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Humanized Chimeric Receptors in the Therapy of Multiple Sclerosis

Abstract

The role of autoreactive, antigen-specific T-cells in the development of autoimmunity has long been
documented. T-cells expressing chimeric receptors are specifically redirected against such cells and have
been proven to suppress autoimmune encephalomyelitis, the murine model of multiple sclerosis. We here
demonstrate the ability of humanized chimeric receptors to suppress experimental autoimmune
encephalomyelitis (EAE) in a humanized mouse model by redirecting T lymphocytes against autoreactive
T-cells. The receptors were synthesized by linking the 84-102 epitope of human myelin basic protein
(MBP) to the extracellular and transmembrane domains of the beta chain of human major
histocompatibility complex (MHC) class Il molecule and the cytoplasmic zeta chain of T cell receptor and

pairing it to the alpha chain linked to zeta. CD8" receptor-modified T-cells (RMTC) were able to recognize
the cognate TCR receptor of antigen-specific cells and induce cytokine secretion, proliferation, and
cytolysis upon engagement. Most importantly, the RMTC were able to specifically kill antigen-specific
cells both in vitro and in vivo and prevent EAE disease. We hypothesize that the humanized chimeric
receptors could be used as a therapeutic approach for multiple sclerosis in the future.

Document Type
Dissertation

Degree Name
Doctor of Philosophy (PhD)

Program
Pathology

Research Advisor
Terrence L. Geiger, MD, Ph.D.

Keywords

multiple sclerosis, autoimmunity, chimeric receptors, receptor-modified T-cells, experimental autoimmune
encephalomyelitis, major histocompatibility complex, zeta chain, human myelin basic protein

Subject Categories
Diseases | Immune System Diseases | Medical Sciences | Medicine and Health Sciences

This dissertation is available at UTHSC Digital Commons: https://dc.uthsc.edu/dissertations/184


https://dc.uthsc.edu/dissertations/184

HUMANIZED CHIMERIC RECEPTORS IN THE THERAPY OF MULT
SCLEROSIS

A Dissertation
Presented for
The Graduate Studies Council
The University of Tennessee
Health Science Center

In Partial Fulfillment

Of the Requirements for the Degree
Doctor of Philosophy

From The University of Tennessee

By
loana Moisini
December 2007

IPLE



Copyright © 2007 by loana Moisini

All rights reserved



DEDICATION

This dissertation is dedicated to my mom, Valeriaidvhi, who gave me endless love and

support, and was there for me, come rain or conmesh



ACKNOWLEDGEMENTS

| would like to thank my mentor, Dr. Terrence Gejder the trust, support,
guidance, and most of all the patience that heshas/n during my scientific struggle. He
always knew how to ask things without demandingrtfaemd how to soothe my scientific
frustrations. His particular way of approaching plecand situations in and out of work
has reshaped my character and my career. He aho& prodigious contributor in his
field, but also a very caring and considerate perkappreciate and will always be
grateful for the chance he took when he picked otebthree other colleagues to be his
first graduate student.

| am also extremely thankful to Drs. Lawrence Rfetind Edward Schneider.
The first one changed my life when he sent me tice@atance letter and has been like a
father figure to me ever since | came here. HeZm&chneider have been the most
“pro-student” figures at the University of Tennesssupporting me and always being by
my side when | felt that maybe research was notrog/calling. Both of them “have
sent” me back to the bench and boosted my spidnwimeeded it the most.

Drs. Michael Levin and Elisabeth Fitzpatrick gave anhelpful and well-timed
hand when my committee panel was changed; thegatiiesitate for a moment to jump
in and catch up with my research.

| am thankful beyond words to Dr. Richard Cross. Whole project would have
turned to ashes if it had not been for his helphwéll sorting. But he did more than
provide scientific help and advice; he was the egdriend and the strongest shoulder |

could ever ask for and lean on.



Last, but definitely not least, | have to acknovwgedny colleagues and friends.
Dr. Alina Nico West, Cynthia Lancaster, Dr. RobBargon, Yu Fukuda, my closest
friend Dr. Weili Sun, Dr. Jean-Hugues Parmentiet,Nlbel Lenny, Dr. Rajshekhar Alli,
Dr. Donald Yergeau, Dr. Michelle Hamlet, Dr. Jaredi, Dr. Kerim Babaoglu and so
many more who have been close to me and suppordtinmughout these years. Our St.
Jude lunches, parties, “complaints sessions”,radtrfations and so on are the best

memories that | will carry on with me. | cannotnkayou all enough.



ABSTRACT

The role of autoreactive, antigen-specific T-call$he development of
autoimmunity has long been documented. T-cellsesging chimeric receptors are
specifically redirected against such cells and Haeen proven to suppress autoimmune
encephalomyelitis, the murine model of multipleesokis. We here demonstrate the
ability of humanized chimeric receptors to suppeegserimental autoimmune
encephalomyelitis (EAE) in a humanized mouse mbgekdirecting T lymphocytes
against autoreactive T-cells. The receptors wenéhggized by linking the 84-102
epitope of human myelin basic protein (MBP) to ¢éxé&racellular and transmembrane
domains of the beta chain of human major histocdibitity complex (MHC) class II
molecule and the cytoplasmic zeta chain of T @géeptor and pairing it to the alpha
chain linked to zeta. CD8eceptor-modified T-cells (RMTC) were able to recizg the
cognate TCR receptor of antigen-specific cellsiaddce cytokine secretion,
proliferation, and cytolysis upon engagement. Mogtortantly, the RMTC were able to
specifically kill antigen-specific cells both intkd and in vivo and prevent EAE disease.
We hypothesize that the humanized chimeric recemould be used as a therapeutic

approach for multiple sclerosis in the future.
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Chapter 1. General introduction

1.1 Historical perspective of multiple sclerosis

In 1868, the French neurologist Jean-Martin Chaegaimined a young
woman who exhibited a new type of tremor, abnorayal movements and slurred
speech. On autopsy, she was found to have ceminabus system (CNS) “plaques” that
we now associate with multiple sclerosis (MS). €bainamed the disease “sclérose en
plaques”. By the end of the "1 @entury, the major symptoms of MS were well-
characterized and a new era of neurology arose.

Multiple sclerosis is a chronic progressive demating disorder of the white
matter of CNS characterized by loss of myelin wélative preservation of axons. It is
the most common CNS autoimmune disease, affecipgpaimately 1 million people
worldwide (250,000 in the United States) (2). Theedse disproportionately affects
females at a 2:1 sex ratio, has no single defiaede, and several genetic markers are
associated with susceptibility.

Genes and environment play a major role in thegdatjy of MS. Among the
primary genetic associations, human leukocyte ant{¢iLA) class Il genes on
chromosome 6 and particularly HLA-DRB1 (HLA-DRB1*@56 and DQB1*0602) were
found to increase the risk for MS (3). The riskdifease in a monozygotic twin of an
affected individual is far greater than in dizygadnes (25-30% compared to 2-5%).
Also, the risk that first-degree relatives of pateewith MS will get the same disease at
some point in life is seven times higher than f& general population (4). These

findings suggest a very strong genetic componédtiitoiagh not a Mendelian one).



Epidemiological studies implicated geography agslardactor for MS. Studies
have shown that the disease is more prevalenkitethperate regions and western
hemisphere (Germany, Scandinavia, Canada, north@)rand that migration from a
high-incidence area to a low incidence one befotgepy significantly decreases the risk
of acquiring MS later in life (5). Therefore, eraimental factors seemingly more
prevalent in temperate regions combine with gerfatitors to determine MS

susceptibility.

1.2 Clinical signs and symptoms of MS

MS can exhibit a very large range of signs and ggmp commonly first seen in
the third to the fourth decade of life. 85% of pats have the typical relapsing-remitting
multiple sclerosis (RRMS), with episodes triggebgdviral infections followed by
remissions with no residual damage or different glative amounts of chronic
impairment. Over time, approximately 30% of theagegmts will undergo transformation
to a secondary progressive form with less freqaente attacks, but with gradual
worsening of symptoms and permanent disabilitiesuBset of RRF is benign MS, with
few and mild attacks and a limited disease courgetal recovery. Ten percent of
patients with MS develop progressive deterioratbneurological functions without
relapses and a more aggressive form of diseaseq galmary progressive MS (PPMS)
(6).

Symptoms displayed by MS patients vary accordindpédocation of lesions.
Cerebellar and cerebral plaques typically accomppeech and balance problems,

tremors and loss of coordination. Motor and senserye tracts deficits are revealed by



spastic paralysis, muscle weakness, diplopia dmer @isual problems including
blindness, urinary and bowel problems, and tinglmgmbness, and loss of touch and
pain. Patients may also show signs of depressamgnitive and emotional problems,

fatigue, and sexual disturbances.

1.3 Diagnosis of MS

MS is not easy to diagnose. There is no singlea@stuate for diagnosis.
Physicians rely on history, clinical signs and syonps, and various tests including
magnetic resonance imaging (MRI), cerebrospinadl {CSF) analysis, serology, and
sensory evoked potential testing. The classic ambrdes manifestation of at least two
clinical signs along with MRI lesions localizedthre brain or spinal cord which confirm
the diagnosis. MRI with gadolinium contrast showkancement of lesions that correlate
with perivascular inflammation. Alimost 90% of MStigats will show oligoclonal
immunoglobulin (Ig) G in CSF. Although this finding not specific for MS and can only
be considered suggestive, it is very useful imgubut infectious diseases or tumors that
might mimic this autoimmune disease. Optic nergeles that might not show up on
MRI can be detected by visual evoked potentialsclvtvill reveal prolonged latencies
consistent with plaques located within optic patisvéerology is also not specifically a
useful tool in diagnosing MS, but it proves helpfullifferential diagnosis with other
entities (7).

At the microscopic level, MS plaques reveal charigeated primarily at the level
of optic nerves, chiasm, tracts, brainstem, sgoadl, and cerebellum, consisting of

perivascular edema and an inflammatory infiltreft& tymphocytes and macrophages.



Myelin is stripped from the axons impairing saltgtoonduction and causing conduction
block (Figure 1-1). Axons tend to be spared (8)imyperiods of remission,
inflammation and edema subside and axons can undengyelination and carry out the
normal function again. Repair of damaged areasrecoore completely in early stage
disease when oligodendrocytes are still able tlwl@unew myelin sheath; in time, as the
disease progresses more advanced lesions develmtdrized by gliosis. This creates a
boundary between myelin producing cells and axthesefore rendering remyelination

inefficient.

1.4 Pathobiology of MS

There is no clear proof of the cause of MS. Epidéngical evidence from
genetics, geography, and socio-economic factorseldasmiany to hypothesize that there is
a viral etiology (9). A definite pathogen has neth identified, though some microbes
bear similar structures with self-antigens in ti¢SCsuch as myelin basic protein (MBP),
myelin oligodendrocyte glycoprotein (MOG), and aiipid protein (PLP) and it is
possible that these promote autoimmunity throughntechanism of molecular mimicry.
Molecular mimicry is the process by which a virabacterial infection causes activation
of T-cells that are cross-reactive with self amigdt is still a major mechanism for
triggering autoimmune diseases (8).

There are other hypotheses for the etiology of MBuding bystander activation
and superantigenic T cell activation. In the byd&ractivation hypothesis, T
lymphocytes are activated in the periphery by infers agents presented on the surface

of antigen presenting cells (APCs) and become dapmlrrossing the blood brain



Figure 1-1. H&E staining of perivascular infiltrate in active MS plaque(top) and
Prussian-blue staining of a MS plaquébottom). Source:
http://www.neuropathologyweb.org/chapter6/chaptst&antml (10). Accessed on
January 21, 2007.




barrier (BBB). The cells which develop into acte@fT-cells are CD4or so-called T
helper cells type 1 (Th1). Although both Thl an@ Tells are present in MS, Th1l cells
are able to secrete proinflammatory cytokines dsal @xpress a high level of adhesion
molecules such as intercellular adhesion molequ®&M) or vascular cell adhesion
molecule (VCAM). Inflammation upregulates adhesmwolecule expression on the
endothelium of the BBB, thus making it more permiedbr penetration. Thl cells also
secrete matrix metalloproteinases that further comgse the integrity of the BBB (11).
The opening of this natural barricade enables éuirnftammatory cells to penetrate into
the CNS.

Once within the CNS, activated Th1 cells will diebe eliminated unless
restimulated. An autoantigen or again, a microles@nted on the surface of CNS APCs
(microglia) may restimulate and promote the expamsif T-cells, and induce the release
of proinflammatory cytokines, such as interfefo(iFN-y) and tumor necrosis factar-
(TNF-a) that lead to macrophage activation. These celésaise neurotoxic components
(nitric oxide, reactive oxygen species) that danthgemyelin sheath causing the
structural and functional damage that results in(M§ure 1-2).

In addition to this indirect means of tissue damagfectious agents can directly
damage tissues through recruitment of T-cells wétv specificities, including
autoaggressive T-cells to the CNS. In a procedsctcapitope spread, the immune
response can switch from being initially restrictec microbial antigen to incorporate
an added self antigen-specific response. Therebgcandary autoimmune reaction can
develop (12).

Activation of T-cells by superantigens has alsonbg®posed as a trigger for MS.
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According to this theory, virus and bacteria suptgen is able to cross-link the T-cell
independent of peptide antigen, thus activatingellsc¢hat can either expand or be
deleted. Since superantigens preferentially reamgparticular \ families, a large
proportion of T-cells might be activated duringstprocess. As not all self-reactive T-
cells are eliminated in the thymus by negatived®a, myelin-specific ones can become
activated and trigger an autoimmune response §i)ilar to the epitope spread theory,
superantigen-mediated stimulation of autoreacthee(ls is detectable in mouse model
but there is no direct evidence for this in MS.

For many years, Thl CD4utoreactive T-cells have been incriminated as the
major T cell offenders in MS. This theory has m@eently been challenged by the
recognition of a new subset of autoaggressivell§;68D4 Th-17", whose
differentiation is promoted by APCs in the preseotimterleukin (IL)-6 and
transforming growth factor-beta (T@H-and whose expansion requires 1L-23 (14).
Studies show that Th17 cells secrete proinflamnyatgtokines (IL-17, IL-6, TNFw),
but not IFNy and IL-4 and adoptive transfer of these cellsindace severe
experimental allergic encephalomyelitis (EAE) deegl5). In models of MS and other
autoimmune diseases, disease can be suppressextkgde of IL-23 pathway or the
downstream IL-17 and IL-6 factors (16).

CD8' T-cells are also incriminated for causing an immattack by recruitment
and clonal expansion within the CNS. They can ragpeptides presented by major
histocompatibility complex (MHC) class I-expressiomgin cells and even outnumber
CD4" T-cells in the inflammatory infiltrate that chatadze MS. Little is known about

the role of CD8 cells in the pathology of MS in aeds to the several aspects, such as



means of CNS invasion, proliferation, apoptosisl fmther clarifications are required
(17). The invading cytotoxic T lymphocytes release-inflammatory cytokines, such as
IFN-y and TNFe, thus inducing expression of MHC class | molecutethe brain in
vitro (18).

It is clear that the above theories on the cauddDfare demonstrable in the
mouse models but will be difficult to verify in hams. They leave many questions and

lots of alternatives.

1.5 Animal models of MS

Modeling MS is a challenging task. The diseasemmex and little is known
about its triggers and mechanisms.

The first attempt to build an animal model of tisease was in the early 1930s
when Rivers and collaborators noticed that ceitd#grctions (measles, smallpox) were
followed by a wide range of CNS symptoms. Biopsyhafise patients’ brains revealed a
perivascular demyelinating inflammatory infiltrdteat characterized the acute
disseminated encephalomyelitis. This group triecefwoduce the disease in monkeys by
repeated intramuscular injections of extracts andlgions of rabbit brain. Although the
model did not accurately reproduce the human desetawas still considered to be a
groundbreaking discovery (19). A decade later, Kaldgusted the disease-induction
procedure by using an adjuvant to increase the imemesponse (20). This had two
major consequences: it made the immunization pobtoore manageable since the
animals, unlike Rivers’ model, only needed onedtiga, and it incriminated myelin as

the culprit for MS since only animals injected watlult rabbit or monkey brain plus



adjuvant got sick but not those injected with ralimg or fetal rabbit brain.
In 1960s and 1970s the concept of EAE developediaptive transfer of
splenocytes from rats immunized with spinal corttat into normal recipients was

shown to induce disease (21).

1.5.1 Current animal models of MS

EAE is considered to be primarily mediated by MHekstricted CD2 Th1 cells
that secrete proinflammatory cytokines such as tui\d-a and IFNy (22). EAE can be
induced in susceptible strains of small, easy-tedie@animals such as mice, guinea pigs,
and rats by active immunization with myelin antigémcluding MBP, PLP, MOG, and
others, plus complete Freund’s adjuvant (CFA). atiministration of Bordetella
pertussis toxin (PTx) increases the permeabilitthefBBB, thus creating a “breach” for
activated T-cells that enter the CNS and causéotta inflammation (23). The first signs
of neurological disease can be detected as eatgnagays post immunization and
depending on the model system may resemble the mustepsing-remitting or
progressive disease forms. Inbred mice are mostrmmty used as the animal model for
EAE due to their small size and well-defined gesgetTypically, disease is scored ona 1
to 5 scale (24) and the animals are euthanizededr@ of 4 or 5 according to the ethical
guidelines (Table 1-1).

Not all strains of mice exhibit the same diseas#se and symptoms when
immunized with myelin antigens. While a certairastrof mice might be susceptible to a
peptide antigen, another one could be resistathietgame antigen. There are now clear

“recipes” for EAE induction in different mouse stra (25). Some of the standard
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Table 1-1. Clinical EAE scores.

Disease score

Clinical signs of disease

0

Ngrss of disease
Limp tail
Partial hind leg paralysis
Complete hind leg paralysis
Hind and front leg paralysis

Moribund or dead

11



protocols include relapsing-remitting EAE in SJLcenimmunized with PLBg.15, MBP-
induced EAE in PL/J or B10.PL mice, or M@Gsinduced EAE in C57BL/6 mice. The
disease is mostly T cell-mediated. However, MOGardy induces a T cell response, but
also production of demyelinating autoantibodies) (R80G-specific T-cells and
autoantibodies were also found in circulation itigrgs with MS (27), but the cause that

triggers their activation is still unknown.

1.5.2 Adoptive transfer EAE

The discovery that adoptive transfer of myelin-$fp@@-cells can induce EAE in
naive syngeneic recipients validated the autoimnmatere of EAE in mice (28).
Susceptible mice are immunized with a particuldigamic peptide followed by isolation
of T-cells from draining lymph nodes and spleems| i vitro stimulation of the T-cells
with the myelin peptide. The T-cells are then itgekcinto naive recipients who develop
disease. This approach showed that the CNS camvhdad by activated
encephalitogenic T cell clones that are capabtadsing the BBB and emphasized the
autoimmune nature of the phenomenon. The encepgatitc cells were thought to bear
a CD4Th1 cell phenotype and recognize self peptideseptes in the context of MHC
class Il molecules. Later data showed that the MQ&pitope is able to activate CD8
MOG-specificafy T cell receptor (TCR)ositive cells that can be adoptively transferred
into naive C57BL/6 recipients, causing a much nseneere clinical disease sustained by
more destructive histopathologic CNS lesions. Farrtiore, these antigen-specific cells
were capable of surviving in vivo as shown by tladiility to be retrieved from recipient

mice (29). A role for CD8T-cells in murine EAE has been controversial and no
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uniformly supported.

Although EAE induction seems fairly straightfordaf following the rule “right
strain-right antigenic peptide”, one must not owek the association between the antigen
and its corresponding MHC. T-cells cannot recogaizentigenic peptide properly
unless it is presented on the right MHC. Beta2-agtwbulin knockout[{m’/") mice
lacking MHC class | are resistant to EAE inducgdtioptive transfer of CD8VIOG-
specific TCR cells (29). Likewise, CIITA mice lacking MHC clatisas well as mice
deficient for invariant chain (li) and H-2M (DM) aresistant to both direct priming with
peptide and adoptive transfer of CDekeptide-specific T-cells. Interestingly, APCs from
these knockout (KO) mice can present MOG peptide@d” T-cells, but they are not
capable of presenting and processing the myeliteprathus rendering the mice resistant
to EAE induction. The fact that MOG EAE cannot bduced in class Il deficient mice
but can inB.m/” mice argues against a significant role for MOGedpeCD8" T-cells

(30).

1.5.3 Transgenic mice as models for MS

Key to understanding human autoimmune diseasesdiss$ect the mechanisms
of tolerance induction. The challenge for MS isliecover how seemingly tolerant self-
reactive cells in the periphery become activateel gdle to penetrate the CNS, and
mediate disease. B10.PL mice were engineered t@sx@ transgeni2” and \8.2"
TCR specific for MBP epitope 1-11. These mice weghly susceptible to MBP-
induced EAE and some even developed spontaneceesdisT-cells removed from

spleens or lymph nodes of these animals prolifdratel secreted cytokines in response
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to in vitro MBP stimulation (31). This MBP-specifiansgenic mouse model has
provided not only a unique model to study MS babamportant information concerning
the failure of the thymus to delete the antigercdjweT-cells, the mechanisms of
peripheral tolerance, and the circumstances inlwaitoreactive, antigen-specific cells
can cross the BBB and cause inflammation and myestruction (32).

