were observed to rapidly traffic via the blood from the allograft into the
spleen, DLN, and intestinal Peyer’s patches of recipients (13). The transmigrated APC
upregulated co-stimulatory molecules (i.e., CD86+) and induced vigorous CD8+ T cell
proliferation in response to alloAg within 24 hours of transplant.

Conversely, it has been suggested that it is recipient (plasmacytoid) DC that are responsible
for tolerance,- at least in a specific tolerance-inducing (anti-CD2 plus anti-CD3 mAb,- or
donor-specific transfusion [DST] + anti-CD154) murine heart allograft model (12,42). While
both donor and recipient DC were observed interacting with recipient CD4+ T cells in the
spleen and DLN of graft recipients, soon after transplant only recipient YAe+ (donor Ag)
DC:CD4+ T cell interactions persisted, and only in the LN of tolerized animals. The authors
found that APC:T cell interactions that occurred in the spleens of the tolerized animals were
short-lived compared to those that occurred in the LN and that they induced a vigorous Ag-
specific immune response, while YAe+ APC:T cell interactions in the LN were linked to
CD4+CD25+Foxp3+ T regulatory cell development and tolerance induction (12). Somewhat
relatedly, it also has been shown that oral tolerance to ingested Ag cannot be achieved in either
wild-type mice that have undergone “draining” mesenteric lymphadenectomy or in CCR7 KO
mice, that exhibit deficient trafficking of intestinal DC to mesenteric DLN (43). In another rat
liver allograft study, it was determined that donor DC subsets localized differentially (in the
white or red pulp or recipient spleens) according to whether the recipients had been
administered tolerizing DST treatment prior to transplant (44). Taken together, these studies
further emphasize the need to understand the compartmentalization of DC subsets during the
alloimmune response, particularly if DC-regulated tolerance-inducing mechanisms occur only
in specific immune environs.

Manipulation of DC trafficking
A great deal of attention has been afforded to evaluation of the effects that specific, commonly-
used immunosuppressive drugs have on immune effector cells, namely T and B cells (45,46).
More recent studies have focused on how agents affect DC and their interactions with T cells
[reviewed in (47-50)]. Our group (17), has reported that FTY720, a sphingosine analogue pro-
drug that prevents T cell exodus from secondary lymphoid tissues resulting in their depletion
in the blood, also affects DC trafficking pathways. We found that FTY720 reduced DC
chemotactic responses to CCL19 and CCL21 in vitro, which correlated with reduced CCR7
expression. Moreover, contrary to its effects on T and B cells, FTY720 impaired DC entry into
spleen and LN, resulting in DC accumulation in the blood. We also have observed (20) that
when (bone marrow-derived) DC are generated in the presence of the immunosuppressive
macrolide rapamycin, DC are resistant to maturation, expressing lower levels of co-stimulatory
and Ag-presenting molecules than their normally cultured counterparts. Interestingly, Sordi et
al (19) found that rapamycin also enhanced DC migration to constitutive chemokines (i.e.
CCL19) and that this enhanced migration was linked to upregulation of CCR7 expression on
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rapamycin-exposed DC. In the same study, the authors observed that dexamethasone exposure
downregulated DC expression of CCR7 and the chemotactic response to its ligand, but that
neither cyclosporine nor tacrolimus was able to modulate chemokine receptor expression or
DC migratory ability (19). Two other recent studies have determined that other potent T cell
inhibitors also affect DC activity,- (i) triptolide, which downregulates cyclooxygenase-2
expression in DC, thereby impairing DC CCR7 expression and migration to CCR7 ligands in
vitro and in vivo (51) and (ii) mycophenolic acid (MPA), which upregulates DC CCR7
expression but also IL-10 secretion, resulting in an impaired ability of the DC to induce
CD4+ T cell proliferation in response to alloAg, via both the direct and indirect pathways
(52).

As speculated by the investigators in the MPA study (52), enhancement of CCR7 expression
on DC and therefore DC:T cell interactions in T cell areas of secondary lymphoid tissues may
actually be beneficial to graft recipients, if the DC in question possess immunoregulatory
abilities. Potentially, these tolerogenic DC could then “deactivate” alloAg-responding T cells,
rendering the transplanted tissue/organ a non-threat to the immune system. Building on our
own early studies (53) utilizing retrovirus to overexpress CCR7 on bone marrow-derived, viral
(v) IL-10-expressing DC, Garrod et el (54) used a novel gene transduction technique (retroviral
gene transfer to bone marrow precursors prior to their differentiation into DC) to deliver CCR7
and vIL-10 to bone marrow DC. This technique greatly enhanced the transduction efficiency
(the authors found >95% of cells expressed the transgene) without affecting their maturation
state. These DC exhibited increased migration to T cell areas after their systemic administration
and a reduced ability to stimulate naïve allogeneic T cell proliferation and IL-2 production.
Moreover, they inhibited graft rejection for over 100 days in ~80% of heart allograft recipients
when administered one week prior to transplant compared to control-transduced DC. Thus,
while targeting CCR7 to impair “immunostimulatory” DC trafficking to T cell areas for
abrogation of graft rejection may not be sufficient for long-term protection of allografts,
optimization of “tolerogenic”/“regulatory” DC CCR7 expression for induction of alloAg-
specific tolerance may be an avenue that warrants further exploration.

