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Abstract:

Immune modulation is one tteatment modality which is being explored in the context

of hwnan diseases and disorders. Methods of such manipulation which use gene therapy have

an advantage in the treatment of chromc diseases such as autoimmunity because they are less

invasive and more persistent. Furthennore, naked plasmid bas advantages as a veetor ovec other

methods: it is more persistent and less immunogenic and eytotoxic than viral vectors, and

simpler chan DNA-con;ugate veetors. Thus, naked plasmid is a viable alternative treatment to

study in the context of an autoimmune disease such as diabetes rnellitus, despite it's

disadvantages of low transfeetion and expression rates. Here, we demonstrate that treatment of

an autoimmune mode!, the non-obese diabetic (NOD) mouse, with a~utoantigen to which a
1

signal sequence had been added was proteetive, even in the apparent absence ofsecretion ofthat

gene product. In contrast, treatment with the native cDNA of the same antigen was not

protective. Furthennore, we show by immunohistochemistIy that gene expression is still

detectable in the muscle 22 weeks after injection. Other experiments demonstrate that multiple

vaccinations with the altered form of the anrigen were essentially as protective as a single

vaccination following by multiple injections of blank plasmid, suggesting an important role for

immunostimulatory sequences in hacteria! DNA in causing surveying dendritic cells ta migrate

out of the tissue and present antigen in draining lymph nodes. Attempts to study the results of

DNA vaccination by comparing immunization via different routes were inconclusive. - ~

We have demonstrated that DNA vaccination of an autoimmune mode! with a

autoantigen can delay disease. The simplicity and economy ofsuch vectors and the benefits they

have for the treatrnent ofchronie disease in contrast to more intlammatory viral veetors, suppon

future research into their use in the treatment of autoimmune diseases.
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Résumé:

La modulation immunitaire contre les maladies est un traitement exploré. Les méthodes

qui utilise la thérapie génie ont cenains avantages dans le cas des maladies chroniques. Elles sont

généralement moins invasive. De plus, l'utilisation de plasmide ADN seul comme vecteur a

l'avantage d'etre plus soutenue. Elle est aussi moins immunogénique et cytotoxique que les

méthodes virales et elle est plus simples que les vecteurs de ADN conjugés. Par conséquent, la

méthode du ADN seul est une alternative valable dans le traitement des maladies auto-immunes

malgré que sont niveau de transfeetion et d'expression est bas. Notre étude montre que le

traitement des souris non-obèses susceptibles de devenir diabétique (NOD) sont protégées

lorsqu'un plasmide codant pour un auto-antigène modifié pour contenir une séquence signal

mais apparamment pas sécrété est injecté.Contrairement, les souris NOD injectées avec le ADN

du gène natif n'a pas eu d'effet. De plus, nous avons montré par immunohistochimie que

l'expression de ce gène est détectable dans le muscle pendant au moins 22 semaines suivant

l'injection. La vaccination multiple avec le vecteur codant l'auto-antigène modifié était aussi

protecteur qu'une seule injection de ce vecteur suivit d'injections du vecteur control. Ceci

suggère l'importance de séquences immuno-stimulantes qui peuvent causer les cellules

dendritiques (DC) à migrer hors des tissues et à présenter les antigènes dans les noeuds

lymphatiques avoisinant. Nos résultats préliminaires de la vaccination par vecteur de ADN

supportent la capacité des OC dans la présentation d'antigène suite à la vaccination.

Nous avons démontré que la vaccination par l'ADN dans un modèle de maladies auto

immunes avec un auto-antigène peut retarder la maladie. Contrairement aux vecteurs viraux qui

sont plus inflammatoires, la simplicité, l'économie et le bénéfice de plasmides comme vecteurs

dans le traitement de maladies auto-immunes supportent plus de recherche dans leur utilisation.
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1. Introduction:

1.1 Targets ofImmune Modulation:

The immune system is our defense, not only against invaders that penetrate the barrier

of our skin, but against the neoplastic eneIJÙes which arise within. Sïnce Jenner's first successes

with vaccination, we have atternpted to take advantage of the potential of this complex system,

and overcome its weaknesses. Such manipulations are to achieve one of three effeets: t) to

induce a response against a previously unencountered or poody ïnununogenic antigen, 2) to

induce tolerance to an antigen against which a response is undesirable, 3) to deviate an existing

response to a different phenotype. With regards to the second point, central tolerance, which

occurs in the thymus during T cell development, appears ta function mainly by deletion

(negative selection) of thymoeytes which possess too lùgh an affinity for self antigen in self

major histocompatihility complex (MHC) molecu1es. However, many experimental models

suggest that peripheral tolerance aIso operates by inducing anergy, an unresponsive state, in

autoreactive T cells.