Recently, another animal model has been develdmgdhas proved extremely
useful in the research of demyelinating diseasesopticospinal EAE (OSE) mouse. A
transgenic mouse expressing a TCR specific for M8G5 (denoted TCH®) was
crossed with a MOG-specific Ig heavy-chain knockrause (denoted Id#¥¢) both on
a C57BL/6 background. The latter mouse had B petiducing antibodies against MOG.
Single-transgenic mice did not undergo spontan&#Is disease, but the double-
transgenic animals exhibited signs of an EAE-lilsedse, closer to the human Devic
disease than to MS. Devic disease differs from MI$ m regards to the site of the
primary attack (spinal cord and optic tracts indtefthe brain) and more frequent and
severe attacks compared to MS. Nevertheless, miubited a pathologic finding similar
to what is seen in MS: inflammatory infiltrate wiphevalence of CDA -cells and
macrophage, demyelination, and sometimes axonal ace single-transgenic mice did
not develop spontaneous disease, one can infeinteatction between MOG-specific T
and B cells present in the double-transgenic ndgaesponsible for development of
disease. Although OSE mice do not reproduce tlesiclal MS, they still are extremely
valuable for the understanding of the role of Bl the pathogenesis of EAE since
MOG-specific B lymphocytes do not only act as ARQsalso proficiently capture even

smallest amounts of peptide, process it, and ptasenT-cells (33).
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1.6 Therapeutic approaches for MS

The concept that MS is a non treatable diseasehesyed dramatically over
time. There is currently no definitive cure, butdpterm survival has increased in recent
years due to new discoveries about the patholodiyeoflisease, better and earlier
diagnostics including MRI, and better clinical trigesigns. While some therapies have
been successfully introduced and have shown toawgesymptoms, others, having been
proven to work in animal models, have not shown lagryefit or even worsened the
disease course in humans. Nonetheless, efforis@easingly centered towards making
MS a much more manageable disease than in the past.

There are two goals to therapy: the first one igdat disease symptoms, such as
spasticity, vertigo, depression, bladder and balysfunctions. The second one targets
the pathogenic cascade: peripheral activation tij@m-specific T-cells, penetration of
BBB and activation and proliferation in the CNSprgeelination, and interaction of TCR

with peptides loaded on MHC complexes.

1.6.1 Glucocorticoids

Corticosteroids have long been considered a parfaceatoimmune conditions,
and MS is no exception to the rule. Studies withawenous (iv) methylprednisolone
showed improvement of symptoms in patients wittoohar progressive disease as well as
acute relapses (34). Steroids have also provedibahéor optic neuritis which is often
the first clinical manifestation of MS (35). Theeaic use of corticosteroids nevertheless
has more recently decreased, partly due to thagr esfifects (osteoporosis, glaucoma,

worsened diabetes, suppression of adrenal glatady,and partly due to the advent of

15



new therapies. However, they are still importantddhough in treating RRF of MS and

secondary progressive MS.

1.6.2 Cytokines

Interferon beta (IFN3) 1a and 1b acts through a mechanism that is figt fu
understood, but it is proposed to involve a drof-iN-y levels, blockade of myelin
attack, inhibition of metalloproteinases, and vasionodulatory effects on chemokine
and adhesion molecule production (36). Severaldougrently on the market (Avonex,
Rebif, Betaseron) were shown to reduce the anreditizlapse rate by approximately
one-third. A new study revealed a decreased coratemt of monocyte-derived non-
classical MHC molecule (class Ib) called HLA-G iatignts with MS. This molecule is
important since it inhibits both Th1l and Th2 cytakiproduction (IFNg, IL-2, and IL-10
respectively) by CD4T-cells. HLA-G levels were increased to almostmak levels
after treatment with IFNB-(37).

TNF-a or cachectin has already been shown to be an targanediator in the
pathology of MS due to its ability to mediate imflenatory responses. However, its
therapeutic blockade in MS has been very contrialeStudies have shown that TNF-
is increased in the CSF of patients with MS indi®rrelation to the severity of the
disease and neurological impairment (38). Howenesylts of anti-TNFe therapy with
TNF-receptor fusion proteins such as etanercegdtr@nor monoclonal antibodies such
as infliximab (Remicade) have been disappointingeBse course was worsened and
there was actually a new case of MS reported (3&8)a of TNF blockade in EAE has

yielded confusing results. Treatment of adoptiemsfer EAE with soluble TNF
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receptors reversed the disease and protected agzsnsrent episodes (40). In contrast,
complete deletion of the gene in TNF knockout nhéckto high mortality and severe
neurological defects. Moreover, treatment with mbomant TNF reduced the disease
course and even prevented progression of EAE (41).

IL-10 and TGFB2 are suppressive cytokines in EAE. IL-10 is pratlby
regulatory CDZ cells and selectively upregulated during recovergAE model. Just
like TNF-a, studies of IL-10 treatment of EAE were mixed tgattarly because the route
of administration seemed to play an important rislgavenous injections exacerbated
the disease (42), whereas intranasal immunizapartglly inhibited EAE (43). TGB2

has not been approved for the therapy of MS dileemephrotoxic effects seen in mice.

1.6.3 Antigen-derived immunotherapies

As corticosteroids and other drugs impair the ganermune defense by
eliminating or suppressing not only the diseasesicaucells, but other T-cells, it has
become imperative that therapeutic approachesfgpadigi target antigen-specific cells.
A major limitation in the therapy of MS is the ploamenon of epitope spread. This
develops after the initiating event when CNS presithe proper environment for
reactivation of T-cells (self-antigens and MHC cdexpand co-stimulatory signals
necessary for reactivation), thus recruiting amdsating cells reactive not only against
the initial causative antigen, but also againseotieighboring self-peptides. This leads
to a more extensive repertoire of immune respotisgsnay amplify tissue destruction.
A major goal of antigen-derived therapies is tewmvent this problem by mediating

bystander suppression. For example, self-reactitigen-specific Th2 or Th3 cells that
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were initially generated by oral tolerization ofamiand are capable of secreting anti-
inflammatory cytokines (IL-4, IL-10) may globallyodnregulate the immune response
after activation (44). One method to generate thegelatory T-cells is through peptide
tolerization. Two approaches to tolerization witppdes have been extensively studied:

altered peptide ligands (APL) and mucosal admiaigtn of antigen.

1.6.4 Altered peptide ligands

It is well known that activation of CD4Th1 cells depend on the interaction of
immunogenic peptide bound to MHC class Il with @R along with a costimulatory
signal from APCs. Activation leads to proliferatjaytokine production, and cytolysis.
Lack of costimulation renders the cells anergisubsequent antigenic stimulation. Past
studies have shown that an immunogenic peptidendmsome of its residues mutated
can stimulate Th1l and Th2 cells to fulfill somedtians, but not proliferation. This
phenomenon is called partial activation. The bpsitciple is that the surface expression
of important molecules, such as CD3 did not changedid the MHC binding residues
in the peptide. The only residues that were chamgerd the TCR binding moieties.
When the cells were cultured with the original pggptand APCs, the T-cells proliferated
normally. When the cells were first stimulated witle mutated peptide, upon subsequent
stimulation with the original peptide, T-cells wesndered unresponsive to the
immunogenic peptide (45).

APLs were also approached in the therapy of EAl¢ed by adoptive transfer of
a pathogenic T cell clone specific for MBP epitq&7-99. This clone caused a

heterogenous inflammatory infiltrate of the CNSttthaappeared when the clone was
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tolerized in vivo with an analogue of the immunaoiggreptide that carried a
phenylalanine to alanine substitution at positiénDirect transfer of the same clone
treated with the APL led to prevention of EAE anermreversion of paralysis. The
mechanism of action is still unclear since thedpeutic APL has no influence on
proliferation of pathogenic T cell clone to the imnogenic peptide MBP 87-99, so there
is no MHC competition or TCR antagonism. It hasuiito, been noticed that deletion of
the inflammatory infiltrate by APL depends on thaitability of IL-4. Treatment with
APL promoted a shift in the ratio between IL-4 aidF-a to an increase in the former
which downregulates the latter (46). Even thoughtment of EAE with APL showed
encouraging results, this approach in human MSdth® a controversial outcome, as

some trials ending in exacerbations of disease (47)

1.6.5 Synthetic copolymers

Glatiramer acetate (Copaxone) consists of a mixatieganine, glutamic acid,
lysine, and tyrosine that acts like a universaigamt, “luring” autoreactive T-cells (48). It
efficiently binds to MHC class Il molecules (DR,tmot DQ or class 1), thus hindering
self-peptide from binding in the same groove. has fully understood how the drug
works: it was initially thought to cross-react wMBP peptide and then compete for
MHC binding, but has also been found to induce laguy T-cells (49). Since
Glatiramer-activated, Th2-like cells can crossBi&B, they enter the CNS and secrete
anti-inflammatory cytokines, such as IL-4, IL-10;8, thus promoting a non-
inflammatory environment. These Glatiramer-actidatells also exert a neurotrophic

effect by producing brain-derived neurotrophic éBDNF) (50). Copaxone can
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successfully prevent EAE induced by several pept{BP, PLP, or MOG) and phase

[l clinical trials have also shown it to be bemg in RRMS (51).

1.6.6 Mucosal administration of antigen

Oral or nasal administration of antigens respoeditt MS and EAE has yielded
controversial results. Self-specific T-cells carao@vated within six hours of oral
administration of peptide and consecutive admiaigin of the same peptide will
decrease the number of effector T-cells. The rotisministration is important, with the
intranasal one seemingly more efficient than dragal’ versus “oral tolerance”).
Peptide administered intranasally seems to betalykach the thymus where it can
mediate apoptosis of high affinity thymocytes apaged to the oral route of
administration where the antigenic peptide mightlestroyed by the acid in the
gastrointestinal tract. The mechanisms governingasai tolerance - anergy or deletion
of antigen-specific T-cells - are not clear. Altigh feeding the inducing peptide
at time of disease induction prevented EAE in naicd generated enthusiasm regarding
the therapeutic outcome of the human disease (Bi§,approach failed in MS clinical

trials (52).

1.6.7 T-cell vaccination

Antigen-stimulated T-cells can induce EAE equaliyweell as the antigenic
peptide itself in adjuvant. T-cell vaccination (TLCW¥5ses irradiated, activated antigen-
specific CD4 T-cells to “vaccinate” mice without causing EAEar to microbial

vaccination against infectious agents. These aalisce CD8 T-cells capable of killing
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the autoreactive CD4T-cells as well as preventing antigen-inducedifention of the
vaccine T-cells themselves. Pilot trials in MS gats have used TCV with MBP-reactive
T-cells isolated from their blood, activated inrgieind irradiated to abrogate subsequent
proliferation. These clones were then injected batkthe patients, resulting in the
specific deletion of circulatory MBP-specific T-t(53). Although this procedure has

not been used to treat patients on a large stadestill considered for future evaluation.

1.6.8 Monoclonal antibodies

Activated T-cells express high levels of surfackemion molecules like VCAM
or ICAM and upregulate their receptors on the enelaim of the BBB, thus enabling T-
cells to cross the BBB and cause inflammation e@@INS. Antibodies directed against
the ligand-receptor pair could potentially blockstfirst step in the CNS homing of T-
cells. VCAM-1 expression is low on blood vesseldemhomeostatic conditions;
however, expression is increased under conditibmglammation, such as found in
brain tissue of EAE-induced animals and human M@&nkistration of antibody against
a4Bl-integrin prevents accumulation of leukocyteshia brain and subsequent
development of EAE (54). The monoclonal antibodly-aAp1-integrin was named

Natalizumab and has been licensed for clinical(65¢

1.6.9 Gene therapy in MS
Gene therapy for autoimmune disease has emergedeasilt of progress in
deciphering in greater detail the pathologic me®@raa by which self-antigens mediate

autoimmune diseases. This approach can be verifis@aa aims to deliver a gene or
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gene product that can specifically block diseasmezxherapies may be antigen-specific,
while hopefully avoiding the general suppressiothefimmune system associated with
conventional treatments. The goal of gene therapy$ is generally to deliver immune-
modulating molecules (blocking antibodies, antlanfmatory cytokines, etc.) by
different means such that antigen-specific immuaherance can be achieved.

One new tactic is the delivery of anti-inflammatoytokine genes (IL-4, IL-10,
or IL-12 p40 subunit) by viral vectors that are awistered intrathecally in order to
directly concentrate the gene product in the CN@&ylg releasing the cytokine of
interest. Different vectors may be used: non-repive herpes simplex virus type 1(HSV-
1), retroviruses or adenoviruses are able to accmfate the genes and infect cells.
Potentially, EAE could be both prevented and tebatgng an HSV-IL-4 system by
downregulating proinflammatory cytokines and theref macrophage activation and
CNS invasion (56).

An even more practical way of delivering anti-imiienatory cytokines by means
of viruses is to retrovirally transduce antigenesfie CD4" T-cells. The autoreactive T-
cells will migrate to the CNS and therefore, preval“*home delivery” of Th2 regulatory
cytokines to the autoimmune lesions (57).

Receptor-modified T-cells (RMTC) have emerged mplast five years as a
means to redirect T-cells against antigen-spetHoells and have already proven useful
in infectious diseases and cancer. In this case oft@n chimeric, signaling receptors are
expressed on T lymphocytes. The benefit of usirglls is their effector and regulatory
functions, their ability to grow well in vitro artdaffic to most sites of the body. Chimeric

receptors containing extracellular domains from M¢l&ss | linked to a signaling
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domain from TCR can be retrovirally transduced ig€lls or T-cell hybridoma. Upon
encounter and recognition of their cognate TCRssdlchimeric receptors exhibit
effector functions such as cytokine secretion,ifi@tion, or cytolysis depending on the
type of T cell in which they are transduced (C4 CDS8) (58).

A more specific surrogate receptor able to taagébdreactive, encephalitogenic
Th1 cells has recently been designed. This chinteoeptor contains the extracellular
and transmembrane domains of mouse MHC class I laAda, the zeta cytoplasmic
signaling domain, and also an antigenic peptideP8® 101, linked on its surface. This
receptor not only recognizes the cognate TCR huiatso be stimulated as a result of
this interaction. Among outcomes of this TCR-TCReiaction, CD8 T-cells transduced
with retrovirus containing this construct can sfieally kill CD4 Th1 antigen-specific
T-cells. Although the chimeric receptor was desthteeonly carry one peptide epitope,
experimental results show that this approach calsld address the main problem of
EAE, epitope spread, even when RMTC are admingtene month after disease
induction (59). One benefit of this approach i thdoes not interfere with the whole

immune system, but selectively targets encephalitmg antigen-specific cells.
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Chapter 2. Development of chimeric receptors

Chimeric receptors (CRs) are hybrid combinationa tgcognition domain
(variable regions of an Ig or a MHC molecule) argigmaling domain (TCR moieties
responsible for signal transduction). The namerf@ric” resides in their mixed
structure: CRs carry a recognition domain contgmnariable regions in charge of
antigen recognition and an intracytoplasmic domegponsible for signal transduction
(60) (Figure 2-1).

For a better understading of how CRs were engideéreill briefly discuss the
structure of IgG and TCR.

IgG is composed of two identical heavy and twotlighains (kappa or lambda).
The light chain has a variable region and a constae and the heavy chain has
additionally two or three constant domains. Tharmhare kept together by disulfide
bonds. When treated with papain, the Ig breakstimtoequal fragments of 45-50 KDa
called fragments of antigen binding (Fab) and edtiragment of 50 KDa called
crystalizable fraction (Fc). The antigen bindintg sionsists of the variable domains of
the light and heavy chains.

TCR is also composed of two chains, alpha and leatzh of which has a variable
and a constant region. Its role is to recognizegantMHC complexes. The signals
triggered by antigen recognition are not transdumethe TCR but by two proteins, CD3
and zeta(), that are noncovalently linked to TCR, forming fhCR complex. Upon
recognition of peptide, a cascade of signals inolytyrosine phosphorylation and

activation of nuclear factor-kapgblF-xB), nuclear factor of activated T-cells (NFAT),
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Figure 2-1. Structure of the T-cell receptor and a chimeric reeptor. Reprinted with
permission — Claudia Rdssig, Malcolm K. Brennerin@dric T-Cell Receptors for the
Targeting of Cancer Cells. Acta Haematol 2003;184:159.
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and activating protein-1 (AP-1), is triggered, etatly leading to cell proliferation and
differentiation. The cytoplasmic domain of CD3 d@ncbntain a conserved sequence
called immunoreceptor tyrosine-based activationiinidiAM) that plays a crucial role
in signaling. Upon phosphorylation, ITAMs becomekiag sites for a tyrosine kinase
called(-associated protein of 79 kDa (ZAP-70), ultimatelgding to changes in gene
expression in the T-cells.

CRs represent a smart combination between thigyadifil TCR and B cell
receptor (BCR) to recognize different antigens alnt intracytoplasmic signal
transduction events leading to different effectam® of the earlier CRs were constructed
by using both variable region of the heavy chaip)(@d variable region of the light
chain (M) combined with the or B constant domain of the TCR (61). Eshhar engineered
a chimeric TCR composed of the variable region dora of an antibody and the
constant region of TCR. This receptor can be eggekss a transgene in T-cells via
retrovirus, but due to the fact that two genes &4d \{) have to be transfected into the
same cell by two separate retroviral vectors, tfieiency of transduction was low.
Consequently, this problem was overcome by joitaggether \, and \{ into a single
chain variable region (s¢lrconnected by a linker peptide (62, 63). The sshpart of
the extramembrane portion of the construct andgpansible for antigen recognition.
This is linked to a region consisting of the gam{y)aor zeta cytoplasmic tail of the TCR.
The two domains are linked by a hinge region thaitk& as a spacer, increasing the
distance between sgklnd the plasma membrane. The hinge region belongs and
accounts for the differences in the amino acid assitfpn of the four classes of IgGs. It

is placed between the Fab fragment and the conStdatand CH3 domains of the heavy
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chains and determines the flexibility of the IgGlemunle. Flexibility is important for
further effector functions of the IgG such as Cigfllng and complement activation
(64); this feature and also the number of intervigeznain disulfide bonds in the hinge
region is strictly characteristic and different &ach IgG subclass. Different hinges were
used, such as the hinge region of human IgG1 or @it of the extracellular region
of CD28 some of which showing better expression-gells than others (65). The
advantage of using the variable domain from Igdesin the non-MHC restricted,
antibody-type specificity that leads to a more ulilmus array of specificities that can be
transferred to T-cells through CRs.

Similar to the classic TCR, the mere contact betweeells bearing chimeric
receptors and target cells does not lead to cytobfdatter. The CR can only guarantee
specific recognition of target, but does not comfiéector function to the T-cells unless
they are activated upon this recognition. This mempuire the presence of a co-
stimulatory signal and although a definite role hasn established for induction of
effector T-cells from naive T-cells, it is not dleghether the costimulation is also
required for the induction of effector cells fronemory T-cells. The two signals theory
states that T-cell activation requires recognitbantigen-MHC complex and
costimulation; T-cells stimulated in the absenceastimulation are rendered tolerant
rather than memory T-cells (66).

CD28 is a membrane protein with well-defined apild promote T-cell
proliferation and differentiation and inductionftokine secretion upon binding of B7
molecules on APCs. The addition of the cytoplastimain of the co-stimulatory CD28

molecule to the engineered zeta signaling tail oued the efficacy of CR-transduced T-
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cells (67). Another co-stimulatory pathway is meelibby CD137 that belongs to the
TNF family. Stimulation of CD 137 inhibits activah-induced cell death (AICD) (68).

CRs engineered as described can be transferreduntan or murine T-cells and
redirected against microbial antigens or tumorgamts in a manner independent of MHC
restriction. Replication-defective viral vectorg arsed for transduction of CRs into T-
cells. Several different vectors have been triedHs strategy, each with advantages and
disadvantages. Adeno-associated vectors can dg dalivered into dividing and non-
dividing cells and have high transduction efficipndnfortunately, they integrate at low
frequency and gene expression is, therefore, testipdimited (69). Retroviral vectors
are better at integrating into the target genontd¢hmitarget cell must be activated to
incorporate the retrovirus. Future concerns haenloaised as to whether viral
integration may be oncogenic.

Pre-clinical trials using CRs for the therapy dertious diseases have yielded
controversial results. Human immunodeficiency vifid$v/) constitutes an example.
Infusion of CD4 and CD8 T lymphocytes transduced with a chimeric receptor
containing the extracellular domain of human CD¥éid to the zeta chain of TCRs were
followed by a decrease in the viral load and angiase in CD4T-cell counts. Upon
recognition of TCR on the surface of HIV-infecteatdlls, retrovirally-transduced T-
cells get activated and exhibit effector functioicls as cytokine production, antigen-
specific proliferation, and cytolysis of targetlsgl70). Other studies contradict these
results and did not show any change in the HIV @2BNA plasma levels in patients
that received cytotoxic T lymphocytes (CTL) transeld with CD4£ chimeric receptor,

which indicates a lack of correlation between thewitro and in vivo cytolytic
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capacity (71).

Human cancer cells possess tumor associated astigaincan be recognized and
bound by monoclonal antibodies. These antibodiag@eognize the extracellular
domain of these genes; an example is ERBB2 oncqg@&sent in breast ovarian, gastric,
and colon cancers. CR bearing scFv derived froniERRBB2 antibody linked to a hinge
region and the zeta cytoplasmic domain were engadedollowed by transduction into
CTL. The newly modified CTL were capable of effiaien vitro lysis of fibroblasts and
epithelial cells transfected with human ERBB2 oreregy Adoptive transfer of both
target cells and CTL into nude mice slowed ERBBAdugrowth for ten days (72).

Based on the ability of monoclonal antibodies tgnize tumor associated
antigens (TAA), cytotoxic T lymphocytes can be redied using these antibodies in a
clinical trial for metastatic ovarian cancer. Ohed of the patients showed objective
clinical responses, but the approach failed in mbghem due to the limited accessibility
of the solid tumors by antibodies, dissociatiomofibodies from CTL, and the limited
ability of re-directed T-cells to kill more than@uwell (73). Another clinical trial using
chimeric receptors was directed against renaloaglter, an immunogenic tumor, with a
specific monoclonal antibody, G250, that recognaearboxy-anhydrase expressed on
the cell membrane in both primary tumors and masast A CR was engineered, bearing
the scFv domains of G250 linked to thiehain from Fc receptor of IgE and was
administered to G250 positive patients whose negiagesions were not amenable for
resection in a phase | clinical trial protocol.#dtgh infusions of T-cells retrovirally
transduced with CR were clinically well tolerat#lag patients developed liver toxicity

and hyperbilirubinemia, but these laboratory abraditnes were reversible. This
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phenomenon occurred due to the interaction of G2ibody on the surface of gene-
modified T-cells with G250L target antigen also egsed on the cells lining the bile
ducts. The CR-transduced T-cells were detecteldmperipheral blood and showed
increased specific cytolysis against G250L targds @nd increased secretion of IFN-
upon chimeric receptor stimulation (74). Anothgyae has shown that a chimeric
receptor designed to specifically recognize angelalEBV was detected even 18 months
after injection of EBV-specific CTL into patientg¥). The long-term persistence and
effects of therapeutic T-cells brings further hépetherapy with CRs.

