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Abstract

Humanized Mouse Models for Xenotolerance and Autoimmunity

Grace Nauman

Mice with human immune systems, generated by transplanting humart €&i34nto
immunodeficient mice, are essahtools for studying phenomena unique to the human immune system
or poorly reproduced in existing mouse models. Human immune tolerance induction, function and
autoimmunity have been poorly modeled in converdianurine modelgl-4], which oftenhavepoor
predictive value for preclinical development.otiéls that allow the study of human immune cells with
the reproducibility and flexibility of small animal modelre required. In our lab, humanized mouse
models have been used to study preclinical protocols for human xenotolerance if@s@}iand to
better understanithe immunological underpinningg human autoimmunitj9, 10]. These areaeh areas
of critical unmetmedical need. Xenotolerangalucing protocols may be necessary to allow erg
survival of a transplanted pig organ in a human pafie}f and, with more than BJ000 Americans
currently waiting fo a life-saving organ, thaeed to expand the pool available for transplantasion
urgent Additionally, dinical options for paents with autoimmune disses aréimited. Currently, most
patientswith autoimmunity are only diagnosed afsignificantimmune damage of target organs
Predicing who will develop autoimmunity and who will nofi before damage occuvgould be very
useful butis currently vey difficult. Small animal models that can better help us understand how human
autoimmunity develops could help us develop protocols for early detection and even prevention. We
have developed a personalized immune model to shedgevelopment of an indii d u a | patiento6s
immune system in a transplanted mice to better understand immune abnormalities éniee
autoimmunity[ 9, 10].

We have usedxisting humanized mouse models to answer important questions related to human
xenotolerance induction and autoimmunbyt in thestudiesdescribechere we have worked &xtend

our capacity to use these mod@study human T cell development gretipherafunction. We would



like to be able to study both the initial selectiorTafell receptorsTCR9 in the thymus based on their
ability to recanize antigen in the context of presenting MHC without reactimiylly to selfantigen as
well as in the periphery, where T cells interact with periphamagenpresentingells (APC9 to
maintain homeostasis and respond to antigen. Firdtaweincorporatedl CR transgenesis into our
humanized mouse models to allgreatemprecision in studying thymic selection in our humanized mice.
Developing a system for this would allow us to study in greater detail mechanisms of human
xenotolerance induction, including confirming that a swine thymus can support positiv®saé&t
cells withhumanrestricted TCR$o allow a futurexenotransplantatiopatient to maintain immune
competencewhile also robustly tolerizingumanT cells expressingig-reactive TCRs We will also
expand this system to study the thymic selectibhuman T cells withautoreactive TCRs to better
understand mechanisms of central tolerance and understand how they fail in autoimmunity.

Finally, while processes of thymic selection are critical for human T cell development and function,
peripheral intractionsalso have a large impact on human T cell function and homeostasisagnd
contribute to the development of autoimmunity. For these interactions to occur appropriately requires
robustengraftmentaind reconstitutionf APCs, especially of myeloignd B cdllineagesin transplanted
immunodeficient mice APC reconstitutiotends to beuboptimal in humanized mice and is even more
so in mice transplanted with patiesgrived CD34 cells. Better characterization of human APC
populations and theirrpgenitos could allow us to develop approaches to improve-teng human APC
reconstitution in patierderived humanized mice, allowing us to more fully model patient peripheral T

cell function.
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CHAPTER 1: INTRODUCTION

T cells are key mediators of adaptimemunity. They act as centratganizers otheimmune
response, receiving information from antig@asenting cell§APCs) integrating it, and using it to
coordinateanappropriatadefense Depending on the situation, they can be cytotoxic effectors; crucial
partners to other immureell types, including B cells; or even immune suppressive cellsidgrtie
damage done by an ongoing immune response. However, the very propertiedotiaceiake them
key coordinators of the adaptive immune response often put them in the ¢entimiramune attack and
make them key culprits in immune rejectiorsolid organ transplantation. T cells interact WiACsby
recognizing antigens in th@wtext of seHmolecules, called major histocompatibility complex molecules
(MHC). These interdions are critical for allowing T cells to function properly and protely.
However, they must also be delicately controlled. Better understanding @mmllcwnT cell responses

has important clinical relevance in transplantation, xenotransplantatid autoimmunity.

Much of our knowledgeof T cell biology comesrbm research using mouse models. Mouse models
are useful and reproducible, and the maidamd human immune systems share many properties. Mice are
amenable to highly cordlled and rigrous experimentshey reproduce relatively rapidly, aseall, and
can bemaintainedasisogenicstocks in carefully controlled environment&dditionally, useful naturally
occurring mutationgecombinant DNAand gene editing technology make it possiblusegenetic
approacheso precisdy elucidae pathways, processesnd molecules underlying immune functions.
However, as our understanding of murine inmuogy has grownit has become clednat observatios
made using these systeds not alwayseflect what happeria humars. This may be due to differences
betweernthe mouse and human immune system that as yet are poorly und¢ts@yd@®, 13]. These
differences have frequently meant that therapeutic interventions that showed striking efficacy in mouse

models have not worked in podinical large animal models or humatuidies[3, 6, 14], or have required



extensive modificatiorio achievaesults in patientgl5-19]. This has been particularly concerning for
studying immune tolerance induction for transplantation and xenotransiemtand for better
understanding clinical autoimmunity. Models that better recapitulate human immune cell development
and function, includingf T cells, will be necessary to bettarderstand these cells and prevent unwanted

reactivity in transplantaiin and autoimmunity to address major and growing unmet medical needs.

Because T cells have a central role in coordinating the rest of the immune regpoabdityto
specificallytolerize human T cells to a desired reef would beextremelyuseful tlerapeutically. This
would be particularly relevant in transplantation, wreepatientis grafted withan organof nonself
origin that they require to surviveTheimmune systemespeially T cells,readily attack tissues
recognized as neself, whichcan lead taejection of the transplanted organ. Curreritlis T cell-
mediated immunattack ortransplanted orgars prevented by profound pharmacological suppression of
thepatiemb s i mmu n e s ysiranspiantdpatieritsatseveralrisk forfection neoplasm, and
excruciating side effecf20-22], while chronicrejectionmaystill occur. Thus, current approaches to
control the immune responsehumanto-human transplantatiowithout tolerance induction leaweuch

to be desired.

Problems caused by immune attack on transplanted organs are likely to be exacerbated by future
approaches to expand the pool of availaiigans. Recently, major mes has been made in pre
clinical models of pigo-human xenotransplantati¢f3, 24]. Genetic modificatiof pigs and
improvements in immune suppressive medicine ligseaticallyincreased the survival of pig organs in
northuman primate modebmndclinical xenotransplantatiomay beon thehorizon. This will be a major
achievement, given thenomous,despeate need fomore transplantable orgafb]. Howeer, the
immune incompatibilities between pigs and humans are quite kifmout tolerance induction, the
immune suppression required to support survival of a pig orgde iimnansplanted patiewdll likely need
to befurther increasedwith moreside dfectsand likely, less effectivaess Thus, approaches to induce

immunological tolerance could greatly improve quality of life for current transplant patients and may be
2



essential to make pig-human xenotransplantation possible. Becdusells are &ien major participants
in transplantejection, mechanisms to induicemunologial tolerance will have to contrahd retrain T
cell compartments. However, approaches léed to tolerance induction in murine models often are

unsuccessfuh larger animals, including dogs, pigs, and rbnman primatef26).

The failures ofinmunological tolerance that lead to autoimmunityy also bgoorly maleled in
mice. Differences between mouse models afell-mediated autoimmune diseases and humans with
those diseases have meant thaightsobtained usingnouse modalcamot alwayshetranslated to
human clinical applicatiof7, 28]. Possiblysome of the factors that make mice vemeaalte to highly
sophisticated studiemcluding the ability to generatgogenic, oigenetically identicalstrainswith
reproducible characteristics, maake them less likely to appropriately model hurisease For
instance, one of the most widalgedmouse models for TypediabetegT1D), the norobese diabetic
(NOD) mouse is an isogenic mouse straBtudies in the NOD mouse have helped confirm that T1D is a
T cellF-mediated autoimmune dised2®, 30]. They have also identified pathogenic T cell reactivities
that are dien found in patients with T1[B1-39]. T1D pathogenesis has been exhaustively desdnbed
the NOD modelwhich has demonstrateasimerousmmunological abnanalitiesassociated with the
strain However, itis unclear which of these abnormalities ezkevar to disease developmentrimany
of theindividual humans who develop T1[28, 40]. Differences between tHeiman and mouse immune
systens may contribute to thesdiscrepancigsor they may ocausimply becausgatients with T1D are
outbredand each comes with aique assortmentdf predisposing genetiariants[41-43] anda different
historyof exposuesthat ultimately lel to diseaséevelopment Therefore, future stlies tobetter
understanatlinical T cell autoimmune pathogenesis should study human immune cells spediinchlly
shouldallow us tomodelimmune development from human immuwedls with different known
characteristicén terms of bth genetis andenvironmental exposuresThis would permibetter

modeling of humarni' and patient T cells. Models that allow genetic manipulation of human cells



would be additionally useful, tacilitate more precisenechanistic studiesf human T celimediated

autoimmuiity .

Clearly, conventionamouse modelare likely inadequatir answering outstanding questions in
human xenotolerance induction and autoimmun8gpme of these difficulties asgmog certainlydue to
differences betwen human and mouse immune cell$ierefore, to better understand how to tolerize
human T cells in transplantation and to prevent or predict the development of humaautaesictivty,
we will have to develop models facilitate studies specifically druman immune cellsUnderstandig
the human immune system is vitally important, but ethical concerns for théeued) of research
participants severely limit the sorts of studieat can be done on humans. Gemgralumanstudies
have been limited to studying peripheral blomadgdthusonly provide a limited window onuman
immune cells and functioand preclude longitudinal analysis of disease pathogenesis, since disease
develgpment is usually unpredictablé&Re@ntly, human tissisfrom deceased donohswve becoma new
resource dr human researcmnd have provided valuable insight into human T cellAR@
compartmentalization and maturation in health and diddds¢6]. However these studies tend to look
at snapshots of a human immune system and are usually descriptive in nature. The vast array of genetic
tools that have made detailed mechanistic and kswtitlies possible in mouse models have so far been

difficult to applyto thesamoredescriptive human studies.

Ultimately, models that combine the experimental tractability of mouse models but allow us to study
the development of human immune cells W@l necessary. To address these concemand others
have turneda usinghumanized mouse models. In particulag, and others hawgsed transplantation
models wherdduman immune progenitor cells and tissues, specifically human‘CGadatopoietic
progenitor cells and human thymus tissua@ggrafted intogeneticallyengineered immunodeficient mice
[47-49]. Human CDA45cells, including B cellasndmonocytesrepopulateecipient mice. If a fragment
of fetal human thymus is traplanted under the renasule, naive human T cells selected in a human

thymuson human MHGare also detected in the perippef transplantednice, making studies of human
4



T cell devéopment under controlled conditions possibWie have also developadhumanized mouse
model canpatible with the use of patiederived CD34 stem celldor personalized studies of immune
systems reconstituted from individuals with or without autoimmuseade$9]. Both models have been

used in the lab to better understand human xenotolerance induG#dth and autoimmunity9, 10].

In my doctoal studies, | have builtpon thiswork, usinglentiviral transgenesis tatroduec a TCR
transgene intbluman CD34 cellsfor transplantation This will allow studies of TCR selection in the
context of human cells, allving us to perform mechanistic siesl using human cells in an
experimentally tractable mouse model. While this model is not wholly new, | have usdutdito
addresmg longstanding questions about gedection of human TCRs in xenotolerance induncéind
autoimmunity andhavegeneratd reagents to continue these sagdil have also performed preliminary
experiments studying selection of a known autoreactive TCR in normal human thymopoiesis
Additionally, | have contributed to studies charactegzamd optimizingperipheralAPCsin our pdient-
derived humanized moesnodel for autoimmunitysince these models cannot faithfully recapitulate
human immune function unless physiologically relevant levels of h#R&srepopulate the periphery
Togetherthese projects represent progri@sgenerating humanized mouse misdéat allow studies of
human T cell development for tolerance induction and autoimmunity in an experimentally tractable

system.

In the remaining pages of this chapter, | will reviewibarinciples of T celtlevelopment
maturation) and central toleraegcwhich largely occuin the thymus. | will also touch briefly on
peripheral T cell functionand its dependence on interactions whgnAPCsfound there. Will then
address the reVance of these processexenotolerance induction and autoimmunikyvill describe
what is known so far about these systems, and especially what we have learned about these processes
using other humanized mouse models, befleseribing outstanding gstions that require us¢ a TCR

transgeni€Tg) humanized mouse moldend mouse models with improved peripheral APC engraftment



T cell development

T cells have unique specificities due to expression of T cell receptors generated by stochastic
genetic rarrangement

T cellscanrespond to a vast variety of antigens becaasd individual T cell expresses a receptor
with a unique specificityknown as & cell receptor or TCRE a ¢ WT céll has aTCR consigng of two
receptor chainghe TCFb and the TRUchains These are genated by stochastic rearrangements of
gene fagments encodday the T C RandT C Rdeénomicloci in a process knowas V(D)J
recombination Both theTCRb and TCRJIoci encode numerous TCR variable (V) and joining (J)
regions, whilehe TCHRb additionally encodes two diversity (D) regions. A procdggemomic
recombination allows each developing T cell to rearrange a different combinatioDpfd Jegions
onthe TCHb locus. This genomic rearrangemeist mediated bywo protens, known as recombination
activating genes, or RAG1 and RAG#hich ae endonucleases whiahieate double strand breaks to
allow rearrangement of the gene segm¢b@s 51]. The resulting double strarmteaks are repaired via
non-homologous end joining, @rocess of DNA repair that allows thentemplate directed insertion of
nucleotidesknown as P and Nucleotidesat the sites ofecombination. This generates mutational
diversityin addition to the combinatial diversity generated bygcombining diferent V, D, and J
regions This process is largely repeated on the T€Rain although th& CRUonly aranges V and J
regiors. In all, this process generatesquencgof DNA at the sits of recombination, known as the
CDR3s, thatarehighly diverse ad responsible for the specificity of the T¢H2]. EachU B cell will
have rearrangedothab ¢ lmaidn at Ichaia,ant thi® corebindtionddsadditionaldiversity to

the TCR repertoire.

Ultimately, thisprocessan generatan immune repertoire with an enormaugayof specificities
Theoreticdly 10 unique TCRs could be arrang@deachindividual [53, 54]. Thisleavesthe adaptive
immunesystempreparedor whatever may come its waydowever, because the process occurs

relatively randomly, a high percentage of rearranged TCRs will produekinctional molecules or



molecules withinappropriate reactity. Therefore, developing T cell®ghrough a tightlycontrolled
process of selection in a specialized organ, called the thymus, to tresdevelopment and maturation

only of T cellsthat have arrangddnctional TCR<hat do not respond to mostfsahtigens

T cellsrecognize antigeim the context oelFMHC molecules

TCRsrecognize antigen in the contextsafrface proteinknown as major histocompatibility complex
molecules,orMHCe x pr essed on t he s ur MHComlecdes eathttentaina gani s md
bindingcleft thatcan accommodate a large diversity of antigenic peptides. Minor variations in binding
cleft configuration can dramatically affect the repertoire of antigenic peptides an MHC molecule can
present, and thus timmuneresponsgs the MHC molecule can eliciMHC molecules are highly
polymorphic, and the MHC locus is the site of the greatest degree of allelic diversity in most vertebrate
species, including humang his ensures on a population level that a group of iddals can respond to
a wide variety of pthogens EachTCR respondto antigerpresented oa specificMHC molecule, and

thusis said to baestricted to thatspecific MHC molecule.

There are two major types of MH@oleculeswhich generally presemeptidesto different types of T
cells hatmediate different functiam Co-receptors on the surface of T cells, known as CD8 or CD4, bind
to MHC molecules and in some cases facilitate TCR and MHC interaffignsnd distinguish between
theT cells withTCRsthat recognize either of theo types of MHCs with the CD8 cereceptor binding

to class | MHC and the CD4 emceptor biding toclass || MHC.

Class | MHCare expressed on the surface of almddtedlthy cells angrresentantigensoundwithin
thecytosol of thecells themselvesT cells restricted to class | MHC a@P8" T cells. CD8T cells thus
recognize cells that have been infected with virusestar intracellular pathogens, or celiat have
experienced potentially oncogenic mutagenesis. *AD&lls are cytotoxic effector cells, so they can

respond tantigenpresented on the surface of an infected cedibsctlykilling it.



The second typ of MHC areclassll MHC. Theseare prinarily expressed bgrofessional APCs
types of cells with specialized abilities to process and presegenousntigens taCD4" T cells that is,
thoseobtained from the extracellular environmeandbr endosomesCD4* T cellsare generally referred
toas fAhel per dTcéllsespdnd te antigen@id4o additional signals &&@s that direct
their differentiaion to multiple types of helper T cells depending ondbeditions of the environmei
mediate a variety of effector functian€lass Il-restricted TCRs tend to have a lower affinity for their
cognate antigen/MHC combination compared to those thatass -restricted56]. Additionally, while
class | MHCs present antigens of uniform sizgpi¢ally between 9 and 11 amino acids) generated by
intracellular proteases, class Il MHCs can present larger peptide antigeaswidkbr variety of sizes
[57-59]. Peptides presented by class || MHCs can often bind in multiple confansaor registerfo(].
This allowsmultiple T cells each expressing very different clagestricted TCR$o respond to a single
peptide/class Il MHC complexBoth factors siggest that the requirements for developmenturation,

and activation are different for CDdompared to CDS8T cells

Thymocyte selection and central tolerance

In the thymusT cells undergo V(D)J recombination to generate a diverse array oéaelis
expressing a uniqueCR. The thymus is a spedized organ that supportssalection process to ensure
thatthe maturingT cell poolultimately will contain T cells that express functional TCRs that are not
autoreactive. T cells are known as thymesywhile they ardevelopingn the thymus. A majdiocus
of the work described here centereddeweloping a TCR g humanized mouse model studywhat

happens tohymocytesexpressinga humanTCR with known propertieduring thisprocess.

One of thdfirst steps of thymocyte developmemtC Rb V D J inatios, ocounsbefore thymocytes
upregulate their CD4 and CD8coe c ept or s, whi l e t he t.hThemeacapgede s ar e
T C Rrbust pairappropriately with a molecule called thee TCR su r o g-ehaireto dnsure
functionality ofthe rearraged receptof61]. | f t hi s occurs successfwully, th

selection and prevent f ur tihaprocess&kmwnragatiagpeelosmmt at t h
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Cells expressing a pi@ranged TCRas ina TCRTg systemareable to express a functioneICRbH ¢ h a i
without undergoing VDJ recombinati o-selegtiond so ar

efficiently, preventing rearrangement thfe endogenous TC&Rloci [62].

Afterrearranginle f unct i o n agaHymoty@Rupregulata hoth th€ED4 and CD8 co
receptos, begin rearr an ¢6élnand biedinghymocyie 6dRettionbidh takes dace in
two steps The firststep calledpositive selectiontakes place in the cortex of the thymus aetects for
T cells expressing TCRs thaeakly bind topeptidéeMHC complexegpMHC) expressed in the thymus
These ard CRsthat haveproper MHC restrictionthat is, that can respond to peptides presented by the
MHCs present in the thymus of the organism. T cells must express TCRs with proper MHC restriction to
be able to function and mediate a T cell response in the periphery of the organism. Thstegcond
occurs in the medulla of the thymus asdnown asentral toleranceajuring whichdeveloping
thymocytes are exposed to a wide variety of-artigens and are eliminated if they are readtovihese

selfantigens

Positive selection is necessary for the development of a functional TCR repertoire
Becausehe process for generating TCRs is stochastic, and belhidSe are so diversene of the
first steps in T cell developmeist positive selection, which ensures theg thymocytes have rearranged
areceptorthat can interact functionally with the individ | 6 s . Wiyr@ogytes are allowed to survive

and mature based on the ability of thE€@Rs to weaklyinteract withselecting antigespresented on
MHCs expressed on the surface of eplitdecells in the thymic stromg63, 64]. These specialized cells
are calleccortical thymic epithelial cells, off&Cs. Cells expressing TCRs that lack the proper MHC
restricticn and do not respond to pMHC complexes present oseleting thymus epithelium are
eliminated by a process called death by nedkf;t66]. A large proportion of developing thymocytes
fail to rearrange an appropriate TCR and fail to be positively se|extedare lost to this procd$y].
This occurs even though the affinity requirements for positive seleatiauite low; an observatiotinat

a sirgle MHC/peptide ligand can positively select a diverse pool of thymocytes suggests that relatively
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weak crossreactivity is sufficient to allow positive selection of a variety of TC&8. Recent gidies
have increasingly recognized that thymocytes expressing TCRs that respond too sirselflgMHC

complexescan also be deleteat this stagef developmenf69, 70].

Thymocytes differentiate to the CD8r CD4' T cell fate during positive selectioimmature
thymocyteswill upregulate both coeceptorsafter successfulflCRUchain rearrangemerguch that
thymocytes undergoing positive selection can be identified lasedingbothCD4 and CD&louble
positive (DP)[71]. As the thymocyte determines which MHC its TCR respdieddto, it will retain
expresn ofthe cereceptor appropriate fohe MHCto which t bestrespond$ CD4 forclass I, or
CDS8 forclass land silence the expression of the ottwreceptor Comnitting to the CD4 or CD8
lineage is an important part of thymic selection and thymocytes after tlaglaeCD4 or CD8 single

positive (SP)

Central tolerance

Thymocytes thaare successfullpositivdy selected ando not succumb to either death kggtect or
clonal deletiormigrate to medulla of the thymus, where they undergo a rigorous process of central
tolerance.The thymic medulla ipopulated with a wide variety éPCs including multiple types of
dendritic cellfDCs)and B cells, as well aspopulation of highkspecialized stromal cells called
medullary thymic epithelial cells (INTECs) whiphesent a wide variety of hematopoietitd tissue
specific sefantigens to the immature thymocytessuringhat any that express antoreactive TCR are
appropriately tolerizedpon encountering its cognate satitigen[63]. mMTECs in the thymus express
specialized proteins, including the transcription factor AIRE, which allow them to stoaflgstipresa
large numberof enes t hr ougho UT2-74. Wis ensaréslthatsleveopingdhyreocytes
are tolerizedo manyantigenic proteins tharenormallyrestricted to specific tissues or orgafifiese
proteins arehereforecalled tissueedrictedantigens, or RAs, and their expression in the thynhedps

make sure¢he T cells will not mount autoimmune attacks on otrgans Ectopically expressed TRAs
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can also be transferred from mTECs to thy®es[63], meaninghat multiple cell types can participate

in tolerizing thymocytes td RAs.

If a thymocyte expresses a TCR thedcts ta self-antigen, it can be toled in one of two ways: by
deleton [75-77], or by conversion to thegulatory T cell Treg) fate[78-81]. If the cell is selected to be
a Treg, it will upregulate thiganscription factor FoxP3 aratquiresuppresse functians. This ensures
that if any autoreactive TCRs escape tolerization, or if unwanted reactivity develops in the periphery
Tregs can halt it Thymocytes expressing autoreactive T@Rsy also bdorced to undergapoptosisand
arethusdeleted from the thyos[82-85]. How developinghymocytes are directed to undergo deletion
versusTreg conversion during central tolerance has been the subject of intense study, but more research is
needed taletermine howthis decision is madeStudies assessing central tolerance of human thymocytes
are especially neededh any case, developinghymocyte typically spend&5 days in the thymic
medulla,moving in a apparenfi r a n d odthrowgh b tight network afutoantigerpresenting cells,
ensuring the TCR is assessed for re@gtio a widerepertoire of selantigers [63]. Subsequently,
thymocytes with a functional TCR that did not encounteraatigens becomenature T cells and
emigrate to the priphery.

T cells rely on peripheral antigen-presenting cellsfor homeostasis and
function
T cell peripheralsurvival and function depend on interactions watitigenpresenting cells

Studies ifmice have shown thateripherall cellsdepend upon interactis with peripheral APCs
both to stimulate appropriate antiggependent T cell responsasdfor signals to support their
maturation and homeostasis. Immediatdter T cells migrate from the thymus, these cells, termed
recent thymic emigrants (RTEshdergo a period of posfiymic selection and maturatidmatis thought
to lastapproximately two weeK86, 87]. During this periodRTEs are hypdunctional and their
repertoires shaped by interactions with MH&xpressing APCas they mature to anctional naive T

cells[88]. After maturationnaive CD4 and 8" T cells must continue to receive signals from the
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MHCs on which they were selected to persist and fandti the peripher{89-92]. It has been shown
that T cells do not persist in the periphery withdwtse signals in steady stf®8, 94], andthey certainly

are not able to mount antigspecific responses in their absence.

