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Immune ejection is mediatedby a complex interplay of cellulaand humoralmechanisms
Current therapeutic strages, which rely orglobal immuncsuppres®n, canresult inserious
complications an@renot completely effectiveNotch signalings a celtto-cell communication
pathway that playsaan important roleduring T cell development and in the regulation of
peripheral immune responsesinitial work, performed mainly through gain-of-function
approaches, paradeally identified Notchas an inducer of toleranceowever, recenstudies
usinglossef-function approaches mousemodels oftransplant rejection and grafersushost
diseasehave.¢larified an important role for Notch as a central mediator of T cell alloreactivity.
Shortterm inhibition of individualNotch ligands in the petransplant period had lorgsting
protective effects. In a vascularized heart allograft model, blockade otlReltdotch ligands
dampened, both cellular and humoral rejectidare, we summarizecurrent knowledgen the
role d Notch signaling duringallograft rejection and provide an overarching mechanism
through which Notch acts to promote T cell pathogenanity allograft damag#Ve proposehat
targetingelements of théNotch pathway coulgrovide a new therapeutic appcbato prevent

allograft rejection

First identified.in Drosophila close tocgnturyago, the Notch pathwayas receivednhcreasing
recognitionfor.its functions in mammalian biologgs well as its effects in health and disgase

2). Notch plays an essential role at early stages of T cell development in the thymus, as Notch
ligands expresselly thymic epithelial cells induce commitmeoit thymocyte progenitors the

T lineage’ program(3). Notch alsoregulatessubsets of innate lymphoid cells, B cells and
dendritic cells(3). In addition, recent studies uncovered major functions of Notch signaling in
the controlof antigendriven immune responses in the periphéty 5). These effects of the
Notch pahway.jare prominent in T celllloimmunity and highly relevant in the context of
allograft rejection (614). In this minireview, we introduce aspects of Notch regulation that are
critical forsits*functions in immunobiology, and discuss emerging evidshowing that Notch

signaling=could ben attractive new therapeutic target to preweganrejection.
Introduction to Notch signaling. Notch signaling is a highly conservedell-to-cell

communication pathway triggered by Notch ligaedeptor interactions between adjacent cells

(Fig. 1) (1, 2) In mammalsfour Notchreceptors (Notch#) have been identified in addition to
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five Notch ligandsof the Jagged (Jagged1/2) and Ddika families (DII1/3/4).Jagged1/2 and
DlI1/4 have agonistic properties, while DII3 functions as a natural antagonist of tiveap#t ).

Notch ligandreceptor interactions induce sequential proteolytic cleavage of the receptor by a
ADAM family metalloprotease (ADAM10) and hthey-secretase complex, ultimately releasing
intracellular Notch (ICN) into the cytoplasifd, 2) ICN migrates into the nucleus where it
interacts with a DNAbinding transcription dctor referred to as CSL (CBF1/Suppressier
hairlesslkag-1)-or RBRJ (encoded byRbpj). Upon Notch activation, CSL and ICN nucleate a
large tanscription activation complex thegcruitsa member of the Mastermidike (MAML)

family andotherco-activators to mediate transcriptional activation of Notch target genes (1, 2,
15). Recentstudiesin Notchdriven cancer cell lines detected binding of CSL and ICN at
thousands..of ,genomic sitd46). However, only a fraction (<10%) of these sites appeared
dynamically regulated by Notch signalingedrilated sites were enriched for concomitant
binding of specific transcription factors, suggesting corgeetific regulation of the Notch
target gene landscape by cooperating factors. Moreover, the majority of dynawtiebivaing

sites were Jlocatedn distant elements with superenhancer features, suggesting that Notch is
involved in lengrange chromatin regulatiofl7). Additional studies about the molecular
mechaniss_of Notchmediated transcriginal activation will be essential to understand the
contextspegific effects of the Notch pathwaf note, little is known so far about the nature and

regulation of Notch transcriptional targetamature T cells.

Evolution selected multiple mechanisms to ensure tight control over Notch signalikgtcas
receptors “eansdeliver powerful signals with profound effects on cellular difigtien and
function. Active ICN is rapidly targeted for degraiibn, ensuring that Notch signals are short
lived in"nature, unless receptors are repetitively engébed). Notch receptors areelatively
ubiquitous although theéNotchl-4 paralogues are differentially expressed by specific cell types.

