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Abstract: Problem statement: Organ transplantation is a life-saving and increglyi common
procedure, as it often serves as the only treataneaitable for end-stage organ disease. Although th
constant development of new and more effective impsuppressive drugs has revolutionized the
prevention and treatment of acute graft rejectibase drugs have significant toxicity, greatly ease
patient susceptibility to neoplasms and infectiomd aexert little impact on chronic rejection.
Approach: The literature was reviewed to illuminate the naidms by which the anti-donor immune
response is initiated and how cellular therapiegaich this responsd&iesults: Data show that Donor
Specific Transfusion, Apoptotic Cell therapies dehdritic Cell therapies all function as a sourée o
alloantigen to suppress the anti-donor T cell rasp&Conclusion: Cellular therapies hold promise in the
prevention of solid organ allograft rejection, betjuire optimization and study in large animal niede
before clinical implementation.
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INTRODUCTION therapeutics in transplantation. Recent data thdwaye
shown that DC-based therapy, like DST and apoptotic

Organ transplantation is becoming an increasinglfe"'b_ase‘j therapies all function via a similar hamsm,
important and common surgical procedure, aghaf[ is as a source of alloantigen for presentalign
transplantation surgery often serves as the diehstiving ~ '€cipient Ag-Presenting Cells (APC) to T cells.
treatment available for end-stage organ diseasbouddh ) , )
the constant development of new and more effectiv&asics of solid organ transplantation: Allografts are
immunosuppressive drugs along with better knowlerfge 9rafted organsftissues/cells  transplanted  between
their therapeutic application have revolutionizeae t 9enetically disparate, MHC-mismatched individuals o
prevention and treatment of acute graft rejectiese the same species. The targeted Ag are called
drugs have significant toxicity and greatly inceepstient ~alloantigens (alloAg), are derived from Major
susceptibility to malignant neoplasias and infewtio Histocompatibility ~Complex (MHC) or minor
Further, the implementation of immunosuppressianig  histocompatibility Ag and are recognized by the
has exerted little impact on the incidence of clwon adaptive immune response as non-self, or tissue
rejection and therefore overall long-term grafvsa has  incompatible (Afzali et al., 2007). Allo-recognition
only improved modestly. Novel cell-based therapiet ~ describes recognition of the allogeneic Ag by the
are able to down-regulate the immune response sigairrecipient immune system and allo-response refetiseto
donor Antigen (Ag), without inducing generalized effector mechanisms recruited in the reaction te th
immune suppression and its harmful side-effecgsesent  transplanted cell/tissue/organ (Afzetial., 2007).