The concept ofimmune deviation arises from the mouse, in which distinct T helPer (Th)

cell phenotypes can he identified. Tht responses are characterized by the production ofIFN-y,

IL-2 and TNF-~,and associated with deIayed type hypersensitivity (DTH). In contrast, Th2 cells

are associated with the production ofIL-4, IL-S and IL-t0, and with immunity against helminths,

and asthma. ThO cells produce a variety ofcytokines and are thought to he the precursors ofTht

and Th2 ce1ls, while Th3 cells are presumed to play a regulatory role charaeterized by the

production of the broadly immunosuppressive cytokine TGF-~. Although even in the mouse

these subsets do not account for all T cells, and in humans they appear to be even less well

delineated, the system is useful as a framework. Th1 cytokines tend to encourage their own

5
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production, and suppress that ofTh2 cytokines, and vice versa. In severa! autoimmune animal

models autoantigen-specific Th2 cells and their cytokines are associated with the resolution of

disease (reviewed in Fathrnan et aL, 2000)

Research of immune modulation focuses on three main pathologies. The first is

infectious disease: to prevent mortality and morbiclity due to pathogenic organisms, we atternpt

to induce protective responses without exposure to fully virulent pathogens. This has been

successful with monophasic diseases to which life-Iongimmunity is produced, but much less 50

with intracelluIar parasites such as malaria. These organisms have complex life-cycles and

immunity against one stage does not proteet against other stages. Further, our success in

eradicating infectious disease bas been restrieted to the well-known example of small-pox, and

in implementing vaccines across eotire populations, to the developed world.

The second pathology is cancer. In this case, the immune system is hindered by the lack

or sparsity of foreign antigens. Doly mutated proteins or developmental antigens oot nonnally

expressed in adults are exempt from self-tolerance. Compounding this, tumours may actively

suppress immune respooses: many have visible infiltrations of immobilized turnour-specific

lymphocytes. Thus, the problem in treating cancer is overcoming poor immunogenicity and

immune suppression.

The final area in which immune modulation is sought, and the focus of this discussion,

is autoimmunity. In this situation, tolerance to self is lost, and the immune system attacks self

tissue.

Intolerance to selfalone is not enough to cause disease. Everyone harbours auto..reactive

T cells, and transient autoimmwùty is common following infection or injury. Furthermore,

tolerance does oot exteod to 'ignored' antigens, which are oot present in the thymus and are

6
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restrieted in the periphery to immunologîcalIy-priviIeged areas such as the eye. Experimental

autoimmune animal models exist, with putative human counterparts, direeted against such

nonnally 'privileged' antigens. Experimentai autoimmune encephalomyelitis (EAE), which bears

similarities to multiple sclerosis (ltAS), an be induced in mice by injecting myelin proteins in

complete Freund's adjuvant (CFA). Experimental autoimmune uveitis can also he induced in

susceptible strains of RÙce with retinal antigens or their fragments. In both cases, the antigen is

sequestered where naïve T cells do not traffic, but aetivated T cells do.

1.2 Diabetes:

However, accidentaI exposure to sequestered antigen can't explain aIl instances of

autoimmune disease, because autoimmunity does not occur exclusively when T cells encounter

restrieted antigens. The pancreas is not immunologically privileged, yet autoimmunity against

the ~ cells of the islets of Langerhans causes one of the most common chronic disorders of

children and young adults: insulin dependent diabetes mellitus (ID0 ~. The inability to prediet

inheritance ofIDDM, and the low concordance rate among monozygotic twins, suggests that

there are sttong predisposing environmental factors, but severa! genetic features are also

associated with susceptihility. 60% of attributable genetic risk is HL-\. class II: in Caucasians

there is a positive association between diabetes and the DQ8 and DQ2 baplotypes, and the most

common genotype among diabetics contains both. DQ6 and DQ7 are negatively associated, and

the fonner confers a significant negative association even in the presence of DQ8.

Polymorphisms in the 1fHC II genes alter both peptide-binding and interactions with TCR, but

how this results in the activation or suppression of an autoimmune repenoire is unknown.

Other genes that have been linked or associated with IDDM are CTL\-4 (discussed

below with CostimuJation) and a variable nucleotide tandem repeat upstteam ofthe insulin gene.

7
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The raIe of the latter is Wlclear (reviewed in Bieg et Ill, 1998).

Environmental factors, which remain contentious, have been suggested to include viraI

infections that damage the pancreas, and exposure to antigens, such as Coxsackie virus and

bovine serum albumin, that mimic pancreatic proteins.

Many of the targets ofautoimmunity in IDDM have been identified. Interestingly, the

only islet-specific antigen is insulin. Others include heat shock protein and IA-2 phosphatase.

The autoantigen studied in this Masters was glutamic acid decarboxylase 65 (G.AD65).

1.3 GAD65:

Two isofonns ofGAD exis~GAD65 and GAD67. However, it is the fonner which has

been the focus ofdiabetes research. In the central nervous system, this enzyme synthesizes the

inhibitory neurotransmitter y amino butyric acid from glutamate. G.AD65 is also expressed in

the testes, the ovaries and the pancreas. 1ts functions in these locations are unknown. Although

glucose stirnulates pancreatic GAD activity in both humans and rats, it seems possible that

G.AD's function in the pancreas may have nothing to do with its status as an autoantigen

(reviewed in Lernmark, 1996, Petersen, et Ill, 1998).