In contras, individual Notch ligandsrreexpressed in a highly controlled fashion witkiefined
anatomical_niches. This regulatory arrangement ensures tight control over temporal and spatial
delivery ofsNotch signals. For examptaymic epithelial cellexpress high levels of DIl4 under
control of theFoxnl gene, generating an intrathymic niche that delivers strong Najoals to

T lineage progenitorsvhile restricing normal T cell developmento a single anatomical site

(18). Evidence for estricted and regulated expression of Notch ligamithin secondary

This article is protected by copyright. All rights reserved



lymphoid organshas also emergegd9). Jagged and Dellike ligands were reported to induce
different functional outcomes in several contg8). Based on these considerations, individual
Notch ligand and receptors can have distinct biological effects. These distinct efféats
opportunities for the development of therapeutic targeting stratelsprovide specific

benefits while avoidng the systemic side effects of palotch inhibition (7, 21, 22).

Early werk-en.Notch signaling in T cell alloreactivity and tolerance. Initial studiesexploring

a potentialreldor Notch signalingn mature T cell functiorand alloreactivityrelied heavily on
gain-offunction strategiesLamb and coworkers were the first to spark interest in afoole
Notchas an inducer dbleranceg(23). While studying T cell responses against a house dust mite
protein, they engineered mouse déncicells (DCs) to overexpress the Notch ligalaygedl.
Adoptive ‘transfer ofantigen-pulsed Jaggedl-oegpressing DCs led to antigspecific
hyporesponsivenesBuilding on this concept, thBrenner group tested the ability of Jaggedl
overexpressing aigenpresenting cells tonodulate responses &loantigens or viral antigens
(24, 25). UsingWJaggediransduced psteinBarr Virus-transformed lymphoblastoid cell lines,
they observed.decreased T cell reactivity and evidémceransferrable suppressive effects.
Similar loutcomeswere describedn an in vivo cardiac allograft modelwhen Dallman and
colleagues_amptivdy transferredmouse L cell fibroblastengineered tooverxpress MHC
alloantigens and the Notch ligand DI{26). Although DIl1-overexpressing L cells delayed
allograft rejectiorin aCD8' T cell-dependent manneit,is uncleawhetherthe effects were the
resultof direet.engagement of DIllvith Notch receptoin T cells. Similar observations were
reported recently upoim vivo transfer of a Jggedltransduced dendritic cell line in combination
with CD40"blockade(27). Altogether, these studies suggested thdtcing artificially high

Notch signals‘in T cells could generate a state of anigenific tolerance.

In parallel, other laboratoriesbseved that expression of specific Notch ligands could be
induced by innate stimuli in professioraitigenpresenting cells (RC9 (20, 28). In coculture
systemsPeltalike or Jagged Notch ligandgithin APCs was reprted topromote skewingf T

cell differentiation towards the fielper 1(Th1l)vs. Th2 lineagetespectively(20, 29), although
dichotomous inductive efcs of Deltalike and Jagged Notch ligandsere not detected in
subsequent studig80). Collectively,while helpful for recognizingan important role for Notch
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in T cell alloreactivity the use of artificiakx vivo conditions and overexpression models led to
conclusions that were contradictory and have to be interpreted with caStidusequenin vivo
loss-of-functionstudies ormature T cellsdentified an evenbroader range of effetsof Notchon
both CD4 and CD8 T cell reactivity and functioi31-33), many of which are discusskder in

the “Mechanistic Considerations” section of this review.

In vivo studies.ef Notch signaling in allograft rejection. In recent years, several groupasve

used genetic.and pharmacological fo$function approaches to evaluate thevivo effectsof
Notch signaling in alloreactive T cell responses, both in the setting of allogjedtion and in
graftversushaost disease (GVHD)T@ble 1) (6-9, 11:14). An emergingconsensuacross these
studies indicates that Notch signaling is a major qmfammatory pathway in T cell
alloimmunity, and that Notch inhibition can dampen both allograft rejection and GVHD. Thus,
the truein vivo functions of Notch signalingppearto be diametrically different from the
tolerogenic effects first detected using artificial gafrfunction strategie§23-26). Furthermore,
thesestudies. identify Notch inhibitiomsa new promising therapeutic approach to mitigate the

damaging eonsequences of T cell alloreactivity.