Another caveat of inmunotherapy with chimeric poes is their functional
limitations. There’s certainly an advantage of @R&signed to carry the variable region
of an antibody as recognition domain and the zgigptasmic moiety for signal
transduction in the fact that they can activateellsdo trigger antigens regardless of their
MHC restriction. Still, there are differences beénehe interaction of CR-bearing T-
cells with their targets and a “classic” TCR intgiran with a peptide held on a MHC
molecule. These differences can lead to importamttional issues. For the most part,
upon recognition of a MHC-peptide complex, the GipL£D8 coreceptors are also
recruited and interact with the nonpolymorphic oagi of MHC class | or Il, thus
bringing Ick (a tyrosine kinase from the Src famdgated in their cytoplasmic domain)
in close association with ITAMs on the CD3{czhains, leading to augmented activation
of transcription factors and ultimately a more pbfé-cell response. We can therefore
assume that incorporation of CD4 or CD8 coreceptoght enhance the strength of CRs.
Therefore, new CRs have been designed comprisitigphettandem linked signaling

domains. These include zeta, CD4, CD28 with or euitHck in different combinations
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(zeta only, CD4-zeta, CD28-zeta). The presencekoptomotes signaling by CRs
because it enhances receptor phosphorylation. @plasmic tail does not possess
intrinsic kinase activity, but in the form of CR-@Eeta, it was shown to be able to
enhance the phosphorylation of CR by recruitmemSélick to the CR similar to the way
Ick on CD4 coreceptor is recruited by TCR. Ovettalg novelty of this particular model
of CRs is the improved signaling ability upon regibign of antigen when either CD4 or
CD28 signaling regions are incorporated. T-celissduced with these type of CRs show
better proliferation and cytokine production thha bnes having only as signaling
domain. Among all the combinations tried, the chimezceptor with a CD28-Ick
intracellular signaling domain revealed to be thestrefficient regarding IL-2 production
and sensitivity to stimulation. However, its lowfsice expression level limited the
practicality of using this receptor (76).

An issue to be considered in the evaluation ofapeutic T-cells bearing CRs is
the difference between their excellent in vitrceets and the poor in vivo survival and
expansion of CR-expressing T-cells. For in vivovaral of transduced T-cells, proper
stimulation and expansion is vital since prolongelture of these cells might diminish
their functional effects. Thus, the essence isllimént of the right conditions for T-cell
stimulation since insufficient amounts of cytokinead to passive cell death, whereas
inappropriate stimulation leads to AICD. Anotheolplem might be the need for CD%-
cells presence. CDg -cells can exercise their role in antigen cleaeain the absence of
any help in short-term acute infections. Chronfeations last longer and take more time
to clear and CD4ymphocytes are required to sustain virus-spe@ms" CTL (77). For

example, CD8lysis ability seen in the late stages of acquineshunodeficiency
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syndrome (AIDS) is lost in correspondence to a @tisrdrop in the number of CDZ-
cells.

In conclusion, adoptive immunotherapy with receptmdified T-cells bearing
chimeric receptors on their surface comprises ami@at novel and specific therapy for

malignancies and infectious diseases.
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Chapter 3. Significance of a dileucine motif in CD8&-zeta €)-containing chimeric

receptors

3.1 Introduction

Lysosomes are the ultimate destination of macroocubds transported from the
extracellular space or cell membrane by endocytds$isse organelles can be accessed
via internalization of carrier proteins into endoss and then transportation to the
lysosomes or via the biosynthetic pathway that Ive®an intermediate organelle, the
trans-Golgi network, followed by intracellular dedry to endosomes and then
lysosomes. Sorting of transmembrane proteins tosdes and lysosomes is mediated
by signals present in the cytosolic domain of tragins. These signals include short
amino acid sequences that can be tyrosine-basditeacine motifs. There are two
consensus dileucine motifs, [DE]JXXXL[LI] or DXXLLDileucine (LL) motifs only have
four to seven amino acid residues, but only twthoge of them are critical for their
function. These are recognized by proteins that @taimportant role in the endosomal-
lysosomal system. Clathrin coats forming aroundmka membrane contain
heterotetrameric adaptor protein (AP) complex A#h@ other accessory factors.
Endosomal clathrin coats and the trans-Golgi ndtwontain AP-1 and ADP-
ribosylation factor-binding proteins (GGAL, 2, a®idand monomeric adaptors.
[DE]XXXL[LI] sorting signals are recognized by tlpeandB subunits of AP-1, AP-2,
AP-3, and AP-4, leading to internalization, lysosbnand basolateral targeting. DXXLL
are recognized by the VHS domain GGAs, leadingttrgy from the trans-Golgi to

endosomes (78).
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The dileucine motifs have been identified in mudéiproteins in a quest to
characterize protein motifs responsible for lysoabtargeting. For example, to eliminate
multiple targeting signals, Letourneur engineeneitheras containing the extracellular
and transmembrane domain of IL-2 receptor antigen(The alpha chain of the IL-2
receptor) linked to the cytoplasmic domain of e@&)8 chain. Using these chimeras, a
new dileucine-based targeting sequence in the agopc domain of CD3 andd was
revealed, responsible for both rapid internalizaod delivery to lysosomes (79). This
sequence shown to be important in lysosomal targe&tbntains six amino acids,
DKQTLL,; site-directed mutagenesis of either of lecines L130 or 131 established
their ranking. The first leucine is invariant simeplacement with any other amino acid
lead to decreased signal, whereas the second éecauid be replaced by isoleucine

without affecting the function.

3.1.1 [DE]XXXL][LI] signals

The [DE]JXXXLJ[LI] signals are important in the sarg of many transmembrane
proteins, such as: CDB(human Tm-8-SDKQTLLPN-26), tyrosinase (human Tm-8-
EEKQPLLME-12), CD4 (human tm-12-SQIKRLLSE-17), efit.CD3+ chain,
SDKQTLL sequence plays a part in serine phosphtioyladependent downregulation of
the TCR from the surface that involves rapid inddization and lysosomal degradation.
CD4 has a very similar LL-containing sequence.

As previously mentioned, [DE]XXXL][LI] signals arecognized by the p arfid
subunits of various AP complexes. Each [DE]XXXL[lsignal has a preference for a

specific AP complex but not others. Although thaydxo the p2 subunit of AP (similar
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to tyrosine-based motifs), these determinants deaompete with each other.

3.1.2 DXXLL signals

DXXLL signals constitute a particular type of sagideterminants present in
proteins or transmembrane receptors that cycledsstihe trans-Golgi and endosomes,
such as cation-independent (CI-MPRSs) or cation-déget mannose-6-phosphate
receptors (CD-MPRs). These signals mediate incatjmor into clathrin-coated vesicles
that move from the Golgi apparatus to the endosaysiem. Similar to [DE]XXXL[LI]
signal, this has a very strict requirement forltheand also D residues, because
mutations of any of these amino acids inactivajeaing and increase the protein
expression at the cell surface (80). This signalsdmt bind to AP complexes but instead
is recognized by the amino terminal VHS domain &fAS, which are ADP-ribosylation
factor-dependent clathrin adaptors within the tri@otgi and endosomes (81). This
recognition is very specific since the VHS domaanmot bind the other dileucine motif,
[DE]XXXL[LI], or the tyrosine motif YXX@. Regulatia of the recognition of DXXLL
signals also involves serine residues in a consessguence placed two or three amino
acids upstream of DXXLL signals that are phosplaied by casein kinase Il (CK II).
Upon phosphorylation of serine, the negatively gedroxygens in the phosphate group
interact with the positively charged residues wittiie VHS domains of GGAs. Upon
this interaction, MPRs are incorporated into clattwoated vesicles emerging from the
trans-Golgi network. These vesicles will then detithe receptors to endosomes and
eventually, to lysosomes (82). Another interactiorolves GGA 1 and 3 that also bear

DXXLL motifs able to bind their own VHS domain (83pllowed by auto-inhibition.
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Therefore, GAs should be dephosphorylated in aadisplace from their own VHS
domain, making it available for interaction withrdains in the cytosolic part of other

proteins.

3.2 ldentification of a murine CD28 dileucine motifthat suppresses single-chain

chimeric T-cell receptor expression and function (JL

3.2.1 Introduction

RMTC are T-cells modified to express surrogate @nioreceptors that can
targetantigens not normally recognized by the immuneesysiThesehimeric receptors
that redirect therapeutic RMTC against their tasgebstitute for the classic T cell
receptor. Theyecognize target antigen through an extracelluiigan-recognition
domain, such as a single-chain Fv fragment, antbsiprough a TCR-derived signal
transduction domain, such as the TCéhain (84). RMTC have shown therapeutic
properties ircancer of infectious diseases systems, selectiagdgting malignant or
infected cells in model systems. No significanti¢dy has been observed in phase |
clinical trials (85).

A possible problem in redirecting therapeutic celith chimeric receptors is the
limited signal the receptors are able to transdilibe.physiologic coreceptor and
costimulatory signals that are normally delivered tcells when they interact with an
APC are not necessarily available in the case oTRMngaging with the ligand on a
target cell. These signals are important, for gw@mote T cell survival, proliferation,

and effector function. To avoid this drawback, veedndeveloped single-chain chimeric
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receptors that incorporate moieties from both t&&Tand costimulatory and/or
coreceptor molecules. We decided to geneticallytie signalinglomain of the CD28
costimulatory molecule to the cytoplasmic tail leé fTCR( chain. Several studies have
shown that RMTC that express chimeric receptorsposm®d of a CD28-signaling
region showed improvddnctional responses compared to those that ordy thel
signaling tail.

In our study, we used RMTC to specifically targjdymphocytes. Some RMTC
may be useful in transplantation or other settifige specificity of the TCR is the
defining feature of a pathologic T cell. In traresptiation, these TC&e generally
directed against allogeneic major histocompatypddmplex (MHC) or syngeneic MHC
linked to minor histocompatibilitgntigens. We designed surrogate CRs to specifically
redirect RMTC against class | MHC-restricted T-sellhese CRisiclude the
extracellular and transmembrane domains of the Mld€s | K molecule linked teither
a murine or CD28¢ signaling tail. The Rextracellularegion serves as bait foP’K
restricted T-cells; the signaling domain promotesRMTC's effectofunctions.
Biochemical analysis of CR-mediated sigmahsduction in RCD28< or K-
transduced T cell hybridoma showed that the preseh€D28 enhanced receptor
phosphorylation and calcium flux. Furthermore, @228 domairallowed direct receptor
association with the src kinase p56lcitically involved in initiating and sustaining
receptor-mediatesignal transduction. 'KCD28< T cell hybridoma also showed
increased IL-2 producticand signaling sensitivity.

Unlike these data with hybridoma, when we transdyménary murine T

lymphocytes with the CD28-or thel-CR, we did not observe significant differences in
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chimeric receptor-mediated functional responsek {82 further observed a 2-fold to 4-
fold decrease in the surface expression level@ithCD28< CR in primary T-cells
when compared with thebI( receptor. Therefore, addition of the CD28 costaiurdy
molecule in chimeric receptor leads to conflicteftects: it provides an enhanced signal
into RMTC but at the same time diminishes the remregurface expression and thus
limits the extent and/or duration of this signal.

In order to find a sensible explanation for therdased expression of thé-K
CD28< CR, we analyzed the sequence of the murine CD&pasmic tail and we
noticed a noncanonical dileucine internalizatiortim®ileucine motifs have been well
characterized in other proteins, but not CD28. [&ofy the role of this motif in the
CD28< CR function, we inactivated it by mutating leuctogglycine, [L-G]. We found
that this mutation increased surface expressidhe:)Kb-CDZS{; receptor 2-fold to 5-fold
compared with the wild type receptor. Moreovet;®D28[L—G]-(-modified T-cells
showed increasesknsitivity in cytokine production, proliferatioand cytolysiof target
cells when compared with"CD28< RMTC. Therefore, this study identifies a
previously undescribetileucine motif within the murine CD28 tail and denstrates its

specific role in the restriction of CR functionRMTC.

3.2.2 Materials and methods

3.2.2.1 Construct

cDNA clones or splenic cDNA were used to isolaté&NéDfragments encoding

the extracellular and transmembraloenain of the H-2R molecule and the cytoplasmic
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tails of murineCD28 and, by PCR. Flanking restriction sites were addeith¢o
fragments by PCR and the dileucine mutation wasdicecoy PCR mutagenesis. The
constructsvere assembled and subcloned into the MSCV retibvéctor that contains
an internal ribosomentry site (IRES) linked to the green fluorescemiedein (GFP) (gift
from E. Vanin, St Jude Children's Research HogpRailor to ligation of all genes into
the final construct, all DNA sequences were corgitinby sequencingt the St Jude

Hartwell Center for Biotechnology.

3.2.2.2 Antibodies, cells, mice

TG-B transgenic mice were used as a source of B&lls for transducing the
two constructsThese mice are transgenic for a rearranged SV402ZR/HrestrictedlCR
that were bred more than 20 generations with B10rBée. As a source of target cells
we used OT-1 mice (Jackson Laboratories, Bar HaM&j), transgenitor a rearranged
ovalbumin 257-264/H-2Krestricted TCR. Antibodies included clone B20.fi-amuse
V.2 (PharmingerSan Diego, CA), clone 2C11 anti-mouse CQ#ft from M.

Blackman Trudeau Institute, Saranac, NY), clone AF6-88.5-amtuse H-2K
(Pharmingen and gift from M. Blackman), goat antiuse IgG (Jackson Laboratories),

and goat anti-rat 1IgG (Jacksbaboratories).

3.2.2.3 Retroviral transduction and T cell culture

10 pgof CR constructs and 10 pg of the retrovinefper DNA PEQPAM (gift
from J. Cleveland) were cotransfectetb 293 T cells using calcium phosphate

precipitation. After 16 hourshe cells were washed and cultured in Dulbecco freatli
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Eaglemedium/10% fetal calf serum (DMEM/10% FCS) for 48ibs. Supernatamtas
collected twice daily and used to infect GP+E8@aatal producer cells in the presence
of 8 pg/mL polybrene, for five days. TransduG#eHEB86 cells were sorted for GPF by
fluorescence-activated cell sorting (FACS). To sducel lymphocytes, we isolated
lymph nodes, processed them in a single-cell ssspenand stimulated them in vitro
with soluble anti-CD3- and CD28 antibodies in the preseasf2 ng/mL recombinant
murine IL-2 (rmlL-2) (R&D Systems, MinneapoliglN) for 48 hours. At that point, the
medium was replaced with retroviral supernatant&pd/mLpolybrene, and the cells
were spun at 1800 rpm for 90 minutes Jouan CR422 tabletop centrifuge (Winchester,
VA). Transduced T-cells were sorted for expressib@FP andCD8 and expanded in
EHAA medium (Biosource Internation&amarillo, CA) in the presence of rmlL-2 for
up to 5 days. Theells were restimulated every 10 days using 2 pdbmhcanavalin A
(ConA; Sigma, St Louis, MO), 2 10°/mL irradiated syngeneic splenocytes (3000 rad),
and 2 ng/mL rmlIL-2. The assays were performed grfiga or six after stimulation, in

the absence of exogenously added IL-2.

3.2.2.4 Proliferation

96-well plates were coated with goat anti-mouse figfewed by loading of
purified AF6-88.5 antibody. % 10* CR-transduced T-cells and XA 25 irradiated
syngeneic B10.BR splenocytes were adédier 48 hours, the cells were pulsed with 1
1 Ci’*[H]-thymidine for 16 hours and harvested onto fittats. Liquid scintillation
counting of incorporatetthymidine was used to assess proliferation. All gi@swere

analyzed in triplicate and plotted as means.
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3.2.2.5 Cytotoxicity assay

RMTC wereincubated overnight in medium with different concations of
ovalbumin (OVA) 257-264 peptid&t Jude Hartwell Center for Biotechnology) in PBS
or control PBS, then washed 3 times and resuspenadeedium. Effector RMTC were
incubated with 1DOT-1 target T-cells in various ratios. The targeits were isolated
from OT-1 TCR transgenic lymph node celtssplenocytes. After 5 to 6 hours of
coincubation, 5000 tb0 000 6-um fluorescent TruCount beads (BectoniBsdq,
Franklin Lakes, NJ) were added. Samples were stdoreV,,2, washed once, and
analyzed by flow cytometry. The target cells stdipesitive for \,2 and GFP negative,
and were readily distinguished from the GERector cells. The TruCount beads serve as
a tool for normalization of cellulavents and provide a quantitative assessment of the
absolute number of target cells. Percent spegjtiotoxicitywas determined as 16Q(1 -
viable target cell count aftercubation with peptide-pulsed effectors/viableyercell
count after incubation with unpulsed effectorsyafal cultures of target cells in the
absence of effectaells were performed simultaneously in all expentseas negative
controls. Essentially identical resultere obtained when cytotoxicity was alternatively
calculatedas 100x (1 - viable target cell count after incubationiweptide-pulsed
effectors/viable target cell count after incubatiothout effectors). All samples were

analyzed in quintuplicate.

3.2.2.6 Cytokine analysis

IFN-y was analyzed using a Bioplex assay (Bio-Rucules, CA). 3000

analytical beads per well were added to a prewatébfilter plate. The samples were
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then added to the beads and incub&ded hour at room temperature (RT), followed by
aspiration of supernatatigads washing, and incubation for 1 hour with hidétedanti-
IFN-y detection antibody. Detection was perforrbgdtaining with streptavidin-

phycoerythrin (PE) and fluoresceramgalysis with a Bioplex plate reader (Bio-Rad).

3.2.3 Results

3.2.3.1Design and expression of chimeric receptors

H-2K" extracellular and transmembrane domains Virked to the cytoplasmic
domains of CD28 andin order to engineer the wiId-typé’-lCD28§ and dileucine-
mutated K-CD28[L_,G]-§ receptorgFigure 3-1). Both construcigere subcloned into
the MSCV retroviral vector, whidnhcludes an IRES and GFP gene. Upon transduction of
primary CD8 T lymphocytes with retroviral supernatant, we abed efficiencies
ranging from 15% to 50%.

To determine the role of the dileucine motif in €pression, CDEGFP T-cells
transduceavith either the IQ—CDZS{, or Kb-CD28[L—.G]-(; receptor were sorted and
stainedwith a K-specific antibody. We noticed a 2-fold3dold increase in the surface
expression level in the cells bearing the mutageegptor compared to the wild-type one,
regardless the amount of GFP cotranscribed inghlg @igure 3-2)These results
demonstrate that the dileucimstif in the CD28 molecule significantly restri¢te level
of surface chimeripeceptor, while its disruption enhances surfaceesgion, but this

finding does not necessarily ensure a more rolbwustibnal response.
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Figure 3-1.Chimeric receptor structure and sequence of the déucine motif.
Chimeric constructs were created by linking compdsién a cassette fashion.
Extracellular and transmembrane domains are defioed the MHC class | H-2K
molecule. The murine CD28 and TGRytoplasmic tails were attached as descrifled.
PCR mutagenesis was used to introduce the leutiglytine change in the CD28 tail.
This corresponds to an L184G and L185G conversidhe CD28 sequence (GenBank
accession NP_031668).
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Figure 3-2.Increased surface expression of dileucine-mutatedhneric receptor.
Chimeric receptor (anti-¥ expression is plotted as a function of cotramsziGFP

level. Transduced cell populations were analyzedsfeP (FL1) expression level and
gated into regions comprising approximately 0.R.®log fluorescence using Cellquest
software (BD Biosciences, San Jose, CA). For egllsin each of these gated regions,
FL1 MFI (GFP) and FL2 MFI (anti-Kstaining or control unstained) was calculated and
plotted.
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3.2.3.2Functional response of RMTC

Previous data has shown that the T @sponse to stimulation depends on the
intensity and duratioaf the stimulus. This implies that the increasggression of [Ls
G] chimeric receptors should theoretically regsulmproved signaling compared with the
wild type receptors. However, sinitee role of the dileucine motif in CD28 signalingsh
not beerestablished yet, it is also possible that thisugison would hinder signal
transduction. To determine whether this mutatiawps beneficial on the functional
response or not, we first measured T cell proltferaafter stimulation throughoth
receptors using a non-specific mitogeﬁ:ﬂ?DZSg, Kb-CD28[L—;G]-§, and MSCV
retroviral control cells responded equivalemtiyConcanavalin A. This result
demonstratethat the expression of CR does not affect the feraliive abilityof
therapeutic, CR-transduced T-cells in respons@iegpecific stimuli (Figure 3-3). In
contrast, differences were observed after stimuiairough the CRI-cells transduced
with the [L-G]-mutated CR proliferateoetter than wild type CR-transduced T-céalls
response to CR-specific stimulation. Therefore cene conclude thahe dileucine motif
in CD28 functionally restricts chimeric recepéativity, and the LsG mutation alleviates
this restriction.

To determine whether the enhanced function of radt&iR-transduced RMTC
also affected the amount of cytokines produced-eglls upon stimulation, we analyzed
IFN-y secretion. A more than 3.5-fold IFNproduction was noted upon stimulation of
KP-CD28[L—G]-{ RMTC with CR-specific antibody (Figure 3-Zherefore, disabling
the dileucine motif also improves RMTC cytokinepesse.