1.4 Diabetes Models:

1.4a LCMV-transgmic Model'

A highly artificial but interesting mode! demonstrates the absence ofany species-specific

property protecting antigens from autoimmune attack. In dUs mode!, miee are tl'ansgenic (fg)

for the lymphocytic choriomeningitis virus (LCMV) glycoprotein, under the control of the rat

insulin promoter. Because ofthe tissue specificity ofthis promoter, the glycoprotein is expressed

ooly in the ~ eells. Although this is a viral protein, it is treated as sdfbecause it is expressed from

early life, and the mice do DOt become diabetic.

8
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However, if these mice are exposed to LC~fV, the resulting aetivated CD8+ eytotoxic

lymphocytes (CTL) aIso destroy the ~ cells, and the mice become hyperglycemic. Perhaps even

more mysterious, if these autoreactive CTL are transferred to other similarly traflsgetÙc mice

which have not been infected with LCM\', they rarely cause insulitis or hyperglycemia, although

they retain the ability to home to the pancreas and manifest as a peri-insular in61trate (von

Herrath et al, 1997).

1.4b BioBrrttiing Rat:

The BioBreeding (BB) rat is an older model ofdiabetes, that arose spontaneously at the

BioBreeding Laboratories in Ottawa. Diabetes arises equally in both sexes, and the incidence

approaches 100% if the rats are kept in specifie pathogen-free conditions. In eontrast to the

congenic diabetes-resistant strain, diabetes-prone BB rats are Iymphopenic. Specifically, they are

deficient ofCD8+, RT6+ T cel1s, which apparendy play a regulatory role because their depletion

from diabetes-resistant rats results in rapid induction of disease (reviewed in Bieg et al, 1998).

1.4c NOD MOlise:

The model used in this Mastets was the Non-obese Diabetic (NOD) mouse. The NOD

mouse arose in Japan from an outbred strain. Interestingly, this strain was originally intended

to be the control for another sister sttain, which was being selected for impaired glucose

tolerance. However, the roles were reversed when sponraneous hyperglycemia developed in the

NOD strain. Diabetes occurs in a high proportion of females, and a much lower proportion of

males, by 35 weeks ofage. The reason for this sexual discrepancy is unknown. Actual incidence

in a colony depends highly on environment, and varies widely between colonies. However, the

disease always progresses through a we1l-documented series of stages.

lnitially, there is peri-insulitis, when macrophages, dendritic cells, Band T ce1ls gather

9
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outside the pancreas, but do not aetually invade the islets. TIùs immune assault can hegin as carly

as 2 to 3 weeks of age, and progresses to intra-insulitis when the pancreas itself is invade~ and

ultimately culminates in the destruction of the ~ cells. The result is a model for human

autoimmune insulin dependent diabetes mellitus (lDD~l), also called Type 1 diabetes.

Like the BB. rat, and human IDDM, the NOD mouse suffers hyperglycemia,

ketoacidosis, polydipsia and weight loss. The NOD mouse also displays reaetivity to pancreatic

antigens, and early reaetivity to GAn6S (reviewed in Bieg et aL, 1998). Tian el aL, 1997 first

demonstrated that al 4 weeks of age there was a Thl response to a single epitope of GAn and

that by 12 weeks of age, this had spread along the GAD molecu1e and to other islet antigens

(msulin B chain and heat shock protein). They also demonstrated that neonatal induction ofTh2

responses to an islet antigen spread to other autoantigens and proteeted mice from disease. The

protective nature of a Th2 response to islet antigens has been demonstrated by a number of

groups, such as Gallichan et aL, 1999 who found that mice tlansgenic for IL-4 in the pancreas

were proteeted from diabetes by islet autoAg-specific T cells that secreted IL-4 and IL-lo. These

ce1ls counter-regulated continued underlyingdestructive autoreactivity, because neutralizing IL-4

and IL-IO restored susceptibility to diabetes.

There have been conflieting observations about the relative importance ofCD4+ versus

CD8+ T cells in the induction of disease. The generally-accepted conclusion is that CD4+ T

cells are necessary, but the process is most efficient with both CD4+ and CD8+ ce1ls together.

TItis is supported by recent work by Ablamunits et aL, 1999. They found that CD4+ islet

associated cells from non-diabetic NOD mice could transfer disease to NODJad mice, while

pure populations of CD8+ cells could not. However IDDM transfer was most effective when

both CD4+ and CD8+ T cells were adoptively transferred.

10
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Although diabetes in the NOD mouse is strongly assocÏated with T celIs, Serreze et aL,

1998 demonsttated that NOD mice lacking B cells are resistant to disease. T cell responses to

a control antigen were nonnaI in these mice, but reactivity ag.Unst GAD was eliminated.