In mice, nteractions between periphefdPC populations and T cells can also help prevent
initiate 7 autoimmunity. Interactions betwespecialized APC populations the periphery have been
shown in mice to induce deletion, anergy, or Treg conversion in T cells with unwanted ref@Haiy.
These peripheral interactions can suppress reactivity by Twithlautoreactive TCRs thascapd
thymic deletion, okhich express TCRs that reaatinnocuousnvironmental, food, or commensal
antigens However in situations where normal, healtmgdividuals have a sudden reduction in their
peripheral T cellspaive T cells with higher affinity for seNIHC preferentially interact with peripheral
APCs to proliferat¢91, 98]. During this process, known as lymphopeimduced proliferation,
proliferatingT cells can become memory cells, which are more easily stimulated to mediate effector

functions,and may contribute to theedelopmat of autoimmunityf99-102.

Studies of human peripheral T cell homeostasis are virtualheristent due to the lack of
appropriate model systems. One study in our laboratory confirmed that human naive T cells require
interactions with peripheral human APCs to mediate proliferation and phenotypic conversion in a
lymphopenic environmerji03, but more studies using humanized mouse models will be needed to
determine whether sights about peripheral T cell homeostagisanedrom micealsoapplyto human T
cells. Accurately recapitating human peripheral @ell-APC interactions will require humanized mouse

models with physiological human APC engraftmaevttich has been difficult to achie{#4, 104, 105 .

APC populationsare suboptimaln humanized mice
Interactions between T cells and APC populations are critical for normal T cetibiuiand
development, so models to study normal human T cell development must appropriately reconstitute

human APC ells as well. Unfortunately human A°C developmens thoughtto be suboptimal in mice
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transplanted with human CD3dells SomeAPC popuations have been described as being peorly
maintained in transplantedice[14, 104, 105. Notabl, classswitched antibody responses to
vaccinationswhich require interactions between T cells and APCs including B asdiglifficult to
achievein humanized mic§l06-109, suggesting that ngphysiologicalhuman APGeconstitution and
functionis a barrier to modeling normiahmunebehaviorin humanizednice We have observed that the
persistencef humanT cdlsin humanized mice can depend on engraftment of specific human APC
populationd103. In a secondary transplant model where T cells from humanized mice were
transplanted to mice engrafted with human B cells or monocytes, but nitg, Tycephopeniadriven
expansion and conversion to the effector/memory phenotype correlated with the level of human APC
reconstitutiorin secondaryecipients with CD4" T cell proiferation correlating with human CD14ell
engraftment and CD&rolifergtion depending on B cel[403. Human T cell survival was dependent on
the presence dhese APCs in secondary hosts, as transferred T cells could not be recovered in
unreconstituted mice lacking human APTBese data further confirm thappropriate human T cell
function in a humanized mouse model will requjoedreconstitutiorof multiple human APC

populdions.

Decades of effort have gone into improving human APC reconstitution in mice transplanted with
human CD34cells. Most have focused on providing human cytokines in transplamted typically by
introducing human cytokines inthé genome of immunodeficient migk4, 108 110, 111]. These
efforts havamproved APC engraftment amayelopoiesis butancome at the expense of mouse lifespan
or T cell function Animals with too many human cytokines knockednay havea shortenedifespan,
perhaps due to anemia in timéce (personal communicatidinom Dr. ChiaraBorsotti, previouslya
student in the Flavell laboratgryPoor crosseactivity between the knocked human cytokines and
murine cytokinereceptorsnay contribute to # health concerns observed in these miecause these
animals die so young, experiments using tlasmalsmustbe performed in neonateshichare too
small totransplant with humathymus grafts Thus, these animals only permitell selection studs in
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the context of the mouse native thymiiiting the utility of these models for studyihgmanthymic
selection In another human cytokin€ég model[112], humanT cellsrapidly converedto memory
phenotype and we poorlymaintained suggesting human ART cell interactions in the mice are
nonphysiologicain this model Transplanted mice ultimatetievelogda histiocytosidike syndrome

[113, again, limiting their utility for extended studies of transplanted human deliss humanized

mouse models that suppoobust engraftment of bothumanAPCs and human T cells have been

difficult to develop Approaches to better characterize why human APC engraftment and develgpment

suboptimal in transplanted micgight lead to better strategies to improve these models.

HematopoieticAPCs

There & a wide variety oAPCsin the body with many characteristics and purpodégst of them are
considered to be part of the myeloid lineage, andqiaits in the more rapid, lespecific innate
immune response. However, hase these cells can presantigens to T cells on their MHC, typically
along with costimulatory and cytokine signals, they aetlaédge between the adaptive and innate
immune systemFully recapitulating all human APG@s ahumanCD34" cell-transplated mouse model
will be challenging andnaynot be possibleMany APC populationssuch as thekin-resident
Langerhans cellsre laid down during fetal developmeatdt h e s e an dp rootfheesrs ifionnoanl 6 Al
of nonhematopoietic origitikely cannot beepopulated by transplantedman CD34cells[114, 115.
Howeve, numeroudther APCsare arived fromhematopoietic cells, including monocyt&cellsand
multiple types oDCs, and improving their engraftment and maintenance will facilitate modeling human

immuneresponsgin humanized mouse models

Monocytes aran importanimmune cell typen humans.They make up a large proportion of human
bloodnucleated cell§~10%) larger than their proportion in murine blodd 6, 117]. Monocytes are
frequently among the first immune cells present in a site of infection or inflammation, typically arriving
within 12-15 hourg116 117]. Upon arrivy they are able to direct the unfolding immune response in

multiple different way$118. Theycandifferentiate into effector cells, such as macrophaiges,
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physicallyclearpathogensandsupporta preinflammatory or preresolutionenvironment They can lso
differentiate to inflammatory DCand become involved in activating T &4l119-121]. In mice,
monocytederived inflammatory DCs have been shown to contribute to priming Tacellsere
necessary foeliminating pathogengl22-124]. It is likely that humamonocytes can do the same, so
robust human monocyte development will be needed in humanized mouse, raltdelsgyh there is

evidence that they are immature and hypofunctional in current mdde]s

Other important cell types include DCs, including tlesmacytoidDCs(pDC9. pDCs are a unique
subset of small, roundCsthatare specializeth theprodudion of type | interferor{125 126, the
cytokine signal that is the essential first step fordtiiig CD8" T cell-mediatecantiviraland antitumor
immunity [127, 128. pDCshave also been shown to induce Treg development in bothytinegland

periphery[129, 130.

Two subsets of conventionBICsfound withinCD11¢ cellsare specialized fquresenting antigens to
the two main types of T cells. Hum@b14'c DC1 cel |l s, which cdCs,espond t
specialize in crospresenting extracellular agéns tocytotoxic CD8 T cells[131]. This means they
hawe a specializedbility to take in antigens from outside the cell and present thettass | MHC,
which typically only presergndogenoushproducedantigens. CD141DCs therefore argnportantfor
CD8" T cell-mediated immunity.CD1c cDC2s, by contrastgenerallypresent antigen t6D4* T cells,
integrating and coordinating their helper T cell respofis2@ 131, 132. Thesefunctions are not
exclusive, as CD141DCs can activate helper T cells and CDIDEs can perform antigen cress
pre€ntation, but good reconstiion of both populations is likelynecessary fonormal, functional human
T cell immunity andwill be needed ithumanized mouse moddb support studies of physiological

human T cell developmentomeostasis and function

While B cellsmay bemore classically known for producing antibodisgecializeanoleculeswhich

specificallyneutralizepathogenss key mediators of humoral immunithey also play very important
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roles presenting antigens to T celladeed, their antigepresenting ability has often been utilizad

vitro, where polyclonal poolsf virally immortalized B cells are frequently used as support cells for
culturing T cells. Their role as APC#m vivois also very importantin some cases, B cells have been
shown to be the primary APC priming a T cell respdrist8-135. Interactions between T and B cells
where B cells present antigens to helper T cells coordinatgdrminal center reactiowhere T cells and
B cells interact to optimize the B cetiediated antibody respongE86-138. Thus, humaized mouse
models musteconstitute mature, functional, weflaintained B cells that can participate in these
interactions to allow classwitched antibody responses to vaccinatidrsz}, 138 139. We have
additionally shown that human CD® cells require B cells to proliferate in a lymphopenic environment
[103, suggesting thdtuman T cells may rely on them for homeostatic signals as well as antigen

presentation in ways that are as yet poanrgerstood.

Good, physiological reconstiion and maintenance of these human APC populations will be
necessary to appropriately model human T cell function and development in a transplanted humanized
mouse modelMany of these populations coyltheorettally, be reconstituted by human cellghiy are
able to adequately receive the signals needed for developmédeed, a major reason humanized mouse
research has so thoroughly explored exogenous human cytokine expression for humanized mouse models
is to ensure that appropriate human cytokiaesprovided to promote development of these ARGs
140Q. Howeverthese approaches may not addedbthe missing signals needed to promote appropriate
APC differentiation and maintenance in a humanized mouse. One challenge in reconstituting APCs in
humanized mice, especially compared to other populations, ihéregurvival kinetics are shorter
compared to lymphocytes, and especially to T cdllse typical haHlife of these cells isn the order of
days or week§l141-144, while humanT cells are kown to persist for decadgs45147. Human
memory B cells and antibogyroducing plasma cells can also persist for years, but these populations
develop poorlyn transplanteanice and the more immature B cell populations that are better represented
in humanized mouse modg¢J] have a more rapid turnovgt44]. This short APC lifespais
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physiologicaly useful because it helps ensure ttle#antigensAPC populationpresento T cells reflect
up-to-date information about the immunological challenigeingthe organism. Thefore, better
understanding human APbiology and the hematopoietic processes that support human APCs in
humanized nce would be helpful. We have begun addressing this by characterizing both human APC
reconstitution and human hematopoietic progenitor populations in humanizesgmodels mde with
human CD34cells of multiple ontgeneticsources both fetalliver andadult bone marroaBM)-

derived sources. Our goal was to better understanthnAPC populations and how they were
maintained, witragoal of improving APCmaintenance in a humanized mouse ma@elsplanted with

patientderived bone marrow samples.

Hematopoiesis

Humanized mousmodels relyon the transplantation of human CD3#lIsto repopulate
immunodeficient mice with human white blood cellgis approach is successful because CD34 marks a
variety of progenitor populations that give rise to wbiteod cells and other hematopoietic populations.
Among these populations are heopaietic stem cedl (HSCs)a rare population of stem cettgat can
give rise, via differentiation through a variety ohtegopoietic progenitor cells and intermediates
virtually everyblood cellin the bodyincluding thoseconcentrated in lymphoidssues Traditionally this
has been thought to occur via a hierarchical progression through sequentially moredimeagted
progenitor populationgl4§, althoughmore recent studies suggest that developing hematopoietic cells
commit to clonal lieagesnuch earlier than previously believEi##9-151]. Cytokine signals and
interactions witrsurfaceproteins orstromd cellsare necessary to direct progenitors through
differentiation[149, 150, 152, 153. Even before thisnteractions with the external HSC ni¢livecluding
localization to specialized vascular niches and assogiaftith unique supportive cell typd454, 155,
have been shown to lmaportant for regulating HSC endtamentand persistenceSpecies differences in
any of these interactions may affect the abiityiuman stem, progenitor, and mature populations to
developappropriately in a humanized mssumodel. It is also unclearfidevelopment in a murine niche
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rather than a human one would impact how developing hematopoietic lineage cells commit to clonal
fates. Moreover, conditioning regimens used to prepare recipient animals for engraftment with human
cells may disrupt or altehe environment in which the trgslanted stem cells find themselves, further
altering their persistence and differentiation potenfisre studies of human stem cell engraftment and

differentiation might be useful for improving this.

Using differentsources of human CD34cells can df ect engraftment and cell output in humanized
mice. We have used CD34ells from human fetal livers and from bone marrow taken fieaithy
adults. We obsereddifferences in the abilities of these cell sourmeepopulate immunodeficient mice,
and espcially to maintain APC populations. APC populations seem to be poorly maintained among
peripheral blood mononuclear cells in mice transplanted with aBM Cg84. Differences in
repopulation potential and lineage biases between ontogeneticallymifereces of human CD3dells
have been reported befdt9, 156 157] and are not surprising, since thieysologicalrequirements in
fetal and adult hematopoiesis are different. However, the result that APC populations are reduced in mice
transplanted with older CD34ellsappears taonflict with the observation iboth mice and humarthat
aged HSCs displag bias towardmyeloid differentiation[158. This observation provides support for
the idea that poohPC maintenance in transplanted mice is likely due to as yet poodgrstood
differencedetweerspeciesin the stromal and cytokine signals needed to promjtienal HSC

engraftmenaind hematopoiesis

If we can better understand and imprénenan heratopoietic stem and progenitor cells engregint
in mice andbetterfacilitate their survival, maintemce, and differentiation through the various APC
lineages, perhaps we would be abléniprove human hematopoietic engraftment in nhicerterm, to
allow longertermbiological and mechanistgtudiesrelated tchuman immune developmeim an

experimendlly tractable small animal model.
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Humanized mouse models to study human T cell development

Humanizednouse models generated by transplanting immunodafianice with human fetal CD34
cells and fetal thymus fragmertan provide aiseful model to studyuman T cell development and
biology. These models have been used to study HIV infection, persistence, and treatment approaches
[159167]. Theycan be used to stuayncer biologyand test therapeutics for immuoecology[168
171], andto model human autoimmunift72. We have used them in the laboratory to model
approaches to clical tolerance induction in al@nd xenotransplantation. We haveoalised them to
study human lymphopenriaduced proliferatioi103 and, using a descriptivepertoireanalysisbased
approach, TCR selection during thymopoig¢&ig3. These models havacilitatednovel insights into

human T cell biolog that were ot previously possible.

Early studies have begunégpand on these approachesabgng genetic manipulation to humanized
mouse resear¢hvhich cold allow more precise, hypothesisiven studies of human T cell development.
Studies of T ell developmat, especially in thymopoiesis, are much more possible to do using defined
receptor systems, where cells expressing a TCR with a known specificity can be observed and monitored.
Much of whatwe know about murine T cell development comes frdefined recefor studies using TCR
Tg mice Miceencoding a single preearranged TCR can lgenerated by cloningiice fromnucld from
a clonal Tcell populatior{174]. Obviously,such technologieare not possiblé nor ethicali for use in
humans. Instead, TCR transgenaist be introducethto human CD34 cells prior to transplant without
impairing their @apacity to repopulate mice. This can be done using lentivirus, a genetically engineered
viral vector with a high capacity to infect rdividing cells[175 176. While this is a technically
chdlenging experimental system, studies using this system have begun to address fundamental questions

abouthuman T cell development.

Many of thesereviousstudieswereproof-of-concept studieshowing that introduction of a TCR
transgene largely prevenhrrangement aihdogenous TCRs in transplantafisand that a human

restricted TCR requires expression of its selecting MHC aomithgpithelium for efficient positive
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selection62, 177, 178. Studies have explored TAR humanized mice gsotential sources of TRTg

T cells fortumor or virusspecificimmunotherapy177-179. More recently, a study trgplanting
humanized mice with cells transdudeda TCR and for its target antigen was used to studyamuT cell
deletion[18(. This study demonstrated the utility of this model to study fundamental questions of
human TCR selection and development, which we hopeitd on to study xenotolerance induction and

autoimmunity.

Using humanized mi@ to understandxenaolerance induction
Tolerance approaches for xenotransplantation

Transplarationremains the only curative treatment for organ failure. Unfortunatedye are far
morepeople who need or would benefit from organ transptamithat there are available transplantable
organs Currently over 100,000 people are waiting for adié&ing organ transplait the United States
alone[25]. Additional sources of transplantable organs are desfyerateded Forturately, iecent
progress in pigo-human xenotransplantati@uggests thatlinical transplantation of pig organs into
patientswill happenwithin the next few years. Significant progress has been made, increasing the
survival of pig orgas in norhuman pnnate transplantation models from minutes to mof2B8s181,
187. Much of this progress has relied on genetic modifications of the swine donors themselves,
eliminating certain immune incomphilities [181, 183; much of the rest is due to imprawents in

immunosuppressive medicatiois84 185.

However, even with these promising results, kergn life-supporting graft survival has not been
demonstratednd clinically releant pigto-human xenotransplantation might not be possible witho
tolerizing the patientoés | mmun erumngpredincalt o the don
experimentsorgan survival has rarely been reported beyond a year ¢d.8@p and typically the pig
organ hashown signs of rejectiopy the time of removal from the transplanted prinja&¥, 18§.
Transplantingyrafts not expected to survive longer than two years may not be justifiable in patients.

Additionally, while pigto-non-human primate transplantation models usiigh levels of
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immunosuppression have beemarkably promising in laboratory settings, it is quite possible that this
level of immunosuppression will not be tolerable for a future patient. Levels of immunosuppression
currently used for humato-human dbtransplantation often come with severe sffects and leave

patients vulnerable to infections and carf@@ 189, 19(], and the levelseeded to control the human

anti-pig response would likely be even more extrefgblems that pose a major barrier to hutitan

human allotransplantation, including the high incidence of chronic rejection thatghttto be the result

of a delayed immue reaction to antigenic differences between the donor and redif@ds193, are

likely to present even more signifiaaproblems when the donor and recipient are of different species.
Finally, thegenetic and immunological differences between pigs and humans are substantial and may not
be fully predicted by nchuman primate modelseaning thaitmmunological barriers ay arise in

clinical xenotransplantation that were not predicted in primate mo&either than risk immune rejection

of the transplanted pig organ on one hand and profound patient immunological vulnerability on the other,
approachs to xenotransplantatighat induce immunological tolerance in the recipient patient to the

donor swine organ would be preferable.

Over many decades of studies, our lab and others have established two approaches to induce
immunological tolerancthathave shown efficacy in pclinical models. These are induction of mixed
chimerism and xenogeneic thymus transplantation. Studies performediinimam primates by our
collaborators are adapting these approaches for clinical use and have shown coagicarabe.
However,appoaches to induce tolerance in a patient to a pig organ will require extensive interventions
on the pati ent Qestionsmemamabouthgwshessapproasligd | t ol eri ze t he
T cell compartment and whether yhaill leavethat patiebwith a functional immune system
Experimental systems that allow studies on how these approaches affect the development of human T
cells, and human T cells expressing TCRs with known characteristics, will be needed to fully answe

these questions
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Mixed chimerism for xenotolerance induction

Mixed chimerism is the oldest known and most robu&tited approach to generating immune
tolerance. It was initially observed in studies of male and female twin cows that shared a platemnta d
fetal developmenand demonstrated immunological toleratmeach othef194. It was later determined
that tolerance could be accomplished by injecting material from one mouse strain into a developing
embryo of another stral195. Nearly a century later, mixed chimerism induction has become the only
approach to immune tolerance induction that has shown clinical effit@6198. Therefore, induction
of mixed xenogeneic chimerism is likely to be part of future clinical xenotransplant&iaies in our
laboratory have shown that mixed chimerism induction can tolerize §£8f] and NK celld8, 20q as

well as T cell§47, 207].

T cell tolerization in mixedenogeneichimerism igypically thought to occur via a central tolerance
mechanism. In small animal models, deletion of mouse T cells depended on the presemtassfltat
MHC positive cellsim themouse thmus[20Z. These hematopoieticaltyerivedclass IMHC positive
cells were relatively shotived, and as these cells turned over naturally, murine $tbelt had
previously been deleted reappeai2@?. Mixed chimerism indu@n terds to be transient in current
northuman primate anldrgeanimal studie$198 203-205. This would mearh& clinical tolerance
approaches to xenotransplantatwould likely need to incorporate additional steps to ensurgtiant
T cellscontinue to be tolerize pig antigens even after mixed chimerism has faded. So far, the most
promising additionaapproach is cdransplanting patients with porcine thymus graft. In this system,
thetransplantedwine thymus would be able tontinue selectigp swinetolerant T cells even aftenixed

chimerismwaslost.

Swine thymus transplantation
Studies in pigo-mouse and pigo-humanized mouse models have demonstrated dmatgeneic
thymus transplantation robustly tolerizes T cells to[gap-209. In the pigto-humarized mouse model,

intravenouslytransplanted human CD3dellscan give rise to phenotypically normal humaoéllsin a
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subrenallygraftedpig thymusfragment and those T cellsanpopulate theeriphery ofrecipientmice
[209. These T cells hawveevery diverse TCR repertoire by spettping[210. Preclinical efforts to
incorporate thymus transplationin pig to norhuman primate studies have also shown profii8s
2117]. Therefore, swine thymus transplaibnis a robust and effective technique for inducing lasting

immunological tolerance to a donor pig and whkElly be a component of clinical xenotransplantation.

Maintenance of immune function in pig thymus transplantation

The effective tolerization and apparent normality of human T cells developing in a pig thymus in the
pig-to-humanized mouse model is very piising. However, rare work is needed to ensure that a
transplanted pig thymus can support the development of a human TCR repertoire that mounts robust
humanrestricted immune responses, is durably tolerant to the transplanted pig, and is not prone to
autommunity. Studies in small animal models indicate thBICE are solely responsible for positive
selection of mouseestricted TCRs in a pig thymus-§f, which means TCRs selected in a pig thymus
may respond less well to mouse MHCs on peripheral ARChe pigto-mouse model, T cells selected
on a pig thymugroduce a mouseestricted vaccination response and protect against opportunistic
pathogen$10-12]. However, in some cases, mouse T cells selected in a transplanted pig thymus could
cause autoimmuity [212, 213. This autoimmunity is likelyartly due tahe absence of mouse tissue
restricted antigensTRAS) in a pig thymus, which would ordinarily tolerize developing thymocytes to
peripheral tissueand generate Tregs with those specificitiBgen TRAs with high homology between
mouse and pig might not be appropriately tolerized, since these TRAsliaedyto be expressed gig
rather than mousglHCs; thymocytes selected in a pig thymus wouwdtlbe exposed tdRA
peptide/mouse MHC complexes prior to exit to peeiphery This leads to both incomplete self
tolerance as well goorperipheral T cki and Treg homeostasifl0-12]. Peripherall cells,
especially Tregs, selected based ongatmn of pig MHC will typically not encounter selecting MHC
in a mouse or human periphery and may reddficult time receiving the survival signals nedde
persist and functianGenerating a pighouse hybrid thymus by injecting mouse TECs proteatginst
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this autoimmunityf214]. Similar results were seentine pigto-humanized mousevhere human T clsl
selected on swine thymic epithelium (TECs) show peripheral homeostatic defects likely due to the
absence of selecting MHC in the periphery [AHditionally, while human T cells positively selected in a
swine thymus could mount a humeastricted tetams vaccination response, it appears to be less robust
than the one mounted by human T cells seteittea human thymug]. If this is true a future patient

may have reduced immune function if their T celinpartment is fully selected on swine MH@/orse,

the autoimmunity risk observed in the fpigmouse model would be an unacceptable outcome for a
transplanted patienfTherefore, we will neetb see if mmunologically relevant humarstricted TCRs
canbe positively selected in a pig thymaisd assess ifumanT cells bearingutoreactivel CRs are
adequately tolerizeth a pig thymus If we find that these TCRs are not selected optimally in a pig

thymus,we will also need experimental modeddest tte efficacy ofany proposedolutions

Studying mechanisms of human xenotolerance induction in mouse models

As efforts continue to move these approaches into preclinical and clinical develpipmvéhibe
important to understand the immunological mechanisms by which these approaches for xenotolerance
induction tolerize human T cells. It is likely that ideal human xenotolerance would be achieved largely by
deletional mechanisms but would alsoguce a resonably robust population of human swieactive
Tregs. In mouse models of allogeneic tolerance induction by mixed chimerism, differences in protocols
induced tolerance via different mechanisms or with different kinetics, depending on the
immunosuppresse medications usd@15, 216, the immune cell depletion strategies employid], or
even he bone marrow cell dosage used to induce chimg@48). Mouse models of tolerance induction
by mixed chimerisnsometimeshowedhat specific cell populations were required to induce or maintain
T cell tolerancg219, including, for example, donor classMHC positive celldn the thymus, which
would need to be maintained and renewed to contolagzingpatient T cell§202, 22(. Meanwhile, in
clinical combined kidney and bone marrow transplantation, which uses transient mixed chimerism to
induce immunological tolerance to a grafted kidney in hualbotransplant patients, we have evidence
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that both clonal deletion anddg expansion contribute to tolerarj21, 227. It would be important to
know if current proposed strategies for clinical xenotolerance induce both deletional and regulatory
tolerance, antb be sure we know whattiequiral for both mechanisms of tolerance to be induced
Additionally, it will be important to assess how these approaches tolerize human T cells specifically,
since immunological processes in mice and humanbeauite diffeent Approaches for xenogeneic
tolerance induction that have worked well in mice have notyawéectively tolerized human ce[d4].
Additionally, human and mouse cefisem to have meaningful differendesheir ability to interact
immunologically with pig cellsas evidenceah partby the fact that peripheraumanCD8" T cells are
detected in humanized mice transplanted with a pig thymusilime CD8 T cells do not appeain

immunocompetenmice transplanted with a pig thymyg206, 210 223.