It was already proven thatb+CD28§ RMTC can kill K-restricted target cells
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Figure 3-3. Proliferative response of K-CD28-¢ and K-CD28[L —G]-¢ RMTC.
GFP-sorted CDSB8RMTC were stimulated 7 days after transductiorwitadiated
splenocyte feeders on plates coated with AF6-88t5Hx2K® or in the presence of the
nonspecific mitogen conA. After 2 days the cultunese pulsed witfiH-thymidine and
harvested 16 hours later. Data points are meatgpbfate samples. Error bars show = 1
SD. One of 3 essentially identical experimenthisn.
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Figure 3-4.1FN- " production by K-CD28< and KP-CD28[L—G]-{ RMTC. GFP-
sorted CD8 RMTC were stimulated 7 days after transductiothapresence of
splenocyte feeders on plates coated with 5 ug/mé-8&5 anti-K, with conA, or
cultured in the absence of stimulation. Stimulafimduced IFN3 production was
measured by Bioplex assay using anti-IFFdeoated beads. Data points are means of
triplicate samples. Error bars show + 1 SHess than 1 ng/mL.
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(58). We tested if the new mutated CR is more igfficin this aspect. We used OT-1
cells from the lymph nodes or spleen of mice tranggfor a TCR specific for ¥Ova
257-264 as target cells. Ova peptide-puls@d:K)28[L—;G]-§ RMTC are able to
specifically kill target OT-1 T-cells more efficiently than th%tKDZS{; RMTC (Figure
3-5). This is a confirmation that the dileucine to glycine mutation enhaémeedfector
function of RMTC, namely the ability to proliferate, secrete cytokines, aalQya-
specific target cells.

The data above show that mutations in the dileucine motif of CD28 enhance the
effector function of RMTC in vitro. We next wanted to find out if therapeutic celis we
also effective in vivo. To do this, we coinjected Ova peptide-pulsed RMTC transduced
with the wild type or mutated CR along with OT-1 transgenic cells labeled with
carboxyfluorescein succinnimidyl ester (CFSE) into severe combinednoueficiency
(SCID) mice. Both R-CD28[L—G]-{ and K-CD28< peptide-pulsed RMTC efficiently
eliminated OT-1 T-cells. This means that the mutated CR-transduced therap#sitare
functional in vivo. These cells also show a slight — though not statisticallyicagmi—
increase in the cytolytic activity compared to the unmutated CR-transdi€g R

which might be an indication for their preferential use in the future (Figure 3-6)

3.2.4 Conclusions

T-cells redirected against pathologic lymphocytes are potential tooéslular
immunotherapy. Therapeutic cells can migrate to different sites in tlye d@dlong-
lasting, and exhibit different effector functions. Chimeric receptors commdsedigen-

recognition and signaling domains from the TCR, such as the cytoplasaiiovere
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Figure 3-5.Cytolysis of antigen-specific T-cells by RCD28< and K°-CD28[L—G]-¢
RMTC. (A) RMTC were pulsed with 50 pg/mL ovalbumin 257-264 peptide or saline
diluent, washed, and cultured for 6 hours with OT-1 TCR transgenic T lymphocytes at
the designated effector-target ratio. Target cell survival was detdmising

guantitative flow cytometry. Specific cytolysis was calculated frormtimaber of

residual viable target cells in wells containing target cells pulsed witldpegimpared
with that in otherwise identical control wells including unpulsed effectors. (Bij&ito
panel A, except experimental RMTC were pulsed with the designated conoenbfati
ovalbumin peptide. All samples were cultured at an effector-target ratio otd pDiats

are means of quintuplicate samples. Error bars show + 1 SD. Plots are repivesehia
independent experiments.
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Figure 3-6.1n vivo killing of antigen-specific T lymphocytes wsing K°-CD28< and

K -CD28[L —G]-¢ RMTC. A total of 10 CFSE-labeled OT-1 lymph node cells were
adoptively transferred intravenously into SCID mice”: KB-CD28< or K*-CD28[L—
G]-C peptide-pulsed or unpulsed RMTC were then adoptively transferred intravenously at
an anatomically separate location. Twenty-four hours after transfeensahd mixed
lymph nodes (mesenteric, cervical, axillary, inguinal) were isolated aglk-siall
suspensions prepared, stained witt2\specific antibody, and analyzed by flow
cytometry. (C) Normalized numbers of target cells in the spleens ofdraai@als. The
ratio of residual transferred (CFSE-positive) RMTC target2{sitive) to nontargets
(V42-negative) was calculated to control for the efficiency of adoptive trainsfieice
treated with peptide-pulsed or control unpulsed effectors. (D) Analysis of IIS\N Egor
bars show + 1 SD. Results are representative of 3 independent experiments.
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proven effective in redirecting T-cells against target cells. Sincedffector abilities
depend upon the efficiency of signal transduction and the presence of costimulatory
molecules, new generation of CRs include both the CD28 molecule abhiththe
Although we and others have observed enhanced function of the CR bearing the
extracellular and transmembrane part of tRertélecule linked to CD284n T cell
hybridoma, there was no noticeable difference between the functiondiveifiess of

this construct compared to the one lacking CD28 when transduced into primary murine
T-cells. Also, the surface expression of this CR was diminished. We hypothdsired t
the poor expression resulted in the lack of improvement of their effector abMie

here identify a novel dileucine motif in the murine CD28 molecule that hampers CR
expression and function.

Up to now, two classes of dileucine motifs have been described, containing
[DE]XXXL[LI] or DXXLL. They play critical roles in the sorting of tramsembrane
proteins. DXXLL signals are distinct dileucine-based sorting signals yhkg between
the trans-Golgi network and endosomes and mediate incorporation into clathrin-coated
vesicles that bud from the trans-Golgi network for transport to the endosomes. They bind
to the GGA family of ARF-dependent clathrin adaptors localized in the trargg-Gol
network. Mutations of either D or LL upstream inactivate the signals and mesult i
increased surface expression of the proteins. [DE]JXXXL[LI] motifs bind talAR-or 3
and are less intolerant to mutations of the second isoleucine that can be mutaiat wit
impairing activity (74). The SRRNRLL that we discovered in the CD28 molecule is not
identical to either [DE]XXXL[LI] or DXXLL motifs; rather, it is more siilar to a

[DE]XXXL[LI] motif that can also be found in other molecules, such as human CD4
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(SQIKRLLSE), mouse GLUT4 (RRTPSLLEQ) or human VAMP4 (SERRNLLED)sThi
motif has a positively charged arginine residue upstream the dileucirfenstatad of
the canonical negatively charged amino acid residues.

Our experimental results disentangle the functional properties of theiddeuc
motif in CD28 molecule. Although disruption of this motif leads to enhanced surface
expression and effector function, internalization might not be directly retatagstfact.
CD3y molecule also has a SDKQTLL sequence responsible for internalization of the
TCR but only after phosphorylation of serine (80). It is therefore, possible that
internalization requires a conformational shift that makes the motifsbteto sorting-
associated proteins. In our CR, the CD28 tail was taken out of its normal
environment/structure, possibly making the dileucine motif more exposed to the-prote
sorting apparatus, and leading to its constitutive activation.

The dileucine motif in CD28 limits the CR expression and signaling when
transduced into primary murine T-cells. Mutation of leucine residues toglytiproves
surface expression and upregulates proliferation, cytokine secretion, arydisywdl
target cells.

In addition to the in vitro evidence, we also provide evidence that effector T-cells
bearing CR with mutated dileucine motifs are active in vivo, leading to selddlling
of specific target cells. This constitutes a possible future therapeutwaapgn

transplant tolerance and autoimmunity.
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Chapter 4. Development and function of humanized americ receptors

4.1 Introduction to the development of humanized dmeric receptors

Surrogate chimeric receptors designed to bear an antigenic peptide dirgaetst
of MHC class | or Il molecule and signaling parts of the TCR may be udbdrapeutic
tools (57). These CRs can be transduced into T lymphocytes giving rise to receptor
modified T-cells designed to specifically target only pathogenic, peptetafieprl -cells.
In initial studies our laboratory used a T-lineage specific promoter to express
transgenic mice a chimeric receptor that included the immunodominant epitope iof myel
basic protein (MBP) in SJL mice linked to its restricting’MHC and the signaling
domain of TCRE. MBP-specific T-lymphocytes stimulated these transgenic RMTC,
inducing effector functions, such as cytokine secretion, proliferation, and/orsigtofy
target cells. CD8 T helper 2, or CDAD25 transgenic RMTC showed therapeutic
activity in EAE, even after the dissemination of T cell responses through egpjimgze
(55). These data supported the application of RMTC immunotherapy in autoimmune
diseases.

| have examined whether RMTC carrying humanized CRs can be similarly
redirected against autoantigen-specific T lymphocytes. These humartsadere
engineered by genetically linking autoantigenic peptide, MHC, and J GRather
signaling domains. The MHC-Ag serves as bait that specifically necegythe TCR of
autoantigen-specific T lymphocytes. Cognate TCR recognition of the dkifac®HC-
Ag crosslinks the chimeric receptor, activating the RMTC through the receptor’

signaling domains.
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Linkage analyses have associated HLA-DR2 (DRA*01/DRB1*1501) in patients
of European descent with susceptibility to MS. Additionally, reactivity joegific
epitope, MBP84-102, restricted to this HLA has been well characterizetientgavith
MS (86). In this study we took advantage of this established association to design two
chimeric receptors specific for DR2-restricted, MBP84-102-spetitiells. Each
heterodimeric receptor includes an extracellular and transmembranendmmgarised of
HLA DRA*0101/DRB1*1501 with genetically linked MBP84-102 peptide. One receptor
pair incorporates the cytoplasmic ITAM-rich domain of TCBr both thex andp
chains (MBP-DRZ). The second receptor pair lacks these signaling chains (MBP-
DR?2), allowing us to define the role of receptor signaling in therapeutic cetidonc
which we were unable to do with the transgenic cells in our previous mouse model. The
receptors were placed in an MSCV-based retroviral vector to allow us tondeter
whether adoptively transferred T-lymphocytes retrovirally transducedhettri-
cistronic @, p receptor, GFP) chimeric constructs are functional, able to re-directaff
activity, and capable of modulating autoimmune disease in a humanized model system
In this chapter, | describe our efforts to create humanized chimermoezand
validate them through in vitro studies of the therapeutic cells’ effectotiediliThe
receptors were transduced into two types of effector cells, immodali2&CD4CD8
4G4 T-cell hybridoma and primary CD8 lymphocytes. The activity of the receptors
against cognate MBP84-102/DR2-specific T-cells was tested using itiNéBP84-
102-specific Ob1A12 T-cell hybridoma (or Ob hybridoma), a T-cell clone defreen a
patient with relapsing-remitting multipgelerosis, or T-cells from mice made transgenic

with rearranged TCR derived from the Ob hybridoma, Ob Tg mice (87). These Ob Tg
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mice were bred with another strain that constitutively expresses human B&AOsiyeg
the human DR2 promoter (Fug 5 mice) (88). As a negative control for our in vitro studies
we used 6F11 T cell cell hybridoma specific for MBP89-101 epitope (sameBiR BK¥}

102) restricted by I-A

4.2 Materials and methods

4.2.1 Design of humanized MBP-DR2€onstruct

The MBP-DR2E construct contains two polypeptides. The first one includes the
extracellular and transmembrane domains of the human MHC class Il beta chai
DRB1*1501 linked to the human MBP peptide epitope 84-102 angldimplasmic
domain of the TCR. This was then linked to the human MHC class Il alpha chain
DRA*0101 paired with th& cytoplasmic tail of TCR. The alpha and beta chains were
connected by a small amino acid sequence extracted from the Thosea aag)(iEaw).
We cloned the two genes in a single open reading frame by eliminatingphsodon at
the end of the firgf tail. The 2A sequence allows for polycistronic message formation.
As the mRNA is translated, the ribosome pauses at the 2A sequence and cleldlves the
terminal peptide from the nascent protein product. The ribosome does not release the
MRNA however, and continues to synthesize the C-terminal polypeptide. Following
cleavage, the 2A peptide remains attached to the C-terminus of the fesiTgen
advantage of this bicistronic system using 2A sequences is the same amaont of t
distinct proteinsg andp chains of the chimeric construct, is produced (89). Internal

ribosomal entry sites (IRES) can also be added to mRNA to permit for padyetst
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message production, however, variable translational efficiencies are obsenaetid 5’
MRNA cap and the IRES, leading to non-stoichiometric protein production. This
synthetic heterodimeric gene was subcloned into the murine stem cells vB@3/{M
retroviral expression vector that contains an IRES-linked green fluoresogginpr
(GFP) for an easy identification of the gene by fluorescence aadicatl sorting (FACS)

analysis.

4.2.1.1 Generation of leader sequence

We started by extracting total RNA from MGAR cell lines using Riyea
procedure (Qiagen, Valencia, CA). MGAR cells are Epstein-Barr virus (EBV)
transformed B cells that express DRA*0101/DRB1*1501. We used the following
protocol:

10x10 MGAR cells were counted and spun for 5 minutes in a centrifuge tube.
The supernatant was discarded and @d¢sis buffer RTL (Quiagen) containing 10
ul/ml 2-mercaptoethanol was added to the pellet which was then resuspended by
vortexing. The disrupted cells were then homogenized by pipetting the |lysatydir
onto a QlAshredder column followed by a 2 minute-centrifugation in a microceyetraiu
maximum speed and collection of the homogenized lysate. One volumgl @G 0%
ethanol was added to the homogenized lysate, mixed, applied to an RNeasy minispin
column carried by a 2-ml collection tube, and centrifuged for 15 seconds at 8000 x g.
This step was repeated until the whole volume was used and the flow-through was
discarded every time. 7Q0 buffer RW1 (Quiagen) was added to the column and

centrifuged again like above, followed by transfer of the column onto a new anilecti
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tube and addition of 500 buffer RPE (Quiagen) and another step of centrifugation. We
repeated this step twice. The column was ultimately transferred againwocaltextion
tube and 3Qu of RNase-free water was added to the RNeasy membrane to elute RNA.
We obtained 194g/ml total RNA that was stored at -80°C.

After RNA extraction, we performed reverse transcription polymeizsa c
reaction (RT-PCR) using the standard Omniscript protocol (Qiagen)dgbtstrand
complementary DNA (cDNA) synthesis as follows:

Tube 1: 1Qul mix containing 2ul RNA (thawed on ice) and @ RNase-free
water was heated at 65°C for 5 minutes.

Tube 2: 1Qul mix of oligo d(T) primer (12 nucleotides) at a final concentration of
1 uM, 10x RT buffer, dNTP mix, Ll RNasine, RT enzyme, and water.

Tube 2 mix was added to tube 1 mix and kept for an hour at 37°C. The single-
stranded cDNA obtained can be kept at -20°C or PCR for the genes of interest using
specific primers can ensue.

Exon 1 from HLA-DRB1 encodes the leader peptide (GenBank Accession # NM
002124; accessed on April 3, 2003). A Kozak sequence for initiation of translation in
vertebrates (90) was introduced by PCR and the whole piece was flanked byakBdoRI
Nhel restriction sites. The set of primers used for this reaction was:

Primer 1: 5-GATCAGAATTCGCCACCATGGTGTGTCTGAAGCTCCCTGG
‘ EcoR H Kozak\

Primer 2: 3-TTCATCGCTAGCCAAAGCCAGTGGGGAGCTCAGCAC
Nhel

We set up a PCR using MGAR cDNA and this set of primers as follows11100
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reaction mix containing gl cDNA, 10l buffer and magnesium chloride (Mg{;12 ul
dNTPs, 2ul primer 1, 2ul primer 2 (at a concentration of 25 pmd)/ 0.5l high fidelity
Taqg polymerase and 81Lubwater was submitted to 35 cycles of amplification using the
following set-up:

First cycle of amplification: denaturation 5 minutes at 94°C, annealing 2 minute
at 55°C, extension 3 minutes at 72°C. 34 subsequent cycles followed using a gradient for
the annealing step, starting at 65°C and subtracting 0.2°C each cycleneatthied
55°C. We checked the size of the leader sequence on a 1% agarose gel and we obtained
the expected size of 101 base pairs (bp). The PCR product was submitted for sequencing
in a tube of 12 total mix containing Jul of DNA, 1 ul of each primer, forward (primer
1) and reverse (primer 2) at 3.2 pmol, and water at the Hartwell Center, St. Jude
Children's Research Hospital.

Once the product was proven correct, we used the two enzymes, EcoRI and Nhel,
to digest the leader sequence, gel purify it, and subclone it into pBluescriptl (&S

(+) vector (Stratagene, La Jolla, CA) digested with the same enzymes.

4.2.1.2 Generation of MBP peptide sequence

NCBI nucleotide search found the sequence for Homo sapiens MBP (GenBank
Accession # NM 002385; accessed on April 30, 2003).The MBP epitope 84-102
(DENPVVHFFKNIVTPRTPP) was synthesized as oligonucleotides by tinsviela
Center at St. Jude Children's Research Hospital, Memphis, TN. The oligordedeoti
used have the following sequence:

Forward primer: 5-CTAGCGATGAAAACCCCGTAGTCCACTTCTTCAAGA
Nhel
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Reverse primer: 3-GATCCGCCTGACCCTCCGCCACCGGACCCGCCACCC
BamHI
GGTGGTGTGCGAGGCGTCACAATGTTCTTGAAGAAGTGGACTACGGGTTTT
ATCG
These two oligos were mixed in a 1:1 ratio, annealed at 94°C, cooled down at

room temperature, and ligated it together with EcoRI/Nhel-digested lesglegrse into
pBS Il KS vector using T4 DNA ligase (New England BioLabs, Ipswich, MA). This
time, the vector was digested with EcoRI (that the leader sequence has 3 aitd for
BamHI (present at the end of the peptide sequence or beginning of the beta chain). We
ended up with the following piece of 185 bp that we sequenced and confirmed to be

correct:

_EcoRIl | |eader | hmBP84-102| BamHI

T

Nhel

4.2.1.3 Generation of HLA-DRB1*1501

NCBI nucleotide search found the sequence for Homo sapiens HLA-DRB1
(GenBank Accession NM_002124 on May 5, 2003) mRNA with exons 2 and 3 coding
for the extracellular domains. We amplified the cDNA obtained as previouslyilukss
(4.2.1.1) with the following set of primers, adding two restriction sites, BaméiAatll:

Forward primer: 5-TCAGGCGGATCCGGGGACACCCGACCACGTTTCTTG
BamHI
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Reverse primer: 3-TCTTGACGTCTGATTCCTGAAGTAGATGAACAGGT

Aatll

PCR amplification yielded a 682 bp produste subcloned this gene into pBS I

vector digested with BamHI/Aatll, sequenced this, and confirmed the cospetrsce.

4.2.1.4 Generation of thHechain

NCBI nucleotide search found the sequence for Homo sapiens (Ge8Bank
Accession NM_000734 on May 1, 2003)) mRNA. cDNA was provided by courtesy of
Dr. Dario Campana, St. Jude Children's Research Hospital, Memphis, TN andeamplif
by PCR to obtain the cytoplasmic tail flanked by Aatll and Apal resindites using
the following set of primers:

Forward primer: 5’-AATCAGACGTCAAGAGTGAAGTTCAGCAGGAGCGCA

Aat Il

Reverse primer: 3-GCCATGGGCCCGGGATTTTCCTCCACGTCCCCATAT
Apa |
AGAAGACTTCCCCTGCCCTCGGCTCTGCGAGGGGGCAGGGCCTGCATGTBA
G
The reverse primer also included the reversed 2A sequence (discusséd below
which was synthesized as part of the oligonucleotide. Similar to the other genesathe z
2A gene was also sequenced, confirmed correct, and subcloned into pBS Il vector. The

product was 396 bp.
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4.2.1.5 The 2A sequence

Thosea asigna virus (TaV) is a member of the Tetraviridae family comprised of
single-stranded RNA picornavirus whose polyproteins undergo co-translaticans gde
to produce several proteins (P1, P2, P3). The 2A sequence is a proteinase that cleaves at
its own amino terminus generating two protein products, P1 and P2. The 2A sequence
was previously used in retroviral vectors as an alternative system to dRje8drate a
polycistronic message (91). In the MBP-DRand MBP-DR2 constructs the 2A
sequence is flanked layandp chimeric receptor chains forming a unique open reading
frame. The cleavage of the polyprotein product occurs at the C-terminus end of the 2A
sequence, leaving it fused to the upstr@achain protein which is otherwise released
intact. The amino acid sequence of the 2A was:

5-RAEGRGSLLTCGDVEENPGP-3

We ligated thg chain gene to zeta-2A and subcloned them into pBS Il vector
digested with BamHI and Apa I. We ended up with the following piece of 1078 bp that

was confirmed correct by sequencing:

BamHlI

Beta chain Zeta2A | Apal_

T

Aatll

4.2.1.6 Generation of HLA-DRA*0101

NCBI nucleotide search found the sequence for Homo sapiens HLA-DRA

(GenBank Accession NM_019111 on May 5, 2003) mRNA with exons 2 and 3 coding
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for the extracellular domains and exon 4 codinghertransmembrane domain and the
cytoplasmic tail. cDNA produced from MGAR cellsd@escribed at 4.2.1.1 was used to
isolated the DRA fragment. The extracellular amsh$membrane domains of interest
were flanked by Apal and Aatll restriction site$i€lfollowing set of primers was used
for amplification of the two domains:

Forward primer: 5’-AATCCCGGGCCCATGGCCATAAGTGGAGT@IGTG

Apal

Reverse primer: 3-CTCTTGACGTCAATCCCTTGATGATGAAGAIGTCCCAA

Aatll

PCR amplification yielded a 736 bp produlthis gene was subcloned into pBS Il
vector digested with the two enzymes after sequenand checking for the correct

sequence.