Susceptibility to diabetes could be restored by irradiating these mice and reconstituting them

with syngeneic bone marrow and B ce1ls, but not by infusing them with Ig from diabetic NOD

mice. This indicates that the B ce1ls play sorne role other than autoAh production, aod the

authors suggest that they present islet antigens to prime the autoimmune response.

The advantages of the NOD mouse as a mode! ofautoimmunity, and the reason it was

used in this thesis, are the predietable progression of the disease, and the ease with which this

cao be monitored: glycemia cao be measured with a glucose meter that reads colourimettic strips.

The standard threshold beyond which an animal is considered diabetic is 11.0 mmol/l, and

disease scores cao also be assigned by grading individual islets in Hematoxylin and Eosin stained

sections of paraffin-ernbedded tissue ( reviewed in Leiter et al, 1999).

1.S Methods of Immune Modulation:

There are at least five methods to suppress or deviate an immune response. The most

potent and least specifie method is general immunosuppression. This is used following organ

transplantation, when the alternative is graft rejection and death, and in severe autoimmunities

such as systemic lupus erythematosus (SLE) which have poor survival rates. Unfonunately,

increased susceptibility to infection and neoplasm is a serious side-effect.

lnununizing against infections disease is the oldest and most often clinically applied

strategy to induce a response. A vaccine an he an attenuated live organism, or a particular

epitope, such as viral capsid proteine While epitope vaccination excludes reversion to

pathogenicity, it gives a much narrower immwûty.

Il
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Severa! vaccination strategies have aIso been applied to suppnssing an immune response

in the context of autoimmunity.

1.5a Vaccination AgainstAllioantigens:

As mentioned above, Th2 and/or Th3 cells specifie to autoantigens are frequendy

associated with the amelioration of, or protection &om, disease. Both bystander suppression and

phenomena termed 'infeetious tolerance' in transplantation models are produced (fian tl aL,

1997). In the first, autoreactive Th2 or Th3 ceIls home to the target organ and release anti

inflammatory cytokines, suppressing local effeetor T cells independent ofshared specificity. In

the second, Th2 immunity (and possibly other anti-inflammatory responses) can spread to

adjacent epitopes and even related proteins, a protective version of epitope-spreading (fian el

aL, 1997)

However, elements ofa Th2 response may not be enough: in rdtro-derived Th2 celllines

frequendy fail to protect recipients when co-transferred with autoreactive Th1 cells.

Funhennore, although the NOD mouse is proteeted &om disease when made transgenic for IL

4 or TGF-~ in the pancreatic islets, these uansgenic islets are swiftly destroyed when

transplanted into wild-type diabetic mice (reviewed in Tian et aL, 1999). In addition, despite the

finding that wild-type NOD mice treated with an IL-12 antagonist were proteeted bya Th2

response, the absence of IL-12 was not enough to protect NOD mice. IL-12-deficient NOD

mice, despite impaired responses to self and exogenous antigen, progressed to diabetes and

showed no augmented induction of1b2 cells (frembleau et al, 1999).

Despite this, a recent study has demonstrated protection from EAE when

encephalitogemc Th1 cells were co-incubated with a Th2 clone specifie for an altered peptide

ligand (APL) of proteolipid protein (PLP). Proteolipid protein induces EAE in susceptible
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strains of mice when injected with CFA, and an APL is a T cell epitope in which the T cell

receptor contact residues have been subsrituted. The effect of co..incubation was abrogated by

combinations ofneutralizing Ab to IL-4, IL-l 0, IL-13 and TGF-~ (Young ~IaL, 2000). However,

these results don't entireIy refute earlier data suggesting that co..transfer of specifie Th1 and Th2

cells eouldn't prevent transfer ofdisease, while early exposure to a biased Th2 response, ill vivo

or ill vitro, could. Interestingly, while later transfer ofTh2 clones generally failed to be protective,

their induction by APL administration was ameliorarive in established disease (reviewed in

Seroogy el aL, 2000).

One of the early papers observing protective immunization in autoimmune modds was

done by ~fuir el aL, 1995. They found subcutaneous injections of B-chain insulin induced a

protecrive response in very young NOD mice. In agreement with the theory of immune

deviation, and contrary to expectations if protection arose from anergy or deletion, treated and

control mice displayed comparable insulitis. In the treatrnent group, this insulitis was associated

with much lower leveIs of IFN-y. Co-transfer to irradiated NOD mice of spleen cells from

immunized animaIs protected the recipients from diabetes.

Later work demonstrated similar protection in NOD mice from vaccination with

GAn65 and 67, in EAE, from myelin basic protein (MBP), PLP or APLs, in collagen-induced

anhriris (CL"-), from collagen type II protein (CIl), in uveitis (EAU), from inter-photoreceptor

retinoid-binding protein (IRBP), and in thyroiditis, from thyroglobulin (reviewed in Liblau el aL,

1997).