Concluding remarks
The study of DC immunobiology in the field of transplantation is gaining momentum. It has
become apparent that in order to achieve the “holy grail” of alloAg-specific immune tolerance,
it is necessary to look not just at how T and B cells carry out their immune functions against
the graft, but also at how they are initially instructed to do so by DC (50,55). Just as the role
of the DC as powerful induces and regulators of the immune response is not to be
underestimated in any disease/inflammatory model, neither is the role of cytokines,
chemokines, adhesion molecules and other proteins that direct DC migration and function.

Herein we have briefly surveyed the foremost studies on donor and recipient DC migration to
and from experimental allografts. We also have discussed DC interactions with T cells in
secondary lymphoid tissues and investigations of the role(s) that chemokines and their
receptors may play in directing these activities. We are only beginning to understand the
intricate instructions that chemokines provide for leukocytes in order to direct immune
interactions. As we develop further understanding of the trafficking behavior of DC subsets
(donor vs recipient, myeloid vs plasmacytoid), of how it is regulated and of how it relates to
their important immunoregulatory functions, we will be better equipped to target/manipulate
these important APC to achieve the desired therapeutic effect.
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Table 1
Chemokine receptors expressed by DC and the functional outcome of receptor ligation

DC status Chemokine Receptor Ligand Function

Immature DC

CCR1

CCL3 (MIP1α)
CCL5 (RANTES)
CCL7 (MCP-3)
CCL8 (MCP-2)
CCL9 (MRP-2)
CCL14 (HCC1)
CCL16 (HCC4)

Recruitment of DC/DC precursors to sites of Inflammation

CCR2

CCL2 (MCP-1)
CCL7 (MCP-3)
CCL12 (MCP-5)
CCL8 (MCP-2)
CCL16 (HCC4)

Recruitment of DC/DC precursors to sites of inflammation

CCR4 CCL17 (TARC)
CCL19 (MIP-3β, ELC) DC/DC precursor recruitment for skin homing

CCR5

CCL3 (MIP1α)
CCL4 (MIP1β)
CCL5 (RANTES)
CCL8 (MCP-2)
CCL11 (eotaxin)
CCL14 (HCC1)
CCL16 (HCC4)

Recruitment of DC/DC precursors to sites of inflammation

CCR6 CCL20 (MIP-3α) Langerhans cell migration; DC migration into gut; DC
localization in Peyer’s patches

CCR8 CCL1 (TCA3) Monocyte-derived DC recruitment from skin to DLN
CCR9 CCL25 (TECK) pDC recruitment to inflamed gut

CXCR3
CXCL9 (Mig)
CXCL10 (IP10)
CXCL11 (ITAC)

Murine pDC recruitment to LN; human pDC to sites of
inflammation

CX3CR CX3Cl1 (fractalkine) DC sentinel function
Immature and
Mature DC**

CXCR4 CCL12 (SDF-1) Enhances human pDC migration in response to CXCR3
ligands; DC recruitment

Mature DC* CCR7 CCL19 (MIP-3β, ELC)
CCL21 (6Ckine, SLC)

DC recruitment from periphery to T cell areas of secondary
lymphoid tissue; Enhances DC endocytic ability

*
During the process of maturation/in response to inflammatory stimuli, DC downregulate their cell surface expression of the chemokine receptors they

expressed in their immature state and upregulate their cell surface expression of CCR7.

**
Some immature DC express CXCR4, but do not respond chemotactically to its ligand; upon exposure to maturation stimuli, some DC acquire the ability

to migrate to CCL12.

HCC - ; hemofiltrate CC chemokine; ELC – Epstein Bar Virus Ligand 1 chemokine; IP10 – interferon inducible protein-10; ITAC - interferonγ T cellα
chemoattractant; MIP – macrophage inflammatory protein; MCP – monocyte chemoattractant protein; MRP – MIP-related; Mig – monokine induced by
interferonγ; RANTES – regulated on activation normal T cell expressed and secreted; SDF – stromal cell-derived factor ; SLC – secondary lymphoid
chemokine ; TARC – thymus and activation regulated chemokine ; TECK – thymus expressed chemokine
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