Riella and_coworkers used monoclonal antibodies to target the Notch ligand DIIMHCa
mismatched cardiac allograft transplantation md@gl Systemic ati-DIl1 antibodies delayed
allograft rejection when provided in conjunctiontiwcostimulatory blockaden Cd28-deficient
mice or insfecipients treated witRTLA4-Ig. Protection was associated with decreased
production,of 152, interferon gammalENy), IL-6 and IL-17 by donosspecific T cells, but with
increasedsproduction of thenZ cytokines IL4 and IL-5. In this modelthe protective effects of
anti-DlI1T"antibodies werelost when transplantation was performed in STAIESicient recipients

or upon concomitant H4 neutralizationindicating that increased 4 production wagnportant

to delay rejectionThis paper was the first to demonstrate a pathogenic effect of Notch signaling
and a therapeutic benefit of Notch inhibition in allograft rejectiorivo, in stark contrasto
earlier literature using artificial gaiof-function systems. Because this study was performed in
the presence of costimulatory blockade and only examined the effBtitLahhibition but not
other Notch ligands, ivasunclear if similaroutcomesvould be observedithout costimulatory
blockade or upo more complete Notch inhibition. Due to the systemic nature of DII1 inhibition,
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it could notbe determined ifthe protective effects of arillll antibodies were related to their
directeffects on T celland/or orother cell types.

To achievea higher levelof Notch inhibition in alloreactive T cell¥/ood et alstudieda MHC-
mismatched heart allograft model in mice expressing theNoach inhibitor dominant negative
Mastermindlikel (DNMAML) specificallyin T cells (14). DNMAML blocks transcriptional
activation downstream of all Notch ligands and receptd®. In Cd4-Cre x ROSA26°"NMAME
mice, DNMAML expression first arises in CB&D8" double positive (DP) thymocytes without
interfering’ with ‘early Notclidependent stages of T cell developm@at). Thus, mature CD4
and CD8 T cells develop normally from DP thymocytes in these mice, but cannot respond to
Notch signals during subsequent T cell responses due to DNMAML expression. ThRigyssrat
highly effective in captuing the overall effects of Notch signaling in T cell imnity,
irrespectively ofthe individwal Notch ligands and receptorsvolved (6, 8. DNMAML mice
rejeced MHC-mismatched heart® a delayedashion(14). Although the delay was relatively
modestin the absence of other interventioitswas observed in the absencecofktimulatory
blockade, suggesting thabmpleteNotch inhibition in T cells could achieve higher protection
from rejectionthan the level of protectiorseenupon partial Notch inhibition with antDII1
antibodies (9y714) Importantly, upon concomitant CD8 depletioprior to transplantation,
DNMAML expression led to markedly enhanced protection, with a median allograft survival of
>40 daysaThese findings suggestiedt CD4 alloreactive T cells were particularly sensitive to
Notch inhibition.Mechanistically, DNMAML led to decreasguoduction of both IFNand IL-4

by donorreactive T cells, decreased immune cell infiltration and an increagethtory T cell
(Treg)/effector T cell Ter) ratio within the graft DNMAML recipients also showed delayed
appearance“otlonorspecific alloantibodies, suggesting a rote Notch in T cell help to

allospecific B cell responses.

Building ontheir observationgrom studies usingeneticpanNotch inhibitionin T cells Wood
et al. assessedhe impact of humanized afillll and antiDIl4 antibodies, aloneor in
combination, orallograft rejection(14). This approach was chosgiven the effects of DII1 in
transplant rejectiorf9) and the dominant role of DII1/4 Notch ligands in GVKID 12) Anti-
DlI1/4 antibodies had high therapeutic activity in allograft rejection. Bothdftiand antiDIl4
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antibodieshy themselvesnduced significant protectiomdicating that these two Notch ligands
were involved nonredundantly in the rejection procesombned administration of anrbIl1

and antDIl4 antibodies was the most effective strategy tested, enablingdomgengraftment

in CD8depleted recipients and markedly delayed rejection everChx@&-replete hosts.
Surprisingly, systemic DII1/4 blockade provided a higher degree of protectionallograft
rejection tha DNMAML -mediated paiNotch inhibition in T cells Enhanced protection was
associated.with. a persistent decrease in dspecific alloatibody titers, plasma cell numbers
and complement deposition in the graft. These findings suggest that the therapewity of
anti-DII1/4 antibodies is related both to their effects on T cells (preventing acute cellular
rejection) ando their effectoon the B cell response (preventing chronic rejection at least in part
through humoral mechanisms). Furthermore, {targh protection was observed upon sherin
DIl1/4 blockade in the petransplant period, similar to findings in allogeneic bone marrow
transplantation and GVHD (7, 14).