a promising avenue of research in transplantat@sil- Allografts are threatened by three types of réegect
based therapies include Donor Specific Transfud@il) that are defined by both tempo of onset and
(the transfusion of donor peripheral blood monoeaicl histopathology. Hyperacute rejection occurs within
cells), donor-derived apoptotic cell therapy andatiee = minutes to h (usually within 48 h) after transpéitn
immunization with donor- (or recipient-) derivedmdieitic  surgery and is mediated by deposition of pre-formed
Cells (DC). DC-based therapies in particular haeeived  circulating antibodies against Ag on graft vascular
significant attention over the past decade asIplgssieal  endothelial cells and the consequent activation of
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complement and coagulation cascades, resulting imnate and adaptive immune responses are contributo
intravascular thrombosis, ischemia and necrosiss Th Mechanisms of graft damage include contact-depanden
results from pre-sensitization of the recipient, byT cell cytotoxicity, granulocyte activation by Thdr
previous blood transfusion, organ transplant, orTh2 cytokines, NK cell-mediated cytotoxicity, dedaly
pregnancy and in 1% of the general population for n type hypersensitivity like reaction and allo-Ab and
known reason. Hyperacute rejection is largelycomplement activation (Moingt al., 2002).
preventable due to screening for antibodies againist ] ] o ) ]
self HLA phenotypes and cross-matching, with!Schemia-reperfusion injury: Ischemia-reperfusion
subsequent  pre-transplantation  plasmaphoresis  [piury refers to tissue damage resulting from tteinn of
necessary (Galloet al., 2002; Magee, 2006). blood supply to tissue after a period of ischerifiais
Acute rejection begins within weeks or months (5iNjury is Ag-independent and is responsible fotiating
days to 3 months is typical), or in rare cases aears, the events assqc!ated with rejgcnon. Lm@l. (1994_1)
following transplantation and constitutes the maindeveloped the “injury hypothesis” by showing thta-
immediate threat to allograft survival. It is maddiby OPerative treatment of cadaver-derived renal adftigr
both innate and adaptive immune responses, howlewer With a free-radical scavenger reduced the incidesfce
advent of immunosuppressive drugs renders acutdCute rejection and improved long-term graft outeom
rejection largely preventable. Histopathology révea (Land et al., 1994). Tissue injury up-regulates pro-
diffuse interstitial infiltrate of CD%and CD8 T cells with  inflammatory  mediators, inducing a robust innate
activated or memory phenotype (Ibrarénal., 1995). immune response that in turn fu_rther promotes
Chronic rejection develops in months or typically infflammation (LaRos&t al., 2007). The innate immune
years post-transplantation and is the most comraasec ~ f€Sponse occurs prior to and independently of the
of graft loss one year after transplantation (Palsetwal., ~ 2daptive immune response (Christopéteal., 2002; He
2002; Sayegh and Carpenter, 2004). It results fsoth et al 2002; 200_3), as RAG-deficient card|ac_tr§1nsplant
immune and non-immune factors. Typical features of€cipients experience comparable cellular infitrat
chronic rejection include steady decline of organchemokine receptor expression and pro-inflammatory
function, interstitial fibrosis, chronic inflammago CYtokine expression with wild-type recipients 1 qeost-
infiltrate (i.e., lymphocytes, plasma cells), atigpand  transplantation (Het al., 2002).
gradual loss of parenchymal cells and chronic Jascu Innate immune cells express non-rearranged
arteriopathy, the latter a condition manifested byPattern recognition receptors that recognize ndy on
endothelitis, intimal proliferation, elastic fibdisruption, —conserved pathogen-derived molecules, as originally
fibrosis and leukocyte infiltration of medium- aschall- ~ appreciated (Medzhitov and Janeway, 2002) but also
size arteries of the graft (Pascuat al., 2002). self-derived molecules released from damaged or
Unfortunately, current immunosuppression protoemts  stressed tissue (Mollenet al., 2006). Optimal
ineffective at preventing or treating chronic réjea. inflammatory responses to liver damage by ischemia-
The  development and introduction  of reperfusion injury requires signaling through tdie
immunosuppressive drugs in the 1980s has greatlyeceptor 4 (TLR4) expressed on hematopoietic-ddrive
reduced the risk of acute rejection. Steroids,icalain  phagocytes and activated by products of necrotis ce
inhibitors such as tacrolimus and cyclosporine thabr extracellular matrix disruption (Shes al., 2005a;
block TCR-dependent T cell activation, the MTOR 2005b; Tsunget al., 2005a; Zhaiet al., 2004).
inhibitor ~ sirolimus, mycophenylate mofetil which |nterestingly, in humans, studies of lung transplan
inhibits purine biosynthesis and lymphocyte-deplgti patients and kidney transplant recipients that are
antibodies are currently employed in the clinic toheterozygous for either of two TLR4 functional
prevent or mitigate acute rejection with great sssc polymorphisms associated with LPS
However, these agents non-specifically suppress theynoresponsiveness both showed a reduced incidence
immune  system, thus greatly increasing patieny 5cyte allograft rejection (Duclout al., 2005:
susceptibility to opportunistic infections and S oo merer 5. 2003). This is likely due to abundance of

cancers. Fu_rther, . currently . employgd various redundant danger signals. Levels of theyelan
immunosuppressive regimens offer little protecnonsignal High-Mobility Group Box 1 (HMGB1) are

against chronic rejection and have significantdiyi - A : o
increased following liver ischemia-reperfusion iyj@as