4.2.1.7 Generation of syntheticail

Two zeta tails were required for the MBP-DRR2enstruct, one linked to the
chain, the second linked to tAe For thef chain, native& sequence was used. For the
chain, we chose to redesign th&il by keeping the same amino acid sequence but
changing the codons that determine each amino &kid.was to ensure that
rearrangement between the tivohains would not occur during the production of
retrovirus. Syntheti¢ was engineered as two sets of large oligos, anghéofirst half of
the construct and the second one for the resteo€ohnstruct. The 3’ end of the first set
and the 5’ end of the second set, respectively aastl restriction site. The two sets are

as follows:
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Set 1 - Forward primer: 5-GGAGCGGATCCGACGTCCGCGTAATTTTCTCG
BamHI Aatll

TTCAGCTGATGCACCAGCTTATCAACAAGGACAAAATCAACTATACAATGAA
CTGAACCTTGGTAGGCGTGAAGAATATGAC

Reverse primer: 3-TTTGTCCTTCTGCAGCTCGTTATAAAGTCCCTTGTGGA

Pstl

TTTTTTGCGACGTGGTTTACCTCCCATTTCTGGATCTCTTCCTCTACGTIWAT
CTAG TACGTCATATTCTTCACGCCT

Set 2 — Forward primer: 5’-AACGAGCTGCAGAAGGACAAAATGCAGAAGCA

Pstl

TATTCAGAAATCGGAATGAAGGGAGAAAGAAGACGAGGTAAAGGCCATGAC
GGATTATAT

Reverse primer: 3-GACTACTCGAGTTATTACCTTGGAGGTAATGO GCATA

Xhol
TGTAAAGCATCATAAGTATCTTTTGTAGCCGTTGATAATCCTTGATATAACCG
TCATGGCC
The two sets of primers were annealed and maddeistranded using one PCR

cycle (4 minutes denaturation at 94°C, 1 minutesating at 55°C, 3 minutes extension at
72°C) and high fidelity Tag polymerase, followedgyrification and digestion with the
two sets of enzymes, BamHI — Pstl and Pstl — Xbotlie second one. The two pieces of
the syntheti€ gene were then subcloned into pBS Il vector degestith BamHI and
Xhol. The product was 354 bp long.

This synthetic gene was then ligated together thigtw. chain and subcloned
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again into pBS Il vector digested with Apal and Xh&e ended up with a gene of 1090

bp shown below that was confirmed correct by seguen

~_Apal | Apha chain Synthetic zeta Xhol

T

Aatll

4.2.1.8 Ligation into the final construct

We have avoided the inconvenience of cloning shegeof different sizes into a
considerably large vector such as MSCV (6.825 Kb3ubcloning two genes at a time
into a smaller vector, pBS Il KS (+) of only 3 KlWe ended up with three pieces of the
final product: leader-MBP, beta2A, and alpha-syntheticof 185, 1078, and 1090 bp,
respectively. We then subcloned the leader-MBPthadbeta-zeta-2A into pBS Il. This

step yielded the following clone of 1263 bp, shdvetow:

_EcoRI | |eader | hMBP84-102| Beta chain Zeta2A | Apal

1

Nhel BamHI Aatll

We digested this new gene with EcoRI/Apal andrieskit along with the alpha-
synthetic{ one digested with Apal/Xhol into MSCYV retroviratator cut with
EcoRI/Xhol that includes an IRES linked to GFP. THwle leader-MBRB-{-2A-0-

synthetic construct was 2.352 Kb.
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4.2.2 Design of humanized tailless MBP-DR2 constiruc
This signaling deficient construct was producedmter to clarify the role of CR

signaling for RMTC function.

4.2.2.1 Generation of leader-MBP peptide

We used the same leader-MBP peptide gene thateveopsly used for the tail-
bearing construct restricted by the same sitesREand BamHI (see 4.2.1.1 and

4.2.1.2).

4.2.2.2 Generation of HLA-DRB1*1501

We amplified the cDNA with the following set ofiprers, adding the same
BamHI as for the previous construct, but changhregsecond site to an Apal. The
reverse primer was a large oligonucleotide thai etmtained the 2A sequence in a
manner analogous to how we added 2A td tblain in the MBP-DRZ-construct:

Forward primer: 5-TCAGGCGGATCCGGGGACACCCGACCACGTITTTG

BamHl

Reverse primer: 3-GCCATGGGCCCGGGATTTTCCTCCACGTCCRCATGTT

Apa |

AGAAGACTTCCCCTGCCCTCGGCTCTGCGAGGGGGCAGGGCCTGCATGTAA
G
Similar to the other genes, the beta 2A gene gassequenced and subcloned

into pBS 1l vector.

65



4.2.2.3 Generation of HLA-DRA*0101

We amplified the cDNA with the following set of prers, adding an Apal
restriction site to link it to the HLA-DRB1*1501 netruct, but also an Xhol at the
terminus to link it to the MSCYV vector since we @rad the synthetic zeta gene.

Forward primer: 5-AATCCCGGGCCCATGGCCATAAGTGGAGT@IGTG

Apal
Reverse primer: 3-TACTACTCGAGTTATTACAGAGGCCCCCT@&ITCTGC

Xhol

This gene was subcloned into pBS Il vector sequktweonfirm it.

4.2.2.4 Ligation into the final construct

Similar to the MBP-DRZ2: construct, we chose to subclone leader-MBP wigh th
beta 2A gene first to circumvent possible cloniif§allties that might occur in a four-
way ligation. The new product, leader-MBP-beta 2Aown below — 742 bp) was

subcloned into the pBS Il vector.

_ECORI  |eader | hMBP84-102| § chain-2AAPal

I

Nhel BamHI

This new gene was then digested with EcoRI and Apédlthen cloned into the
final vector, MSCV-IRES-GFP, along with the Apal/kcut alpha gene of 736 bp,

yielding a product of 1.8 Kb.
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4.2.3 Generation of retrovirus-producing cell lines

Retroviruses are small oncoviruses with an outgel®pe and an inner core
containing negative double-stranded RNA respongdslgenetic information. Since
retroviruses can infect living cells and insert DiNo the genome, they have been
converted into gene delivery systems and are altl@absduce a wide variety of cell
types from different species. For safety reasdresretrovirus must be able to infect
target cells but not replicate. This has been aptished by replacing the coding region
that gives rise to essential viral proteins witd gene of interest to be transferred. This
replication-defective virus cannot make the prateiseded for subsequent rounds of
replication, but the retrovirus can still enteroitihe cells and integrate the viral genome
in the DNA of the cell. To produce recombinanteeiruses, the env, gag, and pol
proteins (still needed for production of new virasg¢ provided in trans by separate

constructs transfected into retroviral packagintsce

4.2.3.1 Generation of MBP-DR2and MBP-DR2 retroviruses

In order to generate the two retroviral ecotropcters we used two helper
plasmids encoding encoding the gag-pol and enep®{pEQ.PAM-E and pVSVg) and
a plasmid containing the MSCYV retroviral vectorluting the CR constructs. We used
293 T cells as packaging cells for an initial tianstransfection. The virus supernatant
produced by these cells was then used to infectE8B€ells, which were maintained as
stable viral producers and from which retrovirueduto transfect T-cells was harvested.
We followed the following protocol (75):

Materials:
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293 T cells and GP+E86 cells
Dulbecco’s modified Eagle’s medium (DMEM) supplerreshwith 10% fetal calf serum
(FCS) and penicillin-streptomycin-glutamine (PS@j 1
pPEQ.PAM-E plasmid
pVSVg plasmid
MBP-DR2{/MBP-DR2 plasmid
Calcium chloride CaGI2.5M
2X Hepes Phosphate Buffered Saline (HPBS) pH 7.12
Method:

24-hours prior to transfection, 2X21@r 4x10 the day of transfection) 293 T cells
were plated on a 10 ml tissue-culture treated [eth. On the day of transfection, four
hours prior to the procedure, the medium was chémgeh fresh complete DMEM. At
the time of transfection, cells were approximai#@yo confluent. DNA mix was prepared
using 4ug pEQ.PAM-E and g pVSVg and g¢g MBP-DR2{/MBP-DR2 plasmid, 50
ul 2.5M CaC} and adjusted to 50d with distilled water at room temperature (RT).igh
mix was then added to 50 HPBS dropwise while vortexing and incubated 1 uénat
RT. The whole mixture was added onto 293 T celtsianubated for 16 hours at 37°C.
The next day the plates were washed with prewaphedphate buffered saline (PBS)
twice and new complete DMEM was added. 3xG®+E86 cells were plated in a 10 ml
dish. 24-hours later, the medium from 293T cells weplaced, spun at 3000 rotations per
minute (RPM) for 5 minutes in a centifuge with noamd then the supernatant was used
to infect GP+E86 cells twice a day, addinggdml polybrene to facilitate binding and

entry of the retrovirus. The GP+E86 cell line wasdito produce retroviral supernatant
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which was then used to transduce 4G4 T cell hybmamland activated primary murine T-
cells. It is recommendable that the GP+E86 cellsd®en in freezing mix (EHAA
medium with 20% heat inactivated FCS and 10% digiatifoxide (DMSO) and kept at
-80°C as soon as the transfection has been finiSiade they are stably transfected with
retrovirus, they can be thawed out and frozen aguailtiple times. After thawing,
GP+E86 cells were washed once in HBSS medium atdgbnto large or medium
tissue culture-treated flasks. Retroviral supemtatas collected daily and the medium

was replaced until the cells were completely caarftu

4.2.3.2 Retroviral transduction of 4G4 T-cell hglmina

GP+E86 cells previously transfected with either MBR2-{ CR (GP+E86-MBP-
DR2<) or MBP-DR2 CR (GP+E86-MBP-DR2) were thawed oatrthe liquid nitrogen
tank, washed once with 1x Hanks’ balanced saltsoi{HBSS, Gibco, Carlsbad, CA),
and cultured in 75 or 150 ml culture-treated flankisal supernatant was collected at 24
hours and spun at 3000 rpm for 5 minutes. 4x®4 T-cell hybridoma were added per
well in a 6-well plate and 2 mls of retroviral supatant and &g/ml polybrene were
added, and the cells were spun at1800 rpm for 9@Qites in a centrifuge with rotor. The

procedure was repeated twice for a better yiel@E#® cells.

4.2.3.3. Flow cytometry of retrovirally-transduceslls

To check for HLA class Il expression, transduc€édi £ells were resuspended in
FACS buffer (PBS witi% BSA and 0.1% sodium azide (Nal$igma) and incubated

30 min on ice with primary phycoerythrin-conjugat{&E) anti-human HLA-DR
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antibody (Becton Dickinson, Franklin Lakes, NJjhe concentratiorecommended by
the supplier. The cells were then washed and reswlgal ifFACS buffer and analyzed
using a FACSCalibur (BD Biosciences) and CellQueftware. CR-transduced
hybridoma were then flow cytometric sorted for GBR a MoFlo high-speed cell sorter
(DakoCytomation) (courtesy of Dr. Richard CrossDP8t. Jude Children's Research

Hospital).

4.2.3.4 Retroviral transduction of primary murinedlls

Lymph nodes and spleen from C57BL/6 mice or QWide (transgenic for CO8
cells) were harvested and processed into a simjjlswspension by crushing through a
40-um nylon filter. Red blood cells were lysed with Gegolution (7.0 g/l NHCI, 0.37
g/l KCI, 0.3 g/l NaHP(O,.12H,0, 0.024 g/l KHPO,, 1.0 g/l glucosel 0.0 mg/l phenol
red, 8.4 mg/l MgGl.6H,O, 7.0 mg/l MgSQ.7H,0,6.8 mg/l CaC] and 45 mg/l NaHC¢)
and the lymphocytes were cultured in 6-well plated stimulated with @g/ml purified
mouse anti-CD8and 2ug/ml anti-CD28 antibodies (Pharmingen, San Diegh) @ 2
ug/ml Concanavalin A (ConA) overnight. After 24 af@l hours, the media was carefully
removed and 2 mis/well of viral supernatant waseddalong with §g/ml polybrene and
sorted for GFP expression by flow cytometry. GEBlls were re-fed and split into 6-
well plates when they reached a high density. Tese also sorted for GFRnd on day
10-12, the cells were restimulated with@ml ConA and irradiated (4,000 rad)

syngeneic splenocytes.
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4.2.4 Ob and 6F11 target hybridoma cell lines

4.2.4.1 Stimulation of Ob hybridoma with hMBP84-liidhtide

10° Ob and 6F11 cells were incubated overnight witlr fifferent
concentrations of purified hMBP84-102 peptide @6avell round-bottom plate in
complete Bruff medium (EHAA or Click's medium erned with 10% FCS, 1%
Penicillin-Streptomycin-Glutamine (PSG), and 4l2-mercaptoethanol per 1,000 ml
medium). Irradiated (20, 000 rad) MGAR cells wesedias antigen presenting cells. 24-
hours later, 6@l of supernatant was removed and submitted for #e@etion analysis

by Multiplex (Bio-Rad, Hercules, CA).

4.2.4.2 Stimulation of Ob hybridoma with mouse dmtman\B2 antibody

A 96-well flat bottom plate was coated with @g/ml purified rat anti-mouse 1gG
(Jackson Immunoresearch Laboratories, Inc., West&sPA) and incubated at 4°C
overnight. 24-hours later, the plate was washegettimes with HBSS solution and
coated with 5qug/ml mouse anti-human TCRBZ monoclonal antibody (Immunotech,
Warrenale, PA) either overnight at 4°C or for twauts at 37°C. The plate was washed
again and 100b or 6F11 cells were added. 24-hours lateul@f supernatant was

removed and submitted for IL-2 secretion.
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4.2.5 Stimulation of TCR/DR2 T lymphocytes

4.2.5.1 Stimulation of TCR/DR2 T lymphocytes witklBP84-102 peptide

5x10 cells from lymph nodes or splenocytes of doublaggenic micevere
cultured in 96-well flat-bottom plates withaattigenic peptide or with peptide in
different concentrations and irradiated splenocfi@® humanized DR2 transgenic mice
(denoted as Fugb). After 72 hours of culture, thlésavere pulsed with 1 pCi of
[*H]thymidine and harvested on filtermats16 hoursrlaAll samples were analyzed in

triplicates.

4.2.5.2 Stimulation of TCR/DR2 T lymphocytes with&=MBP-DR2 cells

2x1@ T-cells from lymph nodes or splenocytes of transgenice were
stimulated with 4x1Birradiated (20,000 rad) EL4-MBP-DR2 antigen-preisencells
(EL4 thymoma cells transduced with the tailless MBR2 construct) and the same
number of irradiated feeders. The cells were growsomplete Bruff medium with
10 U/ml recombinant IL-2 and split every other d&fe have also used this procedure to
build an antigen-specific cell line by re-stimutegithem in the same conditions on day

ten, using Con A as a mitogen.

4.2.6 Stimulation of RMTC with HLA-DRB antibody
The plate-bound antibody stimulation was set ugessribed at 4.2.4.2. Briefly,
transduced 4G4 RMTC were stimulated with threesddiht concentrations of plate-

bound mouse anti-human HLA-DR2 antibody or confyart anti-mouse IgG. 24-hours
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later, 60ul of supernatant was removed and submitted for He@etion analysis by

Multiplex.

4.2.7 1L-2 secretion by RMTC in response to recadgm of Ob hybridoma

5x10 4G4 hybridoma transduced with MSCV and MBP-DR&ere cocultured
in three different ratios with Ob or 6F11 targebhgloma in a 96-well round bottom
plate for 8 hours. The cells were spun, the medua® replaced, and Brefeldin A (BFA,
Epicentre Technologies) was added for 6 hours ‘& and 5-10% C@ The cells were
spun again at 4°C and then washed with stainindgpwaffer (SWB; 1x PBS, 2% FBS,
0.1% NaN) and BFA 1@g/ml. The primary surface antibody (mouse anti-haivip2
PE-conjugated) diluted in SWB+BFA was added andothge was then incubated on ice
for 20 minutes, then washed with PBS+BFA twice eeglispended in the same mix. The
cells were then fixed with 2% formaldehyde in PBS20 minutes at RT, washed and
incubated in permeabilization buffer (SWB + 0.5%aan) for 10 minutes at RT. The
cells were then incubated with the APC (Allophycaaipn)-conjugated rat anti-mouse IL-
2 monoclonal antibody (Becton Dickinson) for 30 otes on ice, followed by a wash
with PBS, and resuspension in SWB. Flow cytometnalysis was performed after
gating on the double positive, AP®n FL4 axis)/GFP(on FL1 axis) cells or
alternately, on APC(on FL4 axis)/\B2" (on FL2 axis) cells. This way we can identify
the cells that secrete IL-2 (featured by APC stajhby gating on either FL1/FL4 (GFP

cells secreting IL-2) or FL2/FL4 (Ob hybridoma ssorg IL-2).
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4.2.8 IFN- secretion by RMTC in response to recognition of @ybridoma

5x10F Ob hMBP84-102-specific hybridoma or 6F11 contedlswere cocultured
with RMTC transduced with MSCV, MBP-DRZ-and MBP-DR2 chimeric receptors for
24 hours. 6Qu of supernatant was then removed and submittedyfimkine secretion

analysis by Multiplex.

4.2.9 Proliferation of RMTC in response to stimulah by Ob hybridoma

5x10' GFP'-sortedCD8'-transduced RMTC cells were incubated with différen
ratios of irradiated Ob or 6F11 hybridoma and syregefeeders on a 96-flat bottom
plate. After 72 hours, the cells were pulsed wijiil[*H] thymidine and harvested after
16 hours. Proliferation was measured by liquid titation counting of incorporatedHi]

thymidine. The samples were analyzed in duplicatebplotted as mean + 1 stdev.

4.2.10Cytolysis of target cells by RMTC

4.2.10.1 Cytolysis of Ob target hybridoma by RMT&Saved by radioactive chromium

(Cr) release

4x1@ Ob hybridoma specific for human MBP84-102 peptidéF11 control
hybridoma specific for MBP89-101 were incubatedw@00uCi >'Cr for 30 minutes at
37°C with intermittent shaking. After half an hothre cells were washed three times with
PBS saline solution and cocultured in differeneefr to target ratios with CD&RMTC
transduced with MBP-DR2- MBP-DR2, or MSCV vector for 4 hours on a 96-well

round bottom plate. All cell combinations were gptas triplicates. Target cells in
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medium only were also set for controls. Labeledganic targets are recognized and
lysed by RMTC, releasing radioactivity into the supatant. 2@ TritonX (Sigma-
Aldrich, St Louis, MO) was added t&Cr-labeled Ob hybridoma (control wells) and
served as a positive control for maximal releasedioactive Cr. Spontaneous lysis
(control®*Cr) was estimated by the release of radioactiveyGdb hybridoma alone.

After incubation at 37°C, the plate was centrifiigeid 10QuL supernatant was
harvested and counted. We used the formula bel@altnlate the percent of specific
cytolysis from the release ofCr:

(Experimentaf’Cr — controP*Cr)/(maximal*’Cr — controP'Cr) x100

4.2.10.2 In vitro cytolysis of primary MBP-DR2-sjifc cells by RMTC

10° T-cells/well from TCRXDR2 double transgenic (DT&)TCRxDR2xhCD4
triple transgenic (TTG) mice were cocultured with& RMTC at different ratios
overnight in a 96-well round bottom plate. The néay, the plate was centrifuged and
cells were double stained with the mouse anti-huxféh 1 antibody (PE) and rat anti-
mouse CDZor CD§ antibody (APC). After 30 minutes incubation on, itee cells were
washed and resuspended in SWB. In order to findheuabsolute number of target cells
left after overnight cytolysis, we used TruCOUNBagand added TruCount high
control fluorescent beads (BD Bioscience, San JoAg at a final concentration of 2000
beads/sample. These beads were used as markeiaémigge that equal fractions of each
sample were enumerated, thus allowing quantitaireparison of the number of events
and eliminating the variability between samplese @bsolute number of cells in the

sample can be determined by normalizing to the rmurabacquired beads.
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FACSCalibuf™ was used with forward (FCS) and side scatter (38€in a logarithmic
mode. TruCount beads were gated in a FCS/SSC midoaaalysis was stopped when 500
beads were counted. We then ran the sample tublesnatyzed the double positive

hVB2.1"CD4" or hVB2.1'CD8’ cells after gating and counting 500 beads.

4.2.10.3 In vitro cytolysis of primary MBP-DR2-spfec T-cells by RMTC detected by

stimulation with EL4-MBP-DR2 cells

This experiment was set up similarly to 4.2.10.8liké the previous experiment,
we chose not to directly analyze the residual @tk the overnight coculture of the two
cell types, but instead we added 2XE04-MBP-DR2 antigen-presenting cells or control
EL4 cells at the time of the culture, for five dag day five we stained each well with
mouse anti-humanp2.1 and rat anti-mouse CDdnd CD$ antibodies and analyzed the

residual double positive cell counts by quantifiow cytometry.

4.2.10.4 Cytolysis of target DTG cell lines by RMTC

10° double or triple transgenic cell lines (obtainediascribed in 4.2.5.2) were
cocultured with MSCYV retroviral vector control, MEBPR2<, or MBP-DR2 RMTC in a
96-well round bottom plate for six hours at foulfelent ratios. After 6 hours, we stained
the cells as described in 4.2.10.2 and evaluatduimber of residual Ip2.1'CD4" and

hVB2.1'CD8" cells by quantitative FACS.
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4.3 Results

4.3.1 Design of chimeric receptors

In order to specifically target pathologic, hMBPesflic T lymphocytes, we
engineered two chimeric receptors: MPB-DR&rd MBP-DR2. The first CR included
the extracellular and transmembrane domains dfitinean MHC class Il beta chain
DRB1*1501 linked to the human MBP peptide epitogel®2 and thé cytoplasmic
domain of the TCR. A 2A sequence from TaV connethegipart of the construct with
the human MHC class Il alpha chain DRA*0101 paingtth the{ cytoplasmic tail of
TCR. The whole gene was subcloned in MSCV retrbexaression vector that contains
an IRES site and the GFP gene (Figure 4-1). Inllphree designed a tail-deficient CR

that lacked any signaling moiety from the TCR (Fegd-2).

4.3.2. Transfection of CRs into transient and perment viral-producing cell lines
Transfection of both retroviruses had a good yieldoth 293T and GP+E86 cells
(Figures 4-3 and 4-4). The latter cell line wasduseproduce retroviral supernatant

which was then used to transduce 4G4 T-cell hylm@land activated murine T-cells.