Thus, it wil be vital to understand how xenotolerance induction protocols we are pursuing will
tolerize and maintain tolerance of humanélls. To accomplish this we will ne@dvivo experimental
models to more thoroughly invesditg mechanisms by which varioyspaoaches to xenotolerance
induction tolerize human piggactive T cells specifically, to assess how robust and lasting these
approaches are, andverify that we know all of the pieces required to make these approaches wo
reproducibly. Preliminary wok in the lab has suggested that humamlisselected in a pig thymus are
tolerized via a combination of deletional and regulatoechanism§7]. However,the conclusions
drawn from these experiments relied upon abtarization of bulk populations of T cells, withdngting
able to tellwith certaintyhowthe xenotolerance approaches used had selected or shaped that population.
Incorporaing xenoreactive Tswith known propertiegnto the TCRTg mouse modetould alow us to
study thér selectionand tolerance. We could use this system to address important questions that remain

about how human xenotolerance induction works to tolerize human T cells.

Using humanized mice to understand autoimmunity
While autoimmune dieases are relatively and increasingly common, the existence of autoimmune

disorders isfrom some perspectivesyrprising As discussed above, numerous mechanisms both in the
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thymus and the pmhery are dedicated to preventing autoimmune attack oettargans, and yet,
somehow, these mechanisms fail, with devastating clinical consequences. Better understanding the
factors that lead to the initiation of human autoimmuniiycluding T celmediated autoimmunity like
that which characterizes TIiDmight help us develop ways to reduce the incidence of tfissases or
develop mechaniss to reduce the damage they causea disease like T1D, predicting or detecting
disease onset would be yeraluable. Currently, it igypically diagnosed after severe attack on the
pat i ent tb celsaas occuered, leaving them dependent on exogenous insulin for life.
Understanding whattepdead toautdmmune attack on thie cells couldhelp identifybiomarkers,
diagnostic tools to dect these early events to permit clinical interventiomigeflisease commenoas
damage has reached a point of no retdra facilitate these studies, we halerelopedexperimental
systems to study how human tolerance toaeligens, including thogselevantto T1D, fails in the
thymus. We have also devphkila patientderived humanized mouse model to assess differences
inherent to the immune systems of patients with autoimmanitypared tahose othealthy contrad with
the same HLA disease riskedes This is a valuable model, but mice transplantati @D34 cells from
adults with T1D have yet to develop overt immune attack onbheslls, suggesting that some aspect of
T1D initiation is missing in this model. We have observed that minsglanted with aBM have reduced
APC maintenance at late #@points compared to other humardzeouse models, which could
contribute to the lack of autoimmunity seen in these animals. In utilizing these models, we are
developing ways to understand howtboentral and peripheral mechanisms of human T cell taeran

may contribute to the pathogenesis of T-cedldiated autoimmunity.

Selection of autoreactive TCRs

Relatively little is known about how autoreactive TCRs escape thymic selection, even e mous
models although it largely seems to occur when alteration protease or AIRE expression in the thymus
limit the repertoire of selpeptides that can be presented to tolerize developing thymo&aaence in

the NOD mouse and in humans suggestrigations that could lead to insufficient thymic central
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tolerance contribute to the risk of developing T[E24-229. Most of these mutations seem to reduce
expression of insulin in thiaymus orimpair other mechaisms of seHantigenpresentation such as those
associated with autopha®?29, 230. However, evemealthy humans have autoreactive TCRs in their
periphery[231-233), sothe mechanisms by and the efficiency with which autoreactive human TCRs are
tolerized remmns relatively unknown Additionally, many of the welknownpathogenic TCRs that have
been identified in autoimmune disease recognize unusual antigens. Farangtansulin B9:23

peptide, which is known to lnimportanttargetin T1D disease iniaition in both mice and humans
[234-239, is also known to bindreaklyto HLA-DQ8, the MHC molecule on which it is presented.
Because the protein binding cleft class Il MHC is Iss restriced than that of class | MHC, antigens like
B9:23 can bind to the MHC in multiple registers, some of which may not be well recapitulated in thymic
antigen presentatidi23§. Therefore, this target antigendhothers like it may simplgot besufficiently
presented in the thyms to mediate efficiertentral tolerance inductiorAssessing whether and how
human autoreactive TCRs are tolerized in a human thyransl what prevents them from being tolerized

T would be helpful for understaimy the immunological origins of T ceathediated autoimmunity.

A recent studyising a TCRTg humanized mouse model demonstratelgéiibnof ahumanTCR with
known propertiesvhenexpressiorf its cognate antigen was enforcadonstromal thymicAPCsin a
transplanted human thym{E3(. Wehave insteadtudiedthe selection of a naturatyccurring
autoreactive TCR in an unmodifiedrhan thymus We haveusedthe TCRTg humanized mouse model
to study selection of human TCR that is restricted to a higek HLA allele and that recognizéise
insulin B9:23pepide. The TCR, known as Clone 5, has also been shown to mediate immukeattac
the mouse pancreas in a humanized mouse Mbd@#dl These factors have made it a very interesting
initial cardidate to study to begin understanding how human autoreactive TCRs are selected and
tolerized. The study described here is done at a relatively small scale, but hopefully peopides of

concept for future studies examining selection of other autovedlcCRS, as well as perturbing aspects
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of the selection environment to see if perturbations can further distepzationof T cells with

autoreactive TCRs.

Using humanized roe to study patient immune systems

Genomewide association studiesd othe evidence in humans suggest that peripheral interactions
between human T cells and APCs and peripheral tissues are also important for preventiniediatsd
autoimmunity. Patients treated with checkpoint inhibitors for cancer have been known tadéveD
[239, 24, suggesting that peripheral tolerance mechanisms like those mediated bytdt&dtion wih
PDL1 andPDL2 help maintain peripheral tolerance to target organs likengdin-producingpb cells
Other perturbations of peripheral T cell homeostasis, including lymphopenia, can often precede
development of autoimmunif41], suggestinghatcarefully-balanced immune mechanisms prevent

development of overt autoreactivity.

We have observed differences in B eefpopulatiorin immune systems reconstituteith CD34*
cdls from patients with T1D compared to healthy corgrak well as reduced central deletion of
autoreactive B cellgL0]. This suggests that differences in immune cell development, maintenadce, a
tolerance could ba hallmark of a T1Eprone immune systemSo far, though, transplantation with T1D
bone marrow has néed tospontaneous development of autoimmunity. It is unclear whether this is
because the patient 6s heouslydeelopautsimnamity witboutlsamne soa t
of perturbationor if it is due to a deficiency in the humanized mouse model.itSalffar only one report
existsof a patienderived immune system that gave rise to fulminant autoimmunity, in mice aateygbl
with bone marrow from a patient with IPEX, a genetic disease that leads to a complete loss of Treg
immune suppressidiz4Z. This is a much more major perturbatioanlis typically seen in patients with
T1D; IPEX is normallyfatal in infancy, while the combination of genetic risktfas that lead to T1D
generally manifest later in childbd or adolescence. It is possible that overt T1D only develops after an
immunological insult, such as lymphopenia due to a viral infection. The pd&ered mouse model

described here would ba axcellent experimental tool to test that hypothesis.
28

spo



However,the observation that human APC repopulation is largely suboptimal in humanized mice
[11Q, suggestwe cannot rule out the idea that optimizing the patilenived model on its own would
lead to moe reliable development of T cetlediated autoimmunityTo ensure that, we have worked to
better understand how APCs are reconstituted in mice transplanted with aBM €&d84nd have
explored ways to improve it. We hope by this to better model anvnd d u a | patientdés I mmu
an experimentally traable mouse modeln the meantime, because TCR transgenic selection studies use
mice transplanted with fragments of the desired thymmusianized mousand TCR transgenic
humanized mouse models dikely appropriate for studyingormal humarihymocyte degelopment
Because theompletedesired niche for thymocyte development can be prowdettansplantatiorthis
approacHikely faithfully recapitulates what would happen to human thymocytes uhderame
conditions. These models allow us to study hamiT cell development while we continue optimizing

models tamore faithfullyrecapitulate human peripheral T detimeostasis arfdnction.

In thenext pageswe will describe our efforts to study man TCR development in transplanted
humanized mouse systs, addressing questions of immune function, xenotolerance induction, and
autoimmunity. This, coupled with studies to expand and improve human HSC and APC engraftment,
especially in a patierterived personalized immune mouse model, will hopefully protasds that can
be used to better address outstanding questions related to human xenotolerance induction and

autoimmunity.
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CHAPTER 2: RESEARCH METHOD S

Adaptedin partfrom: Nauman G.,Borsotti C, Danzl N., KhosravMaharlooei M., Li HW., ChavezZ.,
Stone S., Sykes M. Reduced positive selection of a human TCR in a swine thymus using a humanized
mouse model for xenotolerance induction. Under revieeabtransplantation.

And

Nauman G., DanzIN., Lee J., Fu J., Borsotti C.8k| M., Dahmani A., Dorronsoro Gonzalez A.,
Chavez E., Satwani P., Liu K., Sykes M. (2019). Reduced APC progenitor production from adult
compared to fetal hematopoietic stem cells in humanized mice, in pgiepara

Lentivirus
TCR Lentivirus

TCR transgenes used in these experiments were encodpiRBF1 URES_GFP_SINpHR)
seconegeneration lentiviral backborj@43, which, along with the associated paging vectors,
consistingof pDelta R8.2 and the pVS& pseudotypingrector,werea kind gift from Dr. Remi Creusot
pHR_MART1 TCR, which containeén HLA-A2-restrictedLeu27] MelanrA MART1-reactiveTCR
encoded as mansgeng244 was also obtained as a kind gift from Dr. Remi Creusot. We used the
MART1 TCR from clone DMF5, and was originally isolatiedm a population ofumor infiltrating
lymphocytes [244]. TheClone 5 TCRsequencevasprovided by Dr. YongGuang Yangandthe plasmid
wasoriginally obtained as a gift from Drs. Maki Nakayama and Bart Rp&f. The Clone 5 TCR was
sukclonedin-houseinto thepHR vector. Construcs werevalidated using restriction digestion analysis
followed by Sanger sequencing (performed by Genewiz, South PlainfieldTN&)viral packaging
plasmid wasriginally described by Breckpet al.[243. Dr. Larry Lwchsinger had modified the
Breckpot vector such that the lentiviral insertion is driven by the higRdUpromoterrather than the
CMV promoter, to avoid silencing in transduced H$2%5-247]. The human ERdpromoterwas used

because iis constitutively expregsland not silenced in human HS[:18 249.

The TCRtransgenes werarranged withthe T C Rdéquence followed by tleCRb sequenc
separatedypa P2A ribosomal skip sequencéhis wadollowed on the same cistron by an IRES and an
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eGFP expressioreporter Using this transgene design we obserw€&dFP protein expression in
transduced cellbut only detected surface expression oRBE®N cellghat also expressed CD3, as shown

in Figure 2- 1.

31



a. MART1 tetramer aCD3 and aTCRap stain

50.21 0.02 0.17 0.00 70.00 0.12
JRT3- ] | = ]
T3.5 E I ;
'R -
199, _.000 - 0.69
b.
MART1
TCRTg
JRT3-T3.5
c 40.02 0.09 10.09 025 0.27 0.10
PHR_MART1 8 ] E
TCR [ 1.06
Transduced @ | '
HEK293T =
3
o -
o :
E T T T
d huCD45* CD3* B cells CD4* cDs*
— ~ “ N
| ‘ fi
| - 7 1 |II
L ' Tetramer*| | Tetramer*| | | 'I Tetramer*
- - 0.98 3.62 N 28.6
i 1 ] ] |1 M
‘ <] —_— I|' Y e —
38.0 SJ . ) \
cD8 MART1 tetramer

Figure 2- 1: Lentiviral transgenesis of the TCR construct gives appropriate gression of eGFPreporter

in transduced cells but surface TCR expression is deteszt only on CD3' cells

a.JRT3T3.5 Jurkat cells are TER!", and do not express surfaddRT1 TCR, TCRJ bor CD3, bub. JRT3
T3.5 cells that have been lentivirally transduced withMART1 TCR construcexpreseGFP and stain
positive forMART1 tetramerand TRU b ,  a n dtaininGcBriglates with CD3 staing. ¢. GFP expressic
is detected in HER93FT cells transduced witthe MART1 TCR lentivirus, but surfacMART1 tetramer
staining, TCRU fre sohdétec@d 3Human aplenocyte gtaining of humanized mice
transplanted wittMART1 TCR-transduced HLAA2" fetal liver CD34 cells andco-transplanted with an HLA
A2* fetal thymus fragmentMART1 tetramer staining is detected on C&d CD4 T cdls but not B cells.
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Lentivirus Production

Plasmids were propagated@meShotStbl3Chemically Competert. coli (ThermoFisheScientific,
Waltham, MA) and isolated usiriEndotoxinfree MaxiPrep and Meg®rep kits (Qiagen, Hilden,
Germanylaccording tahema nu f act ur e r Al plasimid stacks werd perimdically validated

using restriction digest assays to confirm idgrdind prevent contamination.

Virus was praduced in HEK293 FT cellsHEK293 FT cells were propagated in highgbse
Dul beccods Modi f i e d-Alfriahg$t.dduis, MA)emthl0dorhea{n&iivated detal
bovine serum (FBS;emini BioProductsWest Sacramento, CA2mM L-glutamine(Gibco
Laboratories, Gaithersburg, MndPenicillin-StreptomycinThermd-isher Scientifit. HEK293FT
cells were seeddd poly-D-lysine-coated(poly-D-lysine hydrobromide, SigmAldrich) plates, then
transfected wih viral plasmids using Lipofectamine 2086cordingtothemafiuact ur er 6 s i nst r u
(Thermd~isher Scientifiy. Forty-eighthours postransfection, supernatants were harvedi#dred
through a 0.4@m filter (ThermoFisher Scientifi@nd concentrate100x by ultracentrifugation, then
flash fozen and stored &80 C prior to use. Supernataiter was determined by transducing HEK 293
FT cells usingserial dilutions ofreezethawed virus Titer was calculated based on the number of cells
that were GFPafter transduction with a given volume of virasljusted fodilution. Titers were
assesed 96 hours after transduction; it was determined empirically that this time was required to allow

full expression of the TCIEFP construct.

Transduction of fetal livederived CD34 cells

Prior to transductiorhuman fetaliver CD34 cells were thawedral prestimulated in retronectin
coated plates (28/mL, Clontech ,Mountain View, CA) by incubatioin stem cell medium with
cytokinesfor 3 hours All incubations were performed at°€and 5% CQ@ Stem cell medium with
cytokines consisted @temline | medium (SigmaAldrich, St. Louis, MQ with 1Ceg/mL protamine
sulfate (Sigma&Aldrich) and 60ng/mL, 300ng/mL and 150ng/mL recombinant humasy ktem Cell

Factor and Flt3 Ligand (PeoTech, Rocky Hill, NJ), respectively. Cells were transduced over(aght
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least 13 hoursata multiplicity of infectionof 30 (30 MOI) for the MART1 TCR lentivirus, o/50 MOI

for Clone Slentivirus. Much higher transduction efficiency was seen using GFP only virG;Ronly
transductios for a given experimentere performed using ortenth of the MOI usetbr the TCR vrus.
After transduction, cells wellgarvested and prepared fotratibial injection. In some cases, more CD34
cells were transduced thaould be injected inttéially. In this case, additional cells were transplanted
intravenouslyA smallnumberof transduced CD34cells were cultured in stem cell mediuvith

cytokines butwithout protamine sulfate f@6 hoursthen assessed for transduction efficiency by flow

cytometry.

In vitro TCR characterization

Jurkat and JRT33.5 culture

Jurkat cells, aimmortalized human T cell line, adRT3T3.5 cells, a variant afurkat cells that do not
express TCR[250 251] were received from the laboratory of Dtong-GuangYang Cell lines were
cultured h CML medium, which consisted &PMI 1640 (Thermo Fisher Scientific) supplemented with
10% heainactivatedfetal bovine serumABS, Gemini BioProducts)L0mv HEPES (Gibco,
GaithersbergMD), 20mM L-glutamine (ACROS Organics, Geel, Belgium), 1mM sodiumuypste

(Fisher BioReagents, Fair Lawn, NJ) and 0.2¥&captoethanol (MP Biomedicals, LLC, Santa Ana,

CA). Cell lines were cryopreserved in 9BSand 10%dimethyl sulfoxide (DMSQSigma Aldrich.

Trangduction of JRT3I3.5 lines

Typically, 1x1¢ JRT3T3.5 cells were transduced withl 0 eofconcentratedunfrozenviral

supernatant in mediugontainingl 0 émd. total protamine sulfateSfgmaAldrich). Transdiction was
performed overnight (:28 hours), after which JRTB3.5 cells were diluted in complete RPwithout
protamine sulfate. Aftesipproximately 96 hours, transduced cells were assessed by flow cytometry for

expression of GFP, surface exmies of T C R [labd other markers, as appropriate
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TCR characterization assay
40-
m TCR-transduced JRTF33.5 cells
were incubated witdesired

stimulators. Controls whichwere

exposed tanedium alone or plate

104 bound OKT3 (tg/mL,

- -

m oo, eBiosciences, San Diego, CA) and
0' B A B

CML uns. 3/28 wuns. 3/28 soluble antiCD28.2 (Biolegend, San
JRT3-T3.5 Jurkat

Diego, CA) wereincluded inevery

Figure 2 - 2: Detection of T cellresponsein vitro by measuringlIL -2 in vitro TCR characterization assay
secretion byCTLL proliferation .

IL-2 in CML medium only, or in supernatants of TERIRT3T3.5 After 5 days, regtion supernatants
cellsor wild type Jurkat cells cultured with medium or with
UCD3/UCD28 stimulation, as measured by tritiated thymidine

. . " ) were harvested and frozen-26°C,
incorporation of CTLLs, an H2 sensitive cell line.

thenassayed for IL2 production by
proliferation of CTLLs, an IL-2-sensitivemurine lymphoma cell linf252, 253. CTLL proliferation was
assayedby incorporatiorof tritiated thymidingPerkin Elmer, Waltham, MA CTLLs weremaintained
in complete RPMI containing 20U/mL recombinantaI(NIH AIDS Reagent Program, Bethesda, MD)
CTLLs were conditionedly culturing for approximately 60 hours to allow depletion eRlandprior to
incubaton with thawed supernatants for approxisigt24 hours Wells containingCTLLs and
supernatant wengulsed with tritiated thymidine for 125 hoursandthen harvested to fiberglass plates
(Perkin EImey, whichwere air driedsaturated witltultima Gold liquidscintillation cocktail (Perkin
Elmer)and read using 3450 Microbetacounter Perkin EIme). This assay could be used to detect
Jurkat IL-2 respase to polyclonal stimulatigras shown irfrigure 2 - 2. TCRY" JRT3T3.5 cells do not
respond tgolyclonal stimulation.To correct foranyIL -2 produdion by irradiated stimulators in some

assayslL -2 production of antigestimulatedIRT3-T3.5cells transduced with the TCR of interests
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compare to IL-2 production by JRT33.5 cells under the same stilation condition calculated as fold

IL-2 production of TCR Tg JRT3/TCR JRT3T3.5 cells

In vitro TCRcharacterization assay development and validation

Stimulators for TCR characterization assays were typibtaiigan or swin@eripheral blood
mononuckar cellfPBMCg, which had beenradiated with 35Gy Xray irradiation although in later
work we demonstrated that threvitro TCR characterization assay was also compatible with monocyte

derivedDCs

ForMART1 TCR reactivity assaystimulatorswerepulsed with the indicated concentration of
MART1 peptide, the [Leu27] MelaA MART 1 (26-35) ELAGIGILTV peptide (Anaspec, Fremont,

CA), as describedPeptide pulsing was performsimultaneously to responder addition.

We observed in some cases that irmseli stinnlatorsalonecould produce measurable-fLin this

assay systenas shown ifrigure 2- 3. This 40-
was observed particularly when multiple — 304 j
™
o
irradiated stimlators were mixed. This ; 20+
backstimulatiorby irradiatel cells hadeen e 104 -
Q 4
observed previouslj254, 255. However, Il-2 O o010
o.os{ b %‘
production byirradiated stimulators can lead to 0.00 T T . 1
eb > P 2
artifactual or misleading result3.o avoid this \'g" dg,o Q;@‘ é&‘
& & &
problem, we did not perform assays involving a 0{\"9\ 0;,0 2 ,,‘2“
&
)

mix of multiple irradiated stimaitors.

Jurkat Stims. only
Additionally, the observation of

Figure 2 - 3: Irradiated stimulators can secrete IL-2 that
is detectable by CTLL proliferation.

A mixture of 35GyX-ray irradiated human and swine
PBMCs produces detectable-Bto levels comparable t
what is seen with Jurkat polyclonal stimulation.

backstimulation led u® calculate TCR

response sthefold change offCR Tg
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cpm TCR™" JRT cpm under the same stimulator conditions

Animals and human tissues and cells

NOD/SCID IL2Ro k 0 ( N-PrRIcelgro™W/SzJ, NSd256) and NSG micd g for human
HLA-A2 or HLA-DQ8were obtained from Jackson Laboratory (Bar Harbor, . ME$G mice transgenic
for porcine IL-:3, GM-CSF, and SCFp{g cytokine transgenic, &CT, mice) [47] were regenerated from
frozen enbryos at Jackson Laboratory (Bar Harbor, ME). Animals wevesed irour facility to
generatdHLA-A2 and/orPCT Tg mice Mice were bredmaintainedand houseth microisolator cages
in aHelicobacter Pasteurella pneumotropicand Specific Pathogen Fr@gePPF)animal facility. All
humanfetal liver tissues (gestational age-2¥ weeks) were obtained from Advanced Biosciences

Resource (Almeda, CA).

Fetal thyms and liver were prepared as previously desctiy8d Briefly, fetal thyniwere
processed t@x2x2mm fragmentsaandcryopreserved in 10% DMSO and 90% human AB serum (Gemini
Bio-Products, Sacramento, CA$ingle cell suspensions were generated from fetal livers by Liberase
digestion(SigmaAldrich, St. Louis, MO) Adult bone marrow cell&@BM) were isolated from healthy
adult volunteer bone marrow aspirates or from discarded human bone marrow infusion filters obtained
from the Columbia University Irving Medical Center (CUIMC) Depastinof Peéhtrics. For both fetal
liver and adult bone marrow sampl&)34' cellswereisolated using positive selection by magnetic
activated cell sorting (MACS) and affitiman CD34microbeads accordingt he manuf actur er 0
instructions (Miltenyi Biotc, Bergitt Gladbach, Germany)llele-level molecular HLA typing ofdtal
tissuewas performed using Sanger sequentiniglentify HLA-A2* and HLA-A2" fetal liver and thymus
tissue or to facilitate partial HLAmatching between aBM CD34ells and fetal thymus 8sie Human
CD34" and CD34 negative fractions and humetafthymus fragments were cryopreserved in 10%

DMSO and 90% human AB serum.
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Swine thymus tissue was provided from the Massachusetts General Hospital/Columbia University
SLA-defined miniature swinkerd generated by Dr. David H. Sachs. Swine thymi were harvested from

fetuses (60 days gestational aggrocessednd cryopreserved as descrilpéd

The use of human tissues and cells and animals were approved by the CUMC Institutional Review

Board andnstitutional Animal Care and Use Commitieespectively.