Clearly, generation of therapeutics capable of dono - . .
Ag-spgcigc suppression is i(l?leal, if no? necesstry e?rly as1h ;ollowmg transpll(antatlcf)nl_and _n?quaIIon_

d d d hronic oh loqi ts. O HMGB1 decreases markers of liver in _ammatlon
reduce dependence on chronic pnarmacologic agents (Tsung et al., 2005b). Likewise, inhibiting signals of
Immune mechanisms of allograft rejection: The receptor for Advanced Glycation End products
diversity and robustness of the alloresponse doteti (RAGE), the receptor for HMGBL1, prolongs survivél o
major challenges to preventing graft rejection.Biie  fully allogeneic cardiac allografts (Mosetral., 2007).
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Notably, danger signals seem to persist withinliposomal clodronate also depletes other subsets of
allografts long after transplantation, as T cefident  monocytes and DC thus complicating interpretatibn o
mice transplanted with mismatched skin or cardiagdhe data. The production of iINOS in particular seem
allografts that are allowed to heal for 50 daypjidly  important for allograft rejection, as its neutralibn
reject their grafts upon T cell reconstitution (A&nson  prolongs cardiac allograft survival in mice (Roaal.,
et al., 2001; Bingamaret al., 2000). If homeostatic 2000; Worrallet al., 1995).
proliferation is taken into account using a modafald o )
of secondary lymphoid organs but containing a normaAdaptiveimmuneresponse: There are two mechanisms
T cell compartment, allografts display histological by which donor-reactive T cells recognize alloAge t

evidence of chronic rejection, but are not acutelydirect and the indirect pathways of allorecognit(éig.
rejected (Chalasaet al., 2004). 1) (Game and Lechler, 2002). By the direct pathway,

recipient T cells recognize intact donor MHC molesu
Innate immune response: Polymorphonuclear cells expressed on the surface of donor APC transplanted
(PMN), or neutrophils, rapidly infiltrate allograft along with the allograft (i.e. donor DC, macroplgge
following surgery and ischemia/reperfusion injury. endothelial cells) (Lombardet al., 1989). Ischemia-
Neutrophils have numerous cytotoxic and pro-reperfusion injury and surgical trauma activateatddC
inflammatory mechanisms, including release of pro-inducing their migration as “passenger leukocytts”
inflammatory cytokines and chemoattractants andecipient secondary lymphoid organs, where themneri
production of reactive oxygen and nitrogen spediea.  donor-reactive T cells (Andersoa al., 2001). The
rat liver model of ischemia-reperfusion injury, precursor frequency of direct pathway T cells is
depletion of neutrophils abrogates tissue damagextremely high, roughly 1-10% (Baket al., 2001) of
(Jaeschke et al., 1990) and neutralization of the T cell pool. This direct T cell alloreactivitikely
KC/CXCL1, a potent neutrophil chemoattractant, results from cross-reactivity between intact allogje
decreases PMN infiltration and prolongs graft staki MHC molecules and self-MHC-foreign peptide
(Morita et al., 2001). complexes (Lombardi al., 1989).

NK cells are also important contributors to alkfyr By the indirect pathway, recipient T cells recagni
rejection. Based on the ‘missing self hypothedi¥ self-MHC  molecules presenting  donor-derived
cells recognize cells lacking expression of self®MH allopeptides on recipient APC (Benicheual., 1992;
class | molecules. NK cells are not sufficient &ject  Liu et al., 1996). The precursor frequency of indirect
solid organ allografts, as Rag-/- or SCID micet thak  pathway T cells is extremely low (1:100,000-200,000
T and B cells, fail to reject skin or heart alldtga and similar to that for any other conventional/noahi
(Bingamanet al., 2000; Kitchen®t al., 2006). NK cells  Ag. It is unknown whether recipient APC mobilized
do however contribute to tissue damage and amplifynto the graft acquire alloAg, then traffic to sadary
graft inflammation through release of the pro-lymphoid organs to prime indirect pathway T ceds,
inflammatory cytokines IFN-and TNFe and through whether alloAg derived from the graft, either ireth
contact-mediated cytotoxicity (Obarat al., 2005). form of passenger leukocytes or soluble MHC
Further, NK cell depletion in CD28-/- mice, whose T molecules, enters secondary lymphoid organs where i
cells are unable to receive co-stimulation, protofdly  is taken up by lymphoid-resident DC for presentatio
MHC-mismatched cardiac allograft survival (Maier Either way, recipient APC internalize donor Ag and
al., 2001), suggesting that NK cells influence theprocess it into peptide for presentation by self-®tb
adaptive immune response (McNermegl., 2006). indirect pathway T cells.