In more recent work with a systemic disease (versus organ-specifie ones, discussed

above) Kaliyaperumal et aL, 1999 immunized (SWR x NZB)F1 mice, a mode! of SLE, with

autoepitopes from core histones. One of the characteristics of lupus in both hurnans and mice
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is the production of autoAb against DNA and nucleasames. The mast commonly fatal

complication is lupus nephritis. Thus, tlùs group chose epitopes critical for nephritis-inducïng

T cells, a rational approach because although T cells are not directly involved in producing

autoAb, they are indireetly involved through the activation ofautoreaetive B cells. Intravenous

(i.v.) administration of histone epitopes was significandy protective, but interestingly not

associated with a change in cytokine profile, suggesting anergy and not deviation ofautoreactive

T cells.

It should also be mentioned that treattnent with autoantigens is not always proteetive.

In an attempt to prevent diabetes in NOD mice, Geng et aL, 1998 made severallines that were

transgenic for mutated GAD65 that differed in only two amino acids from native GAD65 (Geng

et01., 1998). These mutations abrogated enzymaric activity and were introduced because previous

atternpts to make NOD mice transgenic for GAD65 had failed, and the authors suspected that

this was due to a lethal effeet of unregulated GABA production. Despite the fact that

intrathymic injection ofG.AD65 is protective in NOD nùce, and that transgenic mice expressed

the mutated GAD65 in the thymus, the line that most highly expressed the transgene suffered

exacerbated diabetes (reviewed in Lemmark., 1996).

t.Sb Oral Toltrance:

Another method to induce tolerance is oral adnùnistration of antigen. Fed anrigen is

processed by the gut-associated lymphoid tissue (GAL1'), which has the dual roles ofprotecting

against pathogens and preventing inappropriate responses to hannless ingested proteins.

Accordingly, orally-administered T-dependant soluble protein induces tolerance, while T

independent polysaccharides and particulate antigen do not Low doses of tolerogenic antigen

result in active suppression ofreactive ce1ls, by regulatory T cells secreting TGF-~, IL-4 and IL-
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10, while high doses cause apoptosis (reviewed in Krause et aL, 2000).

Both peripheral and gut-resident APC present fed antigen to T cells, as within 6 hours

of feeeling, CD69, an early marker ofactivation, is upregulated on peripheral T cells. In the gut,

there are a nwnber of APC with access to antigen, including intestinal epithelial cells, B cells,

macrophages, and dendritic ce1ls (Dq. However, a number of studies have suggested a central

importance for DC (revicwed in Whiteacre et aL, 2000). Among these is work done by with Flt

3L, a hernatopoietic growth factor that dramatically increases in vivo systemic levels of De

(reviewed in Shurin et aL, 1997). It was demonstrated that T cells From mice treated with At-3L

prior to ovalbumin (OVA)-feeding proliferated significantly less upon in vitro restimulation after

avA immunization (Viney et aL, 1998)

In the context of autoimmunity, oral tolerance has been studied in a variety of animal

models. Interestingly, not ooly does feeding ofCIl ameliorate or prevent CIA, but also adjuvant

arthritis, prisrane-induced arthritis and silicone-induced arthritis (reviewed in Whiteacre et aL,

2000). This suggests a mechanism involving active suppression, and clinical relevance, since the

inducing antigen is not known in many human autoimmune diseases.

Other evidence for active suppression consequent to antigen feeding was found in the

NOD mouse, where oral or nasal administration ofinsulin or GAD delayed or prevented overt

diabetes, while increasing IL-4, IL-l 0 and TGF-~ production, and decreasing IFN-y production

in the islets. Interestingly, the LCl\1V-Tg diabetes model is also protected From hyperglycemia

following viral infection, if the mice are fed insulin.

Other Thl-associated, organ specifie autoimmune models are amenable to treatment

with orally or nasally administered autoantigens. These include EAE, experimental autoimmune

thyroiditis (EA1), experimental autoimmune uveitis (EAU) and experimental autoimmune
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neuritis (EAN) (reviewed in Whiteacre et aL, 2000, Krause et aL, 2000). Zhu et aL, 1998 found

that nasal administration of a relevant antigen delayed EAN. l\Jore reeendy, Xu el aL, 2000

demonstrated that nasal co-adrrùnistration of a MBP peptide and IL-4 delayed onset and

ameliorated EAE in Lewis rats, even when given after disease induction.

However, when Bellman et aL, 1998 treated BB rats with oral insu1in, they found that

insulin alone trafisiently delayed disease, while insulin administered with a bacterial adjuvant

significantly exaeerbated disease. Treatment of NOD mice with fed insulin and the same

baeterial adjuvant was proteetive (Hartmann et aL, 1997).

Interestingly, despite it's generally amelioratory effeets on organ-specifie autoimmunity,

oral tolerance is not protective in the systemic autoimmune mode! SLE (reviewed in Whiteacre

et aL, 2000, Krause el aL, 2000).