MSC Culture

Mesenchymal stem cells (MSCs) were prepared from @izgrative humaaBM cells, dtained as
described above. MSCs were culturedinfplw uc os e Dul beccobs Mgda fi ed
Aldrich) supplemented with 10% fetal bovine seruseimini), 10,000 units/mL each penicillin and
streptomycin Thermo Fisher Scientific, Waltham, NJAand 200mM L-glutamine Thermo Fishérfor
abouttwo weeks, until confluent, then detached using % 25psinEDTA (Thermo Fisher) MSC
phenotypic identity was verified by flow cytometric analysis as previously des¢é@b&dandMSCs
werecryopreserveih 10% DMSO (Sigmaldrich) and 90% human ABerum (Gemini) prior to use.
Animals receiving MSCs were injected with 4x1@lls intravenously concurrently with CD3éell

transplamation.
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Transplantation

Thymectomy a. huCD45*
. 112.3 79.5
As previously reportef258 259 and as ‘ 70.9 ]
shown inFigure 2 - 4, humanthymopoiesisan 3
occur in the native mouse thymus in transplante 8
S g
NSGmice. Thymopoiesis in sites other than the mucD45
grafted thymus fragment caomplicate the b. huCD45+
interpretatiorof human TCR selection studies. 10.10 159.1 0.00
] — I
To avoid this, members of our lab developed ar ! 1
m -
<+ ]
approach to suigally remove the mouse thymus QO )
from animals prior to transplantatig2sg. 58- <t . | 0.09/] ©0i31.8 | 9.09
muCD45 CD8

weekold micewereanesthetizedandtheir limbs

Figure 2 - 4: The native mouse thymus supports robust

human thymopoiesis Human and munie CD45 and CD4 an

CD8 staining of cells froma. the native thymus rudiment in

unthymectomizedniceor b. the anterior mediastinuof

midline skinincisionwas performed in the thymectomized 13 weeks pesansplant witthuman CD34
cells,

weregently restrained using rubber bands. A

thyroidal region. Skimwas gently pulledaside,

and thethyroid gland mobilized by blunt dissection. By irtsgg a 0.8mm curved lIris forceg¥/orld
Precision Instruments, Sarasota, Rhe sternumwvaselevated from the pleura and thedastinal cavity.
A second 0.8mm forcepgas inserted anthe leftthymic lobe (usually anterior superiojasgrabbed
and puled outof the pleural cavitythen the righthymiclobe (usually posterior infaar) was grabbed
usingthe first 0.8mm curvedik forceps. Thymic lobeseredetached from the connective tissue and
removed. Special attentiavasgivento avoid injury tolarge vessalin this regionto avoid
pneumothorax.The skinwasclosed with staple@mm autoclips, SAI Infusion Technologieske Villa,
IL) and mice werallowed to recoverThe thymectomy procedures described in this work were

performed by Dr. Mohsen Khosravi Maharlooei.
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Thymus transplantation
8-16-weekold mice were anaesthetized and transplanted with fragmehtswdn or prcinefetal
thymi under theenal capsule, typically using a mit# incision surgical approaci&ubrenal thymus

grafting described in this work was performed by Dr. Nichole Danzl or Dr-\WeioL.i.

Grafted thymus fragmentgeredepleted of prexistingthymocytegprior to subrenal @fting. 2mm x
2mm x 2mm fetal thymus fragment&recryopreserved in 90% human AB serum and 10% DMSO, as
described above. Cryopreservation redubegre-existing thymocyte burdeoy 1,500 fold[9]. Thymus
fragments were thawed, washed three timédadium 199 (Fisher Scientific) supplemented with 1%
bovineDNasel (SigmaAldrich) and 41g/mL Gentamicin (Thermo Fish&cientific). Thymus fragments
wereagitated by pipetting to remove any remaining thymocytes prior to subrenal graftidgscribed
[9]. To remove any remaining pexisting thymocytes, ioe were treated with an ar@iD2 antibody
[26Q intravenously to deplete T cells remainemergingrom the grafted thymysn two doses of

0.4ug/mouse on the day of transplantation and seven days$rpnsplantatioms previously described

[9].

Intratibial injection

To create space for stem cell transplantatid?g-gauge 3/8-inch sterile disposable needlEisher
Scientific, Waltham, MA) wasised to penetrate th@eejoint sufaceof anesthetized mice,bugh the
patellar tendopand inserted into the tibia or femur bone marrow cavity. Thgalfe needlevas
removed an@ 27gauge Hamilton microsyringéHamilton Company, Reno, N\€ontaining human
CD34 cellsin a volume ofL0-20uL wasinserted into the preformed cavitfhe HSCswereinjected

into the bone marrow cavity, atlge needle removed.

TCR transgenic humanidemouse transplantation
Mice were surgically thymectomized and allowed to recover for at least two weeksrradiated

with 1 Gy total body irradiation (TBBy an XRay irradiator (R€2000, Rad Source Technologies, Inc.,
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Suwanee, GA)Mice were thenransplanted with a fragment of human fetal thymmoder the kidney
capsule, and-8x1Q lentivirally-transdiced CD34 cells were injected intratibially. In some cases,

additional transducecklls were transplantedtravenously

Transplantation of Hu/Hu and Pl mice

Fetal liver CD34 cells FLC)-transplanted Hu/Hu and aBiansplantedPersonalized Immun@l)
mice were generated as previously descr[9ed0, 47]. Briefly, 6-12-weekold immunodeficient mice
werereceivedl-2Gy TBI, as described aboveMice were then transplanted with a fragmerttumanor
swinefetal thymus as applicableynder therenalcapsule, and with-Bx1®° CD34' cells injecteceither

intravenously or intratibiallps indicated

Secondary transplantation
In secondary transplantation experimemtsple bone marrow was obtained fraBM-transplanted
animals which wereeuthanized 230 weeks posCD34" cell transplant.Tibias and femurfrom hind
legswere harvested aratushed using a mortar and pesti@er sterile conditionsCell isolate was
dispersed with a 18auge needle and filtered through a 70um nylon f{atcon, Corning, NY) T cells
were depleted from mouse bone marr@ing amagneticbeadbased human CD3 depletion kit according
to the manufactur er 6 9. Six-weekotd temadleNSGECce ¢ondlitidnedevithy i Bi ot
1.5Gy TBI were injected intravenously witkl2k10’' T cell-depleted total bone marrow cellsringhe

primary recipients.Peripheral blood chimerism was monitored every two weekstosplantation.

In some mice, human aBM CD3dells were treated for two hours withostaglandin E2RGE,)
(Cayman Chemicals, Ann Arbor, Mbr with a DMSO vehi@ control prior to the primary
transplantation. PGHreatment has been shown to support expansietsars[261] but did not
consistently improve human chemsm inour hands or seem #ffect secondary repopulation in the

presented experiments.
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Analysisof engrafted human cells
Monitoring peripheral blood chimerism

Human chimerism ingripheral bloodf transplanted mice was monitored biweeklgginning 3o 6
weeks postransplantation For secondarjransplantatiorexperiments, the initial peripheral chimerism
check was performed 2 weeks pasinsplantAp pr o x i ma t evhole bléod Was tolleotdd by
tail vein puncturePBMCs were isolated fromeripheral blood by density gradient separation using

Histopaque 1077 (Sigma AldricRr flow cytometric ECM) analysis.

Thymus and peripheral tissue preséng

Humanized mice transplanted with fetal liaeraBM CD34" cellswereeuthanized 225 weekpost
transplantTCR-transduced humanized miaere euthanized aD116 weeks postransplantBecause
human T cells typically emerge in transplanted anifnaetereen 1614 weeks postransplant, wexpect
peak thymopoiesis d2-16 weeks postransplant, s this earlier timgpoint was chosen for optimal

analysis othymopoiesis

At harvest, blood was collected by cardiac puncture, and spleens, grafted tregitdusl anterior
mediastinum, and bone marrow were collec&aleens were crushed to make a leirgll suspension,
which was passed through and nylon filter and treated witAmmoniumChloride-PotassiunfACK)
lysis buffer (Life Technologies, CarlsbadA) prior to counting and staining. Singtell bone marrow
suspensiagfrom the tibia and femuwere prepared by crushing using a mortar and pestle, coanid
stained folFCM. Grafted thymi were dissected from kidneys and crushed to single celhsisspeand
residual tissue in the anterior mediastinum was collected and processed to sisgigpegision to verify
removal of the mouse native thymus. Animals that showed residual thigapio the mouse native

thymus were excluded from peripherabdysis.
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Flow Cytometric (FCM) analysis
FCM datawereacquired in the Columbia Center for Traat&inal Inmunology Flow Core. Dataene
collected using a BD FACSCanto, a BD LSRII or a BD Fortessa cytometer and analyzed using FlowJo

(TreeStar, Ashland, OR

Table 1: List of reagents used for FCM analysis

Reactivity/Reagent Target Fluorochrome Clone Source
Mouse CD45 BV711 30-F11 BD Biosciences
Mouse CD45 APC-Cy7 30-F11 BD Biosciences
Mouse Terl19 PECy7 TER-199 BD Biosciences
Human CD45 PECF594 H130 BD Biosciences
Human CD45 V500 H130 BD Biosciences
Human CD19 BV650 HIB19 BioLegend
Human CD19 APC HIB19 BioLegend
Human CD3 PerCRCy5.5 SP342 BD Biosciences
Human CD3 BV650 OKT3 BioLegend
Human CD14 APC 61D3 eBioscience
Human CD14 PE HCD14 BioLegend
Human CDi14 BV650 M5E2 BioLegend
Human CD14 Pacific Blue M5E2 BD Biosciences
Human CD4 BV500 RPA-T4 BD Biosciences
Human CD4 BUV395 SK3 BD Biosciences
Human CD8 AF700 RPA-T8 BD Biosciences
Human CD45RA FITC HI100 BD Bioscienes
Human CD45RA BV510 HI100 BioLegend
Human CCR7 Bv421 GO43H7 BioLegend
Human CD45R0O BVv711 UCHL1 BioLegend
Human CD31 BV605 WM59 BD Biosciences
Human HLA-DR BV605 G466 BD Biosciences
Human CD11b APC-Cy7 M1/70 BD Biosciences
Human CD11c PECy5 B-ly6 BD Biosciences
Human CDl1c PECy7 L151 BioLegend
Human CD141 VioBlue REAG674 Miltenyi
Human CD123 Pacific Blue 6H6 BioLegend
Human CD123 Biotinylated 9F5 BD Biosciences
Human CD303 FITC AC144 Miltenyi
Human CD34 PE Clone 581 BioLegend
Human CD34 APC AC136 Miltenyi
Human CD38 PECy7 HIT2 BioLegend
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Human
Human
Human
Human
Human
Human
Human
Mouse
N/A
N/A
Human
Human
N/A

Detection oMARTL1TCR' cels

CD10 APC-Cy7
CD115 APC
CD90 PerCRCy5.5
CDla BV510
CD69 BV650
CD7 PECy5
PD-1 PECy7
I FNDo FITC
Streptavidin AF 594
Streptavidin PECy7
U BrCR PE
TCR-V b 231 FITC
Anti-FITC APC

H10A BioLegend
9-4D2-1E4 BioLegend
5E10 eBioscience
HI149 BD Biosciences
FN50 BioLegend
CD7-6B7 BioLegend
EH12.2H7 BioLegend
XMG1.2 BioLegend
N/A Life Technology
N/A BD Biosciences
IP26 BioLegend
REA894 Miltenyi
NAWESLEE eBioscience

MART1 TCR' cells were detected usitige MART1 MHC tetramerA*02:011 ELAGIGILTV

(Proimmune, Oxford, UK).

Detection of ¥11" cells for Clone 5 selection experiments

No tetramer is currently available to detect the Clone 5 TCR, so we detected TIGRe &ells by

staining fortheC| o n e

5, whichBV iE1b Due tolimited reagent availability, we only had access

to FITGlabeled antvV 1. To distinguish GFP signal from aiMifi1 signal, we used an aftiTC APC

a.

aFITC-APC

\

aVB11-FITC

Clone 5 TCR

b.

C.

+ VB11-FITC + VB11-FITC
+ aFITC-APC + aFITC-APC
+ aFITC-APC + aFITC-APC
I '.Dl ) I103 ;D4 105 F:‘ 102 103
GFP + VB11-FITC — aFITC-APC >

Figure 2- 5: Clone 5 TCR detction approach

Clone5t ransduced

cell s

wer e

éd tTeCe tf eod | oyw edRCaségondanyg U

antibody, as showim a. Using Clone 5 TCR transduced Jurkat cells, we exanbn&lF P/ VETC1

fluorescence and. U F | -ARL fluorescace of cells stainedithUV b-F1 T C

only.
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antibody as a secondary reagexstdiagramed irFigure 2 - 5. This approach allowed us to detecb 1 1

GFP cells, which would include Clone®g T cells.

Cloning pig-reactive TCRs
Limiting dilution cloning

To identify human pigeactive T cellswe gimulated human PBMCs with irradiated swine PBMCs
prior to performing limiting dilution cloning. Freshly isolated human PBMCs were mixed 1:1 with 35Gy
irradiated swine PBMCs from either SE&C or SLADD miniature swine. Stimulation was performed
using T cell medium, consisting of RPMI 164TKermo Fisher Scientifjc 10% human AB serum
(Gemini Biosciences), 10mM HEPESibco, GaithersberdyiD), 20mM L-glutamine (ACROS
Organics, Geel, Belgium),.% nonressential amino acids (Life Technologies)d 0.2%@2-
Mercaptoethanol (MP Biomedicals, LLCAfter 6 days, wells were supplemented with recombinant
human IL-2 at 10U/mL(NIH AIDS Reagent Prograyn At day 13, wells were restimulated. 35Gy
irradiated autologous PBMCs and stimulator pig PBMCs were mixetblSLA-CC condition and 1.3:1
for the SLADD condition and ~10of each stimulator was added to the culture wells. At day 24, pig

stimulated wells were harvested and cryopreserved for later analysis.

Limiting dilution analysis was performed on thawasds. Cells were diluted to three conditions, 30
cells/well, 3 cells/well, 0.3 cells/well, similarly to what had been previously desdioefi Each well
received 2x10irradiated swine PBMCs of the SLA used in its original stimulation, 9&&6h of
irradiated huPBMCs from two allogeneic human PBMC donors, and 5nighytohemagglutimi (PHA,
Sigma Aldrich). Wells were supplemented with recombinant hum& 110U/mL) on day 4
Subsequently, wells with growing clones were expanded as needed and supplemented with irradiated
stimulators and It2 as appropriate. On day 28, clones thatged robust growth were harvested,

counted, and cryopreserved for later analysis.
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Mixed lynphocyte reactions
T cell clones were thawed and characterized using -aitiygon mixed lymphocyte reaction$iLR).
Responding T cells were labeled t h  GESE @decular Probes) or eFluor 450 cell proliferation
dye (eBioscience) according to the manufactureros
CFSE lowrespondersstimulators were labeled with eFluor 670 dye (eBioscience)readiated wih
35Gy Xray irradiation. Clones and stimulators were mixed at 1:1 and incubated for five days prior to

harvest andFCM analysis.

Longterm TCR characterization will require us to determine the restriction of identified TCRs. We
intend to deermine theMHC restriction of identified TCRs by using MHC blocking antibodies to assess
which antibodies will abrogate reactivity. Currently, we have identified and validated antibodies to block
individual HLA-class |l alleles. These reagents will tseful for déermining theclass IIMHC
restriction of CD4 human xenoreactive T cell clones or cloned TCRs. We have used RBIREto
validate ati-HLA-DQ, HLA-DR and HLADP reagents that can bloclass IIMHC activation in an
allogeneic MLR. These asgawere peidrmed as described above, with responder PBMCs labeled using
eFluor 450 dye and stimulators | abeled with eFluo
with 35Gy X-ray irradiation. We useithe following monoclonal antibaésto block clasdl MHC-
restricted activitySPV-L3 to block HLA-DQ; L243 to block HLADR; and B7/21 to block HLADP,
respectively(Abcam, Cambridge, UK). A mouse IgG2a kappa monoclonal anti6@8Z8Bc7AD10
Abcam)was used as an isotype contrbsi some cass, anticlass IIMHC antibodies were stored in a
sodium azidecontaining buffer, so dialysis in PBS using the Pierce Slidg/zer Dialysis Cassette and
Kit (Thermo Fisher Scientific) for three changes of buffer was necessary prior to ssaysAvere

harvested at day 6 and assessed6.

Clone expansion
To ensure that adequate cells were available for characterization and cloning, we used a protocol

previously describefP63 to expand a previousiglentified putative pigeactive human T cell clone.
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Briefly, in a V-bottomed 96well plate (Fisher Scientific), the T cell line to expand iscatiured with
7x10* 35Gyrirradiated allogeneic PBMCs aiddbx1d 60Gy-irradiated EBVimmortalizedB cells,
100U/mL recombinant human 42, and 90ng/mlactivating antCD3 (OKT3). Ideally, human
stimulator cells should consist of cells from two unique allogeneic donors each. Cultures are
supplemented with H2 everytwo days and with new irradiated stimulators as appropriate. This
expansion protocol allows culture and expansion of human T pells antigenindependent manner (Dr.

Emmanuel Zorn, personal communication).

Identifying TCR sequences
TCR VU a nahcedviere flentified using the approach described by Wadthli[264. T

cell clones for TCR identification wefeozen in Tri Reagen(Life Technologiespt-80°C and RNAwas

i solated according to t haRNawvaustordaBliG &NAOWAS | nstruct

converted to cDNA using the SuperScript Il Figitand Synthesis System kit (Thermo Fisher
Sdentific). Nested PCR to amplify the TCR variable regions were performed as de$26dedsing
primers purchased from IntegrdtBNA TechnologiegCoralville, 1A) and Q5 HighFidelity DNA
Polymerase (New England BioLabs, Ipswich, MA). Appropriateéhed bads were isolated by gel
purification using the illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Chicago,
IL), then cloned into the NEB PCR Cloning Kit

Clones were Sanger sequed{(Genewiz) to identify TCR sequences.

Once appropriate sequences were obtained foF lBeR VvV U  af 605, a\¢dnstruct was dgsed
in silicoto manually place these sequenaghin the appropriate TCR V family. We designed a full
TCR expression construapnsisting of the TCR Uollowed by a P2A skip sequence and the TR V
and including appropriate restriction sites fobdoninginto the pHR vectoin the multiple cloning sites
upstream of IRE®GFP. This sequence was codon optimized and purchasadsgnthetic gBlock from

Integrated DNA Technologies and subcloned into the pHR lentiviral expression vector by standard
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approaches. Appropriate cloning was validated by restriction digestion and Sanger sequencing

(Genewiz).

DC generation for indirect cracterization assay

CD209 DCsweredifferentiatedfrom human peripheral blood monocytes in RPMI 1640 with 10%
human AB saim (Gemini Biosciences]l,0OmM HEPES (Gibco), 20mM-glutamine (ACROS
Organis), 1mM sodium pyruvate (Fisher BioReagentduman peripheral blood was incubated in a
tissue culture plate in a 32 incubator at 5% Cgor 1.5hrs, after which neadherent céd were
removed by washing three times with medium. Typically, mature DCsoltained bycultureof
monocytewith 50ngmL GM-CSF and 20ng/mL H4 (Peprotech) for 5 days, feeding witesh
cytokines on day 3. If DCs were intended for use in indiresdys, on day 5 human or swine PBMCs
were thawed, irradiated at 100Gy, and allowed to undergo apoptosiéiiios i a tisue culture plate in
a 37C incubator at 5% Cg£allowing generation of mostly cdliee antigens that could be pulsed to
DCs. Afterd-6 hours, immature DCs were harvested and addapdptotic cells along with GNCSF
and IL-4. After a 12hour incubatio, 1000U/mLT NFU and 3.avgré added tB &&h well to
provide maturation stimul Maturation was allowed to occur for-3@ hours, after which DCs were
harvested and positively selected for CD208lIs by MACs isolation using ar8D209 beads, acoding
tomauf act ur er 6 s i n dsolationoot GD208 clls énhitihds toreDICy specifically,
helping deplete any remaining apoptotic celt®209 DCsreceived30Gyof X-ray irradiationand then
used as stimulators in appropriate assays.pEptideloaded DC assays, maturation and CD209
enrichment was done in the same way, but appropriate amounts of peptide were added concurrently with

responder T cells.

Statistical analysis
Statistical aalysis was performed using GraphPad Prism Versidma dolla, Q\) as described

Groups were considered significantly different if the p value according to the appropriate test was < 0.05.
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Two-way ANOVA analysis between the human immune reconstitution kinetics@©gaRt aBM
reconstituted animals was used to deterrifitteere was an effect of HSC source on frequency of human
cells. When a significant effect was found by ANOVAP.05),posh oc Si dakdés mul tipl e
analysis was used to compare differencdsuman peripheral blood chimerism over time. haited
unpaired studenttests were used to compare proportion and absolute numbers of human APC
populations. When the difference in variance between populations was significant (p < 0.05 by F test of
van ance), Wel chods clhootailedpatred tiests weee sisechtp APC populations

between primary and secondary CD8dcipients, with p < 0.05 used as a cutoff for significance
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CHAPTER 3: POSITIVE SELECTION O F A HUMAN -RESTRICTED
TCR IN A TRANSPLANTE D SWINE THYMUS

Adapted fromNauman G, Borsotti C., Danzl N., KhosraWaharlooei M., Li HW., ChaveZ., Stone
S., Sykes M. Reduced positive selection of a human TCR in a swine thymus using a humanized mouse
model fbr xenotolerance induction. Under reviewkanotransplantation.

Introdu ction

Recent progress in pig-nonhuman primateodebk suggests that human trials of clinisalid-organ
xenotransplantatioffom pigs may bémminent[23, 182 265 266. Longterm rejectiorfree survival of
a pig organ in a human patient may require itidnoof tolerance in the recipient human to siaéne
graft[11]. While improved pharmaceuticmhmunosuppression and gematly engineeredwinesource
animak havedramaticallyincreased the survival grcineorgans in nofhuman primatessenogeneic
immune responseareextremely strond267, 26g. Therefore, the levadf immune suppression needed
to controlantirswine immune responses magdifficult for patients taolerae, leaving hem highly
vulnerable to infections and neoplasms. Methods to induce immunological tolerance to the swine organ
would be optimal foclinical xenotransplantatioand would allow both recognition of the transplanted

pig organ as self while maintaining ratly protective immunological function

InducingT cell tolerance is paramount, &ellsare primary mediators of xenograft reject[ 181,
269275. Transplaning a pigthymus cariolerize human T cell® pig antigen$7, 208 209. Over the
pasttwenty-five years, we have demonstrated tkettogeneic thymus transplantation induasdsistT
cell tolerance across xenogeneic barriers in bothigeigouse and pigo-humanized mouse moddlg
206208 276. Protocolsincorporatingswine thymus transplantation in gig-northuman primate
models have shown promising results, with survival of transplanted primates up to 193 days, with no
signs ofgraftrejection[181, 211, 277-282. Swine thymus transplantation allo@s novageneration of a

diverse, swingolerant human TCR poglr, 209 21(. However, to raintain patient immune function,
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one of the major benefits of xenotoleranceaasplanted pig thymus must also supgetéction of a

human TCR regrtoire with robusHLA -restricted immunéunction.

Positive selection of developing T cells in the thgmaibased on the ability of a TCR to weakly
interact withselecting antigen presented in the context of MHC present on the surtadeCGs[63, 64].
Experiments in the pigp-mouse systerhave previouslylemonstrated that swifdeCsare exclusively
responsible for positive selection in a transplanteidesthymuq283-285. In this model, TCRI'g mice
were thymectomized, T cell depleted using antibodies, and transplanted with a fragment of fetal pig
thymus. Whemecipientmice were euthanized 413 weeks post thymus traplant and swine thymus
grafts were examined,g mouse cells were present étsame frequency in the grafted pig thymus as
they were in a mouse thymus expressing selecting MHC. Tigatells were also present in the grafted
pig thymus in the same frequey in mice that expressed MHCs that did not selecTthECR as those
that dd, suggesting that murine thymic stroma did not contribute to positive selection of mouse TCR
transgenes in a grafted pig thynjd85. Despite exclusive positive selection on swine MHC, robust

mouserestricted vaccination responses were seen and opportunistic infections colelared 286 .