Macrophages (MP) are also believed to be Recently, a third “semi-direct” pathway of
important for rejection, although their importanoay  allorecognition has been identified in mouse madels
be organ or model dependent.®\Vicontribute to an By the semi-direct pathway, intact donor MHC
inflammatory response in multiple ways. They molecules are acquired by recipient APC and are
phagocytose necrotic debris, secrete pro-inflammgato presented intact to direct pathway T cells (Hermtra
cytokines, produce reactive nitrogen and oxygeral., 2004).
species and present Ag to effector T cells (Wybairn The semi-direct pathway is one proposed model
al., 2005). In rat renal allografts, @ begin infiltrating  challenging the existing paradigm that direct pathw
allografts within 24 h following surgery and preliite  cells are primed independently of recipient APC dred
in situ (Grauet al., 1998) and in human acute renal indirect pathway (Fig. 2a, d). Alternatively, thecdll
rejection, MP accumulate in significant numbers hypothesis suggests that indirect pathway CTD4
(Hancocket al., 1983). Also in a rat renal transplant helper cells stimulated by recipient APC provide
model, liposomal clodronate administration 1 d post unlinked bystander help to direct pathway CO8cells
transplantation, which depletes the majority ofbM stimulated by donor APC (Fig. 2b, c). Indirect CO04
reduces allograft damage (Josteal., 2003), although cells could also provide CD40-mediated stimulatidn
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recipient APC that in turn might stimulate the dire T cells contribute to allograft rejection by vai®
pathway response through an unknown mechanistmechanisms. Contact mediated cytotoxicity and
(Fig. 2b), or via interaction between a B cell igtoe, if  release of pro-inflammatory cytokines are both pbte
the recipient APC were a B cell, with donor mechanisms of allograft damage. Typically, the
MHC:alloAg on the surface of donor APC (Fig. 2c).  allograft response is Thl, IFiN-mediated, however

T cells are both necessary and sufficient forgafitt  both Thl and Th2 effector responses can cause
rejection of almost all tissues. Acute graft ractis  allograft rejection (Moineet al., 2002). Further, T
considered T cell dependent, as several studiegells stimulate other immune cells to cause damBge.
demonstrate that mice lacking T cells accept iMiyC-  cell function and the alloAb response depends on
mismatched allografts and that T cell reconstitutio indirect pathway CD4 T cell help because B cells
results in rejection. Due to the high precursoqiency recognizing Ag via B cell receptors internalize,
of direct pathway T cells (approximately 1000 fold process and present antigenic peptides loadedlfin se
greater than indirect pathway T cells), it is assdrthat MHC to T cells, that in turn, provide the necessary
the direct pathway is the more significant contidowof ~ help for B cell effector function and Ab class
acute rejection (Larseret al., 1990; Lechler and switching (Steeleet al., 1996, Terasaki, 2003).
Batchelor, 1982; Talmagat al., 1976). However, as the Indirect pathway T cells could also stimulate résip
supply of donor APC within the graft wanes over¢jm M® or DC within the graft to release pro-
the contribution of the direct pathway decreasesnbh  inflammatory molecules in a DTH-like response. This
studies confirm that the direct pathway response igreviously has been associated with chronic regacti
strongest in the period immediately following however it is possible that the cytotoxic molecules
transplantation. Comparatively, alloAg is shed frdra  released by M/DC could contribute to acute
graft continuously and due to epitope spreadingejection, particularly since one stimulated®XDC
(Ciubotariuet al., 1998), the significance of the indirect could damage numerous surrounding donor cells
pathway increases (Valujskikhal., 1998). As such, itis simultaneously, while one CD8cytotoxic T cell
considered the main mediator of chronic rejectinich  targets only one donor cell at a time.
is confirmed in human studies of chronically regeict L : .
heart, kidney and lung (Ciubotasitial., 1998; Frascat ~ Cellular therapies in solid organ transplantation:
al., 1998: Hornicket al., 2000: Leeet al., 2001: Liuet The concept of utilizing cellular therapies to iodu
al., 1996; Rezniket al., 2001; Valujskikhet al.,’ 1998: allogratft tolerance has its roots in the earli¢stlies of
Vellaet al., 1997). transplantation. Billinghanet al. (1953) showed that