Clinical trials attempting to induee oral tolerance in MS were disappointing, but recent

observations indicate homogenous antigen (MBP versus whole myelin) is more protective, and

suggest new strategies (reviewed in Whiteacre et aL, 2000).

t.Jc Vaccination Again!tAlilol'ractive TaUs:

Vaccination with autoreaetive T cells themselves can also control autoimmune disease.

In contrast to models where disease is indliced by adoptive transfer, in proteetive protocols the

T cells are first attenuated. Gearon elaL, 1997 found that peritoneal injection ofattenuated NOD

T cells from diabetic miee, but not other strains, significantly prolonged diabetes-free survival

of recipients. However, there was a sudden increase in diabetes incidence following the final

injection indicating that vaccination ooly delayed disease in some mice. This supported existing

evidence that tolerance requires a persistent expression of antigen. This may not be obvious in

most experimental autoimmune models because, wùike the NOD mouse, they are induced and
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many spontaneously resoIve, as with EAE.

Clinical trials in ~fS patients suggest T cell vaccination ([CV) with ~mP-reactiveT cells

proteets from disease by clonally delering MBP-reactive T cells (Hennans et al, 2000, Correale

ef al, 2000). Specifically, CD8+ anti-clanatypic T cells were induced against the vaccine clones.

This contrasts with data obtained by another graup in a TCR-Tg mause, in which the

TCR is specific far myelin and TCV proteeted from EAE by non-de1etional eytokine-mediated

suppression (Matejuk et al, 2000).

1t should be noted that when Hermans ef al followed vaccinated patients over rime,

MBP-reaetive T cells re-emerged in 2 to 5 years. These cells differed in clonaI origin from the

original vaccine clones. Their appearanee eoincided with clinical relapse in two patients. The

original clone did not reappear, and additional vaccinations against the new clones abolished

myelin reactivity, albeit with Iowered efficiency. These new clones shared funetional reactivities

with the oid ones and had not shifted towards a Th2 or Th3 phenotype. Thus short durarion

exposure to an indirect method ofinducing tolerance (via the TCR instead of antigen) may not

he a suitable treatment for ehronie human autoimmunity.

1.5d Cytokine Administration and1ntttfmnce 1lIÏth Costimlliation:

Two other methods by whieh the immune system might be modulated are cytokine

administration and interference with eostimulation. N either ofthese methods is antigen specifie,

with the advantage of broad effeet, but the possibility of undesirable systernie effeets.

ln particular, the administration of cytokines in boluses can Iead to ttansiently toxie

Ievels. Furthennore, due to short half-lives, prolonged therapeutic levels are unattainable without

conrinuous intravenous (t.v.) administration. Sorne groups have ttied to lessen the systemic

effects by inhibiting proinflammatory cytokines, instead of adnùnistering anti-inflammatory
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ones. Baker etaL, 1994 treated chronic re1apsing EAE (CREAE) with cither anti-tumour necrosis

factor (fNF) antibodies (Ab) or soluble fusion proteins of human "!NF receptors and

immunoglobulin (Ig). Both treatments significandy delayed the onset of disease, but were

ultimately unable to prevent relapses. Interestingly, intracranial (i.e.) injections were effective at

100 fold lower doses than intraperitoneal (i.p) injections. This suggests that a Iack of antigen

specificity can be compensated for by administration local to the inflammation. The blood brain

barrier is an additional problem in EAE, hindering the entry of systemie factors, but serves to

keep factors aIready in the bain from diffusing into the general circulation. However, as relapses

occurred in this and other models soon after cessation oftreatment, it's clear this method suffers

from transience. This was further illustrated in clinical trials with RA patients, in which treatment

with an anti-l'NF Ab gready reduced inflammation, but disease retumed 2 to 4 months Iater

(reviewed in Chemajovsky et aL, t 995a)

Another way to lend sorne specificity to cytokine treatment is administration in

conjunction with antigen. Zhu et aL, 1998 demonstrated this, as rnentioned above, as did Inobe

et aL before them. Both groups found that combining antigen and cytokine allowed lower doses

of both. Inobe et al, t 998 were aIso working with an oral tolerance model, feeeling l\ŒP to

HAB-susceptible mice. They found that cither i.p. or oral treatrnent with IL-4 encouraged the

development ofTGF-~-producingregulatory T cells.

More recendy, Rothe etaL, t 999 experimented with treating prediabetic NOD mice with

the novel cytokine IL-lB. This cytokine shares strucrural similarities with IL-l, and the ability

to drive differentiation towards a Th t phenotype with IL-12. Despite this, treatment delayed

diabetes and suppressed it aItogether in 30% of the test group, and appeared to arrest the shift

towards IFN-y production seen in control mice. These results might cooeur with other findings
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of neutralizing anti-eytakine Ab, discussed bdow with DNA vaccination. However, this graup

did not look for such anti-IL-18 Ab follawing their treattnent.