Based on these results, human T cells selected in a swine thymus would also be expected to
preferentially recognize antigens in the context of swine MHC (SLA), réttaerhunan MHC (HLA),
potentially leading to poor recognition and responses to human APCs in the periphery. We have
previouslyshown that a swine thymus can select human T cells with a diverse TCR repeotuiaing
at least some T cells capable e§pondingo antigens presented on HLA by hunia@s[7, 209 21Q.
However,experiments in the pitp-mouse symshowedhat T cells selected in a swine thymus
exhibited defects in peripheral immune homeostasis, including reduced ability to repopulate lymphopenic
secondary recipien{$], which may be due tsuboptimalnteractions between pigstricted TCRs and
peripheraimurinehost APCY5, 212, 214. Similar suboptimal homeostasis, including poor maintenance

of peripheral T cells subsequent to thymic graftectomy, has been observed inttitypiganized mouse
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model[7]. These studies also suggested that tmeamrestricted T cell response may be reduced in

animals transplanted with a pig compared to a human thfjfhus

More studies in animal models are needed to assess the abilitywioeatisymus to support selection
and development of functional and swimderant human TCRs to evaluate this strategy for immune
tolerance iduction preclinically. Previous studies did not address whether a grafted swine thymus could
support the posite selection of TCRs that are known be specifically able to recognize antigen in the
context of HLA,i.e. HLA-restricted TCRs. We used a T@B humanized mouse model to assess the
selection and development Bfcells bearing wellcharacterized human HL-A2" restricted TCR that is
positively selected bthe class MHC moleculeHLA-A2 [62, 178 and recognizes MIART1 peptide as
acancer neoantigdri80 287, 28§, in a grafted pig thymusUsing this system, we addressed the ability

of a grafted pig thymus to support the positedection of an HLAesticted TCR.
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Figure 3- 1. The MART1 TCR does not respond tdVIART1 peptide presented by swine PBMCs

Using an in housedeveloped TCR reactivity assay, we used tritiated ttiyra incorporation of CTLLs, a
murine IL-2 sensitive cell line, to measure-BLproduction oMART1 transduced JRF33.5 Jurkat cells, whict
do not express their own T®Rin response to irradiated stimulators that had been pulsed with medium ali
with 1ug/mL of MART1 peptide. 1l-2 production byMART1 Tg cells was calculated as fold over2L
production by TCR!" JRT3-T3.5 cells to account for any backstimulation from irradiated stimulators. Usit
assaywe determined that. MART1 TCR Tg JRT ells can respontb MART1 peptideloaded HLAA2*
PBMCs, but do not respond to peptide loaded on human-A2/or swine stimulators. Swine PBMCs with
multiple haplotypes from the Columbia/MGH herd were assessed and none could ldeeRarit peptide to the
MART1TCR. b. The assay detexthe MART1 Tgcel s 6 r ® pglycdana simulation**** p < 0.0001
byoneway ANOVA with Tukeybés correction for multi

Results
MARTI1TCR does not respond MART 1peptide presented by pig cells

To characterize croggactivity of the MART1 TCR to SLA we assessed the ability of tRRART1
TCR to respond tMARTL1 peptide presented by swine MHGing the TCRharcterization developed
in-house and described in ChapteNZe assessed TCR reactivity by measuring lhroduction of JR3-
T3.5cellslentivirally transduced with a MRT1 TCR transgenfMART1 TCR Tg JRT3T3.5 cells) We
measuredL -2 production byMART1 TCR Tg JRT3-T3.5 cellsin response to irradiated human or swine
PBMCs in the presence or absence of tHeRVWI1 peptide. [2 production was assayed by measuring
proliferation of CTLLs, an IL2-sensitive cell ling252, in response tdl_-2 in culturesupernants.
CTLL proliferation was measured by incorporation of tritiated thymidine in counts per nsindte
normalized to CTLL proliferation in response to supernatants from untransduced 3BI&lls
exposed to the sanséimulators We confirmed that, whil HLA-A2* huPBMCs could present the
MART1 peptide taVIART1 TCR* JRT3-T3.5cells, swPBMCs, including those sharing SLA with the

swine thymus donor in selection experiments, and #2AhuPBMCs did not induce a response in
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MART1 TCR* JRT3-T3.5cells, even when pulsed wiMART1 peptide Figure 3- 1a). Additional
swPBMCs of muiple SLA types were assayed and were also unable to pMa&iT 1 peptide to the
MART1 TCR (Figure 3- 1a). The assagould detectesponses from TCR stimuian, as indicated by
the increased H2 secretion of MRT1 TCR" JRT3-T3.5cells in response to palonal stimulation by

platebound antiCD3 and soluble anrttD28 antibodies compared to unstimulated c&ligyre 3 - 1b).
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Table 2: HLA typing of tissues used inMARTL1 selection experiments

Tissue Species ig;:; tran;"::me | HLA-A HLA-B HLA-C DRB DQB
Fetal Liver HLA-A2" CD34" Human 87% 15 02:01:01:31:01:02:07:02:01 07:02:01 15 07:02:01:15:01:01 03:01:01:02:01:01 02:04
Fetal Liver HLA-A2" CD34": Human 94% 3 02:01:01:29:02:01:07:02:01 44:03:00:07:02:01 08:02:01:07:01:01 04:08:01 02:02:01 3:01:01
Fetal Thymus HLA-A2" Thy Human - 6 01:01:01 02:01:01: 45:01 40:01:01:03:04:01 06:02:01:13:02:01 09:01:02:02:01:01 06:04:01
Fetal Thymus HLA-A2" Thy Human - 1 02:01:01 29:02:01:07:02:01 44:03:00:07:02:01 08:02:01:07:01:01 04:08:01:02:02:01 3:01:01
Fetal Thymus HLA-A2 Thy Human - 4 01:01:01 30:02:01:07:01:01 08:02:01:14:02:01 58:01 :15:03:01 04:04:01:06:02:01 03:02:01
Haplotype

MHC Class | MHC Class I
Fetal Thymus Swine Thy Swine - 5 C D A C
Fetal Thymus Swine Thy Swine - 2 D D D D
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Figure 3 - 2: Successful repopulation of transplanted mice wittMART1 transgenetransduced fetal liver
CD34 cells.

a. Diagram of theART1 TCR expression construct, which is driven by the humarlUpEdmoter and expresset
in a single cistron, including an eGF&porter b. Mock transduced ancl MART1 TCR transduced fetal liver
(FLC) CD34 cells 96 hours after transductiod. Diagram of he TCR transgenic humanized mouse model, wt
transduced EC CD34 cells are transplanted to thymectomized immunodeficient mice along with a cryopres
thymocytedepleted fragment of a human HEXR*, A2, or swine thymus under the kidnegpsule. Following
intravenous antibody depletion of any additionah$@lanted prexisting thymocytes, peripheral blood is monitc
every two weeks and animals are taken down for thymus and peripheral analysis betd#éevet@s post
transplant.e. Example peripheral blood chimerism staining showing detectablé @ffflations in both B and T
cells in a mouse transplanted WMART 1-transduced FLCs and an ABuman thymus 10 weeks pdsansplant.
The calculated percent GF8f CD8" and CD4 T cellseach is shown.

Successful repopulation in transplanted micd/&RT1TCR transduced CD34cells

To compare positive selection of tMART1 TCR in aselecting HLAA2" thymusor anA2" non
selecting thymus to selection dfIART1 TCRin a pig thymus, we dedoped a TCR g humanized
mouse modelWe used lentivirus to transdutke MART1 TCR transgeainto human HLAA2* fetal
liver CD34 cells for transplantation to NSG micBhe MART1 TCR expression sysin is depicted in
Figure 3- 2a. It consists of the constitutivexpressethumanEF1Upronoter driving theMART1 TCR
Uandb chains separated by a P2A selifaving sequence. This is followed in the same cistron by an
internal ribosmal entry siteIRES) and an eGFReporter Human fetal liver CD34cells that were
mocktransduced or transduced with MART1 TCR lentivirus as described in Chapter 2 were cultured
for 96 hours and then assessed-M for eGFP expressionTheresuls inFigure 3- 2b and2care
representative of several experiments and demonstratevtiil® mock transduced CD34ells did not
express eGFEBB - 2b), between 40 and 70% of fetal liver CD3%lIs were transduced in a typical
experimen{3 - 2c). We find that we achievambust and consistent transduction of fétair CD34" cells

using theMART1 TCR Tg lentiviral system.

To study thymic selection of tHdART1 TCR,transduced fetal liver CEB cellsweretransplanted to
thymectomized, irradiated immunodeficié®G mice dong with athymusfragmentunder the renal
capsuleas described in Chapter 2 and as depict&igure 3 - 2d. In brief, o ensure that T cell
development occurred exclusively in the human or swine thymus grafts, immunodeficieRZHL

NSG mice werdirst thymectomized and allowed to recover, since an NSG mouse native thymus can
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Figure 3 - 3: Peripheral reconstitution of mice tranglanted with MART1 TCR transduced CD34 cells.

Peripheral blood chimerism of transplanted mice. Data is a compilation of chimerism data framsx 82Sw = 6
and A2 n = 4 mice.a. human CDA45, b. % GFFP of total human PBMCs;. CD19" B cell chimerismm PBMCs;
d.% GFP of human B cellse. CD3" T cell chimerism in PBMCd,. % GFP of human T cellsg. CD3" CD4" and
h. CD3"CD8' T cells. Mean + SEM is shown. Some data points are excluded becauseignemdrB cells, T
cells, %GFP cells in a given ppulation and T cell subsetvere only included when greater than 50 events wet
detected in the preceding gate. T cells develop more slowly in transplanted mice than do B cells, sarfdGF
subset wererdy assessed from weeksl@ posttransplant.

support humathymopoiesi§118 258 259. Thymectomized mice then receiveeta§ irradiation and

were transplanted with transduced CD8dlls that were HLAA2* and cetransplanteavith a fragment

of thymocye-depleted human HLA2*, HLA-A2" or swinethymus as approprig Human and swine

fetal tissues used in selection experiments, including detailed HLA molecular typing data, are described in

Table 2

Peripheral blood of transplanted mice was monitorgdlegly. A representative example of blood

chimerism at week 1gosttransplant is shown iRigure 3 - 2e, demonstrating that human CD4%lls,
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B cells and T cells were detectable in the blood of transplanted mice and that these included GFP
expressing Rells and CD4and CD8 T cells. Aggregated chimerism kinetics is depidteHigure 3 -
3 showing humarhimerism, B and T cell kinetics, as well as the pesggdf human B and T cells that

areGFP in the peripheral blood of transplantectten
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Figure 3- 4: MARTL1 " cells are enriched in an A2 compared to an A2 or Swinethymus.

Representative FCM staining of thymus grafts at takedown of transduced cells develomnguman HLAAZ2*,
b. swine orc. human HLAA2 thymus. Proportion of. GFP cells ande. GFP MART1* cells in the thymus graft
of transplantednice (A2 n= 6, Sw n = 6, A2n=4; one A2mouse was excluded from tetramer analysis due tc
few detected GFRevents)f., g. Example control staining of thymus grafts of animals fpéarged withf. CD34"
cells transduced with a TC® GFPonly lentivirus and withy. untransduced CD34ells. * = p < 0.05% by Mann
Whitney U test.

59



MARTT cells are present in reduced proportions in HA&® and swine thymi compared to
HLA-A2" thymi

At 10-14 weeks postransplant, mice were sacrificed, and thymus grafts examined for human
thymocyte engraftment and the presenc®IART1 tetramet cells. Hunan CD45 cells Figure 3 - 5b,
¢), GFP cells and GFPMART1 Tetramet cells were detected inafted human HLAA2* (Figure 3 -
4a), swine @ - 4b) and human HLAA2  thymi (3 - 4c). Thymocyte staining of thymus grafts from
animals transplanted with mot¢tansduced CD34cells @ - 4f) and with animals transplanted with
eGFRonly virus @ - 4g) wereused to set GFrRand GFPMART1 tetramert gates. We observed that all
three types of thymus grafts supported similar proportions of transducediyRridcyteq3 - 4d), as
well as similar total numbers of thymocyt&sgure 3 - 5a), proportionsand numbersHigure 3 - 5b, €)
of human CD45cells, and similar numbers of GFeells @3 - 5d). However, the proportion of
thymocytes that were GFMART1 tetramet wassignificantly greater in human HLA2* thymi

compared to either swine or human &&mi (Figure 3 - 46).

Altered development ®1ARTI cells in HLAAZ2 and swine thymi compared to HLA2*
thymi

In thymocyte development, somatic recombination leadsveldement of a diverse array 5€CR
specificities. Each thymocyte expresses a TCR on its surface along with both the CD4 and CD8
coreceptor.Because HLAAZ is a humartlass IMHC molecule MART1 TCR* thymocytes would be

expected to be selected to the AD&age, as previously described in humanized f2el78. To
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Figure 3-5: Thymopoeisis in grafted thymus, engraftment of transduced cells is comparable regardlesfgyrafted
thymus. a. Absolute counts of thymus grafts at takedown,1POveeks postransplantationb. percent and.
absolute counts of human CD4&lls in thymus graftsd. Absolute counts of GFReells in grafted thymi at
takedown. A2 n = 6, Sw =6 and A2 n = 4 mice ncluded in analysis.
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assess the progressionMRT1" T cells through thymic selection in an HL-A2* thymus or a an-
selecting HLAA2 human or swine thymus, we gated on GREFP MARTL1 tetramer, and GFP

MART1 tetramer cells and analyzed their distribution among thymocyte subpopulations. Representative
staining inhuman HLAA2" (Figure 3 - 6a), swine 8 - 6b) or human HLAA2 (3 - 6¢) thymus grafts is
shown. GFPand GFPMART1 tetramerthymocytes showed similar thymocyte distributions, with large
proportions of CDACDS8" DP thymocytes, as expected in human thpaiesis[62] Since theMART1

TCR is class-testricted, GFPMART1 tetramet cells would be expected to be detected antmgle
positive and enriched among 8 BPthymocytes as transgenic thymocytes undergo positive selection.
Indeed, GFPMARTL1 tetramet cells were enriched among C3®cells compared to CD8Pcells in

the human HLAA2" thymus Figure 3 - 6f). However, we did not see this progression antGhr§

MART1 tetramef thymocytes in a swine or human HEX2" thymus EFigure 3 - 6b, c, ), in which clear
preference for CD4 or CD8 fate was not detected. These data suggbtARIEL TCR selection occurs

asexpected in a human HL-A2* thymus but is redwed in swine or human HLA2" thymi.
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Figure 3 - 6: Selection ofMART1 TCR in A2* compared to A2 or Swine thymi.

Representative flow staining of thymus grafts at takedown of transduced cells developiaghnorman HLAA2",
b. swine orc. human HIA-A2 thymus. Distribution among thymocyte subpopulationd.&3FP, e. GFP MART1
tetramer, andf. GFP MART1 tetramet thymocytes (A2n = 6, Sw n = 6, A2n=3 mice per group; * = p < 0.059
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Figure 3- 7: MART 1 TCRP9" T cells are reduced in the spleens of mice transplanted with A@r swine
compared to A2 thymus.

a-d. Quantification of spleen chimerism, analyzed1#®weeks postransplant, includig a. proportions of
huCDA45 cells among total CD45b. percentages of GFRells within huCD45 cells, andc. proportions of CD3
andd. CD4"CD3" and CD8 CD3" splenocytes (SPCs), respectively. * =p < 0.05, ** = p < 0.01 by the kKuskal
Wallistestusinunnés correction for multiple comparisons. Rept
transplanted wittMART1 TCR-transduced cells and 4mnsplanted witkeithere. human HLAA2", f. swine org.
human HLAA2 thymus, showindMART1 tetramer stainingf huCD45 CD3" CD4" or CD8 GFF gated cells.
Percent oMART 1 TCR 9" cells amonch. CD4* GFP and CD8 GFP* T cells and among splenocytes. * = p <
0.05,** = p < 0 .01 by the ManiWhitney U test. Data are from AR =5, Sw n =5 and A2 = 4 trarsplanted
mice, respectively.
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MARTZP"" T cells are reduced in the spleens of mice transplanted with-AZAnd Swine
thymus grafts

PBMCs and splenocytes of animals transplanted M&kRT1 TCR-transducedCD34" cells and
human or swine fetal thymus graftere analyzed for immune cells BCM 10-14 weeks postransplant.
Human peripheral chimerism and T cell reconstitution was assessed in the sple&4 ateHlks post
transplant. HuCD4%reconstitution Eigure 3 - 7a), as well as the proportion of hum@mb45* cels that
were GFP (3 - 7b) were similar regardless of the grafted thymus. By contrast, T cell reconstitution was
more variable. Proportions of T cel&-(7c) including both CD4and CD8 T cells 83 - 7€) were highest
in animals grafted withdman HLAA2  thymi. Similar results werobserved in the blood of
transplanted mice~{gure 3- 8a-d). CD8 T cells were reduced in the spleens of mice transplanted with
a swine thymus compared to mice transplanted with either anAR*Ar HLA-A2" humanthymus
(Figure 3 - 7d), consistent with previous observations that human*TD&:Il reconstitution is reduced in
humanized mice transplanted with a swine compared to a human thymyg]grafowever, no
significant differences between groups was detected in absolute numbers of human T cells in the spleens

of transplanted amals Figure 3 - 8h, i).

Despite reduced human T cell reconstitution in the perypof mice transplanted with swine
compared to HLAA2 human thymi, the proportion of human T cells that were ‘GirEhe periphery
was similar for both CD4%and CD8 T cells in theperipheral bloodRigure 3 - 8j) and spleenKigure 3 -
8k), regardlessf selecting thymus. Absolute numbers of GE®4" and CD8 T cells were also similar
in the spleens of transpladtenice, regardless of transplanted thyntigiire 3- 8l). Thus, transduced T
cells made up a similar proportion of human T cells in thigopery of all animals, including those

transplanted with a swine or nselecting human HLAA2™ thymus.

GFP splaic T cells were analyzed fMART1 tetramer staining. Representative examples of

MART1 tetramer staining on GFED4" and GFPCDS8" splen@ytes from mice transplanted with HEA
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Figure 3 - 8: Peripheral reconstitution of transduced cells in peripheral blood and spleen.Proportions of.
huCD45 cells;b. percent of GFPof huCD45 cells; andc. proportions of T cells and. CD4" and CD8 T cells of
PBMCs. Absolute counts in transplanted miceg.@btal splenocyted. total huCDA45 cells per spleery. total
GFFP cells per spleerh. total CD3 T cells,i. total CD4 CD3" and CD8 CD3" cells. Percent GFRf CD4" and
CD8' T cells inj. PBMCs ork. splenocytes, and absolute counts @FP" CD4" and GFPCDS8* T cdls among
splenocytes.

A2* (Figure 3- 7€), swine @ - 7f), or HLA-A2" (3 - 7g) thymi are shown. We examined proportions of
GFP CD4" and CDS8 cells for high expression of Martl TCRe( proportions oMART1 TCR'gnt

cells). As expectedMART1 TCR 9" cells were largely found among GREDS' cells Figure 3 - 7h).
MART1 TCR" cells were also enriched as a proportion of GFEells Figure 3 - 7h) and of total
splenocytesKigure 3 - 7i) in the spleens of mice transplanted withHrA-A2* thymus compared to

mice transplanted wita swine thymus.

Bimodal expression of Mart1dR was noted on GFH cells; a population dfIART TCRI™ cells
was detected within both GFPD4* and CD8 T cell populations, and in the spleens of micedpdamnted

with HLA-A2", swine, and HLAA2  thymi. Representative bimodslART1 staining is shownni
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Figure 39a-c, as well aMARTL1 tetramer staining of splenocytes from a mouse transplanted with a GFP

only virus Figure 3-9d). We examinedART1 TCR'™ andMART1 TCRY9" cells and found that

they had similar CD3 expression, as showRigure 3 - 9a-c. Because TCR and CD3 are expressed on

the surface of T cells with a wedlescribed stoichiometif{289, 290, the fact thaMART1 TCRY™ cells

showed reduceMART1 TCR expression with unchanged CD3 expression suggests that theke T cel

may expressendogersl y r earranged TCRU chains, whi[2f has be
and humanized moudeg TCR system$18(], and in ordinary humanized mouse models, where 10% of

normal human thymocytes selectedima man t hymus gr aft exp[t78898.ed mul t
MART1 TCRY™ cells were presérin similar proportions among both GF€D4* and CD8 cells Figure

3-9¢) and as a proportion of splenocyt8s Of) regardless of selecting thymus. In general, peripheral

analysis confirms the observation thatipes selection of the HLAA2-restricedMART1 TCR is

reduced in transplanted swine or human HAZ thymi compared to an HLA2* human thymi.
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Figure 3- 9: A GFP*MART1 TCRY™ population is detected among splenic T cells that may be selected to
express multiple, alternate TCRJchains.

Tetramer staining of GFRZD4" cells and GFPCD8' cells in the spleens of mice tratespted witha. human HLA
A2* b. human HLAAZ2", or c. swine thymus grafts showing CD3 expressiomaRT1 TCRI™ andMART 1
TCRYM9M cells. Quantification oMART1 TCRY™ cells ase. a percent of GFPT cells or off. MART1 TCRY™ CD4*
and CD8 cells amondotal splenocytes.
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Discussion

Xenotolerancénduction may be necessary for successful fmgh clinical solid organ transplantation
from pigs to humans, as it wouddlow preservation of patient immune function to protect against
infections, zoonosis, and neoplasms. Xenogeneic thymus transplasmadi promising approach to
xenotolerance induction but is expected to produce a human T cell population with a T&reepe
selected by transplanted swine thymic epithelium. This may lead to suboptimal patient immune function
if TCRs are not capable responding to homeostatic signals fronterognizeantigens presentdsy
peripheral HLA. We have begun to interrogttte ability of a grafted swine thymus to support the
positive selection of known humaastricted TCRs. We comparegamined the alify of a swine
thymus to support positive selectiohaMART1 TCR, which has previously been identified for its anti
tumor activity [244, 288 293 and whichhas been showio e positivelyselectedand not deleteth a
normalhuman HLAAZ2* thymus[62, 178 18(0. We compared selection of teeART1 TCRin HLA-
A2* selecting or HLAA2 nontselecting thymus grafts or swine thymus grafts. By using lentiviral
transgenesis to introduce a human TCR transgene into transplanted humarefetatived HLA-A2*
CD34 cells, we generated a TCIRy humanized mouse rdel to test the ability of a swine thymus graft

to support the positive selection of a hurnastricted TCR.

Overall, our results indicated that this hunmastricted TCR was positdly selected with poor
efficiency in a swine thymus. We detected aidistpopulation of GFPMART1 TCR* cells in
transplanted HLAA2* thymi that, as expected, was preferentially selected into thé TD&ll
population. While we were able to detect GWRART1 TCR" cells in grafted swine thymus tissue, it
made up a significantly smaller proportion of thymocytes in these grafts than in grafteAlbAiman
thymi. These smaller proportions resembled those in humanrALgymus grafts, which have been
shown to notsupport positive selection of an HEA2-restricted TCH62, 294]. In contrast to the HLA
A2* thymus, preferential CD8 lineage differentiation was not seen iAlaA-A2- humanor swine

thymus tissue. Additionally, we found tHdtART1 TCR"9" cells were present in reducprbportionsin
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the spleens of mice transplanted with swine or huHlafh-A2" thymi compared to those transplanted
with HLA-A2* thymi, further evidence that this humlhA -A2-restricted TCR is positively selected

inefficiently in a transplanted swine thymus

We detected MART1 TCRY™ population in the periphery of mice that was similatween mice
regardless ofheirtransplantd thymus. Such populations have been observed previously imTgCR
mous€g[29]] and humanized mouse modEl8(Q, and have been shown by awiily staining or
sequencig t o expr ess muQutobgervation ha&lRRT1 TCRE ¢elfs have similar
CD3 expression ddART1 TCR9" cells, indicating similar expression of surface T[2R0, 291] but
reduced expression of tetrarmainableMART1 TCRs, suggests a similar phenomenon is taking ftace
our system Thus, in the absence of HEA?, positive selection dIART1 TCRTg T cells is limited to
those that have rearranged an additional TCRU cha
MART1 TCR™ populations were observed in the spleens of mice regardless of selecting thymi and were
observed among bothD@* and CD8 T cells. By contrasMART1 TCR"" cells were mostly
detectable on CDST cells, as would be expected of a classstricted TCR. AdditionallyMART1
TCR9" cells were only enriched among splenocytes of mice transplanted with' dmmanthymus
graft. This result suggests that only a human HA2X thymus could mediate efficient positive selection
of MART1 TCRM T cells. However, it also suggests that cells with low EeéMART1 TCR
expression could be positively selected and gmér the periphery due to-expression of a second
TCRU chain. More studies will be needed to see |
phenomenon for HLAestricted thymocytes selectedipa g t hy mus . T cells expre
chains areommonlyobserved173 292, 295, althaugh some data suggests they may be less functional
[296). Furthercharacterimgthe MART1 TCRY™ population found in these mice may allow us to
determine whether eexpression of a humeanestricted TCR impnrees humasrestricted functionality of

human T cells selected in a porcine thymus.
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In summary, our results demonstrate irwht positive selection of a humaastricted TCR in a
grafted swine thymus, which contrasts with previous studies of murineséleRtion in a xenogeneic
thymus[212 283 285 297]. In studies in our lab using théggpto-mouse model, both murine MHC class
Il-restricted TCRs examined were positively selected with similar efficiency in a pig thymus compared to
the native mouse thymus, whereas a knowngeacting murine MHC did not select these TCEBS,

298. However, inthose experiment®oth mouse TCRs examined wetass IIMHC-restricted, while
MART1 TCRis class IMHC-restricted. The selection criteria fdass IMHC-restricted TCRs are likely
different from those foclass 1| MHC-restricted TCR$56, 299-301]. It is worth notingin that murine
CD8" T cells are not detected in the periphery of mice transplantecavaththymus, although mature
mouse CD8T cells develop in the pig thymii206, 223. By contrast, human CD§ cells are detected
in the periphery irthe pig-to-humanized mouse modé&1(Q. The differences seen in the current study
and previous efforts in the laelikely due to a combination of speciefferences and charactstics of
the specific TCRbeing studied.Further studies with othefass IMHC as well as somelass IIMHC-
restricted TCRs may be necessary to distinguish among these possibiligdis the current studies
highlight the inportance of using humared models to study xenotolerance induction, since studies of

mouse thymocyte development for xenotolerance induction may not reflect what happens to human cells.