4.3.3 Transduction of 4G4 T-cell hybridoma and pramy murine T-cells
Transduction of both 4G4 T-cell hybridoma and @uynmurine T-cells had a

good yield, although we noticed a difference betwtbe efficiency of transduction in

4G4 hybridoma and primary T lymphocytes. 4G4 aefiasduced with thé-bearing C

showed an equivalent surface expression of the@teceompared to thedeficient CR,
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Figure 4-1. MSCVII-GFP-MBP-DR2-{ construct. The immunodominant epitope of the human myelindpsatein
was genetically linked to the extracellular anchérmembrane domains of MHC clas$ khain chain and human
cytoplasmic TCR chain. This was then paired with the extracellalad transmembrane domains of MHC class |l
chain and another cytoplasmic signaling tail. TAesequence from FMDV was inserted between the PRBdo
chain to provide equal amounts of the bicistronessage.
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Figure 4-2. MSCV II-GFP-MBP-DR2 construct. This construct is similar to MSCV II-GFP-MBP-DR2-
construct (in Figure 4-1) with the exception of theytoplasmic signaling tail.
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Figure 4-3. Transient retroviral transfection in 298T cells 293T cells were transiently
transfected with retrovirus according to the methdthe percentage represents the GFP
cells. FL1 axis shows uncompensated G&#ls. Top center: 293T cells transfected with
MSCV (empty virus). Bottom left: 293T cells transtied with MBP-DR2: construct.
Bottom right: 293T cells transfected with MBP-DRéhstruct.
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Figure 4-4. Retroviral transfection in GP+E86 cellsGP+E86 cells were transfected
with retroviral supernatant from 293T cells accogdio the methods. The percentage
represents the GFRells. FL1 axis shows uncompensated Gé#ls. Top center: GP+E
cells transfected with MSCV (empty virus). BottoeftiGP+E cells transfected with
MBP-DR2< construct. Bottom right: GP+E cells transfectethiiiBP-DR2 construct.
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whereas transduction in murine T lymphocytes shoavedpproximately 30% increase in
the surface expression levels of MBP-DR2 CR congaiiéh MBP-DR2£ (Figures 4-5
and 4-6).

In conclusion, there’s a clear difference betweentransduction efficiency in
hybridoma compared to activated T-cells. Hybridaravery uniform, clonally
expanded cells that would exhibit the same ahiitigarbor a retrovirally-transduced
gene. The intracytoplasmic signaling tail rendaes@R capable of signal transduction
and therefore, primary activated T-cells transduggld the tail-bearing CR will
internalize the surrogate receptor, leading to@ebsed surface expression of the CR.
Removal of the signaling tail restores the surigaression of the CR to almost the same

levels as MSCYV control.

4.3.4 Specificity of Ob hybridoma
Before we proceeded to use Ob hybridoma as taefjdires, we first needed to
ensure their antigenic-specificity by testing thresponse to stimulation with peptide and

the mouse anti-humanp2 antibody.

4.3.4.1 Stimulation of Ob hybridoma with hMBP84-liidhtide

To verify the specificity of Ob hybridoma for hMB®Rg stimulated the cells with
different concentrations of antigenic peptide. Otehybridoma secreted IL-2 in
response to peptide stimulation. The amount of He@reted by the cells was directly
proportional to the amount of antigenic peptidedugestimulate the cells. Control 6F11

hybridoma did not show any response to stimulatith hMBP restricted by HLA-DR2
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Figure 4-5. Expression of HLA-DR2 oG4 T-cell hybridomas transduced with chimeric receptorsMSCV
retroviral vector control;-bearing, and-deficient CRs were transduced into 4G4 TICRybridomas. The efficiency of
transduction is shown by the amount of GFP which represents the surface expresisadriHevehimeric receptors. The
cells were stained with mouse anti-human HLA-DR2 antibody and then analyzed by FfQ&riel: MSCV-transduced
4G4 T cells. Middle panel: MBP-DR2transduced 4G4 T cells. Right panel: MBP-DR2-transduced 4G4 T cells.
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Figure 4-6. Expression of HLA-DR2 orprimary murine CD8" T-cells transduced with chimeric receptorsMSCV
retroviral vector controk-bearing, and-deficient CRs were transduced into primary CD&ells. The efficiency of
transduction is shown by the amount of GFP which represents the surface expresisaftHewehimeric receptors. The cells
were stained with mouse anti-human HLA-DR2 antibody and then analyzed by FACS. LefM&@O¥-transduced T-cells.
Middle panel: MBP-DRZ-transduced T-cells. Right panel: MBP-DR2-transduced T-cells.



(Figure 4-7 upper panel).

4.3.4.2 Stimulation of Ob hybridoma with mouse anti-hunfidh&ntibody

Ob hybridoma are specific for nNMBP84-102 restricted by HLA-DR2 and they
stain for h\2 antibody. Upon stimulation with plate-bound mouse anti-hunfi) @b-
specific, but not 6F11 control cells responded to this stimulation by IL-2 secretion
(Figure 4-7 lower panel).

In conclusion, we hereby proved that Ob hybridoma constitutes a clonal
population of cells specific for hMBP84-102 peptide and they respond stimulation with

either the peptide or the specific Vbeta antibody by proliferation.

4.3.5 Specificity of T lymphocytes from TCR/DR2isgenic mice

4.3.5.1 Stimulation of TCR/DR2 T lymphocytes with hMBP84-102 peptide

To reproduce previously published data, we stimulated T lymphocytes from
double transgenic TCRxDR2 mice with hMBP84-102. We did not obtain consistent
results, and the proliferative response of T-cells proved extremely vandbldifferent
mice and experiments. T-cells removed from the lymph nodes of some of the mice

responded very well to peptide stimulation, while others did not (Figure 4-8).

4.3.5.2 Stimulation of TCR/DR2 T lymphocytes with EL4-MBP-DR2 cells

Considering the results from the previous experiment, we searched for aleernat

ways of stimulating antigen-specific cells from DTG mice. Specificakcause we
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Figure 4-7. Ob cells respond to stimulation by prodcing IL-2. Ob and control 6F11
hybridoma were stimulated with different dilutions of hMBP peptide (upper panel) or
mouse anti-human TCRP2 (lower panel) antibody and secretion of IL-2 was assayed
after 24 hours. Only Ob hMBP-specific cells, but not 6F11 control cells responded to
stimulation by the secretion of IL-2.
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Figure 4-8. Proliferation of TCR/DR2 cells in respase to hMBP peptide.T-cells

from lymph nodes of TCR/DR2 mice were stimulatethvdifferent concentrations of
peptide and 72 hours laten@i [*H] thymidine was added to each well. Proliferatices
measured by liquid scintillation counting. Top figuin this particular experiment, the
transgenic T-cells proliferated robustly in respotts peptide stimulation. Bottom figure:
in this experiment, the transgenic T-cells did mspond to peptide stimulation.
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suspected that the low expression levels of DR2 genB cells from humanized class I
transgenic mice (Fug5) were impeding the propemdation of hMPB-specific cells, we
we tested the use for EL4 thymoma cells transdudtidthe MBP-DR?2 tail-deficient
construct as a stimulus. This way the antigen-$jgemlls would undergo a proper
stimulation, but will not suffer the effects thaettail-bearing CR would provide. We
showed that EL4-MBP-DR2 cells, though not EL4 caltsne, stimulate lymph node or
spleen-derived T-cells from DTG or TTG mice duexpression of hMBP-DR2 (Figure

4-9).

4.3.6 Stimulation of RMTC by HLA-DRB antibody

Since RMTC are transduced with CRs containing tR2 Qene, we wanted to
first test the ability of our CRs to be stimulatedthe specific MHC class Il antibody.
We used 4G4 T cell hybridoma expressing the CRenlypimulation with the plate-
bound mouse anti-human DR2 antibody, only 4G4-MBR2R cells responded by IL-2
secretion. This demonstrates that the chimerigatecéearing the signal transduction
domain is the only one able to transmit a functieignal and that deletion of tiie

cytoplasmic domain impairs this ability (Figure @)1
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Figure 4-9. CD4 and CD8" TCR/DR2 cells respond to stimulation by EL4-MBP-
DR2.CD4' (top panel) and CD8bottom panel) cells from lymph nodes and splexns
TCR/DR2 mice were sorted and stimulated with hM@Ptle, EL4 control, or EL4-
DR2 antigen-presenting cell lines (EL4-MBP-DR2) 7@ hours. Proliferation was
assayed by’H]thymidine incorporation.
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Figure 4-10. Stimulation of RMTC by anti-HLA-DR2 antibody. 4G4 T-cells were
transduced with MBP-DR2- MBP-DR2, and MSCYV control retrovirus and cultured
overnight on an anti-DR2 antibody-coated plateh@drs later, 6@l supernatant was
removed and checked for secretion of IL-2. 4G4-MBR2- cells showed exclusive
secretion of IL-2.
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4.3.7 Specific recognition and stimulation of targeell lines by MBP-DR2-bearing

RMTC

4.3.7.1 Recognition of cognate TCR by RMTC

Having proven that the MBP-DR2RMTC can be specifically stimulated by the
anti-DR2 antibody, we next wanted to test the ghdf the RMTC to specifically
recognize cognate TCR on the surface of Ob targ@idoma and transmit a signal in
response to this recognition. Upon coculture witadiated hMBP84-102/DR2-specific
Ob hybridoma but not control MBP89-101/F-8pecific 6F11 hybridoma, MBP-DR2-
(-transduced 4G4 T-cells secreted IL-2 detectabliédoy cytometry after
intracytoplasmic staining. Although this approadesl not provide information about the
amount of IL-2 secreted, we were neverthelesstalidentify the specific interaction
that yielded this cytokine (Ob hybridoma and 4G4RBR2<£ cells) and the specific
cell type that produced it (4G4-MBP-DR2z:ells). This was an important piece of
information since both the Ob and RMTC cells casdpce IL-2 and it proved that the
RMTC were specifically responding to cognate TCRslation (Figure 4-11).

To analyze similar recognition by CR-transducedchpry CD8 T-cells, we
stimulated the MBP-DR2; MBP-DR2, and MSCV control CTL RMTC with Ob or
6F11 control and quantitated the secretion of {FNybridoma do not produce this
cytokine, whereas primary T-cells do. This shovet the only cell type producing INy-

would be the tail-bearing RMTC (Figure 4-12).
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Figure 4-11. Intracellular IL-2 production by 4G4-MBP-DR2- cells.Ob and 6F11
target cells were cocultured with 4G4-RMTC for &ireand the number of cells
producing IL-2 was assessed by flow cytometry. 46k transduced with thiebearing
chimeric receptor secreted IL-2 in response towgation by Ob specific, but not control
6F11 hybridoma.
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Figure 4-12. IFN+y secretion by MBP-DR2£ RMTC stimulated by Ob hybridoma.
We cocultured target (Ob or 6F11 cells) with RMTit&etor cells at 4 different ratios.
IFN-y was secreted by MBP-DR2€DS8' T-cells (but not MBP-DR2 CD8T-cells or
MSCV retroviral vector control cells) upon recogmit of cognate TCR on Ob, but not
control 6F11 hybridoma.
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4.3.7.2 Proliferation of MBP-DR2-RMTC in response to stimulation with Ob

hybridoma

Irradiated Ob hybridoma were capable of inducingifaration of CD8 MBP-
DR2{ RMTC at all tested ratios of responders to tacgis (Figure 4-13). This
experiment, along with the previous ones, proved RMTC can recognize antigen-
specific T-cells upon cognate TCR-CR interactiod #ms recognition induces the

RMTC effector functions, including cytokine secoetiand proliferation.

4.3.8 Cytolysis of target cells by RMTC
The ultimate goal that the RMTC were designedddhe specific cytolysis of
antigen-specific cells or cell lines. We used tyoes of target cells: Ob or 6F11 control

hybridoma, and naive or activated T-cells from TRR2 transgenic mice.

4.3.8.1 Cytolysis of Ob target hybridoma by RMTC

The cytolytic activity of genetically modified CD®RMTC was evaluated by the
release of'Cr after four hours of coculture of RMTC witfCr-labeled Ob or 6F11
hybridoma. CD8 RMTC bearing thé-chimeric receptor were capable of specifically
killing over 70% of antigen-specific target Ob hyglama, but did not kill 6F11 controls
even at effector:target ratio as low as 1:1 céldslless MBP-DR2 RMTC and MSCV
control T-cells were not able to kill either targiethis shows that RMTC bearing the
CR are able to specifically and efficiently kill iB®84-102/DR2 target Ob hybridoma,
whereas removal of intracytoplasmic signaling trailders RMTC unable to perform

their killing function (Figure 4-14).
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Figure 4-13. Proliferation of CD8 MBP-DR2-{ RMTC in response to Ob

hybridoma. IrradiatedOb or control 6F11 hybridoma were cocultured ifedtdnt ratios
with CD8" RMTC and on day 3>H]thymidine was added and liquid scintillation
counting was performed 24 hours later. At any giragio, Ob hybridoma could only
stimulate the proliferation of MBP-DR2RMTC, but not the tailless CR-transduced T-
cells or MSCV retroviral vector-transduced cells.
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Figure 4-14. Cytolysis of Ob hybridoma by CD8-MBP-DR2-{ RMTC. Ob hMBP-
specific or control 6F11 hybridoma were labeled witbr and cocultured with RMTC
for four hours. Specific cytolysis was calculated basedhwomium release from the
dead target cell§-bearing CR-transduced cells were shown to have an exelasd
potent cytolytic activity against MBP-DR2-specific Ob hgloma, but not control 6F11

cells.
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4.3.8.2 Cytolysis of primary antigen-specific Tisddy RMTC

Based on the ability of RMTC to kill Ob peptide-sifie hybridoma, we
hypothesized that the same RMTC would also dispyaglytic activity against primary
antigen-specific T-cells. The results challengediogothesis: althougirbearing
RMTC did indeed kill Ob hybridoma, they failed avgly killed naive T-cells from
DTG or TTG mice and with very little difference time cytolytic abilities of the MBP-
DR2<, MBP-DR2, and MSCV control transduced RMTC (Figd¢2&5). A possible
explanation would be the fact that, although trsécheal cells were hR2*, this does not
constitute a direct indication of their antigenpesificity. Indeed, published data using
ELISPOT analysis has shown only 0.5% of T-cell§@R/DR2 double transgenic mice
respond to hMBP84-102 (87). Therefore, we foundltarnate approach to avoid
stimulation with peptide by stimulating T-cells fincthese mice with the DR2ntigen-

presenting cell line.

4.3.8.3 Cytolysis of primary antigen-specific Tisadells by RMTC detected by

stimulation with DR2 antigen-presenting cell line

Since primary, naive antigen-specific cells from@animals could not be killed
by RMTC probably due to the low number of h(MBP8£-Kpecific cells, we used a
different approach to detect residual hMBP-spedificells by stimulating target cells
with DR2" antigen-presenting cells (EL4-MBP-DR2) as desdfitzeselectively expand
surviving antigen-specific T-cells. Analysis of icigal target cells on day five of
stimulation with the hMBP-presenting cell line idiéed a significantly lower number of

peptide-specific cells when they were coculturethwiBP-DR2{ RMTC as opposed to
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Figure 4-15. CD8 RMTC show limited cytolysis of naive TCR/DR2 cell§rom

double transgenic (DTG) miceT-cells from TCR/DR2 DTG mice were cocultured with
RMTC in three different ratios overnight. The ndal the cells were stained with anti-
human \B2 and anti-mouse CD4r CD§ antibody. TruCount beads were added for
guantitative assessment of the residual antigeoHgpeells. RTMC were not able to
efficiently kill primary, hMBP-specific T-cells. Uger panel: overnight cytolysis of CD4
DTG cells by RMTC; lower panel: overnight cytolysisCD8 DTG cells by RMTC.
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the number of target cells cocultured with MSCV tcohor tailless RMTC (Figures 4-16
and 4-17)This leads to two conclusions. The first one ig,thg day five after
stimulation, the antigen-specific T-cells would engb clonal expansion, whereas the
non-antigen-specific cell would die. The secondabasion is that the significantly lower
number of residual CD4 and CD8 antigen-specifitsaghen naive target cells were
cocultured with MBP-DRZ:CTL is due to killing by CTL as opposed to expansof
target cells were cocultured with MBP-DR2 or MSGyhtrol CTL.

Surprisingly, both CD4and CDS target cells from TCR/DR2 transgenic animals
showed sustained proliferation in response to ant@stimulation. Human MBP peptide
is presented by HLA class Il, DR2 gene. The faat tiot only CD4 T-cells, but also CD8
T-cells respond to this peptide by proliferatiomiradicts the dogma of immunology that
CD4 T-cells would recognize antigens presentedrolEC class Il molecule, whereas
CD8 T-cells would recognize antigens complexed WHtC class | (92). This accounts
for the coreceptor independence of CR8tigen-specific cells from TCR/DR2

transgenic mice and explains their proliferatiomasponse to peptide stimulation.

4.3.8.4 Cytolysis of target DTG cell lines by RMTC

Knowing that peptide-specific cells from DTG miande expanded with the
DR2" antigen-presenting cell line, we were interestedetermining whether we could
produce hMBP-specific T-cell lines and whetherRMTC could similarly kill these cell
lines. CD4 and CD8 hMBP-specific target cell lines were grown as diésad in
Materials and methods (paragraph 4.2.5.2) and toed with RMTC. Only the CD4

MBP-specific cell line was efficiently killed by MBDR2£ RMTC, whereas none of the
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Figure 4-16. Cytolysis of primary CD4 DTG target cells by RMTC measured by
stimulation of residual MBP-DR2-specific T-cells.T lymphocytes from DTG mice
TCR/DR2 were cocultured with therapeutic cells @GV retroviral control in three
different ratios in the absence or presence of DiR#igen-presenting cell line (EL4-
MBP-DR?2) for five days. At the end of the fifth daiie residual cells were stained with
hVp2 and mCD4 antibodies and quantitative FACS amablysis performed. We found a
considerably lower number of residual Cpeptide-specific cells when these were
cocultured with MBP-DRZ-RMTC as opposed to the MSCV control cells or MBRZD
RTMC.
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Figure 4-17. Cytolysis of primary CD8 DTG target cells by RMTC measured by
stimulation of residual MBP-DR2-specific T-cells.T lymphocytes from DTG mice
TCR/DR2 were cocultured with therapeutic cells or MSCV retroviral comtribiree

different ratios in the absence or presence of DiR#igen-presenting cell line (EL4-
MBP-DR?2) for five days. At the end of the fifth day, the residual cells st@aiaed with

hVp2 and mCD4 antibodies and quantitative FACS analysis was performed. We found a
considerably lower number of residual COiptide-specific cells when these were
cocultured with MBP-DRZ-RMTC as opposed to the MSCV control cells or MBP-DR2
RTMC.
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other RTMC (MBP-DR2 and MSCYV control) showed this ability. Moreover, both CD4
and CD8 antigen-specific cell lines survived and expanded after six hour-cocutture w
tailless RMTC or MSCYV control cells. Prior data show that RMTC are only alid t
primary CD§ antigen-specific T-cells and not stimulated CTL and that activated CD8
antigen-specific T-cells are resistant to fratricidal lysis.(B&)r experience with the
antigen-specific T-cell lines from humanized transgenic mice yddlge same results:
CD4" antigen-specific T-cells can be killed by the tail-bearing RMTC redseCD8
antigen-specific T-cells survived after coculture with MBP-DRRMTC (Figures 4-18

and 4-19).

4.4 Conclusions

We developed receptor-modified T-cells that can specifically recogntzéaeget
pathologic, antigen-specific T lymphocytes by transducing chimeript@seinto 4G4 T
cell hybridoma or primary murine T-cells. The MBP-DREZR heterodimer bears an
antigen-MHC extracellular domain linked to the functiahsignaling moiety from the
TCR. The MBP-DR2 CR lacked the cytoplasmic signaling domain. Both consireics
subcloned in MSCYV retroviral vector with an IRES site and GFP gene. Their surface
expression was proportional to level of expression of the GPF protein. Transduction of
4G4 T cell hybridoma with thé-bearing and-deficient retrovirus showed similar
surface levels of expression whereas transduction of activated, prircatls Bhowed a
discrepancy between the two CRs, with a 30% increase in surface expression of the
tailless CR. Upon encounter of cognate TCR on the surface of Ob target hybridoma

(specific for h(MBP84-102 restricted by HLA-DR?2), therapeutic RMTC razegl the
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Figure 4-18. Cytolysis of CD4 hMBP-specific cell lines by RMTC.Antigen-specific
CD4" cell lines were obtained by repeated stimulations of T lymphocytes frofDRZR
DTG mice with EL4-MBP-DR2 cells. Each line was then cocultured with RTMGik
hours and the residual cells were then stained f@¢2rand mCD4 antibodies. MBP-
DR2< RMTC were able to efficiently kill the CD4eptide-specific cell line.
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Figure 4-19. Cytolysis of CD8 hMBP-specific cell lines by RMTC.Antigen-specific
CDS’ cell lines were obtained by repeated stimulations of T lymphocytes from DTG
mice TCR/DR2 with EL4-MBP-DR2 cells. Each line was then cocultured Wit ®

for six hours and the residual cells were then stained A2 lavid mCD8 antibodies.
Unlike CD4 peptide-specific cell lines, the CD$-cells could not be killed by the
MBP-DR2{ RMTC.
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target cells, responded by proliferation, secretion of IL-2 andylFid were able to
specifically kill target cells. The in vitro cytolytic ability of CTLMNRTC was significant:
effector cells killed over 70% of target cells when cocultured in a 1:1 effextarget

ratio and even up to 90% when five times more effectors were added to the tasget cell
Cytolysis was only detected in RMTC transduced with thearing CRs, but not MSCV
control or the-deficient RMTC.