The requirement of T cells for costimulation pravides another avenue through which

their responses can be controlled. In order to become aetivated, a T cell requires two signaIs

fram the antigen presenting cell (APq. The first signal is antigen-specific: the TCR interaets

with a rdevant MHC-peptide camplex on the APC. The second signa}, or costimulation, is nat

antigen-specific, and the predominant pathway is through C028 an the T cellligatingcither B7.1

or B7.2 on the APC. CD28 is constitutivdy expressed on the majority of resting hurnan and

mause T cells. Fallowing costimuIation and activation, CTLA-4, another receptar far B7

malecules, is upregulated. Although B7.1 and B7.2 appear ta be samewhat redundant

functianally, they are distinct. Bath interact with CTLA-4 with 20 ta 50 fald higher affinity than

they da CD28, but B7.2 is upregulated on aetivated APC 12 to 18 hours saoner than B7.1. B7.2

is aIsa much more sensitive ta upregulatian by IL-4 ar IFN-y.

In contrast, CD28 and CTLA-4 appear ta be functionaI apposites. C028 engagement

induces IL-2 productian, upregulates a range afcytokines and expression ofail chains afthe IL

2 receptar, prevents T cell anergy and apoptosis and lawers the threshold ofTeR engagement

required far activation. Th1clones are more sensitive to anergy in the absence ofCD28 signaling

than naïve and memory T celIs, or Th2 clones. As CTLA-4 has a much higher affinity for B7

than CD28, a soluble CTLA-4/immunoglobulin fusion protein (CTLA4-Ig) can be used to

block CD28-B7 Iigatian. 1nterestingly, knoeking out the C028 gene or treating mice with

CTLA4-Ig biases T cells towards the Th1 phenotype.

lnitially, there was sorne controversy over CTLA-4, since sorne suggested that it aIso

costimulates T cell activation. However, evidence now suggests that CTU-4 Iigation is
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inhibitory. Blocking CTLA-4/B7 binding in vitro increases T cell proliferation and cytokine

expression. In addition, murine CTL-\-4 knockouts (Ka) exhibit carly autoimmune disease

charaeterized by massive lymphoproliferation, autoimmunity and death at 4 to 5 weeks of age

(reviewed in Bluestone el aL, 1999). C1L\-4 might aet by inducing CD4+ T cells to produce

TGF-~ (Chen el al, 1998b)

Cameron elaL, 1997 compared the effeets oftreating NOD mice with IL-4 or anti-CD28

monoclonal Ab (antï-CD28 mAb). They had previously demonstrated that NOD T cells are

proliferativdy hyporesponsive following TCR ligation from the rime the mouse is 3 weeks oId,

and that ann-CD28 mAb treatrnent provided costimulation and restored proliferation. As

mentioned above, lack ofCD28 signaling tends to bias towards ThI, and Th2 funetion appears

ta be more compromised in the NOD mouse (Arreaza el aL, 1997). Recent work by Dahlen el

al. suggest that the defect that is compensated for by anti-C028 treaanent is a reduced

expression by NOD macrophages, DC and T cells ofB7.2. This deficiency appears to interfere

with the full activation of T cells, and the consequent upregulatian of CTL-\-4. The authors

suggest that tlùs eould impair downregulation of immune responses (Dahlen el al, 2000). This

is similar to the suggestion ofTrembleau el aL to explain the canflicting results between NOD

miee tteated with IL-12 antagonist, and those deficient in IL-I2 production fram birth: that the

congenitallack ofIL-12 interferes with the devdopment ofa regulatary mechanism (frembleau

el al, 1999).

Cameron el al found that anti-C028 Ab treatment campletely proteeted NOD mice

from diabetes, but ooly ifgiven early, while IL-4 was proteetive ifgiven at up to 12 weeks ofage.

The mAb acti.vated Th2 cells and augrnented their production ofl1-2 and IL-4. This experiment

was probably more infonnative about innate defeets in the NOD mouse during the inductive

20



•

•

phase of diabetes than it was about potential treatments. 1nterestingly, although anti-IL-4

treatment abrogated the protection mediated by anti-CD28 mAb, there were mechanisric

distinctions between the two treaonents. IL-4 prevented the migration of T cells into the

pancreas. CD28 signaling did not, but induced a non-destructive, peri-insular infiltrate (reviewed

in Cameron et (,JL~ 1997).

These results eonfliet direetly with a variety of other disease madels. CD28-deficient

mice are resistant ta CIA. This could Dot be overeome by repeated immunizations with CIl in

CFA (fada et aL, 1999). However, Tada el aL also found Th2 responses ta be more impaired in

the absence ofCD28 signaIing.

In agreement with the results of Tada el aL, Reynolds el aL, 2000 found CTLA4-Ig

proteeted rats from experimental autoirnmune glomerulonephritis (EAG), an animaI model of

Goodpasture's disease. This group also found evidenee that B7.1 and B7.2 are not entirely

redondant, as treatrnentwith amutant CTLA4-Igthatblocked ooly B7.1 was similarly protective.