The current study provides a preaffconcept for the utility of TR Tg humanized mouse mets to
better understand how proposed approaches to xenotolerance induction affect the human T cell pool and
better predict consequences of these approaches for patients who may receive these frettiments
future Our previouslata had shown that aghily diverse human T cell repertoire that is specifically
tolerant of the donor pi g6 s -réStiicked @mctidation hesponsecisa n  me d i
selected in pig thynfi7, 21(4. Adding a known TCR with defined specificity to this model allowed
demonstration for the first time that a hunttass IMHC-restricted TCR witltherapeutic value is not
selected efficiently in a swine thymus. Asvayto overcoming this limitation in ®itive selection, we

are developing approaches to generate hybrid thymi containing both human and swine TECs, based on
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approaches originally delped in the pigo-mouse mod€l5]. The TCRTg humanized mouse

described here provides an idealivo model with which to asseghe efficacy of this approach.
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CHAPTER 4: PIG-REACTIVE HUMAN T CELL CLONES FOR USE IN
THE TCR TRANSGENIC H UMANIZED MOUSE

Using the TCR Transgenic humanized mouse to study mechanisms of
xenotolerance induction

Studying mechanisms of human xenotateginduction in mouse models

Tolerance approaches will likely be necessary for clinically feasiblogigiman xenotransplantation.
Clinical tolerance approaches to fighuman xenotransplantation will likely involve a combination of
mixed xenogeneic chimerism induction and port¢ianus transplantation, both of which have shown
promise in norhuman primate mode[259, 278, 281, 294, 307. As thesexenotolerance induction
approacheproceed througpreclinical and clinical developmewe will need taunderstand the
immunological mechanisnis/ which they tolerize human T celldt is likely that ideal human
xenotolerance would be achieved largely by deletional mechanisms but would also produce a reasonably
robust population of human swineactive Tregs. In mouse models of allogeneic tolerancestioth by
mixed chimerism, differences inductionprotocols inducetmmunologi@l tolerance via different
mechanisms or with different kinetif215218. Studies using muse models of tolerance irttion by
mixed chimerisnsometimedound that specific cell populations were required to induce or maintain T
cell tolerancd219, including, for example, donor classMHC positive cells in the thymus, which
would need to be maintained and renewed to contolagzing patient T cell§202, 220]. Meanwhile, in
clinical combinel kidney and bone marrow transplantation, which uses transient mixed chimerism to
induce immunological tolerance to a grafted kidney in human allotransplant patients, we have observed
evidence that both clonal deletiand Treg expansion contribute to talece[221, 227. It would be
important to know if current proposstrategies for clinical xenotolerance induce both deletional and
regulatory tolerance, and to be sure we know whagsred for both mechanisms of tolerance to be
induced Additionally, it will be important to assess how these approaches tolerize fiucels

specifically, since immunological processes in mice and humansecanite different Approaches that
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have indeed xenogeneic toleranocemice have not always effectively tolerized human délls

Additionally, human and mouse cefisem to have meaningful differendesheir ability to interact
immunologically with pig cellsas evidenceah partby thefact that peripherdiumanCD8" cells ae
detected in humanized mice transplanted with a pig thymuseoigtheraimurine CD8 cells do not

appeain immunocompetenhice transplanted with a pig thym{06, 210, 223.

Thus,studies are needed understand how xenotolerance induction protocols we are pusiliing
tolerize and mainta tolerance of human T cell§ hiswill requirein vivoexperimental models to more
thoroughly investigate mechanisms by which various approaches to xenotolerance induction tolerize
human pigreactive T cells specifically, to ass how robust and lasting these approaches are, and to
verify that we know all ofhe pieces required to make these approaches work reprodueibliminary
experimentsn the lab hae suggested that human €lis selected in a pig thymus are tolerixéaa
combination of deletional and regulatangechanism§7]. However, these experiments relied upon
characterizingpulk population®f T cells, withoutbeing able to tellvith certaintyhow the xenotolerance
approaches used had selected or shaped that population. Ain igalexperimental system would
permit tracking T cells expressing known xenoreactive T cell receptors sandeobserve their deletn
or conversion to Treg over time under xenotolerandecing conditions. To do this we will need to
incorporate the TCHg mouse model and use it to look at selectiod tolerance of human xenoreactive
TCRs with known properte We could use this siem to address any number of important questions

that remain about how human xenotolerance induction works to tolerize human T cells.
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a. Human T cell b. Human T cell c. Human T cell

[ Human
[] Swine
Swi_ne peptide Swine p/MHC -
antigen
Swine APC Human APC Human APC
1) Direct xenoreactivity 2) Indirect xenoreactivity 3) Semi-direct xenoreactivity
T cells respond to swine T cells respond to swine T cells respond to swine p/MHC
p/MHC complexes peptide presented by complexes presented by human
human MHC APCs

Figure 4 - 1: Antigen presentation inxenotransplantation.

Human T cells can recognize swine xenoantigens in three major wayells can respond directly to swine
p/MHC complexes presented on swine AP€b.do swine peptides presented on human MHC by human APCs.
Alternately,c. humanT cells can respond to swine p/MHC complexes that have been taken up by human APCs.

Types of xenoreactivity

In transplantationT cellreactivity to the transplanted organ or tissue@agur inthreedifferent
ways as diagramed iRigure 4 - 1. First, ecipient T cells can respouwlitectly by interacting with MHC
molecules expressexh the surface of donor cells. For instance, recipient T cells can interact with MHC
molecules expressed on the surfat@BCsthat are caransplanted with the graftexgan. Arelatively
high proportion of TCRs are thought to have direct alloreacti@idg, 304, perhaps in part due to the

inherent affinity that TCRmay have for MHC moleculd805-309.

Alternatively, recipient T ells can respond to donor ardig presented by donor APCs, in the same
way that the T cells might respond to any other antigen processed and presented by their endogenous
APC populations. This is considenedlirectreactivity. Indirect xenoreactivitys likely to be a major
barrierto clinicalxenotransplantation. Indirect reactivity occurs due to MHC presentation of antigens
with sequence differences between donor and recipient. In a situdisoa the organ donor and

recipient are of different spies, the burden of antigens wisignificant sequence differences is likely to
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be quite high Experimental evidence of robustlirecthuman xenoreactivity supports this not{&10,
311]. Thus,ensuing that indirectlyreactive TCRsre robustly tolerizelly proposé approaches to
clinical xenotolerancwiill be extremely importantand will be facitated bydeveloping indirectly

xenoreactive TCR reagerits'e TCRTg humanized mouse studies

Finally, recentata also suggests thalat is known asemidirectreactvity can be important in
transplantation and xenotransplantatiédtPCscan pick up MHC from the environment, from exosomes,
or from phagocytosis of dying or damaged cefisluding from the transplanted grafvhen that
happens, recipie®tPCscantrigger reactivity bypresening donor MHC[312 313. This could be of

particular concerin xenotansplantation.

It is imperative to ensure that approaches to xenotolerance induction anteaaftalerizing human
TCRswith all kinds ofxenoreactivity. This represents another advantage to using & §8&mnanized
mouse model to studying mechanisoisenotolerance induction. By using wellaracterized human
xenoreactive TCRs, we could dgsiTCRTg humanized mouse models that would allow us to study the
mechanisms of, guirements for, and efficacy with whiditCRswith multiple types of xenoredeity are

tolerized

Identifying pigreactive human TCRs

Before the TCR'g humanized mouseouldbe usedo study mechanisms of human xenotolerance
induction, we would need to first identify and characterize humanepigtive TCRs At this time,
although some characterizatif814, 315 and clonal analysig67 of human pigreactive T cellhas
been performed, almost no human-pégctive TCRs havbeen described. We set out to isolate human
pig-reactive T cell clones and clone out theBRs We used classical approaches to identify putative
human T cell clones that would be expected tedreactive. Using limiting dilutiocloning we will
identify human xenoreactive T cell lines that are amenable\t@ro characterization. Once these lines

have been identified, we will be able to clone out the §@korporatdheminto our lentviral
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expression system, confirm the xenoreactivity eééitloned TCR, and, eventually, incorporatieem

into TCRTg humanized mouse experimeisbetter understand human xenotolerance induction.
Preliminarily, we have identified the TCR from one piita swinereactive CD4T cell clone, C05, and
successfully cloned its TCR into a lentiviral expression system. We have transduced the TCR
successfully into an immortalized T cell line for more detaitedtro characterization, and, if the TCR
retainsinteresting xenoreactity, we will be able to use this reagent to begin selection experiments in

TCRTg humanized mice to better understand mechanisms by which this TCR might be tolerized.
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Figure 4 - 2: Human pig-reactive T cell clones were isolated by limiting dilution analsis.

Human PBMCs were stimulated with irradiated swine PBMCs and cloned by limiting dilution. Cells wer:
at putative concerdtions of 30, 3 and 0.3 cells per well. After around 4 weeks of culture, wells were
enumerated, ana. Poisson distributio was calculated to determine the likelihood that a given well in a dilt
condition contained a clonal populatiob.-g. Multiple putative pigreactive T cell clones were characterized
dye dilution MLR. Solid histograms represent unstimulated slomistogram outlines are proliferation dye
analysis of replicates with the indicated stimulators. Example clone analysis quantification is shov@hoime
dye dilution plots showing stimulai@D3" cells forclonesc. CC_PL07_C02d. CC_PL03_D11e.
DD_PL04_DO02, and. DD_PL02_F03 are shown, as well as dye dilution plotgf@C_PL0O7_EO04, an examf
clone that showed alloreactivity as well as xenoreactivity
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Anti-pig T cell cloning
Limiting dilution results

Limiting dilution analysis was performed on human cells that had been stimulated against either SLA
CC or SLADD swine PBMCs for two weeks. Plates were seeded putatively containing 30, 3, and 0.3
cells per well, then maintained in culture. Wells contajrgrowing clmes were enumerated for all
conditions. Poissodistribution was calculated, comparing the number of wells seeded to the number of
wells containing growingells, to help assess the likelihood that a line growing in a given dilution
condition is clonal. This analysis, shown iRigure 4 - 2a, suggests that cells growing in wells in the 3
cell and 0.3 cell per well conditiomgere likely clonal In total 22 putative clones were identified from
the SLACC stimulationand 16 putative clones were isolated from the $Astimulation. Most
identified clones were CD4with only one clone from the DD stimulation, PLO2_FO03, staining positive

for CD8 (data not shown). All clones have been cryopreserved for future use.

A small number of clones from lines that had grown the most robustly and had the highest cell counts
at takedown were thawed and characterized by dye dilution MLR. Example chiaaticteiof 5 clons
is shown inFigure 4 - 2b-g. Of these clones, all but DD_PL02_F@3dure 4 - 2f) were CD4. Three
clones, CC_PL03 D11, DD_PL04_DO02 and the CDB_PL02_FO03 clone each showed greater
reactivity to swine PBMCs when autologous PB&Atere also present in tMLR and showed similar
responses to SL.&C and SLADD swine PBMCsFigure 4- 2d, e, §). This may suggest that these T
cell clones preferentially recognize swine antigen indirectly, ptedday humam\PCs and suggest that
the clones may be responding to a swine antigen shared between pegsaaf thfferent haplotypes.
The results also could reflect that irradiated human PBMCs may provide growth factors or costimulation
to aid in the Bnogeneic response. One clone, CC_PL0O7_C02, appears to preferentially respond to SLA
CC swine PBMCs in thebaence of human PBMCs, suggesting this T cell clone is directly reactive to

swine figure 4 - 2c).
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To oursurprise, we found that the majority of therets characterized demonstrated both
alloreactivity and xenoreactivity, with many showing a similar reactivity pattern to CC_PL07_EO04
(Figure 4- 2g). To ensure that it polyreactivity was not simply due to contamination by multiple T cell
lines, we performed limiting dilution and single cell sorting of T cells from the CC_PL07_EO04 line. We
performedMLR characterization on individual clones thagw from the CC_PLO7EO04 subcloning, and
indeed these lines retained the polyreactivity we had previously seen (data not shown). For the time
being, we have not further characterized or studied these polyreactive clones, but this result was
unexpected. \Wile it may reflect dechnical issue unique to this limiting dilution analysis, or a unique
characteristic of the original human PBMC donor, it is also conceivable that some xenoreactive clones
might also be alloreactive. Repeating these studies usifitipadl human PBMC ahors to see if
polyreactive clones are isolated from other humans and performing additional studies to further
characterize the human xenoreactive TCR repertoire and how it compares to the alloreactive TCR

repertoire may helplarify the nature of the huam xenoreactive T cell response.

For the time being, the four xenoreactive clones with minimal polyreactivity that we have identified
each demonstrate interesting xenoreactive propertiiegortantly, our preliminary data suggests rave
identified sone directly and some indirectly xenoreactive clon@sce the TCR sequences are identified
and isolated from each of these T cell clones, they will represent useful and interesting feagents
understanding the human swireactive Tcell response and thimmunological basis foclinical

approaches to xenotolerance induction, includivged chimerism and swine thymus transplantation
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Figure 4 - 3: Characterization of C05, a previouslyisolated human pigreactive T cell cbne

a. Flow staining shows thahe CO5lineisCD4. b.Dy e di |l uti on MLR anagatgdon s of
stimulatot CD3* cells Solid histograms represent unstimulated clones; histogram outlines are proliferation dye
analysis of individual repdiates under indicated stimulator conditionS05 proliferates only in the presence of ¢
mixture of autologous human and SIGC swine PBMG. The ability of CO5 to proliferate in the presence of
irradiated swine PBMCs alone was not assessed in this mqueri
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CO05: a TCR isolated from a pigreactive T cell clone
CO5 T cell clone characterization

CO05 was a CDH4T cell clone thahad previosly been generated by Dr. Chiara Borsatti
postdoctoral fellow in the laboratonysing limiting dilution cloning. CO05 was identified based on its
specific reactivity to swine SLAC in the presence of autologous human PBMCs. To generiglten
materid for TCR identification, the CO5 T cell line was expanded as desd@&}l FCM staining and
MLR characterization was performed to confirmattE05 retained its swine reactivity. As expected, the
CO5 T cell line remained CD4Figure 4 - 3a), and retained its ability to respond to S swPBMCs
in the presence of autologous human PBMKigUre 4 - 3b). CO05 did not show reactivity to SEBD

swPBMCs. Direct xenoreactivity was not assessed for this T cell clone.

Identifying the TCR sequence of C05
Using a nested PCR cloning approach presipdescribed264, we identifte d t he TCRb and T

sequences for the C05 TCR. Sequence information for CO5 is descritzdeiB.

Table3: Sequencede nt i fi cati omndfTECRE dICRIUNs o f-redctivehur@@ BCRput at i v e
TCR CDR3 TCRU CDR3

V-Gene TRBV02*01 V-Gene TRAV27*03
JGene TRBJ1*01  CASTTEYLTEAFF  JGene TRAJ37*02 CAGYGSSNTGKLIF
D-Gene TRBDZ2*01

Cloning C05 TCR to lentivirus

Having identified the C0O5 TCR sequence, we designed and ordsyethatic lentiviral expression
construct that would be compatible and easily aidnto the pHR lentiviral expression system used
elsewhere in the described work. The expression construct was designed as previously described, with
the TCRJsequence ftdwed by the TCR sequence, separated by a P2A sequence. This construct was
designedo facilitate cloningdownstream of the EElpromoterand upstream of the IRES sequence,

allowing coexpression of the eGFéporter
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The CO05 expression sequence wasioled and successfully clongdo the pHR lentiviral expression
system. After confirming successful cloning, lentivivwssproduced using this construct and JRIM3.5
cells were transducedstaining for palfCRUB and f or \bh eo f hpefebonsirated T CR
that the CO5 TCR cdoe expressed on the surface of T cells and confirms the identity of the C05 TCR

(Figure 4- 4a, b).

a. Untransduced C05Tg
JRT3-T3.5 JRT3-T3.5
1 lar Q2 la1 , Q2
10.012 0.050 TIEB. o= |15 g 68.3
aTRBV02 q ‘
je4 g Q3 j04 Q3
: gs.f 0.41 10.037 0
TRBV02 >
b.
4Q1 Q2 Q2
10.012 0.062 77.0
oaTCRaf ;
a 104"";‘? o3 a¢ | Q3
(l-l5 ;98.*‘ P 1.47 10.086 0.029
TCRaf r

Figure 4 - 4: The cloned CO5 TCR lentiviral expression construct expresses appropriately in JRTB3.5 cells.
Untransduced and CO05 transduced JAB® cells stained witla. ant-TR b @2 orb.anttp an T CRUDb .
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Figure 4- 5: An in vitro assay for evaluating direct and indirect xenoreactiity of human TCRs

a. Schematic of ain vitro assayto assesslirect and indirect xenoreactivity of human TCRs. TCR reactivity is
measured by 12 production of TCR transduced JRT3.5 cells, which dmot otherwise express their own TCF
IL-2 production is assayed by measuring CTLL proliferation in response to cell supernatants by tritiated thy
incorporation. Direct xenoreactivity can be g&shby examining IE2 production of transduced cellsriesponse 1
irradiated human or swine PBMCs. Because a mixifireadiated human and swine PBMCs produces signific
IL-2 backstimulation, IE2-producing cells are removed from the stimulator fgmoinstead using CD209
monocytederived human DCs #t have been pulsed with swine apoptotic cells. This approach allows us to
an increased T cell response to human DCs loadectvattogeneic human at. swine apoptotic cells compared
b. auologousDCsalone This result is quantified ia. We have also confirmed that we can detect af IL
production response froirg JRT3-T3.5cells to human DCsMART Tg JRT cells resporedirobustlyto MART1
peptideloaded humaiLA-A2* DCs {.).

Modification of TCR characterization approach to assaisect and indiret xenoreactivity
Modification of thein vitro TCR characterization assay was needed to allow appropriate
characterization of human xenoreactive TCRs. Because human xenoreactivity may be either direct or
indirect, the assay needed torbedified to allowdetection of a human TCRediated response to both
swine APCs directly and to swine antigens presented on human APCs. Indeed, preliminary
characterization of human T cell clones isolated by limiting dilution suggests that many ofahese ¢
may be indiectly reactive figure 4- 2,4 - 3). As described in Chaptera&d Chapter 3ve haveused
anin vitro assayto detectherespons@f immortalized T cells expressing a knolmaman TCRo
populations ofAPCs However, when irradiated stimulators from two different sources were mixed, for
instance irradiated humamd swine PBMCs, we found that we detected significas2t $skecretion from
the stimulators alone, leading to high background and difficulty charactetti@ngsponse of olig T
cell line to these stimulators. T cells in the irradiated stimulator populsgiam to be responsible for
producing this 12, so we worked to elimate T cells from our stimulator pools, usiD@s pulsed with
swine antigens itead. We adapted an indirect assay previously developed by Dr. HeatheriMouris
laboratoryfor incorporation into oulL-2 secretion assay. The assay design is descrilbédure 4 - 5a.
We can use this indict assay to detect human T cell responses to allogenexeaogeneic antigens
loadedinto CD209 enriched autologous human D&sdure 4 - 5b-€). Additionally, we validated that
DCs could be successfully incomated into the IE2 secretion assay, demonstrating that CD209

enriched HLAA2" human DCs can preseiART1 peptide taMART1 TCR Tg Jurkat Figure 4 - 5f).
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We have designed and validatedmanitro assay system t@low characterization of human TCRs for
direct and indirect xenoreactivity. We have demonstrated that we can successfully loadRawsth
allogeneic and xenogeneic antigens for presentation, and we have demonstrated thBXCsoaan
present antigeto TCRTg human JRT3I'3.5 cells and that we can detect this reactivity by measuring IL
2 production by CTLL proliferation. We will use this system to characterize the xenoreactivity of the
CO05 TCR. Having now successfully generated TIRT3T3.5 cels (Figure 4 - 4), we hope to soon

be able to complete this vitro characterization.
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Figure 4 - 6: Validation of anti-MHC class Il blocking antibodies
We havedentified commerciallya v a i | a b-DQ@and-DRI@Ab,), and-DP (c., d.) antibodies and validated
that they block proliferation of CD4I cells in a dyedilution MLR assay.

Validation of MHCclass Il blocking reagent tdetermine restriction
For proper incorporation into TCR selection experimentsyildave to determine not just the
xenoreactivity of novel human TCRs, but we will need to determine their HLA restriction to allow

appropriate selection of human fetal tiss that will support positive selection of these TCRs. Our
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strategy to determenHLA restriction will begin by blocking specific MHC alleles to see which are
needed for activation of a TCR of interest. We have purchased commeawillgbleU H L-BQ,
UHLA-DR, andU H L-BP reagents and have determined that these reagents can reddedgD4
proliferation in an allogeneic MLR reaction, as showfigure 4 - 6. When preliminary characterization
is compékte to determine the xenoreactivity of the C05 TCR, these reagents will be available to help

determine its restriction prior to initiation of vivo selection experiments.

Q > K mutant C05

_ ~ o a. aTCRap b. oTRBV02
In the course of cloning and constructin
{a1 Q2 {q1 Q2

. 121.8 71.9 394.1 0.17
the CO5 TCR expressiaonstruct, we also L ”

generated a mutated CO5 TCR sequence,

where a glutamine at position 75, within a3 lo® o3

1.66 15.55 0.22

Framework 3 in the L - e
TCRap ———— TRBV02 —
replaced with a lysine. This mutation

Figure 4-7: The Q > K mutant C05

A mutated C05 TCR containing a Q > K substitution at
position 75 within Framework 3 wagnerated duringloning
of theCO5TCR. This TCR appears to express normally b
TRBVO2 reagent. Howevethe TCR panTCRU fstaining on transduced JRTA.5 cells &) but

does not stain positie for antiTRBV02 (.).
congruct appears to be able to assemble an_.

prevents appropriate staining with an anti

be presented appropriately based onpa@RUb st ai ni ng -D3f5cellsiamshewinuced J RT3
Figure 4 -7. The reactivity of this TCR and indeed its ability to mediat&Bigynaling has not been

determined. However, it is possible that this abed CO5Swill represent a useful reagent, if only as a

control TCR. Further studies to determine its specificity, especially compared to that of the correct CO5

TCR sequence, malof interest

Conclusions and future directions
Using classical limiting idution analysis, we &éve isolated several apparentignoreactive T cell
clones. Remarkably, many of the T cell clones isolated for their xenoreactivity were alloreactive as well,

according to characterization MLR. We have not performed folleup exgriments to see if this
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observatiorrepresents a generalizable phenomenamasrsimply a unique feature of the human donor
used for T cell cloning. However, these preliminary ifiigd support the idea that there may be
significant overlap or commonaligebetween alloreactive and xenoreactive TCR repertoires that may

warrant further investigation.

We have also identified multiple xenoreactive T cell clones that do not shovwatlwesictivity.
Cells, genomic DNA, and RNA have been banked for theseslto allow identification of the sequence
of their TCRs. Additionally, we have been able to isolate and identify the TCR of oneC&Lreactive
T cell clone, originally isolateth a different T cell cloning experiment. This TCR has been cloned into
the pHR lentiviral expression construct and has been shown to express appropriately in a transduced
JRT3T3.5 cells, an immortalized humarcTe | | | i n e™ tWhenttransdscedittRsGTCR, the
transduced T cell line can be stairiedboth pasTCRUB and f or t h antibedy.pFarthere d
characterization will be needed to verify that the TCR retains its xenoreactivity batldodetermine
whether the TCR recognizes pig antigens directly or indirectly, since the charactepeatoymel on

the original T cell clone did not distinguish between these kinds of reactivity.

Fortunately, we have developediarvitro system taallow characterization of directly and indirectly
xenoreactive TCRs transduced into JRIIB5 cells. By assaying proliferation of CTLLs, andL
sensitive murine lymphoma cell line, we can measu+2 piroduction by TCRransduced cells in
resmnse to vaous stimuli. We can use this assay to assessm€EatedT cell responses to human and
swine irradiated PBMCs, and, ultimately, to huni®sloaded with antigens derived from apoptotic
swine PBMCs. Using this assay, we will be able to agkessenoractivity of the C05 TCR as well as

any other TCRs that may be isolated from other putative xenoreactive T cell clones.