Together,DIl1/4sNotch ligands play dominant roles in the regulation of alloimmunity, but the
role of Jagged.ligands remainnclear To startaddressinghis questionRiella and coworkers
useda Jagged3pecific antibodyin mouse heart allograft rejection mod€l®). This antibody
was previously shown to specifically bind Jagged2wagsuggested téacilitate forward Notch
signaling inanin vitro coculturesystem through unknown mechanis(@%). Jaggedzpecific
antibodies: inducedaccelerated rejection in twheterotopic heart transplantatiamodels.
Accelerated.rejectiowas associated with complex immunological changes, including increased
production,of 1l=6 and Th2 cytokinesand increased ey expansionThese findings suggest that
Jagged2 eanhave a proinflammatory role in allograft rejection, but inteipmatathallenging,

as thebiochemicalimpact of the Jagged@oecific antibody used in these studies is not fully
characterizedFuture work using genetic approaches and othlearmacologicateagentscould
clarify the role of Jagged ligands in transplant rejection.

Although'thereare differences in experimental approacipasticularlyin terms of global Notch
inhibition in T cells vs. selective systemic targeting of Notch pathway componardgssof
allograft rejection andh vivo Notch inhibition delineate elements of an emerging consensus: 1)
Notch signaling is a major pathwaha promotes inflammation and oppe@s tolerance in
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allograft transplantation; 2) Notch signalingntrols alloreactive T cell immunity, but may also
regulate nofT cell subsets that contribute to the pathogenesis of organ rejection; 3)iricarget
the Notch pthway has therapeutic potential to prevent allograft rejectiath shortierm
blockade of Rltalike Notch ligands in the petransplant periodapable ofinducing longterm

effects.

In vivo.studies.of Notch signaling in graft-versus-host disease. Although the focus of this
minireviewsis-on allograft rejection, it is useful haghlight for comparisorother recent findings
about the(role of Notch signaling in grattrsushost disease (GVHO(Table 1B) (6-8, 11, 12)
Using DNMAML expression oRbpj inactivation to block lhcanonical Notch signals in T cells,
Zhang et al/first reported major protective effects of Notch inhibition in enlels of acute
GVHD (6). Notch inhibition led tamarkedly increased survival of transplant recipiehtstch
depiived alloreactive T cells showed decreased production of multiple inflaonyneytokines
(including IFNy, Tumor Necrosis Factor alphdL-17 and 1l-4) and increased expansion of
preexisting. Jegs((6, 8) Decreased cytokine produmti was observed in both CDdand CD8 T
cells, and'was associated with features of acquired hyporesponsiveness intiakofeeel|s(8).
Individual T cell effector functions were affected to a variable extent by Notch inhibigom, a
vivo T cell proliferation and expansion were preserved in irradiated recipients. T cell cytotoxic
functions were also largelynaintaired in the absence of Notch signaling, leading to the
preservation of potent grafersustumor effects. Using a genetic strategy to inactivate the
Notchl or theRbpj gene only in Tegs Chatila’s group reported that Notch negatively regulates
Treg NnUMbers and functiom vivo, and that Notch inhibition in Tregs alone conéertherapeutic
benefits infacute GVHIL3). Thus, Notch inhibition may exert beneficial immunomodulation in

conventional"Cb4and CD8 T as well as in kgs

Therapeuticallyy-secretasenhibitors (GSI) were shownto be effective in anouse model of
alloimmune_bone marrow injuryll). However, in acute GVHD models involving lethal
irradiationysystemic patNotch inhibitionwith GSI was poorly tolerated because of-tanget
toxicity in the gut(7). To bypass this toxicity, the role wfdividual Notch ligands and receptors
was investigated using genetic models and parspegific monoclonal antibodies (7, 12)
Notchl/Notch2 receptors and DII1/4 Notch ligands accounted for all thetseftécNotch
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signaling in alloreactive T cells during GVHD, with dominant roles for Notchl di4d DIl1/4
blockadeemerged as the most promising therapeutic approach to prevent GVHD while avoiding
system side effects of payiotch inhibition. Interestingly, transient early DW inhibition was
essential and sufficient to confer lotegm GVHD protectior(7). Altogether,clear parallels are
emergingbetween the functions of Notch signaling in acute GVHD and allograft rejettion.
both cases, early Dlll/mediated Notch signals exert profound and durablerglammatory

effects, sueh.thatransient DII1/4 inhibition provides lonigsting therapeutic benefits.