Several attempts to direct RMTC against naive, antigen-speciftld from
lymph nodes of TCR/DR2 humanized transgenic mice failed repeatedly in a six hour-
killing assay or overnight killing. Analysis of these double transgenic mvealed that
only 0.5% for their T-cells were peptide-specific cells in an ELISPOTyaisa85).
Therefore, the reduced ability of MBP-DRRMTC to specifically kill target cells and
the lack of difference between the activitydfearing and-deficient RMTC and MSCV
control was rather due to the very low number of antigen-specific cellsabla not be
detected and isolated from the non-specific. The latter cells would not betedhgec
RMTC lysis, but would interfere in the assay, making identification of spexifadysis
of hMBP-specific T-cell impossible to detect. We adopted an alternateoveiyriulate
antigen-specific cells using a DR&ntigen-specific cell line (EL4-MBP-DR2) to
selectively expand only residual antigen-specific cells. Five days fearoticed a
decreased number of both CDahd CD8 hMBP-specific T-cells when cocultured with
MBP-DR2{ RMTC in the presence of DR2ell line, but an expansion of these cells
when cocultured with MBP-DR2 or MSCV control RMTC. These data show th&t the
CR-transduced RMTC can also kill naive antigen-specific T-cells fron/DRRdouble

transgenic mice in the presence of antigen, whereas removal of the sigloatiam
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from the CR impeded this ability. Surprisingly, although the humanized transgeeic m
have T-cells specific for h(MBP presented in the context of DR2, an MHCItlass
molecule, upon antigenic stimulation, both C@#d CD8 T-cells from TCR/DR2 mice
responded by proliferation. Although fairly rare, this is not an isolate finding and
accounts for the coreceptor independence of COER/DR2 T-cells.

The ability of MBP-DR2: RMTC to kill naive, antigen-specific T-cells from
TCr/DR2 mice did not apply in the case of peptide-specific cell lines. Stietul’
lymphocytes behave differently from naive T lymphocytes. We built a CD4 anda CD8
specific cell line by several rounds of antigenic stimulation using'@Rg&gen-
presenting cells. Just like naive CD4 T-cells, peptide-specific' CBl#lines were killed
upon in vitro coculture with the tail-bearing RMTC, but not MSCV contrd}ldeficient
therapeutic cells. CDhMBP-specific cell line proved resistant to lysis. This fact was
demonstrated in the early 1990s and we have also proven that CD8 T-cells acquire
resistance to lysis in between day three and seven post stimulation (56). EAE is
classically considered a CD4 disease and therefore, the ability of oDNRRE RMTC
to specifically kill both naive and activated COWMBP-specific cell lines are grounds to

hypothesize that they might also work in the in vivo mouse model.
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Chapter 5. In vivo activity of RMTC in humanized mice

5.1 Introduction

5.1.1 Humanized transgenic mice as MS models

Similar to other autoimmune diseases (rheumatoid arthritis, celiacaliseas
insulin-dependent diabetes), MS is associated with certain MHC clagseH.gEhe
disease is triggered by association of autoantigenic peptides with déHalrclass II;
MHC-peptide is recognized by CDZ-cells that, upon activation, mediate inflammation
and destruction of the myelin sheath, ultimately leading to impaired saltatodyction
(93).

In the previous chapter, we described the development of RMTC as therapeutic T
lymphocytes bearing humanized chimeric receptors, which can be rediregiiest ag
antigen-specific T-cells. Upon encounter of target, hMBP-specific T lympéscy
therapeutic cells will engage the target cells’ TCR through their stercbaneric
receptor, leading to various effector functions, such as proliferation, cytokiretise,
and specific cytolysis of peptide-specific cells.

Once we have shown that RMTC can recognize cognate TCR and exhibit effector
functions in response to this recognition, the next step was to test whether thigiore
would lead to the same effects in vivo.

In an effort to better understand autoimmune diseases and MS in particular, mice
that express disease-relevant MHC Il molecules have been developed. Tdeeserra

then crossed with mice transgenic for other genes encoding TCRs, human CD4, and
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candidate autoantigens. Since they bear human genes, these mice presemtistasar
features either spontaneously or after immunization with peptides. Althoughréhegta
a perfect representation of the human immunopathology, these animals are, resgerthel

the closest mouse model to study MS-causing mechanisms and symptoms (87).

5.1.2 Humanized HLA-DR2, TCR, and CD4 mice

After analyzing autoantigens and MHC molecules associated with MS,sstudie
have shown that one of the immunodominant MBP peptide epitope i [f2nts was
84-102. This epitope was identical in humans and mice (94).

Serologic typing of patients serum has identified the common MHC class Il
molecule as HLA-DRB1*1501 and DRA*0101 that recognized the MBP peptide (86).
Based on these data, Fugger and collaborators engineered three humanigeditrans
mice. A first mouse bore the human DR2 gene (HLA-DRB1*1501 and DRA*0101)
expressed under the control of its native promoters. A second mouse bore a TCR derived
from a patient with MS, denoted Ob (Ob.1A12). Because human TCR is difficult to
express in mouse cells, the TCR construct comprised human variable domains and mouse
constant and regulatory domain. This set-up ensures that the MBP peptide wié be abl
be recognized and bound by the human MHC class Il and, since the constant and
signaling domains of the TCR are murine, they could interact with the mouskngjgna
machinery. These two strains of transgenic mice were crossbred and thenosdsa
with another transgenic mouse carrying the human CD4 coreceptor. Caveats of this
double and triple transgenic mouse model are that only 10-30% of B-cells wefamR?2

only 80% of T-cells were B2" (87). T-cells from these mice showed proliferation and
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IL-2 secretion in response to hMBP84-102 stimulation. Upon immunization with peptide,

the mice developed relapsing-remitting or primary progressive EAE siimiM6

patients and with similar histopathologic aspect. Single transgenic TCR oiDiR2A

mice did not develop signs and symptoms of EAE following MBP immunization.
Breeding of the double transgenic TCR/DR2 mice with Ragfce leads to

development of spontaneous EAE due to the complete absence of T and B lymphocytes

(including regulatory T-cells) in these knockout mice and repopulation of their immune

system with hMBP-specific cells.

5.2 Materials and methods

5.2.1 In vivo cytolysis of CD4and CD8 hMBP-specific cell lines by RMTC
Recombination activating gene 2 knockout mice (Rgg&ere kept in

Helicobacter pylori-free facility of the Animal Research Cent&taJude Children's

Research Hospital. These mice were coinjected with®%xibed CD4 and CDS triple

transgenic cells from T-cell lines and 20%t6ceptor-modified CTLs. CD4and CD8

peptide-specific cell lines were obtained by three consecutive stimulafidnsells

from TCR/DR2 transgenic mice with irradiated antigen-presentindgroelEL4-MBP-

DR2) every ten days, according to the protocol described in chapter 4.2.5.2. After three

days, recipient mice were sacrificed and spleens were processed ile Zsing

suspension, followed by double staining of splenocytes hurfaimoéuse CD4 and CD8

antibodies and flow cytometry analysis.
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5.2.2 In vivo cytolysis of naive antigen-specifiec€lls by RMTC

Irradiated (450 rad) transgenic humanized DR2 mice (strain Fug5) received
10x10 freshly isolated T-cells from TCR/DR2 transgenic mice and 30ttiBapeutic
RMTC by retroorbital injection. Two irradiated recipient Fug5 miceewesed for each
group (MSCV control, MBP-DRZ; and MBP-DR2 RMTC).The mice were sacrificed
after nine days or the indicated time. Lymph nodes (LN) were collectepraocelssed to
obtain a single cell suspension’t@lls/well were stimulated for three days in the
presence or absence of antigen (3@0D4-MBP-DR2 cells or EL4 cells, respectively,
irradiated at 20,000 rad). 72-hours later, the cells were pulsed p@iH{H] thymidine
and harvested on filtermats after 16 hours. Proliferation was measured by liquid
scintillation counting of incorporated]thymidine. The samples were analyzed in

duplicates.

5.2.3 Prevention of EAE induced by naive CD®-cells from TCR/DR2/hCD4 using
RMTC

Lymph nodes and spleen from ten TCR/DR2/hCD4 transgenic mice were
processed in a single cell suspension and stained for PE anti-mouse CD4 microbeads.
Cells were then separated by magnetic cell sorting (MiltenyeBitstc., Auburn CA).
13x10 pure CD4 T-cells were then transferred into 8 irradiated Fug5 recipients along
with 35x1¢ RMTC. Two days later, the mice were immunized with B®OMBP84-
102 and 400 ng PTx on day O and 2. The animals were scored daily for signs of EAE

disease and euthanized at score 4 to 5 (complete paralysis or moribund).
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5.2.4 Prevention of hnMBP84-102-induced EAE diseasd CR/DR2 double transgenic
mice using therapeutic cells

TCR/DR2 transgenic mice were immunized with 3gthMBP84-102 and at the
same time, received the indicated numbers of MBP-DR2BP-DR2 or MSCV control
RMTC. 400 ng PTx was injected retroorbitally at the time of peptide injection and/on da

2. Mice were followed and scored daily for signs of EAE.

5.3 Results

5.3.1 In vivo cytolysis of CD4nd CD8 hMBP-specific cell lines by RMTC

This experiment was designed to investigate the in vivo efficacy of themapeuti
RMTC in vivo when coinjected with hMBP-specific cell lines into Ragice for three
days. Upon interaction with the antigen-specific cell lines, RMTC traestwih
chimeric receptor MBP-DR2-and the MBP-DR2 recognized the specific target cells and
exhibited their effector function, namely cytolysis of Cdatigen-specific cells. As
expected from previous data, CDEBP-specific cell line did not undergo cytolysis.
Surprisingly, even though MBP-DR2-transduced RMTC failed to show anya@ffect
function in vitro due to the absence of theytoplasmic signaling tail, in vivo co-
adoptive transfer of these cells along with MBP-specific cell lines sthalmeost

the same efficacy of killing as the MBP-DRRMTC (Figure 5-1).
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Figure 5-1. In vivo killing of CD4" hMBP-specific cell line by RMTC.CD4" and

CD8" hMBP-specific cell lines and RMTC were coinjected into Ragecipients. Three

days later, mice were sacrificed, splenocytes were stained with muitbeman

Vp2/rat anti-mouse CD4 or CD8 antibodies, and analyzed by FACS. The plot represents
the number of cells found in spleens after three days treatment with RMTC.
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5.3.2 In vivo cytolysis of naive antigen-specifiec€lls by RMTC

The previous experiment confirmed that CRtigen-specific cell lines could be
killed by MBP-DR2¢ RMTC, but these effector cells cannot kill CO8VIBP-specific
cell lines. The next step was to find out if whetties also applies to naive peptide-
specific T-cells. We coinjected freshly isolatetisséom TCR/DR2 transgenic mice
along with RMTC into irradiated recipients, saa#il them after nine days, and looked
for residual peptide-specific cells after stimuwatwith antigen (irradiated EL4-MBP-
DR2 cells) or in the absence of antigenic stimaltatirradiated EL4 cells). T-cells from
lymph nodes of MBP-DR2Z-RMTC-injected recipients showed little prolifetiin
response to antigenic stimulation and decreasedeuat residual cells compared to the
mice that received MBP-DR2 RTMC or MSCV controlusr These results demonstrate
that the signaling-competent therapeutic cellsatiffely eliminate hMBP-specific T-cells
in vivo and further demonstrate that signaling tigto the( cytoplasmic tail is essential

for this activity (Figure 5-2).

5.3.3 Prevention of EAE induced by naive CDRB-cells from TCR/DR2/hCD4 using
RMTC

To find out whether EAE induced by adoptive transfeCD4" T-cells from
transgenic mice (as described in 5.2.3) could begnted by MBP-DR2-RMTC, we
followed all three groups of mice daily for sigrisdisease. The first signs of EAE in the
group that received MSCV CTLs became visible ajtdy 7 days and followed a
progressive course with very little remission. Thiee that receivedCR RMTC did not

show any signs of disease. This pilot experimehtckvrequires repetition, shows that
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Figure 5-2. Peptide stimulation of T-cells from mie that received RMTC and naive
antigen-specific target cellsCells from mice that received TCR/DR2 cells and RT
for nine days were stimulated in the presence/atesehantigen for 72-hours and
[*H]thymidine was added. 16-hours later, the cellsawmrvested onto filtermats and
proliferation was measured by liquid scintillatioounting. hMBP-specific cells from
mice that received retroviral vector control and MBP-DR2 RMTC proliferated in
response to antigen as opposed to the ones teateddche MBP-DR2Z-RMTC.
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upon depletion of CD8T-cells, CD4 lymphocytes cause and therapeutic RMTC can
prevent it. We can conclude that in this particular systé 8 still a CD4-mediated
disease and that the MBP-DRRMTC still have therapeutic potential (Figure 5-3 and

Table 5-1).

5.3.4 Prevention of hnMBP84-102-induced EAE diseasd CR/DR2 double transgenic
mice using therapeutic cells

This experiment is the first attempt to prevent EAE in th@dmized mouse
model using humanized chimeric receptor-transduced RMT&Einycted two groups of
mice with MSCV control and MBP-DR2RTMC and followed them daily for signs of
EAE. We first noticed an earlier disease onset in the MSCWalagroup and also a
more aggressive disease course with only mild remissiomtr&y to this group, mice
that received MBP-DR2-therapeutic RTMC exhibited a significant delay in the onet
disease as well as a shorter course and complete remissése. ifitvivo results are
confirming our in vitro data and prove the restorative gateaf (-endowed RMTC
(Figure 5-4 and Table 5-2). Even though we did not have algsRMTC to inject in
the mice (due to a low number®tleficient RMTC that we obtained by in vitro
stimulation), this was encouraging data and a furtherf pn@ad administration of-CR-
transduced RMTC might be a valid therapeutic option for EA&ttent in this
humanized mouse system. Therefore, we repeated this expetsieg 30x1ORMTC
bearing both chimeric receptors and immunizing the micedays later. Surprisingly,
not only did the MBP-DRZ-RMTC proved beneficial, but so did the tailless therapeutic

cells, although not in the same extend as the former oneamigtis actually raise
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Figure 5-3. Prevention of CD4-adoptive transfer EAE with RMTC. Irradiated Fug5
recipients received concomitantly sorted CEa¥get cells from TCR/DR2/hCD4
transgenic mice and therapeutic RMTC followed by imratin with hMBP84-102
peptide and PTx. Recipients of MSCV control cells showelg deease onset and
severe course with little remission as opposed to thetbaeseceived therapeutic MBP-
DR2{ RMTC that were resistant to EAE induction.
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Table 5-1. Clinical manifestations in CDZ adoptive transfer EAE treated with
RMTC.

Therapeutic cells Disease frequency Mean onset Mean maximal
(diseased/total) day xts.d. (range) score xxs.d.
MSCV 4/4 9.5+7 3+2.3
MBP-DR2{ 0/0 0+0 0+0
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Figure 5-4. Prevention of EAE with{-bearing RMTC. TCR/DR2 mice received MBP-

DR2-{ RMTC or MSCV control cells and were immunized with peptide and PTx.

Control group showed early onset and severe disease course, whereas treated group had a
milder form of disease followed by complete remission.
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Table 5-2. Clinical manifestations in direct inducion of EAE with hMBP and
treatment with MSCV vector control or {-bearing RMTC.

Therapeutic cells Disease frequency Mean onset Mean maximal
(diseased/total) day x+s.d. (range) score xxs.d.
MSCV 4/4 8.75+3.5 3.5+1.7
MBP-DR2{ 4/5 11.846.6 1.6£1.1
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guestion about the absolute requirement for the cytoplasmic signaling tail imrtrexic

receptor for the in vivo treatment of EAE (Figure 5-5 and Table 5-3).

5.4 Conclusions

The results obtained from in vitro testing of RMTC encouraged us to move
forward to the in vivo system. We coinjected therapeutic RMTC along with either
peptide-specific cell lines or naive antigen-specific cells obtained frertransgenic

mice into recipient Ragor irradiated DR2 (Fug5) mice. We sacrificed the mice at

various intervals, starting from day 3 to 9, and estimated the number of residual CD4 and

CD8 antigen-specific T-cells. According to our in vitro data, therapeuti ®karing
the(-signaling tail should be able to specifically recognize and kill naive ansigecific
T-cells. When we sacrificed recipient mice nine days after coiojecti MBP-DR2&
and naive target cells, we found a decreased numberp@ 614/CD8" T-cells. Since
we have already established that very few of the target cells provided WpRERnice
are antigen-specific, we stimulated cells from lymph nodes and spleenpaémnéonice
with antigen as previously described. T-cells from irradiated recipieatseceived
MBP-DR2 and MSCV-control RMTC along with naive antigen-specific cells sdow

good proliferation upon peptide stimulation unlike mice that received MBP{DR2-

RMTC. These data resemble the ones we obtained from in vitro experiments and prove

that recognition through surrogate chimeric receptor also takes placemotise
system. Surprisingly, when Ré&gecipients received both therapeutic cells and hMBP-
specific cell lines, botli-bearing and-deficient RMTC were effective in eliminating the

CD4" peptide-specific cell line. We did not pursue this observation, but the fact that
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Figure 5-5. Prevention of EAE with¢-bearing or tailless RMTC. Three groups of

TCR/DR2 transgenicmice received MBP-DR2VIBP-DR2, and MSCYV control RTMC

and 48 hours later peptide and PTx. Control group showed early onset and severe disease
course, whereascompetent therapeutic cells showed a later onset and milder disease
followed by complete remissioi:deficient therapeutic cells showed an intermediate

effect, but still managed to induce remission although not in the same extent as MBP
DR2<{ RMTC.
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Table 5-3. Clinical manifestations in direct inducton of EAE with hMBP and
treatment with MSCV control, {-bearing, or tailless RMTC.

Therapeutic cells Disease frequency Mean onset Mean maximal
(diseased/total) day xts.d. (range) score xxs.d.
MSCV 4/4 8.5+1 5+0
MBP-DR2{ 3/3 14+0 1+0
MBP-DR2 4/4 13+0 3+1.4
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stimulated cells are more prone to Fas-induced apoptosis might provide an éxplanat
for this finding. Just like the in vitro data, RMTC with or without signaling tail were
unable to kill the CD8peptide-specific cell line.

We proceeded to test the ability of chimeric receptor-modified T-celletept
EAE disease either by direct injection of these cells into recipient/DRRmice,
followed by immunization with hMBP84-102, or by adoptive transfer of therapelisc ce
along with target cells into DR2nice. Adoptive transfer of both RMTC and freshly
isolated, naive cells from TCR/DR2 mice resulted in worse disease sodrearher
onset of paresis and paralysis in mice that received MSCYV or taillesCRbITipared to
those that received MBP-DRZT-cells. This does not necessarily mean that therapeutic,
{-bearing RMTC are less potent than they have shown to be in vitro, but rather
insufficient number of cells compared to the number of antigen-specific, nejeé ta
cells. Our next step was to sort CD4 and CD8 T-cells from TCR/DR2 transgemic mi
and only adoptively transfer CDZ -cells and RMTC into irradiated DR2umanized
transgenic mice, followed by immunization with peptide. There was no development of
EAE in mice that received MBP-DR2RMTC, as opposed to MSCV-control cells.
Although we did not have MBP-DR2 RMTC available for this particular experiment, the
fact that,-CR-transduced effector cells could efficiently eradicate CBrdyet cells is
proof that these therapeutic cells are potent not only in vitro but also in vivo in EAE
prevention. Finally, upon direct transfer of therapeutic cells into TCR/DR& amd
induction of EAE disease by peptide immunization, mice that recéibedring RMTC
showed later onset of disease with milder course. Quite unexpectedly and unlike our

vitro data,-deficient RMTC recipients have also shown a milder EAE course and later
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onset compared to MSCV control mice, though their potency was lower than the one
exhibited by th&-bearing therapeutic cells.
All these data lead us to believe that surrogatkimeric receptor-transduced
RMTC as just as effective in killing antigen-specific T-cells from TIQR2 mice in
Vivo as they were in vitro, thus preventing EAE disease. A question that riseslyaural
whether these therapeutic cells would also work after the first signs otisa&se in
forestalling the fatal outcome and improving the clinical signs and symptomsiisind t

may be a topic for future studies.
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Chapter 6. Discussion

Multiple sclerosis is the most common autoimmune disease involving the white
matter of the CNS. It is reported to affect 300,000 Americans with 200 people diagnosed
weekly and 2.5 million people worldwide (2). The neurologic signs and symptoms of MS
are varied and can also present in other diseases. Double vision, paralysis, tremor
numbness, and gait difficulties are caused by demyelination resulting in impawved ne
conduction; axons and cell bodies are spared early in the disease. The initial disease
target is the white matter of the brain and spinal cord, but after a whilesthengtter
also becomes involved due to secondary degeneration resulting from the loss ofgéhe whit
matter. Axons will eventually be destroyed and replaced by gliosis thest tjie sclerotic
aspect on MRI.

There are currently several therapies approved for MS. Regardless of the
approach, treatment should target both the symptoms and the pathologic cascade.

Gene therapy is the newest approach in the treatment of MS. It has emerged as a
direct result of increased knowledge concerning pathologic mechanisms inrauteem
diseases and aims to more specifically target pathologic T-cells thantcherapies.
Anti-inflammatory cytokine genes can be delivered into the CNS by viral gedflmre
recently, our laboratory has developed receptor-modified T-cells bearingrahim
receptors that specifically target autoreactive T-cells. A siraparoach has already
been used in infectious diseases and cancer.

Chimeric receptors are hybrid molecules that encompass a recognition domain

the variable region involved in antigen recognition from MHC or Ig — and a signaling
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domain — the intracytoplasmic signaling moieties of the TCR. This new thaapeut
approach emerged in the 1980s-1990s when it was found that T-cells endowed with
antibody-like abilities and no MHC restriction can be redirected agaifestéd and
neoplastic cells. The necessity of having a signaling domain residesactieat
recognition of antigen by the variable region of the chimeric receptor isiffioctent to
activate T-cells. Similar to the cascade of events triggered in a rdgiylaaphocyte, T-
cells bearing chimeric receptors undergo phosphorylation of ITAMs on the réseptor
signaling moiety and turn on the transcription of nuclear factors respofwilaletivation
of these cells, thus inducing effector function. Engagement of the TCR constitutes the
first signal necessary for activation of T lymphocytes but for a full aativa second
signal is mandatory. This can be through either of several molecules includdD28e
molecule that stimulates the expansion of CBdlls and CD137 (or 4-1BB) that
prevents activation-induced cell death of activated T-cells and stimulatespesion

of CD§' cells.