Once the previoushdentified TCR clone is fully characterized, it will be ready for use in TQR

humanized mouse seleatiexperimets, where we will be able to determine whether, how, and over
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what time scale swine thymus transplantation or mixed xenogeneic chimerism inductictucanits

tolerization.
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CHAPTER 5: SELECTION OF AN AUTO REACTIVE TCR IN A
HEALTHY, HLA -DQ8" TCR TRANSGENIC FETAL MODEL

Experimental design and data collectivareperformed byG. Nauman Analysiswasperformedn
collaboration withR. Madley; Clone 5 humanized mouse modeVeloped and optimized in collaboration
with Dr. C. Borsotti. Additiond contribuions from Dr. N. Danzl, Dr. M. Khosravi Maharlooei, and Dr.
H-W. Li.

Introduction

Despite numerous immunological mechanisms in place to develop a human T cell repertoire that
responds to foreign antigebatnotto self, immunological selfolerancesoméimesfails. This occurs
for reasons that remain poorly understood, and these failures of immunologitalesalfice are difficult
to predict or treat. Diseases mediated by immune attack on self, or autoiliseases, present a major
disease burdemd manyare increasing in incidence globalB16. Many autoimmune diseases are
associated with an emergence of-seHctive T cell§317-321]. Type ldiabetes (T1D)isa T cell
mediated autoimmune disease that impacts greater than 20 million people worldwide, with a particularly
high incidence in childrefd1, 322. In T1D, autoreactiv& cells attack and kill pancreaticcells,
destroying the patient 6s a brégulateylycose netalpolism.dThis e i ns ul
occurs despitenechanisms such asentral tolerance, whictakes placén the thymudo tolerizeT cells
expressing TCRthatmight attackperipheral selantigend63, 82-85, 323-325. Howeverautoreactive
T cells are detected in mice with spontanecusigurring autoimmune diabetg32-34] and in patients
with T1D [36-38], suggesting that at least sometimes these mechanisms of tolerance fail. Better
understanding how T cell sdlblerance is lost or broken will be critical for understanding and treating
these patients, dor developing biomarkers to detect autoimmune diseases before extensive immune

attack has occurred.

Much of the previous work understanding the pathogenesis of T1D has been performed in the NOD

mouse mod€]28, 40]. Unfortunately, approaches to understand and treat T cell autoimmunity in mice,

90



including in the NOD mouse model, have not beetl recapitulated in human studies.h&her this is

because of inherent differences in mouse and human immune cells or due to limitations of the NOD
mouse to recapitulate all aspects of T1D pathogenesis in a diverse patient population remains to be seen.
In any case, studies examining howdll tolerance fails in humans with known genetic backgrounds,

ideally in systems amenable to the genetic manipulation that facilitates detailed mechanistic studies, will
be needdto improve our understanding of thegins of human T celinediated autoimmune diseases

like T1D.

Models such as the TCRy humanized mouse model could be used to address this gap, allowing
observation of the immune development of transplanted humaregptessing autoreactive TCRs with
known properties This model could allow us to study mechanisms of peripheral and central tolerance in
human cells and assess how they fail in autoimmunity. We have begun experiments usingTige TCR
humanized mouse rdel to study thymic selection of a Betogenic TCR.We havetransplanted
immunodeficient mice with human FLC CD3éells transduced with Clone 5, a knoWwhD-associated
TCR[172 237. We cotransplanted these cells to immunodeficld®G mice withfragments ohuman
fetal thymusandperformedpreliminary studies to examimehetherandhow thisknownautoreactive

TCR is selected and, potentialtplerized, in human thymopoiesis

In thymopoiesisdeveloping thymocytes are selectabed orthe ability of thér TCRsto weakly
interact withself-peptideMHC complexes However, because TCRs recogrfa@ignantigens in the
context of se’tMHC moleales, and becausachMHC molecule can present a wide variety of antigens,
some TCRwill also interact withself-antigens presented by MHC wittotgreatan affinity for safety
In the thymusTCRswith inappropriately higtaffinity for self-peptice/MHC complexescan be
eliminated from the TCR repertoire by delet[&3, 64, 75-77]. In some cases, the cells expressing these
selfreactive TCRs are not deleted, but instead are forced to express the FoxP3 transcription factor and
becomeCD4" Tregs whichdominantly suppress autoreactiesponses in the periplydi78-81]. Cells

that are selected to the Treg lineage express TCRs with a higher affirsgtfpeptidédMHC complexes
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thando cells tha differentiate to coventioral CD4* T cells[78, 326. However,more studies are needed
to understanthefactors that cawsa specificautoreactive T celo be either delked or converted tthe

Treg fatein central tolerance, especially fouman cells.

Since mature T cells will eventually leave the thymus and migrate to peripheral tissues, they must also
be tolerized tself-antigens specific to these tissues, includimgpancreatib cells. Autoreactivity to
antigens specifically produced and presented in the periphery, kndisawsestrictedantigeng TRAS)
would be devastatingTherefore, there are mechanismghe thymusas well as in the periphery as
backup,to ensure that thECR indeveloping Tcellsis exposed to a broad pool DRAs. A specialized
region in the thymus, the thymic meduylt@ntains a diverse array APCs includingDCs, which
tolerizedeveloping thymocytes to hematopoieditd oher TRAs and B cellswhich can alsgarticipate
in tolerance inductiofg3, 327-329. In addition, a population of thymic stromal cellie mTECs, have
auniguecapacity to express TRASNTECs use specializéthnscription factors, including autoimmune
regulator(AIRE), to stochastically activate transcriptitmoughout the e | gendrse, ensuring that
manygenesormally restricted to limited peripheral tissae presented to developing thymocy&g.
Insulin is a prototypical RA that is mainly produceth aperipherakissue theislets of Langerhans in the
pancreagbutis also found to bexpressed in the thymirs an AIRE-dependent mann§B30 331]. Poor
thymic expression ofisulin is associated with T1D risk in mi&27] and human§224, 337.

Therefore, specialized cells in the thymus ensure that developing thymocytes are exposed to a wide
variety of selfantigensincluding insulin, during centrablerance. Despite this, TCRs that react to
TRAs, including insulin, a detectedh the circulatiorbothin mice and humans with T1[234-237,

333 and, frequently, in healthy individuads well[231-233. Betterunderstanding how these cells
escape tolerization ithe thymus would improve our understanding of the etiology of T1Dvaydhelp

us better understand how to prevent and treat it.
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Clone 5 is a diabetogenic TCR isolated from the blood of a T1D patient

Clone 5 is welcharacterized human HL-BQ8-restricted TR that was initially isolated from the
peripheral blooaf a patienwith well-established T1[D36, 334. HLA molecules including DQ8 have
long been known to be a genetic risk factor associated with 42,23, 335. Indeed, MHC haplotypes
including HLA-DQ8 are by far the strongest risk variaa¢sociated with T1Ih genomewide
associatiorstudieg 36], and NOD mice, which spontaneously develop T1D, ex@essque haplotype
(I-A%) t h at orthalog[B3g 8 Tharefore assessing how an H:BQ8-restrictedautoeactiveTCR
might be selected or tolerized might provide insight into howtedfance is lost in TLDClone 5
recognizes the insulin B:23 epitope Insulin is a key antigen in T1D and the B3 peptide in
particularhasbeen shown to be a key epitojm the development of T1D in mouse mod8ls35]. The
murine and human insulin B28 peptids have identical spuencesand human TCRs that react to it
have been detected in the blood of many patients with[B&39]. Finally, a recent study showed that T
cells transdoed with the Clone 5 TCBx vivocan, in conjunction witlstreptozotocirtreatment and
immunization with thensulin B9:23 peptideinduce a T1Bike phenotype irahumanized mouse model

[177, suggesting that human cells expressing this specific TCitate pathogenib cell attack.

All these factors make G@he 5 an interesting candidate TCR for initial TCRhumanized mouse
studies. TCRs with propertiéike those ofClone 5i DQ8-restriction and reactivity to insulin:8-231
are likely important in the pathogenesis of T1D. Therefore, we have begumeqsrusing the TCR
Tg humanized mouse model to compaedection and development of the Clone 5 TCR transduced in
HLA-DQS8" fetal liver CD34 cells and selected in autologous HIDQS8" fetal thymus grafts. To assess
deletion, we compared development of Clorteahisduced cells in the DQ#&tal thymus to devefament
of cells transduced with a TC®lentiviral construct encoding only an eGFéporter the GFP only
virus. Comparing deelopment of Clone 5 and GFP oiilgnsduced cells in this system, we observed
that GFP cells in Clone 5 animals but not GleiRly animals showed phenotypic characteristics

associated witldleletion. Additionally, we observed a reductiorGRP cells in he periphery in mice
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transplanted with Clone 5 but not GBRIy transduced cells. These data suggest that under normal
circumstaces, in the presence of the HIDXQ8 restriction element, the Clone 5 diabetogenic TCR

deleted. Additionally, these dataveaallowed us to identify characteristics of human TIERells
undergoing del etion. Thi soprel gmanhargowwi kl i deho
examining the tolerization of other autoimmune TCRs well as the xenogeneic TCRs ideatifin

Chapter 4 in future experiments using the TAR humanized mouse model.
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Figure 5- 1: DQ8* FLC CD34" cells transduced with Clone 5 or GFP only virus repopulate transplanted mice
Representative transduction of HH2Q8* FLCs transduced with. Clone 5 oh. GFP only virus. Peripheral blot
reconstitution of mice transplanted with Clone 5 or GFP onlysyiincludingc. proportions of huCb45cells (p <
0.01),d. % GFP of huCDA435, e. proportions of human B cell§; percent GFPof human B cells (p < 0.@1),g.
proportions of human T cells (p < 0.08),proportion of human CD4T cells,i. percentGFP* of CD4* T cells,j.
proportions of human CD8l cells, anck. percent GFPof CD8" T cells. Data are a compilation of n = 4 Clon
and n = 3 GFP only iwe transplanted with CD34nd thymus tissue from a single HH2QS8' fetal donor. * = p<
0.05,*=p<0.01,***=p<0.000lbytwavay ANOVA wioarrdctiosfordanaltiplé somparisons.
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Table 4: Allele-level molecular HLA-typing of the DQ8+ fetl tissue used in the described experiments.

HLA-A HLA-B HLA-C DRB DOB
68:01:02 68:01:02 ;| 44:02:01 40:08 03:32 07:04:01 | 11:04:01 04:03:01 | 3:01:01 03:02:01

Results
Immune reconstitution

To asseshowthe diabetogenic Clone 5 TCR is selected on an4BIQ8" genetic background in the
absence of overt diabetic autoimmunity, we generated T@Rumanized mice using an autologous
HLA-DQS8' fetal thymus and liver tissydable 4). Fetal liver CD34cells (FLG) were transduced with
lentivirus containing either the Clone 5 TCR transgene upstream of anre@dtker(Clone 5)or an
eGFPreporteralone(GFP only) as described in Chapter 2. As described, thymectomized NSG mice
received full body Xray TBI, followed by subrenal grafting of a human thymus fragment and intratibial
co-transplantatiorf the lentivirally transduced human FLCs. Small aliquots of transduced FLCs were
cultured for 96 hours to allow transgene expression, then asseds€Mgr transdution efficiency.
Representative transductions are shown for both Cl¢r&gtbre 5- 1a) andGFP only tansduced FLCs
(5- 1b). The kinetics of human peripheral chimerism in transplanted mice are depiEigdria 5 - 1c-
k. Only animals withrobustthymopoiesisat takedown (> 2x1Ccells per grafted thymus) were included
in this analysis. Overall, we observe that total human chimerismikar betweeranimals transplanted
with GFP only compared to Clone 5 transduced cBlisl€), although we obseeva higher transduction
efficiency and engraftment of GFEells in mice transplanted with GFP omtgnsduced celldgure 5 -
1b, d, f, i, k). We obsere that the perceatieof B cells that is GFPis consistently lower in Clone 5
transduced compared GFP onhtransduced cell$(- 1€), which may be due to the reduced transduction
efficiency seen with Clone 5 compared to GFP only viihile we do nbobserve differences in CD4
or CD8 reconstitution between the two groups 1h, j), at 1616 weekgosttransplant the perceageof
CD4" and CD8 T cells that are GFHn mice receiving Clone 5 transduced celipeardo decreasés -

11, k). Thisis not observed in mice transplanted with GFP aragsduced cellb(- 11, k).
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Phenotypic charactestics of transduced thymocytssggestlone 5 T cells are deleted
intrathymically

Using detailed=CM analysis of thymocytes of mice transplaméth Clone 5 compared to GFP only
cells, we have identified multiple phenotypic markers which may correlttedeletion of the Clone 5
TCR. We usedexpression of GFB identify Clone 5T g cellsfor this analysis, since it permits
assessment of Clonetansduced cellprior to surface TCR expressioeletionof autoreactive
thymocytes is rapicandcells expressingClone 5 TCRontheir surfacanay disappear too rapidlg t

assess their phenotype

A previous reporin a humanized mouse modeund deletion of developing thymocytes was
assot@tedwith PD1 upregulatiof18(. Therefore, we assessed PD1 expressioFarlythymocytes,
which we defined as CIP4CD8°. PD1expressiorappeared to increase GFP cellscompared to GFP
cells inmice receiving Clone Bells while low expression of PDtvas seemmn GFP and GFPcells in

mice receiving GFP only cel(§igure 5 - 2a-c).

Additionally, we examined CD4 and CD8 double negative cells in the thymi of transplanted mice to
assess the phenotype of the earliest thyneoggdgenibrs. One of the earliest markers of commitment to
T cell development in thiaymus isCD1a[337-339. When we assessed CD1la expression on® @ifdP
GFP cells in the thymof transplaited micewe observed an accumulatiohCD1a cells amondsFP
cells in Clone Eyrafted animalgFigure 5- 2d). We did not seas muchaccumulation in other
populations. This may reflect deletion of Clone 5 transgiyimocytes beyond the early CDJdouble
negative developmental stage; CDgarly thymocyte progenitors are enriched because more mature

Clone 5 transgenic cells may be deleted.
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Figure 5- 2: GFP" cells in Clone 5 transplanted animals show phenotypic characteristicg deletion.

Example staining of thymus grafts of mice transplanted aitblone 5 and. GFP onlytransduced cells showing
gaing strategy and PL2 expression on GFAnd GFP cells in the thymi of transplanted mice. Quantification of
PD-1 expressin on CD#CD8° GFP or GFP cells andd. quantification ofCD1a expression on GEFRBnd GFP
double negative thymocytes of mice transplanted with Clone 5 or GFRrangguced cells.

Finally, we observedifferential CCR7expression on GFRompared t@&FP cells n the thymi of
mice receiving Clone 5 but not GFP only cells. CCR7 is required for migration to the thymic medulla
during thymocytanaturation 340, 341], and absence @CR7 cells has been associated with TCR
deletion[69, 18(0. We detect robust populations of CCR@élls among CD4SP thymocytes on GFP
thymocytes in mice receiving Clone 5 cellsd on GFPand GFPcells in mice receiving GFP only cells
(Figure 5- 3). However, we do not s€&CR7 cellsamong GFPCD4SPs in mice receiving Clone 5
cells(Figure 5- 3a, ¢). This suggests that the GFED4SP thymocytes we detect among GE&lIs in
mice receiving Clone 5 transduced cells are not able to reach maturation and migrate to the thymic
medulla,or that these cells are undetectable shortly after migration to the méittellabecause they are
deleted Taken together, these pheywit data suggest that GF&lls in the thymi of mice receiving

Clone 5 transduced cells undergo deletion in an HI@8' thymus. Thisuggesithat Clone 5 is deleted

a. GFP- GFP* c.
GFP- CCR7+ a ’ 8
18.26% o £, 501
. é a0l . o < GFP
Clone 5 2 > a0 + GFP'
QE
L: o 201 8 S
Q0] o i
o e o-—*
— - O o — .
b S Clone5 GFP
’ GFP-CCR7+ - GFP+ CCR7+ only
42 45% 19.44%
GFP
only
~
14
Q
(&)

hCD45

Figure 5- 3: GFP* cells in Clone 5 transplanted animalslo not upregulate CCR7 Example staining of grafte
thymi of mice transplanted with. Clone 5 orb. GFP only transduced cells. Cells are gated on"GFBFF, ther
on CD4SP prior to analysis of CCR7 expressmQuantification of percent of CCRTD4SP in GFPor GFP
thymogytes. * = p < 0.05 by paireetést.
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under normal circumstances in an autologous human-BQ&" system. They also begin tdescribe a
phenotypic Asignaturedo for cells undergoing
Further replicationstudiesand everually, single cell expression analysis will help confirm the
phenotypic changes that we observé-iBM, andcan help confirm that these phenotypes are truly

associated with Clone gells undergoing deletion.
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Figure 5- 4: Reduced %GFFP cells in peripheral T cells compared to Bells in Clone 5 but not GFP
transduced mice. Representative FCM analysis of splenocytes of mice transplanted.\@tbne 5 orb.
GFRonly transduced HSC<., d. Percent GFPof B cells, CD4, and CD8 T cells i1 blood andd. spleen
of mice transplated with Clone 5 or GFP only transduced cetls. p < 0.05 by Onavay ANOVA followed
by Dunnettds multiple comparisons test.
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T cells but not Bells show reduced GFP expression in Clone 5 but not GFP only animals
At takedown, 1416 weeks postrarsplantation, we assessed the percentage of cells in peripheral
populations that were GFPAsshown inFigure 5- 4, we observed that the percageof B cells that
were GFPremained high in the bloo® ¢ 4c) and spleen- 4d) of micereceiving Clone 5 transduced
cells, but that the percentage of both CBAd CD8 T cells that were GFRwvas significantly lower. In
mice receiving GFP only cells,RP expression remained comparable in B, C@Ad CD8 T cells and

no significant differene in the percentage of cells that were GRRs observed.

Comparing repopulation of transgenic cells in periphery and thymus suggests Clone 5 T cells
are deleted

We next examined spleens of recipient mice for the proportion of @FBFP cells that wee
transgenic. Because Clone 5 recognizes an insulin peptide with an unusual presentation register on the
DQ8 MHC molecule, no tetramer currently exists that detélcise STCR* T cells specifically. Instead,
we stained for CIl on €l Fodpsriphe@l Rnalysis, we tohseler GEPRT ddllé 1
to be transgenim mice receiving Clone 5 transduced cells. Since we have enforced¢hlpression of
a VDbTCR with he GFPreporter we woul d expect to sé&@D4'zxells overrep
among GFPcells in mice receiving Clone 5 transduced cedlifstead, when we quantifigde
percentage of transduced GRrsus untransduced Grgells that were ¥11" CD4" in mice receiving
Clone 5 and GFP onlyansduced cellgas extremely similafFigure 5- 4ac). As previously
mentioned, due to enforced expression of the Clone 5 TGRI"CD4" cells would be expected to be
enriched among GFRells in mice receiving€lone 5 transduced cells. However, the proportion of
Vb1l CD4" cells is similar among GFRind GFPcells in animalgeceiving Clone 5 cells and is like
what is observed among GFe&lls in mice transplanted with GFP omlgnsduced cells. Staining for
V b loh cells transduced with GFP only vineveats T cellsthatrearranged b 1TCRsin ordinary
V(D)J recombination s o t he o0 b s &aD4 eetlsiare presenhvédth simien fieguency among

GFP and GFPpopulations in Clone 5transducedcellss ggest s t hat we see endoge
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arrangement, not the increased expression that would be expected due to presence of the Clone 5
transgene Experiments are planned to use repertoire analysis to Wesifyhese cells and ti@&-P
V b 1ckls weobserve in the spleens of grafted animals have indeed rearranged TCRs other than Clone

5, to @nfirm negative selection of the Clone 5 TCR.
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Figure 5-5:V b TADA4" cells are present at similar frequencieamong GFP and GFP splenocytes in mice
transplanted with Clone 5 or GFP onlytransduced cellsdespite transduction with a \0 1* TCR in Clone 5
mice. Representative staining of splentey of mice trandpnted witha. Clone 5 oth. GFP onlytransduced
cells.c.cQuant i f i c a€Dh4ocalls anbng GEPANtl GFPcells.

Discussion

We have generated a humanized mouse model that will be useful for studying how human astoreacti
TCRs are selected and tolerizach human thymusThe preliminary data presented heoggest thawe
canuse this model tdetectdeletion ofClone 5,a known diabetogenic TGRN an autologous HLA
DQ8" background We observe phenotypic charactadstconsistent with thymocytes wrgoing
deletion among GFReells in Clone 5 transduced animals, batamong GFPcells in GFP only
transduced animals or GFgells in either Additionally, thepercent of cellshat are GFPis reduced
among both CD%and CD8 T cells compared to B cells in the blood and spleen of Clone 5 transplanted
mice butis similar in all populations in mice transplantedh cellstransduced with GFP only virus
This suggests that relatively few transdudecklls complete thyopoiesisand migrate to the periphery
in mice transplanted with Clone 5 transduced cells but not GFP only cells, possibly because those cells
expressing Clone 5 are deletéerhis, to our knowledge, is the first evidence for negative selection of a

human atoreactve TCR in the presence only of natural ligand.

Additionally, we observéhatrelatively few GFP cells in the periphery of mice transplanted with
Clone 5cells expres¥b11', the Clone 5 TCRchain. Since we would expectbd1" expression to be
high in ells transgenic for the Clone 5 TCR, we interpret the poor reconstitutiobldf \¢ells in the
periphery of Clone 5 transduced animals as further evidence that thisTeRted in the described
experiment.Interestingly we observe a population of GRPb 1 cklls in in the periphery of mice
transplanted with Clonetsansduced celland further work is needed to determine what ticefie are
We hypothesize thesslls have somehow rearranged endogenousBlr € Rhis isunexpected, because
developing thymocytes expressing a rearranged TCR receive sigpaévent furtherearrangemeruf

t he T CR®2 84§,danwaprocessalled allelic exclusionlt has been shown that signaling through

104



TCR transgenes, including lentivirally transduced ones like the ones usedsitudlyisl 77], mediate

allelic exclusiont. Thus,allelic exclusion would be expectedgevent rearrangement of the endogenous
TCRb | o c uansduced withethe IClsrte TCR Despite thiswe observe a robust proportion of
GFPV b 1cklls suggesng thateitherrearrangement of the endogenous receptor has occarrért
transduceaells were somehowableto silence or eliminate the Clone 5 TCR transdautenot the eGFP
reporter In either case, this result may refledficient Clone 5deletionin this model While transgene
silencing or endogenous TCR rearrangement would beceagh to beinusualeventghat wouldoccur

rarely, andin relativelyfew thymocytes, if thymocytes expressing Clone 5 are deleted efficiently, these
rare thymocytes might be expectegteferentially swive thymopoiesisandthusbeenrichedn the
periphery. Sequencing studies will be necessargdofirmif the GFP'V b 11 cells we detect are indeed
Clone 5 transduced cells that have rearranged endogenous @Bk cell analysis mdye needed to
determine whetheandividual GFPV b 1 cklls contairboth theClone 5TCR transgen&nd

endogenouy rearranged CR b chains.

Futurestudies willalsoneed to determine whether conversion of CloA€R" thymocytes to the
Treg fate can be detected in this experimental system. We were not previouslyaakkstothe
development of Clone BCR* Tregsdue to difficultiesdetecting ceexpression of GFP and FoxP3, but
optimization of staining protocols should permit this in the futddditionally, studiescombiningsingle
cell expression and repertoire arsadyof thymocytes and splenocytes of mice transplanted wittreGon
transduced cells could help better define the molecular signatures associated with TCR deletion and
definitively distinguish between TCR deletion gadure of positive selection. Fingllto determine if
efficient tolerization of autoreactive TCRsa generalizable phenomenon, we have cloned two additional

autoreactive TCRs into our lentiviral expression system for future selection experiments.

L Allelic exclusion does natompletelyp r e vent genomic rearrangrangemerttand f t he T
expressionod | t er nat e T CRU relativayifreqaentlyirsstudids ef eathwvnerrdal and transgenic TCRs
[44, 154, 269]
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So far, apparent deletion of the Clon€EGR has been detected in animals transplanted with
transduced HLADQS8" FLCs and a DQ8thymus. This is the first example we are aware of showing
negative selection of a known autoreactive human TCR under normal conditions in a human thymus.
Thisoccurs ven t hough CIl one 5 6B0Q8,isa mdjor riskcfactordonthee | e ment |,
development of T1[)42, 43, 335. This suggests that the presence of tigk restricting MHC alone is
not sufficient to pevent tolerizatiorof autoreactive TCRs and suggests that other factors must be
involved to allow this TR, at least, to escape mechanisms of normal thymic central tolerance
Additionally, the insulin B9:23 epitope binds weakly to the HD®8 molecule anth an unusual
conformation 333, which mightprevent efficient B9:23 presentation in the thymus. However, we
observadeletion of Clone bsuggesting that TCRs that recognize the B9:23 peptide can be tolerized under
normal circumstancesThe fact that Clone 5 amdher HLA-DQS8-restricted, B9:23eactive TCRs are
observed in T1D patients suggests then that additional genetic or envirdrfagtota must intervene to

disrupttolerization of these autoreactive TCRs in patievtie develop autoimmunity.