Notably, there is evidence supporting the abitity infusion of donor allogeneic cells into newborn enic
the indirect pathway to mediate acute rejection. IHeSulted in acceptance of skin allografts in theealce
human recipients of heart, kidney and liver alldig;an of immunosuppression (Billinghaet al., 1953). More
vitro detection of the indirect response shows ngjro recently, Sayeglet al. (1993) demonstrated that intra-
correlation with episodes of rejection (Dalchetual., thymic injection of donor allopeptides ~prolongs
1992; Vellaet al., 1997) and immunization of animals Subsequent allografts of the same MHC, further
with peptide derived from allogeneic MHC (thus f[gd'tigﬂggléﬁ‘;t?gﬁoﬁgge ;)f {;Z'ﬁ'z?%s é%g&noéﬁ%m
Ferje:(ginotg d(tlzfgﬁggnha:]hrgtW;(Ij.l,reitggggl;wi\g)gtz:g; S?:girgltlt;/, there are three types of cellular therapies prapdse
using a cardiac allograft transplant model in mice use in transplantation. Donor-Specific Transfusion
Auchincloss et al. (1993) showed that the indirect (DST) refers to the transfer of donor splenocytes i

; D Co mice, or peripheral blood mononuclear cells in hasya

pathway is sufficient to elicit graft rejection ithe

; o X directly from donor to recipient with little manifation.
absence of direct allorecognition (Auchinclcatsal., - - :
1993). The relative contributions of the indireatda DST has been employed in the clinic for decadesiand

direct path luated in. ski igme cases successfully decreased the anti-donor
Ireéct pathway were evaluated In sKin, cornéa anGmmyne response and prolonged allograft survival.

retina and results reveal that the importance @hea pouever prevention of acute rejection was not

pathway appears to be organ dependent (llligems,  njversally achieved and DST was associated with ri
2002). As expected, skin allografts have a pronednc f recipient sensitization, thus the advent of
direct pathway response, likely attributable tarthegh pharmacologic immunosuppressive agents replaced
passenger APC load. Comparatively, cornea had @ MOhST as the main prophylactic for transplant
potent indirect pathway response, again not sungris recipients. Ironically, the negative side effects o
given its low level of MHC molecule expression. Buc pharmacologic immunosuppression coupled with the
studies are yet to be performed in heart transpl@am,  new goal of achieving operational tolerance, define
although given the low number of passengeras long-term freedom from all immunosuppression
leukocytes, one might expect increased importarice Quith normal graft function, has resulted in a reeew
the indirect response. interest in cellular therapies.
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allo-MHC+X-peptide

Indirect allorecognition
self-MHC+ allo-peptide
Fig. 1. Pathways of allorecognition. In the dirpetthway, donor DC directly interact with anti-doribrcells. In
this case, T cells recognize alloMHC: peptide cawps on the surface of donor DC. In the indirect
pathway, recipient DC re-process donor alloAg detifrom donor APC into allopeptide for presentation
by self-MHC to anti-donor T cells.
Donor DC Recipient DC
a. Donor DC b.
% ? :
(=}
b2
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Fig. 2:

Models of direct pathway CD& cell priming. (a) Direct pathway T cells arerpéd by donor APC
independently of recipient APC or indirect T cells) Indirect pathway CD4helper T cells stimulated by
recipient APC provide unlinked bystander help tedi pathway CDBT cells stimulated by donor APC.
(c, d) Indirect CD4 T cells provide CD40-mediated stimulation of réeip APC that in turn might

stimulate the direct pathway response via (c) ation between a B cell receptor, if the recipiafC
were a B cell, or (d) a recipient DC with donor Mid{lbAg on its surface.
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Advancements in understanding peripheral tolerancéeir numbers decreased significantly in spleen, LN
mechanisms has led to development of newer celluldplood and peripheral tissues, 14 d after admirtistra

therapies including donor apoptotic cell therapyd an Of apoptotic cells. _ _
tolerogenic DC therapies. Besides inducing peripheral deletion of donor-

reactive T cells, administration of donor apoptotic
splenocytes in combination with suboptimal CD40-
CD154 blockade promotes differentiation/expansibn o
donor-specific CD4 Treg (Wangget al., 2006), reduces
significantly the level of circulating alloAb in odiac
dallograft recipients (Wan@gt al., 2006) and in aortic
allograft transplantation, a model of chronic répat,
esults in significant inhibition of the histopatbgical