M echanistic considerations. The molecular mechanisms of Notch actionmature T cells
remain under_active investigation. The most relevant observations are amitiue to be
derived framinvivo experiments that evaluate physiological levels of Notch signaling in defined
immunological contexts. Along these lines of investigations, Notch was recentlyedkport
regulate specific functions of CD4nd CD8 T cells, includingn vivo survival and metabolism,
responsiveness ©D28mediatedcostimulatory signals, and CD8 cell differentiation(29, 31,

33, 3638)..An_important overarching theme is that Notch does not appear to function as a
lineagespecific.regulator, but instead as a regulator of T cell reactivity and function. In T cell
alloimmunity, multiple investigators observed that Notch inhibition tips the balaertween
inflammatory=Tes and suppressive & functions Eig. 2) (6, 13, 14) Notch-deficient T cells

appear defectiven thar production of multiple inflammatory cytokines, whiMotch-deficient

Tregs @accumulate in higher absolute or relative numbers and may have enhanced suppressive
ability. Furthermore, selective blockade of Notchl receptor in a fully MidSinatched model
redwed Te.and increased dys significantly prolonging allograft survivgRiella, unpublished

work). TregsWere not only expanded in number but also had enhanced suppressive function in the
absence“of "Notchsignaling. The dual effects omoth Ter and Tegs likely account for the
prolonged” impact of transient Notch inhibition. Of note, ldewnstreameffects of Notch
signaling are likely to be mediated bganonical CSL/MAMI-dependent transcriptional
mechanismg6y713), but the functionally essential targets of Notch signalingetnafid Teg

remain torbe identified.

Therapeutic implications and future directions. Based onavailable preclinical data, we
propose that Notch signalingan attractive new therapeutic target to prevent allograft rejection.
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Shortterm inhibition of Notch sigaling exerts a longstandinigeneficial impacby dampening

the alloimmune respongskighlighing the promiseof transient Notch inhibition strategies in the
peritransplant period7, 14) Beyond allograft rejection, Notch inhibition could also be
beneficial in other T celinediated immune disorders, including GVHD and autoimmuftity

39, 40) In"practice, targeting individual Notch ligands and receptors with spegditoclonal
antibodiescurrently appearso be the most promising therapeutic approachatget Notch
signaling in-alleimmue cells, while avoiding the systemic side effects of-pemch inhibition

(7, 9, 14) As.for other strategies, an important challenge will be to translate these findings from
preclinical mouse models into more advanced preclinical models (e-¢wunoan primates) and
into humans.Given that Notch is an ancienhd highly conserved signaling pathway, it is
tempting to.speculate that key features of its effects will be conserved, althagkets to be
investigated systematicallyPromising observations such as the significant enhanced Notch
signaling in T upon kidney transplant rejectian humanscompared tanon+ejectorsprovide
optimism tin this translational approac{Riella, unpublished work).Advances in our
understanding.sof Notch’s immunobiological effects and carefully designed tranalat
investigaions, could unravel the full therapeutic potential of Notch inhibition in allograft

rejection.and other immurmediated disorders.

Figurelegends

Figure 1. Overview of Notch signaling.

Mammalian Notch signaling is initiated by interactions between Notch recepimtich(-4) and

Notch ligands (Deltdike 1,3,4; Jagged 1,2). Ligamdceptor nding triggerstwo sequential
proteolytic'.cleavages of the Notch recepby the ADAM10 metalloprotease and by the
secretase“complexeleasing the intracellular domain of Notch (ICN) into the cytopla$non

entry into"the“nucleus, ICN forms a transcriptional activation complex wéahrémscription

factor (FF) CSL CBF1/Suppressor-ofairlessLagl), a member of theMastermindlike
(MAML) familyy and other coamtators such as p300CN/CSL transcriptional complexes often
assemble adjacent to other TFs, and can regulate Notch target gene expression proximally

through promoter binding or distally throughhancebinding and longange interactions
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Figure 2. Emerging model of Notch signaling as a central regulator of alloreactivity vs.
tolerance.

Notch drives T cell pathogenicity during allotransplantation by enhamaEtigpbgenidunctions

in effector T cells (Tx), while decreasing numbers abéneficialimmunosupressive functions
of FoxP3"regulatory T cells (&g9. Interfering with the Notch pathway can reverse this
imbalance by dampening proinflammatory cytokine production daycé&lls and enhancing both
Treg functionsand numbersmportantly, shorterm Notch inhibition in the petransplant period

can conferilengdasting immunological benefits.
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