Indeed, numerus noRHLA genetic factors have been identified that contribute to T1D risk, many of
which may reduce thefficiencyof centraltolerance inductiof28, 40]. The Clone 5 TCR g model
where a known diabetogenic TCR is deleted, could be used to assess how these variants contribute to
failed tolerization of Clone 5. We initially intend to address this by intiogube Clone 5 transgene
into our patienderived Personalized Immune nseumodel. In this model, immunodeficient mice are co
transplanted with CD34ells obtained from healthy controls or patients with T1D and a fragment of
partially HLA-matched humafetal thymuq9]. We observe that mice repopulated with T1D camgpa
healthy control immune systems display immunological differences, likely due to undetifferences
between diabetogenic and rantoimmune immune systerf® 10]. By introducing the Clom5 TCR
transgene to healthy control or T1D patient cells to compare Clone 5 tolerization in both types of immune
systems, we may be ableitientify theimmunologicaldifferences that lead impaired central tolerance

and, ultimately, autoimmunifyn humans
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CHAPTER 6: ANTIGEN -PRESENTING CELLS IN HUMANIZED MICE
GENERATED USING ADUL T BONE MARROW STEM C ELLS

Chaptemodified from:
Nauman G, Danzl N., Lee J., Fu J., Borsotti C., Hozl ldahmani A., Dorronsoro Gonzalez A., Chavez

E., Satwani P., LiKK., Sykes M. (2019). Reduced APC progenitor production from adult compared to
fetal hematopoietic stem cells in humanized mice, in preparation.

Introduction

Interactions withantigenpresening cells in the periphery Peripheral reconstitution
Interactbns APCs are critical for maintaining normal peripheral human T cell function. Therefore,

any model to study physiologicaihglevant human T cell development and function must have robust

human peripheral APC reconstitution. Unfortunately, human APCadimgent and maintenance is

thought to be suboptimal in humanized mice transplanted@BiB4* cells from human fetal liver cells

(FLCs). Decades of effort have gone into engineering animal strains to better support human myeloid

engraftment and B cell gdelopmen{14, 108 112, 344, 345.

We have developed a humanized mouse model that permits transpilamimgodeficient mice with
CD34" cells from adult bone marrow cells (aBMyhich allows us to gemate humanized mice from
patient bone marrow samples, reconstituting iie ip e immumessystem in an experimentally tractable
mouse moddl9, 10]. Generatinchumanizednice from patient bone marrgwlong with a partially
HLA-matched, thymocytdepleted human fetal thymus grgftovides a novel opportunity to understand
the pathophysiology of diseagibsit do not present in fetal development. Comparing huredmice
transplanted with aBM from patients witiD to those generated with aBM from partially HivAatched
healthy individuals has allowed us to elucidate immunological differences betweery laealipatient
derived human immune systems, including iasexl B cell production and changes in T cell homeostasis
[9, 10]. However, we observe that humanized mice transplanted with aBMddueed human

chimerismand poor human APC maintenarc@enpared to mice transplanted with FLCs. Compared to
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FLC-derived mice, mice generated using aBM cells showaed maintenance of human B cell and
monocyte chimerism at late time points {118 weeksposttransplant, while human T cell populations

persist

We aimed to better understandrabservation thaAPC populationsare reduceih humanized mice
transplanteavith aBM compared to FLC CD34ells. We performed a detailed characterization of
human myeloid APC populations in mice transplanted with FLCs compared to aBM. We hypothesized
that the reduced human APC reconstitution pleskin the peripheral blood biimanized mice would be
recapitulated in tissues, including the spleen and bone marrow, and that it might eXd@myabjaulations
as well as monocytes and B cellBherefore, we comparedconstitution of human B cellsjonocytes
CD11c¢ cDCs, includingCD141 and CD1¢ cDC subsets; and plasmacytoid DCs, or pD&the
spleens and bone marrow of mice transplanted with FLC or aBM Gi284. We also compared
engraftment and maintenance of human hematopoietic and APGjoog¢o better understand halae
differences we observed in human APC chimerism might be produced and maintained. Here we show
that human HSCs are reduced in both input C284s and transplanted mice generated using aBM
CD34" cells compared to FLCIT34" isolates and mice. Becausirculating monocyte§)Cs and
immature and naive B cells are continually renewed from bone marrow progenitors while T cells are
relatively longlived [146, 346, reduced human APC maintenance could result from a reduced HSC pool
in the lone marrow of aBM compared to FLC transplanted miteo, improving aBM HSC
maintenancgperhaps by sing more optimahost animals, providing improved craessactive cytokine
and stromal support, and transplanting aBM CDO3Is directly into the mouse bone marrow niche

mightlead to improved peripheral APC maintenance in aBM transplanted mice.
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Figure 6 - 1: Reduced human chimerism and maintenance of B cells and monocyteshinmanized mice
transplanted with adult bone marrow compared to fetal liver CD34.

a. Schematic of experimental systeleripheral blood chimerism of mice transplanted with a@®pEn triangles)
compared to FL@black squares) CD34ells.b. Human CD45cells, p < 0.0001¢. human B cells, p < 0.0001d.
human T cells, p < 0.0001; ardhuman monocytes, p < 0.0001 as a percentage of peripheral blood monont
cells. Mean + SEM is shown**** = p < 0.0001, ** = p < 0.01, * = p <0.05. Chimerism analyg was performed
usingtwoway ANOVA foll owed by Sidakés mul t,Chlb aend Cildp
cells among human CD458ells inf. spleen andj. bone marrow at takedown, 22 weeks pioshsplantation. *** =
p <0.001, *=p<@1,*=p<0.05byunpadstudent-t est wi t h Wel c h 6-matchedl N3Ge
female mice per group, irradiated with 1.5 Gy TBI and transplanted with? fatB0 or adult CD34+ cells 1.V., eac
from a single donor. Results are representatffiere independent experiemts.

Results

Human anti@n-presenting cell populations are poorly maintained in the blood of aBM
compared to FL@ransplanted humanized mice

We compared immune reconstitution in humanized mice made-trgnsplanting human fetal
thymus to NSG mice and either FLC or aBM CDa&dls intravenously (seBigure 6 - 1a). Humanized
mice made with aBM consistently showed reduced human chimerism among PBMCs compared to those
receiving FLCs. This difference wabserved in six independent experiments, with data from one
representativex@eriment shownKigure 6 - 1b-e). While human CD45chimerism, calculated as the
percentage of human CD4éells among total mouse and human CDetHls, was significantly reced
in mice transplanted with aBM compared to FL{Egure 6 - 1b), it generdly rose to about 20% of total
PBMCs by 610 weeks postransplant and remained steady through the-pioiets measured. From 6
10 weeks postransplant onward, FL-derived cohds show higher levels of human immune
reconstitution overall compared to aBddrived animals. Proportion of B cells, T cells and monocytes
were determined. As previously reported, B cells were reduced in aBM compared-takEalanted
mice Figure 6 - 1c, [10]), and human chimerism was reduced in all populations in mice receRMg a
compared to those receiving FL&Sdure 6 - 1c-€). Notably, mice receivig aBM showed poor
maintenance of monocytes and B cells at late time pdtigsire 6 - 1c, €), with a dramatic decline

beginning 1216 weeks postransplant in aBMransplanted animals. By contrast, monocytes and B cells
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remained stable among PBMCs ircentransplanted with FLCs until at leastA@weeks postransplant
(Figure 6 - 1c, €). While human T cell chimerism was lower in aBM compared toffia@splanted
animals 6 - 1d), human T cell populations were stable at weeR@posttransplantationrad did not
show the decline observed among B cells and monocytes. At takedown, 22 wedkangptint, T cells
made up a larger proportion of human CDdélls and B cells and monocytes were reduced in the spleen
(6 - 1f) and bone marrows(- 1g) of aBM compared to FLC recipients. We examined proportions of
human CD45cells and B cells amongtal splenocytes (mouse + human CDdélls; indicated as SPCs;
Figure 6 - 2a) and bone marrow cells (BMCBijgure 6 - 2€) as well as absolute numbeFdure 6 - 2c,

g), and found they were reduced in aBM compared to FLC transplanted mice. The redetied B
proportions did not merely reflect reduced total human chimerism, since T cell proportions among
splenocytes and bone marrow cells were similar betweentraitgplanted with aBM or FLC&igure 6

- 2b, f). Total numbers of T cells and CD# cellswere lower in the spleens of aBM compared to FLC
transplanted mica={gure 6 - 2d) but were not significantly different in the bone marrow of aBM and
FLC-transplated mice Figure 6 - 2h). In sum, while total human, B cell, and monocyte chimerism is
redued 22 weeks podtansplant, T cell engraftmergreasonablyomparable between aBM and FLC
transplanted mice. These data suggest that mice transplanted witthaBMeduced maintenance of
peripheralAPCs butrelativelycomparable maintenance Dtells at late time points postansplant

compared to mice transplanted with FLC CD®g&dlls
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a., b., e, f. Proportiors andc., d., g., h. absolute numbers of human cell populations among total Cd&use +
human) cells in thea(-d.) spleens ande-h.) bone marrow of mice transplanted with FLC or aBM CD&Is. n =
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by studenttestwih Wel chds correction when appropriate.
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Figure 6 - 4: Analysis of human antigen presenting cells (APCs) confirms a reduction in APC populations in
aBM compared to FLC mice.

huCD45HLA-DR* cells were analyzed fanonocytes (CD13, pDCs (CD14CD123), CD11¢ DCs (CD14
CDl11c), and CD141DCs (CD14CD11c¢ CD141"), and CD1¢DCs (CD14CD11c CD1c") in humanized mice
transplanted with aBM compared to FLC CD84lls. Proportions of monocytes, pDCs, and CDII€s(a., c.)
and CD141and CD1¢ DCs (., d.) among huCD45cells in the spleera(, b.) and bone marrowc(, d.).
Proportions € -h.) and total numbeii.¢l.) of monocytes, pDCs, and CDX1aCs . g., i., k.) and CD141and
CD1c DGCs §., h., ., l.) amongtotal splenocytes cells in the spleen {., i., j.) and bone marrowg, c., k., I.) of
transplanted mice. Agmatched female NSG animals were transplanted withifetdl or adult CD3#%cells and
analyzed 22 weeks post transplantatitbean + SEM $ shown.**** = p < 0.001, *** = p < 0.005, ** = p < Q01,
*=p<0.05bystudenttt e st wi t h Wedsapprdpsatec orr ecti on

Altered human antigepresenting cell reconstitution

We analyzedadditional APC populationsn aBM compared to FL@ansplanted mic22 weeks post
transplan{Figures6 - 3,6 - 4). APC populations were gated as shotigire 6 - 3a, b). Ter119
muCD45huCD45 HLA-DR" gated cells were analyzed for monocytes (CpJg@lasmacytoid dendritic
cells (pDCs, CD14CD1c CD123) and CD11tconventional dendritic cells (cDCE8D14 CD11c¢). We
first examined APC proportions within the transplanted human immune system, as a percentage of
huCD45 cells. To our surprise, while &lls were reduced among human cells in animals transplanted

with aBM compared to FLCd={gure 6 - 4f, g), we found thasome APC populationgere present at
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similar proportions or were enrich@daBM compared td-LC transplanted animal§igure 6 - 4a-d).
CD11c cDCs and CD141cDCs were enriched among human cells in the bone marrow of aBM
compared td-LC transplanted animal$§ { 4c, d), while splenic monocyte and CDTland CD1¢ cDC
proportions were similar between FLC and afhsplanted animal§&i{gure 6 - 4a, b). Only pDCs

were reduced among human cells in the spleen and bone mara@Medfansplanted animals compared
to FLC transplanted animalBi@ure 6 - 4b, c). We nextcalculatedAPC proportiors among total

(murine + human) CD4%ells in thespleen (SPCsigure 6 - 4e f) and bone marrow (BMC§&jgure 6

- 49, h) anddeterminedheir absolute numbers$-{gure 6 - 4i-1) in aBM and FLCtransplanted mice. By
these metrics, we found that APC populations were globally reduced in aBM recipibots.while

some APC populations were relatively wedpresented among human cells in th@dplanted immune
system, human APCs were overall less abundant in aBM compared to FLC transplanted mice. Our
observation that CD11@nd CD141 DC cell populatios are better represented among human cells in
aBM compared to FL@ansplanted mice suggeshat transplanted aBM cells have variable capacity to

maintain different types of APCs.

Progenitor reconstitution in aBM versus FLC recipients

Since APC populions develop from hematojgtic progenitors, we compared engraftment of human
hematopoietic progenitor populations in the bone marrow of aBM anetf@nSplanted micby FCM, as
described irFigure 6- 5. We assessed proportions and numbers of total C&&B4 in the bone marrow

of aBM or FLGtransplanted mice at 22 weeks ptransplantation. We observed that the percentage

HSCs/
Late MPPs CDP
47| | |s7.4 ' l ag
] 5 il MLPs o
; 728 ;. 239 133
S 2 2|4 '
| .y 43.8
L. 182 [ 7181 I | iemor
CD34 1 CD45RA CD115

Early

Figure 6 - 5: Progenitor analysis in the bone marrow of humanized mice
Gating strategy used to analyze APC progenitor mijmuls in the bone marrow of transplanted micEigure 6 -
6. Cells are gated on singlets and by size, then huCaabLin (CD14 CD16 CD3 CD19 CD56).
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(Figure 6- 6a) of CD34 cells among huD45" cells was reduced in the bone marrow of aBM compared
to FLC recipient mice. Thiseduction was also reflected in the percentage of total Cbds (Figure 6
- 6b) and absolute numbeéFigure 6 - 6¢) of human CD34cells in the bone marrow of aBM compdr

to FLC recipients.

CD34 is expressed by a variety of hematopoietic progenitlsr aiebarious stages of differentiation
and lineage commitmeft50. To determine if poor maintenance of APCs in aBM mice is becdige
cells are less able taffgrentiate to myeloid lineages in mouse bonermar we used multiparameter
FCM to define the progenitor cells at sequential differentiation stages of myelopoiesis among CD34
expressing progenitors in the bone marrow of aBM and FLC transplanted mioexawWimed the
following populations: hematopoietic stem cells/multipotent pragen{HSC/MPPs), multipotent
lymphoid progenitors (MLPs); B/NK progenitors (B/NKs); megakaryo@&rghrocyte progenitors
(MEPS); common myeloid progenitors (CMPs); granulecyionocyte, and DC progenitors (GMDPSs);
monocyte DC progenitors (MDPs) and commiaC progenitors (CDPs), as previously descrildéx,

151, 347 and as diagrammed Kigure 6 - 5a. The proportions of each cell type among CD34
progenitors irthe bone marrow of aBM and FLC transplanted humanized mice are pesgfigure 6

- 6d. In general, most progenitor populations made up a similar fraction of'@BBelin the bone

marrow of aBM or FLGransplantednimals, suggesting that théferential APCmaintenance is not due

to skewing of progenitor populatioasvay from myeloid lineages. However, HSC/MPPs and MEPs were

significantly reduced asfaactionof CD34' cells in aBMtransplantednice Figure 6 - 6d).
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We next quantified engraftmeaf progenitor populations. We examined the proportion of human
CDA45" cells and absolute number of cells per leg that made up each progenitor IFigage § - 6d-m).
HSC/MPPs were reduced among human cells in the bone marrow of aBM compared to FLC mice
(Figure 6 - 6€), as were B/NK progenitor§igure 6 - 6h) and CDPsKigure 6 - 6i). Other APC
progenitor populations were present at comparable proportions amondgbiucells. When we
calculated the abundance of APC progenitor populations in the bone marrow of transplanted mice as a
percentage of total CD4BMCs (murire + humanFigure 6 - 6f, j, k), we found that nearly all
progenitor populations were present avéo frequencies in the bone marrow of aBM compared to FLC
recipients. Howevegbsolute numbers of APC progenitor populations were low in the bone marrow of
aBM compared to FL@ansplanted mice, most were not significantly redu€égufe 6 - 6g, |, m).

Only B/NK progenitors were significantly reduced in absolute numlibégsiie 6 - 6l) in the bone
marrow of aBM compared to FLC transplanted mice. Ovdhadke data suggest that APC progenitors
are globally reduced in the bone marrow of aBM comparé&d @transplanted mice. Poor APC
maintenance in aBM mice compared to FLC mice doese®h to be associataith a bias away from
specificAPC lineages imBM mice, but insteadeems taorrelate with reduced proportions of
HSCs/MPPs among CD3grogenibrs and reduced hematopoietic progenitors in the bone marrow of

animals transplanted with aBM compared to FLCs.
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Figure 6 - 6: APC progenitors are reducedin the bone marrow of mice transplanted with aBM conpared to
FLC CD34* cells.

Proportions withira. huCD45 andb. total CD45 cells, anck. total numbers of CD34cells in the bone marrow ¢
transplanted mice. Data are from a representative experusieigt one aBM and one FLC donat. Proportions o
APC progenitors among CD34ells in the bone marrow of aBM or FLC transplanted miegh., i. Percent amon
human CD45cells and., j., k. percent and)., |., m. absolute numbers of APC progenitaraong total bone
marrow cells, inclding e, f., g. early hematopoietic stem teand multipotent progenitors (HSCs/MPHs),., I.
erythroid (megakaryocyterythrocyte progenitors, MEPs) and lymphdidsed progenitors (multipotent lymphoi
progenitos or MLPs, and B/NK progenitors), @k., |., 0. monocyte, granulocyte and dendritic deithsed
progenitors (common myeloid progengpCMPs; granulocyte, monocyte, and DC progenitors, GMDPs; comi
dendritic cell progenitors, CDP; and monocyte/dendciéilt progenitors, MDP). Data arecampilation of three
mice per group transplanted with cells derived from two aBM and one FLC.dblgan + SEM is shown**** =

p <0.001, *=p < 0.01, * = p < 0.05 by studesiest.

Adult human HSCs persist in the bonerrow of transplanted mice

Previous reports have shown that HSCsareand haveeducedepopulation potential in aBM
compared td-LCs[156. We hypothesized that the reduction in aBM HBIBPs was due to a lower
number of HSCs in theource materiatesulting in lower pluripotent HSC engraftmgleiading to
globally reduced hematojgsisin aBM compared to FLC micthat is most apparent among APC
populationgdue to their more rapid turnovigr41-147, 348]. When we analyzed HSCs in aBM and FLC
mononuclear cells and in the bomarrow of aB/ mice, we confirmed thalCD34' CD38° CD45RA
CD90 phenotypicHSCs, whichincludevery earlynuman hematopoietjgrogenitord 349, are rare in

aBM cellscompared té-LCs Figure 6 - 7a). However,CD45RA CD90' cells represented an increased

a. b. C.
aBM-transplanted p=0.003
FLC aBM mouse BM o 100+ v
S ©
: 8 80+
g%
38 eo v
g9
) 5 407 Vv
2|1 21 Bom A A
ol 3} =0 oL e :
CD45RA CD45RA aBM aBM mice

Figure 6 - 7: Phenotypic HSCsexpand in the bone marrow of aBMtransplanted mice.

a. Phenotypic aalysis of aBM and FL®@ononuclear cellprior to transplantatioand bone marrow cells from
aBM transplanted micgated orhuCD45Lin"CD34'CD38 cells. c. Quantification of human CD90

CD45RA phenotypic HSCs as a pert¢ef huCD45Lin"CD34'CD38 cells in aBM mononuclear cells and in bol
marrow of aBM transplanted from nine aBM donors, and nine -aBlsplanted mice transplanted with cells frc
two human mice. Graph contains data foné dones. p < 0.05 by Mamwhitneytest.
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proportionamong huCD45Lin CD34* CD38° cells in the bone arrow of aBM transplantedice

compared to thadult bone marrownononuclear cell§Figure 6 - 7a-c), consistent withsimilar
observationsnade in a previous papgb6. We performedsecondary transplants assesthe

repopulation capacity of engrafted huntemne marrow of aBM recipient mice. 2.1XXHuman F
depletedbone marroveellsfrom aBM transplanted mic9 weeks postransplantation were injected
intravenously to 1.5Gy irradiated agethtched female NSG recipientSwo of eleven scondary
recipientmice showed low but extant chimerism up to 17 weeksfpassplantationKigure 6 - 8).

Example staining from an untransplant&ig(re 6 - 8a) mouseand a secondary recipient of aBM from a

Pl mouseFigure 6 - 8b) are shown.Repopulatiorbeyond 16 weeks poettansplantequires

transplantation of functional HSC35(0. Monocytes and B cells, especially the immature and naive B
cells most commonly observed in humanized ic®, are shortived cells and would likely not be
maintained in transplanted mice at such extended timeaosiplan{141, 142 146, 147]. Thusthese

data indicate that functional HS@®re present, if raré the bonanarrow of aB/ transplanted mice
Recipient mice with detectable human chimerism also showed human B cells and monocytes at 17 weeks
posttransplan{Figure 6 - 8b), indicatingthataBM HSCs are capable of supportimgltilineageAPC
development in a secondary ho$hese data suggest that, despite nearly undetectable levels of CD45RA
CD90f HSCs in thehumanaBM, a small number of HSCs engraft in primary aBM recipients and
CD45RA - CD90 cells mayexpand. At takedown, roughly 22 weeks pestcondary transplant, human
chimerism was detected in the blood, spleen, and bone marrow of the two reconstitutédguieds(-

9). Although myelopoiesisay decreasim the weeks followingngraftmentaBM HSCs rerain

multipotent anccansupportmyelopoiesisand B cell developmerih the secondary recipients.
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Table 5: Tabular summary of secondary transplant experiments, showing primary human reconstitution
prior to takedown and secondary reconstitution. In Experiment 1, eleven secondary recipient mice received
2.1x10 T-cell depleted bone marrow ceftem eleven primary recipients transplanted with cells from a sing
aBM donor In some cases, aBM CD3dells had been incubated for two hours with DMSO or P@ior to
primary injection; in other cases primary reeipi animals were NSBCT, and somersmals received CD34
cells intratibially while others received it intravenously. In Experiment 2, primary recipients were NSG fe
mice that were transplamténtravenously with cells from one FLC donor or one aBMato Secondary recipie
mice receied 1.2x10 T-cell depleted bone marrow cells intravenously.

Experiment 1

Primary Secondary transplant
Week 26 > 0.4% human | > 0.4% human
CD34+ M CD34+
e st::is: S PGE2? Human chimerism chimerism
Chimerism Week 13 Week 19
<5/% no
DMSO
< 519 no
10-20 % no no
NSG v no
<5%
S <5% no no
a yes
=59
Donor A >
no no
iBM yes no no
NSG-PCT 10-20 % no
5-10 % no
IV no
5-10 % no
Experiment 2
Primary Secondary transplant
Week 20 > 0.4% human | > 0.4% human
CD34+ M CD34+
cource st;’;s: oute | PGE2? Human chimerism chimerism
Chimerism Week 14 Week 20
no no
o no no
a
W 0,
BB 5-10 % no no
5-10 % no no
NSG v no <5% no no
FLCs
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To our knowledge, this is the first report that aBM can repopulate secondary recipients after
transplantation ingimary immunaleficient mice. This is likely because previous studies examining the
repopulation capacity of aBM CD3#ransplanted fewer-tfiepleted bone marrow cells to secondary
recipient§156. Indeed, wheme performed a replication studye transplanted secondary recipients
with only 1.2 x 10’ T-cell depleted bone marrow ceftem aBM transplanted micdue to limitations in
cell numbersand did not observeecondaryeconstitution so it seems likely that the high cell dosage is
needed to see secondary repopulatibis also possible that the secondary reconstitution obdemas
due to a unique propgrof the original aBM CD34donor. Replication studieare needed to confirm
these observationdt mustalsobe notedhattheaBM primaryrecipientanimalsused in this experiment
originated from an experiment comparingegaches to improve aBM endfraent, so input animals
represent a variety of animal strains and roafe€8D34" transplantation. Additionally, in some cases
CD34 cells were treated with PGEBr DMSO prior to transplantation. Animal conditions are descri
in Table 5. We only obseved
secondary reconstitution in two of
the eleven transplanted animals
one of which Figure 6 - 8b)
received Fdepleted bone marrow
from an NSG mouse who had
received untreated aBM cells
intravenously. Thus, weannot
conclude whether any of the

treatmets implementednproved

repopulation of secondary Figure 6 - 8: T-depleted bone marrow fromaBM-transplanted mice
repopulates secondary recipient miceT-cell depleted bone marrow frc
aBM-transplanted humaréd mice was transplantéalirradiged NSG
secondaryecipient micePhenotypic analysis of peripheral blood ofaan
untransplanted andka aBM secondary recipiennouse 17 weeks post
transplant. Two of eleven mice that received secondary transplamdh
real human chimerism.

recipients In all, though,we

observehat phentypic HSCs
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