The choice of the cytoplasmic signaling domain has long been a criticairopi
the design of chimeric receptors. Increasing the number of ITAMs did ncisaeite
enhance signaling of the CR (95). In an attempt to test the effect of iiffegealing
domains on the potency of signal transduction, several intracytoplasmic domains have
been used in a CR engineered to bear the recognition domain of MHC cl8ss | (K
molecule. The combinations of CD28-zeta, zeta-Ick, CD4-zeta, and CD28-zeta-Ick
signaling domains increased receptor function measured by IL-2 seciétion a
stimulation with the anti-kspecific antibody.

Although CRs bearing the intracytoplasmic CD28 moiety showed very high
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efficacy of signal transduction, their surface expression level decreasgzhred to CRs
that only had signaling tail. We examined the sequence of CD28 and found a previously
unrecognized dileucine motif. Dileucine motifs are normally present vesg ¢b the
membrane in the cytoplasmic tail of transmembrane proteins and are recognized by
proteins involved in lysosomal targeting. Proteins bearing this amino acid sequence
internalized and transported to the endosome and eventually to the lysosome, decreasing
their surface expression. We hypothesized that a leucine to glycit@)(bnutation in
the dileucine motif could potentially not only improve the surface expression of the
construct, but also the duration and intensity of the signal transduced. Indeed, when
stimulated with the CR-specific antibody, anfi:#here was an enhanced production of
IL-2 from CD8" T-cells transduced with the®*CD28 (L=G)-C compared with cells
transduced with F(C CR. In addition, there was an increased proliferative response to the
antibody and increased cytotoxic activity againsréstricted target cells. These data
show that a mutation in the dileucine motif of the CD28 intracytoplasmic moiety
increases the intensity of the signal transduction events.

The primary rationale for transducing chimeric receptors into T lympheayte
MS is the production of therapeutic, receptor-modified T-cells able to totarneen Kill
autoantigen-specific target cells. Autoreactive T-cells are normattylisited upon
encounter of an antigenic peptide bound to MHC on the surface of APCs. Since CRs can
bear both an MHC class Il recognition domain (extracellular and transraeenparts)
that has the peptide linked to the surface and the intracytoplasmic signal triemsduct
domain, upon transduction into T lymphocytes the cells will acquire both APC and TCR

abilities (peptide presentation and T cell effector function). The encountezdryetw
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effector and target cells bearing the chimeric receptor and a normaleEgéttively,
leads to stimulation of both cell populations. Stimulation of RMTC is a critichireaf
this system because it leads to the fulfillment of their effector functpyobferation,
cytokine secretion, and cytolysis of target. In a mouse system, therapeetis T
transgenic for heterodimeric CRs bearing the recognition domain of MISE ItI6AB
chain linked to MBP89-101 and.asignaling tail paired with & chain, were able to
express the CR on the surface and were stimulated by MBP89-101-specific 6FlL1 targe
hybridoma. They secreted cytokines, proliferated, and managed to kill atiteréz4
T-cells and were not killed by them. These data show that the two cell typestiniar
CR-cognate TCR recognition and effector function occurs following this nécoy

The key goal in using RMTC is the prevention and/or treatment of EAE disease.
SJL/J mice immunized with MBP89-101 peptide were treated with therapéellgiorce
PBS control at the time of disease induction. The treated animals were complete
protected from EAE and suppression of disease was antigen-specific. Although
protection was more efficient when the animals received therapeuscoattomitantly
with antigenic peptide, administration of cells even after the onset of disgag®ms
was still effective, albeit slightly less so and with a delayed kimetepared with
treatment at the time of immunization. The explanation for this may reside status of
the autoreactive T-cells. In the first scenario, the cells did not experigmegiaus
encounter with antigen and are, therefore, naive, whereas in the second situation, upon
immunization with peptide, target antigen-specific T-cells had alreasly ftenulated,
expanded, and mediated some damage to the CNS.

The mechanism by which RTMCs exercise their therapeutic function is iohibiti
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of antigen-specific T cell response of target cells which may occur throughliting &d
the target cells. In addition to this, pathologic cells are skewed from Thl to Thanype
secrete anti-inflammatory cytokines, such as IL-4, instead ofylFN-

In the work described here, we proposed extending our studies in murine EAE by
developing a new model for the therapy of MS using humanized chimeric receptors. We
designed two constructs based on the same principle that has already bebadifscri
CRs. The first construct, MBP-DR2-had a recognition domain composed of an
immunodominant MBP epitope (84-102) linked to hehain of a HLA class Il molecule
(DR2) and a signaling domain composed ofdlegtoplasmic signaling tail. The chain
of DR2 was also linked th The DR2 HLA molecule is highly associated with MS
disease, and T-cells specific for the MBP84-102 epitope can be detected in DR patie
with MS. We then engineered a second CR, MBP-DR2 that lacked the signaling tails
identify the role of signal transduction for the in vitro and in vivo efficacy of this
particular CR. The constructs were each tricistronic, witlf theda chains separated by
a 17-mer 2A sequence from T. asigna and an IRES linked to GFP. Both constructs were
subcloned into MSCYV retroviral vector. CRs were transduced in either 4G4 TCR-
hybridoma or primary murine T lymphocytes from C57BI/6 mice, sorted for GFP
expression and expanded in complete Bruff medium and IL-2.

The tail-bearing and tailless CRs showed good surface expression on flow
cytometry in both 4G4 and primary T-cells when stained with anti-CR speciibody
mouse anti-human DR2. Transduced hybridoma showed similar levels of expression of
CR; transduced T-cells showed better expression of the tailless CR congpéregtail-

bearing one (71.7% versus 40.4%).
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We first wanted to see if receptor-modified T-cells bearing TCORHless CRs,
or MSCV retroviral vector control could be stimulated by plate-bound DR2-specific
antibody. Only MBP-DR2Z:responded to stimulation by secreting IL-2.

We next looked for the ability of CR-transduced T-cells to recognize the cognate
TCR on the surface of target cells. The latter were either Ob1A12 hylaigpetific for
hMBP84-102/DR2 T-cells or T cell lines from the double or triple transgenic mice,
TCR/DR2 and TCR/DR2/hCD4, respectively, with similar specificity. €Hasmanized
mice have develop a disease that strongly resembles human MS model; theneaf
the most frequent immunodominant epitope of myelin basic protein, 84-102, presented by
one of the most frequently used class Il MHC in MS patients, DRB1*1501. Even though
very few of the T-cells in the transgenic mice were MBP-specific in itg bred on a
Rag”’* background, on a Raghackground all of the T-cells will express exclusively the
Tg receptor and these mice develop spontaneous EAE. We further demonstrated that both
CD4 cells and CD8 cells from the double Tg mice responded to MBP peptide restricte
to the DR2 (DRB1*1501) HLA molecule. Thus the T cell response in these mice is not
coreceptor dependent. As controls we used other targets, specifically 6F11 hgbridom
reactive against MBP89-101/iAand T-cells from non-Tg mice.

Upon recognition of cognate TCR on the surface of Ob1A12 specific hybridoma
but not 6F11 controls, RMTC bearing theignaling tail were stimulated and secreted
IL-2 and IFN«. Also, due to the interaction between the two cells, RMTC and target
Ob1A12 cells, RMTC proliferated and killed the target cells. The cytolffectewas
specific and very effective as even at a 1:1 ratio effector to targettrei@MTC

managed to eliminate over 70% of the targets. It is noteworthy that onlyliibezaing
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the cytoplasmic signaling tail were capable of both proliferation and kg
recognition of cognate TCRs.

Our attempt to demonstrate similar results in cytolysis assays pramnary
murine antigen-specific cells from lymph nodes or spleens of DTG (TCR/DR2)ditic
not yield the same results. In vitro overnight killing assays in which RMiigeted T-
cells from transgenic mice showed very little difference between contlol a
experimental cultures. This seemed be due to the fact that although 80% ofifi-ttells
humanized transgenic mice wereffi&V, only ~ 0.5% of them are hMBP84-102-specific
in ELISPOT assays. Therefore a preponderance of non-antigen-spesfibhattannot
be recognized and killed by RMTC were present therefore preventing detettny
target cell lysis.

We approached this problem in two ways. First, we developed a functional assay
to overcome it in which we stimulated T-cells with antigen in vitro for five déye
MBP-specific cells survive, get activated, and proliferate in response td@ephereas
the non-specific cells die. After 5 days we could demonstrate that viraledlyrviving
T-cells are antigen specific. We treated cultures at the time of aisigemlation either
with control MSCV-vector transduced RMTC, MBP-DR2 RMTC or MBP-DR2-
RMTC. After 5 days we used quantitative flow cytometry to determine the number of
surviving T-cells. This demonstrated that the MBP-specific cells weszl K-
bearing RMTC, whereas the target cells cocultured with MSCV controlllessaRMTC
proliferated due to peptide stimulation. Surprisingly, these results meraat only for
CD4" antigen-specific cells, but also for the CD8BP-specific cells.

As a second approach, we established T cell lines using T-cells from DTG
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(TCR/DR2) or TTG (TCR/DR2/hCD4) mice stimulated repeatedly with exogenous
antigen (irradiated EL4-MBP-DR2 cells) and used them to test the cytabytity of
RMTC. Results showed that, unlike the previous experiment where therapeutic cells
bearing the signaling tail were capable of killing naive, CD4 and CD8 antigeifis T-
cells, the RMTC could not achieve the same outcome with' GRI8P-specific cell line.
CD8 T-cells develop resistance to lysis between days 3 and 7 after activationsand thi
might explain the lack of potency of the RMTC in killing the C28ll line (57). It may
also impair the therapeutic usefulness of RTMCs in EAE models, such as plytémgial
TCR/DR2 model of ours, where class Il restricted CD8 T-cells may daathologic

role.

We went on to test our RMTC in vivo. These studies highlighted the in vitro
results and provided evidence for the therapeutic applicability of humanized RMTC.
Adoptive transfer of freshly isolated lymphocytes from humanized transgecgc mi
TCR/DR2 along with therapeutic cells into irradiated humanized DR2 reciplenised
decreased proliferation upon antigenic stimulation in mice treated with biearing
RMTC as opposed to a vigorous proliferative response generated in mice thatdecei
MSCYV control or tailless RMTC.

Adoptive transfer of antigen-specific cell lines and therapeutic cetisRag”
mice followed by treatment with RMTC yielded somewhat different resitsve saw
in vitro, the number of CD8peptide-specific cell line cells was not diminished by either
¢- or tailless RMTC when compared with the control treatment. Therefore #iese ¢
seemed to be resistant to lysis in vivo, much as they were in vitro. Results witb4he C

cell line were more surprising. Not unexpectedly, the number of residual CD4 peptide
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specific cells was decreased in mice injected with MBP-DRRATC. However, mice
injected with MBP-DR2 RMTC showed a similar and nearly complete loss @& tadls.
This in vivo effect of the tailless CR-transduced cells could not be predicteti drasay
of the in vitro experiments. One potential explanation for the difference is that
stimulation by the MBP-DR2 RMTC in vivo induces the MBP-reactive cell line but not
naive T-cells to undergo activation induced cell death. However, at the cumrent ti
experimental evidence to support this does not exist.

The ultimate goal of this project is to prevent or treat EAE in a humanized mouse
model. We adopted two approaches. The first one was to adoptively transfer cells from
triple transgenic TCR/DR2/hCD4 mice along with therapeutic cells followed b
immunization with hMBP and PTx. The mice were observed and scored for EAE disease
for 50 days. Recipients of the zeta-bearing therapeutic cells showed kEg¢eobdisease
symptoms and milder course compared to the ones receiving MSCV control or zeta-
deficient RMTC. We have also tried to induce EAE by adoptive transfer of G&é
from TTG mice and therapeutic cells followed by peptide immunization. MBR-DR
CTL completely blocked development of EAE disease, whereas mice thaeckcei
MSCV CTL developed EAE within a week from injection. Since EAE is clasgical
considered a CO4Th1-induced disease, the efficient elimination of these cells by the
zeta-bearing therapeutic cells is an indication of their potency in blodkendjgease. We
also noticed that the mice that received MSCV control cells along witH @byt cells
developed less severe signs of EAE than the mice that received unsortecelézget
which might account for the role of CDBIBP-specific cells as “inducers” of EAE in

this particular mouse model. Due to the lack of humanized MHC class Il nugg)(we
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could not repeat these experiments, but this is a task we intend to pursue in the future. We
also intend to test the ability of therapeutic cells to block disease induced bivadopt
transfer of CD8 cells from TCR/DR2/hCD4 transgenic mice.

The second approach for in vivo prevention of EAE disease involved the use of
TCR/DR2 double transgenic mice as recipients of therapeutic cells. Mieseeceived
active peptide immunization and PTx two days after the transfer of RTM@sugt
these experiments need to be repeated, they yielded very encouragisg masalthat
received zeta-bearing RMTC showed a delayed onset of disease, a milder aadr
remission compared to the mice that received control CTL. The taillessrithime
receptor-transduced T-cells seemed to be efficient as well, though not amtbestent
as the ones bearing the zeta signaling tail. Two more experiments valilaseglata
are ongoing.

These studies are important for several reasons. The use of RMTC expressing
humanized CR in humanized transgenic mice brings us one step closer to their use in
treating multiple sclerosis in humans. Experimental therapies in humansided by
both technical and ethical considerations whereas mice have similaritiia® [simpler
to use as disease models. Conversely, although genetically similar, enfeat aumans,
and some therapeutic approaches that proved beneficial for them have not worked in
humans or could even be harmful. HLA-transgenic mice are particularly useful in
modeling autoimmune diseases associated with specific HLA allelesasid8.

Although it is rather difficult to identify exactly the genes responsible for du$ to the
strong linkage disequilibrium, HLA class Il has a clear contribution in predmgptsthe

development of disease (85). HLA is crucial as it governs T cell selection imythag
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and antigen presentation in periphery. Upon binding of a TCR to a peptide antigen in the
groove of MHC Il, a cascade of signal transduction events ensues.

CD4 costimulation may be required as a TCR interacts with MHC. The
requirement in the humanized mouse model we have studied is less clear. THe class |
MHC used in this model is entirely human in sequence. Data from literature are
extremely controversial on whether murine CD4 can bind human class Il MHC. Some
studies demonstrate that an entirely human MHC class || mouse cannatt inidna
mouse CD4 (96, 97). Therefore, in some humanized systems, a mixed, chimeric
human/mouse class Il molecule was engineered so that murine CD4 coreceptor coul
bind thep2 domain (also murine) of the transgenic HLA 1l (98). Another set of data
seemingly contradicted this requirement. Altman et al. engineered humarhi2eD RIL
transgenic mice and crossbred them with human CD4 transgenic mice (Hu-CD4) and
tested the response of Hu-CD4 positive versus Hu-CD4 negative T-cells tozaflue
haemagglutinin (HA). T-cells proliferated strongly to this peptide regssdlee CD4
status (99). This suggests the possibility of interaction between human HLAI @asds |
mouse CD4; however this was not formally proven. In our experience, using antigen-
specific T-cells from double transgenic or triple transgenic mice (inguali lacking
Hu-CD4) did not make a difference in the experimental results.

Another issue regarding our system is the proliferative response dfadibgen-
specific T-cells to peptide stimulation. EAE is classically conside@d4aThl disease
(100) and until recently the research was predominantly focused on this T cell peenoty
One study that used MOG35-55 as the immunodominant epitope showed equal

proliferative potential of both CD4 and CDS8 cells to this antigen and EAE induction by
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adoptive transfer of CD8 antigen-specific cells (28). On the same note,l&menrstory
infiltrate in the brain of the patients with MS incriminated both CD4 and CD8 T cell
types along with B cells, and depletion of CD4 cells in MS patients only minimally
decreased relapse rates (101). Invasion of the CNS after intravenous delM&iy-of
activated, cytotoxic CD8 cells result in very severe ascending flacatypiarwith high
mortality (102). The aggressive and somewhat different manifestation ofelisem
critical aspect for therapy as CD8-induced disease can be dampenedIBiNanti-
antibodies (unlike the CD4-induced disease), while anti-tNiées not show any effect
on the disease course. It is also noteworthy that perivascular inflammaiiomgléo
further demyelination in MS is composed mainly of CDi&cells as these cells recognize
endogenous antigens processed via the MHC class | pathway.

CD8' T-cells have been incriminated as culprits for MS. As a logical
consequence, the humanized mice that we used for this project might actually beclose
the human disease than EAE mediated exclusively by CD4 T-cells, as the dhsies
model might be caused by both CD4 and CD8 autoreactive T-cells. Since HLA-DR2
mice bear human MHC class I, but not class |, a CD4 response to hMBP-somigati
to be expected. All our experiments showed a proliferative ability of botH @i
CD8" MBP-specific cells. Under the circumstances, we hypothesized that thdviHar
class ll-restricted CD8T-cells able to respond to peptide stimulation.

If CD8" T-cells play a prominent pathologic role in disease, they might become
problematic for our therapeutic approach since we transduced the chimepitorednto
CD8' T-cells that can only target and kill CDdntigen-specific cell lines, but not CD8

antigen-specific cell lines. On the other hand, our RMTC are able to kill bottyped as
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long as they are still naive. Chimeric receptor-transduced CTL caefstikntly kill
long-term activated antigen-specific CDB-cells, whereas activated CDBIBP-specific
cells become resistant to lysis. Under these circumstances, wetatlem prevent rather
than treat disease by injecting therapeutic cells before EAE inductionwahige
ensured very early cytolysis of the majority CD4 and CD8 naive, antigen-spediic
Indeed, when treated with zeta-bearing CR-transduced RMTC the mice deveipe
disease later than controls, had less severe disease, and developed a congdéia.rem
A sensible explanation would be that the RMTC inhibited both CD4 and CD8 naive,
antigen-specific cells.

Both in vitro and in vivo experiments using RMTC as a therapeutic tool did not
show complete cytolysis or abrogate proliferation of target cells from/DRRmice. A
rational question would be why residual MBP-specific cells could not get a&ctjvat
proliferate, and induce disease. There are several possible explanatiorsigsuti One
would be that the therapeutic cells are very potent in killing autoreactiedsTand
therefore, the low number of residual target cells would not be able to cause dibesase. T
finding is true for both CD4and CD8 population. A second reason refers to the
relationship between CD4nd CD8 T-cells in the development of EAE disease. If CD4
T-cells are effectively eliminated, CD8 T-cells would not be able to suwitheut the
signals delivered by CD4 T helper cells. Therefore, although the chimezjtoeevas
transduced into COSCTL that can only target and kill CD4 hMBP-specific cells, their
disappearance would also impede survival of CEMBP-specific cells.

The in vivo efficacy of thé-deficient RMTC is still an open question. Removal

of the cytoplasmic signaling tail impeded signal transduction and recognitiarget -
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cells by MBP-DR2-CTL. MBP-DR2 therapeutic cells cannot kill hMBP-gjmecells.
Likewise, they cannot inhibit proliferation of antigen-specific cells gfegtide
stimulation. The only option left that might explain is the conversion of autoreachite, T
cells intoTh2 ones and secretion of anti-inflammatory cytokines (IL-4, 5, 13).sTbrsei
of the hypotheses that remain to be proven in the future.

A major limitation in the therapy of EAE is the phenomenon of epitope spread.
The disease in primarily induced by a particular antigenic peptide thaitas T-cells
but due to local inflammation and damage, the T-cell response will extend to other
epitopes within the same antigenic protein or different proteins (103). Na®késTcan
penetrate the inflamed CNS without the need of peripheral activation (104). Dendriti
cells in the CNS will then activate these naive T-cells, thus initiatirigpepspread
(105). This phenomenon occurs after the peak of acute disease, around day 16 after
immunization with a specific peptide and it is inhibited by treatment withAEh36).
HLA-DR15/MBP85-99 humanized transgenic mice were shown to undergo epitope
spread to other HLA-DR15-restricted MBP epitop&% do not know if this would also
happen in our humanized system. Previous reports from our lab using RMTC specific for
MBP89-101 reactive T-cells after epitope spread showed symptomatic improva@ment
EAE-induced mice. In addition lymphocytes from the mice showed decreased
proliferation not only to MBP89-101, but also to two PLP epitopes, 139-151 and 178-
191, that are important in epitope spread (58). Although these constitute encouraging
data, we can not assume that humanized chimeric receptor-transduced theralt®utic ¢
would also block epitope spread in our humanized system and this is an important

guestion to be addressed in the future.
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The ultimate goal of this entire project using T-cells transduced with ghime
receptors for the therapy of MS in a humanized mouse model is to eventually use this
approach in human clinical trials. Several adjustments should be made for theachimeri
receptors to meet the safety requirements of such trials. The GFP gertabie $ar
experiments in mice but it induces an immune response in humans (107). Therefore, this
gene should be removed as the RMTC can be easily detected and quantified iy stainin
with the DR2 antibody. Moreover, since there is very little data about the sedesedf
RMTC presenting an autoantigen, a suicide mechanism would be beneficialtbeithat
prompt elimination becomes readily possible. One way to do this is insertion of herpes
simplex virus thymidine kinase gene (hsvTK) into the transduced construst. Thi
converts the dideoxynucleoside prodrug gancyclovir into its phosphorylated form, thus
terminating the DNA chain and leading to cell death (108).

In this project we only tested the ability of CDB-cells transduced with CRs to
prevent or treat EAE in the humanized system. There are several otheonaratihis
theme. One of them is transduction of CRs into Th2 lymphocytes or regulatory
CD4'CD25 T-cells. These therapeutic cells will not directly kill autoreactive,igept
specific cells, but rather act through different mechanisms, such as &rtisrdtory
cytokines. In this manner they may be more potent than the CD8+ RMTC cellsngssetti
where significant epitope spreading has already taken place. The figldvgle open
for the use of CRs and other, more “classical”, non antigen-specific approdlh fght

for the cure of this disease.
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