DST in transplantation of solid organ allografts:

Quezadaet al. (2003) showed that DST significantly
prolongs skin allograft survival through peripheral
deletion of indirect pathway CD4 cells and increased
numbers of regulatory T cells (Treg). Brouard an
Soulillou and colleagues demonstrated that infusibn

splenocytes - without aditional immunosuppressio eatures of chronic vascular arteriopathy, the sitas
leads to long-term survival of cardiac allograftsotugh feature of chronic rejection (Wamgal., 2009),

expansion of Treg and that transfer of long-term
survivor splenic T cells to new allograft recipignt - L :
transfers long-term allograft survival in an Ag-sibie D?F‘dd““c cell-bl?sed }?eraglgﬁ n transpr!a?tanon of

manner (Lairet al., 2007). Importantly, in the Quezada S2'¢ organ alografts. are a nheterogeneous

study, the injected living donor splenocytes dict no POPUlation — of ~ hematopoietic-derived ~ APC  that
directly interact with CD4 T cells (Quezadat al., orchestrate the adaptive immune response to satf- a

2003). This finding suggests that living splenosyte foreign-Ag. DC are defined by surface expression of
upon iv. injection in some way transfer alloAg to MHC class-Il molecules, expression of the integul
recipient APC for indirect presentation rather die ~ complement receptor CD11c (in mice) and their uaiqu
interacting with direct pathway T cells. abl'lty to stimulate naive T cells (Banchereaual.,
2000). DC respond to both endogenous and exogenous

Apoptotic cell therapy in transplantation of solid danger signals _such as pathogen-assomated malecula
organ allografts: Our group has investigated apoptotic Patterns on microorganisms, products secreted by
cell therapy in allograft survival and demonstrated activated Mp and parenchymal cells and stimulatory
mice that i.v. administration of donor-derived UV-B signals from activated T cells (Bancherehal., 2000).
irradiated apoptotic splenocytes 7 d prior toSince they are the only APC capable of priming @div
transplantation significantly prolongs survival lnéart  cells, they serve as a crucial link between inraatd
allografts in the absence of immunosuppression @Vanadaptive immunity (Banchereauet al., 2000;
et al., 2006). Moreover, combination of donor apoptoticBanchereau and Steinman, 1998).
splenocytes with suboptimal blockade of the CD40-  |n the periphery, DC exist in 3 different stagés o
?e'z&ﬁ’;l iE\altgr\?(‘I:;a%/e\erlthsgr jyjlifdgjﬁﬁgi?g;gp[gg: Abactivation/maturation:  immature, semi-mature  or
N . quiescent and mature or activated (Fig. 3). In the
more than 100 d (Wang al., 2006). The therapeutic steady-state, quiescent DC are highly phagocytit an

effect of donor apoptotic cells was donor-specéid - .
required interaction of the apoptotic cells witisipient ~ SXPress low surface levels of MHC : peptide compéex

DC in secondary lymphoid organs. It also depended 0@d the co-stimulatory molecules CD80 and CD86
the physical properties of the donor leukocytescesi (Banchereawet al., 2000; Banchereau and Steinman,
administration of donor necrotic cells did not affe 1998; Cellaet al., 1997). DC mature upon exposure to
graft survival (Wanget al., 2006). We further pro-inflammatory stimuli. During maturation, DC
demonstrated that i.v. administered donor-apoptoticlecrease phagocytic ability and increase theiraserf
cells are rapidly phagocytosed by recipient spl@@;  expression of MHC class-l and -II: peptide comptexe
which present apoptotic cell-derived allopeptides i cD40, CD80 and CD86 (Celk al., 1997). The MHC:
self-MHC to indirect pathway T cells (Wang al.,  peptide complexes presented by DC bind the T cell
2006). Interestingly, splenic transgenic CDP cells  yocentor (TCR) (signal 1), while CD80 and CD86 bind
specific for indirect pathway Ag proliferated in CD28 (signal 2) on the surface of the T cell. This

response to injection of BALB/c apoptotic splenesyt . . L .
butp did not Jupregulate expresgio% of t?]e T CeIImduces secretion of IL-2, which is a potent agbfos

activation markers CD25, CD44, CD69 and CD152 and cell activation/proliferation (Lenschoet al., 1996).
secreted lower amounts of IL-2 and IFNpon ex vivo Additionally, the interaction between CD40 on th€ D
re-stimulation when compared to controls. Impotggnt and CD40Ligand (CD40L or CD154) on the T cell
the defective activation of anti-donor indirectipafy ~ surface further enhances DC and T cell stimulation
CD4" T cells resulted in their peripheral deletion, as(Grewal and Flavell, 1998).
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N
MHC—+ peptide MHC+ peptide

MHC+ peptide

Semi-mature/ s ,
Immature DC » : : » Mature/activated DC
quiescent DC

Fig 3: Stages of DC maturation. DC can exist aseeitmmature (express low levels of MHC: peptidenptex
without co-stimulatory molecules CD80 or CD86), semature or quiescent (express low levels of
MHC:peptide complex along with low levels of corstilatory molecules), or mature or activated (expres
high levels of MHC:peptide complex and high leval€o-stimulatory molecules).

Mature DC secrete soluble mediators (signal 3) whic complexes with or without low amounts of co-
help direct the immune response, such as IL-12p7Gstimulatory molecules (Fig. 3) and are impairedhigir
which polarizes T cells toward a Thl responseability to produce the Thl-driving cytokine IL-12@.7
(Banchereawet al., 2000; Banchereau and Steinman,A number of methods, including culture-conditioning
1998; Cellaet al., 1997). with different cytokines or growth factors, treatme
with various pharmacologic agents and genetic
DC asinducersof T cell tolerance: Although most T engineering (Table 1) (Morelli and Thomson, 2007)
cells recognizing self-peptides with high affinisre  have been developed to increase DC tolerizing piaten
eliminated centrally in the thymus through negativeand/or render tolerogenic DC resistant to matunatio
selection (Brockert al., 1997), a percentage of self- combat the risk ofin vivo maturation of the
reactive T cells escape thymic deletion and actiess administered DC and thus patient sensitization.

periphery. An efficient mechanism in the periph&y These pharmacologic or genetic manipulations
therefore necessary to prevent activation of sifstive  affect DC differentiation and function by various
T cells and avoid autoimmunity. mechanisms (Morelli and Thomson, 2007). Some

tolerogenic DC express high levels of co-inhibitory
Quiescent DC expressing MHC: Peptide complexes molecules such as PD-L1 on their surface, or have a
(signal 1) with low levels of co-stimulatory sigeal lower net ratio of co-stimulatory to co-inhibitory
(signal 2) provide sub-threshold stimulation toocaut molecule expression (i.e., CD86 : PD-L1). Secretibn
reactive T cells, resulting in defective T cellimation  inhibitory cytokines/mediators also is variable,sasne
(Schwartz, 1990; Steinmaat al., 2003; Steinman and tolerogenic DC release IL-10, which has been shtmwn
Nussenzweig, 2002). Incomplete T cell activationinhibit T cell expansion (Liet al., 2005). Further,
results in poor cellular proliferation followed by tolerogenic DC can induce activation-induced cehith
deletion, anergy and likely differentiation/expamsiof ~ through FasL expression or induce Treg through IDO
Treg cells, all mechanisms leading to T cell hypo-expression (Bohana-Kashtan and Civin, 2004; Medior
responsiveness or tolerance (Steinmeinal., 2003; al., 2004). A number of different types of tolerogeni
Steinman and Nussenzweig, 2002). DC, many with different phenotypic and functional

characteristics have been studied in mouse models o
DC therapies in transplantation of solid organ heart transplantation using a heterotopic cardiac
allografts: The ability of DC to tolerize T cells in an allograft model. These tolerogenic DC therapies
Ag-specific manner, coupled with the ability to prolong allograft survival with a Mean Survival Tem
propagate large numbers of DC in vitro, has hethlde (MST) between 20 and 50 days (Emneeral., 2006;
the use of tolerogenic/immunosuppressive DC adan et al., 2006; O’Connellet al., 2002; Tanget al.,
therapeutics for transplantation and autoimmunity.2006; Turnquistet al., 2007). Typically, an increased
Tolerogenic DC are in an immature or quiescenestat percentage of Treg is observed along with decre@sed
in that they express low levels of MHC: peptide cell effector responses.
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Table 1: Methods of generating tolerogenic iD®itro

Cytokines, growth factors

Pharmacologic mediators

Genetic engineering

LGM-CSF
t1L-10

t TGB1

t VEGF

Immunosuppresstive or anti-inflammatory drug
Cyclosporine

Rapamycin

Tacrolimus
Deoxyspergualin
Mycophenolate mofetil
Sanglifehrin A
Corticosteroids

A spirin

1 a, 25-dihydroxyvitamin @
N-acety-L-cysteine

Cyclic AMP inducers
Glucosamine

Cobalt protoporphyrin

ILT receptor ligands

Recombinant viral vectors or naked DNA:
CD95L (FaslL)
CTLA4-Ig
IL-10
TGR
IDO
Soluble TNFR
CCR7
Dominant-negativexB
Kinase
ODNSs;
NFb-specific decoy
RAN interference:
RELB
IL-10

Although these different
phenotypically in vitro, the similar effect on ali@ft

tolerogenic

DC vary expanded in vitro, ex vivo, or even in vivo, to mtate
the anti-graft response has received great atteotier

survival and anti-donor T cell responses suggestthe past decade. Various methodologies of generatin

similar mechanism of action in vivo.

regulatory and/or anergic T cells have been studied

It has been assumed that therapedutic toleroge@ic D multiple animal models of organ transplantationhwit

once administered i.v. to prospective graft recifse

initial promising results (reviewed by (McMurchst

interact directly with anti-donor T cells. Giveneth al., 2011)) and Tregs generated in vitro have been
preponderance of the direct pathway in acute afogr utilized in clinical trials for graft-versus-hosisdase in

rejection, it has further been assumed that thityatn

stem cell transplantation, demonstrating its céhic

down-modulate the direct pathway response makes Dfaasibility (Brunsteinet al., 2011; lanniet al., 2011;

therapies superior to alternative cellular themg@ST
and apoptotic cell therapy) in transplantation.

Trzonkowski et al., 2009). Given the expanse of
literature on T cell based-therapies in transptataas

Our group has investigated the mechanisms byell as in autoimmunity and graft-versus-host-disea

which DC therapy functions in vivo to prolong cadi

they will not be discussed further here, excepgay that

allograft survival in a mouse model. We demonstiate T cell-based therapies are a major area of reséartie

that donor-derived DC rapidly die once transfused i

the prospective graft recipient and that apoptotd
fragments derived from the injected therapeutic &€
taken up by the recipient's DC and processed intood

alloAg for presentation via recipient MHC molecutes

transplantation community and warrant further resea

CONCLUSION

Despite the promising results of cell-based

indirect pathway CD4T cells (Divitoet al., 2010). Ifthe  therapies in animal models, it is important to
recipient DC are quiescent, then this process B&luC acknowledge caveats to current research and rogidblo

defective activation of indirect pathway CDZ cells
with preferential survival of Treg (Divitet al., 2010).

to clinical translation. First, most research omlutar
therapies in transplantation has been conducteausi

We have further shown that recipient DC are necgssayoung inbred mice maintained in clean or nearly

for DC therapy prolongation of allograft survivating

pathogen-free

conditions, which therefore may

CD11c-DTR bone marrow chimeric mice to selectivelypossess low numbers of memory T cells compared to

deplete recipient but not donor DC (Wastcal., 2012).
Finally, we showed that apoptotic cell therapy, D8l

outbred animals. Comparatively, transplant rejectio
in humans is mediated by both naive and memory T

DC therapy all act via the same mechanism of actiorcells and as such, the ability of cellular therapie
that is, they serve as a source of donor alloAg fokolerize not only recipient DC-naive T cell intetiaa,

recipient DC, rather than through direct interattwith
anti-donor T cells (Divitet al., 2010).

A brief statement on T cell-based therapies in

but also other non-professional recipient APC cépab
of activating anti-donor memory T cells, will likebe

critical for successful therapy.

Second, safety is a major area of concern. Wtet if

transplantation: In addition to the above named preparation of cellular therapeutic contained waocé

cellular therapies,

the possibility of employing effector cells? Or if a batch of the tolerizing agwas

regulatory and/or anergic T cells generated andneffective? And if administration of a cellularetiapy
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