A final note: Girvin et aL, 2000 studied CD28-deficient and anti-B7 tteated NOD mice

for resistanee to EAE induction. They found disease severity was significantly reduced, in

agreement with other models of EAE. Thus, ameliorarion of disease with increased CD28

signaling is specifie to diabetes in NOD miee, and Dot aIl autoimmune reactions in NOD miee.

1.6 Gene Therapy:

Gene therapy is an altemate method to modulate the immune system that has the

potentiaI to overcome the limitations of protein administration.

Sorne proteins are very difficult and expensive to purify in useful quanrities. In

EAE/MS, the blood-brain barrier cao prevent therapeutic molecules from gainingaeeess ta their

site ofaction. This can he overcome, as in Baker et al., with repeated i.c. injections, but these are
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invasive and technically-demanding.

Gene therapy has the potential for local delivery, such as by dIe transfection of

autoreactive T cells. Even in the case of local injection, ooly one or two treatments might be

necessary. Gene therapy could encompass any of the treatment modalities using protein, in

addition to others ernployingann-sense RNA oroligonucleotides, with the additional advantages

of persistent expression and no necessity for protein purification. Funhennore, inducible

systems such as the TetOn/TetOffsystem could allow expression to be tumed on or off, as cao

engineering a 'suicide gene' into uansduced cells.

1.60 Viral Gene Transfer:

Methods of gene tIansfer can be divided into viral, and non-viral. Viral vectors are

'gutted' of aIl or most of their own genes, and the gap filled with the cDNA of choice. The

sttong viral promoters are left intact to drive expression. This has the effect of rendering the

virus replication-defective so that it cao't disseminate within the host, or spread to others. The

advantages of viral methods over non-viral ones are high transfection tates, and rapid

expression. Disadvantages, such as immunogenicity, depend upon the vector used.

1.6a.i 'Retrovimsts:

Rettoviruses are small RNA viroses mat replicate via a DNA intennediate that integrates

itsdf into the host genome. With the exception of lentiviruses, rettovimses can oruy infect

dividing cells, being unable to traverse an intact nuclear membrane, and are prone to low

expression levds. Integration allows stable traDsfection and expression, but can also cause

insertional mutagenesis (reviewed in Robbins et ilL, 1998).

Because of their requirement for dividing cells, retroviruses are best suited for ex vivo

transduction, where cells can he induced to proliferate, and monitored for uncontrolled
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proliferation prior to reirnplantation. Much of the work done with retroviruses has been in

arthritis models.

Nonna! rabbit synovium is resistant ta retroviral infection because oflow cell division

rates. In contrast, inflamed synovium is a good target, because of hyperpIastic fibrobIast-Iike

synoviocytes. However, Marakov el aL, 1995 found transduced cells only in infeeted explants,

and not in joints that had been directIy injected with retrovirus. Later attempts by Ghizzanî et

aL, 1997 were more successful. This group injected retroviruses encoding the reporter gene ~

galactosidase (~ gal), and found that their vector was able ta infect the mitotic synioviaJ cells in

an inflamed joint, and highly express ~ gal.

Therapeutic effeet was achieved with ex vivo protocols. Chernajovsky et aL, 1995b

incubated spleen cells from CII-injeeted mice with collagen ta induce specific T cells to

proliferate, retrovirally-transfeeted them with soluble 1NF receptor (slNF R), and ttansferred

them into severe combined immunodeflcient (SCID) mice. SCID mice were chosen because

their Iack ofT or B cells prevents them rejeeting aIIogeneic cells. In contrast to untransfeeted

spleen cells, these tIansferred disease to a much lesser degree. In Iater wor~ Chemajovsky et aL,

1997 achieved similar success with lymphocytes engineered ta express TGF-~.Costa etaL, 2000.

recently confinned that, in contrast ta polyclonal activation, exposure to cognate antigen resulted

in transduction of only anrigen-speciflc T cells with their retroviral vector pGCIRES. One

potential problem with treating chronic autoimmunity with engineered T cells is the short life

span of most such aetivated T ceIIs.

In contrast, synovial cells such as Marakov elaL, 1996 transfeeted ex vivo with the secreted

interleukin 1 receptor antagonist (sIL-Ira) gene cao persist indefirùte1y. sIL-lra was chosen

because it is a naturally occurring antagonist of IL-t. In baeterial ce1l waIl (BCW)-induced
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arthritisy treatment ameliorated induced recurrence of arthritisy joint erosion and pannus

fonnation. Similarlyy when ex vivo transduced RA synovial fibroblasts (RA-SF) were co

transferred into SCID rnice with oonnaI human canilagey the sIL-l ra protected nonnal cartilage

from chondrocyte-mediated cartilage degradation ~Iuller-Ladner et aL y 1997). Synovioeytes

transfeeted with IFN-~ proteeted mice from CL\y and ameliorated established arthritis

(friantaphyllopoulos et aL y 1998).

The other disease mode! studied for the benefits ofrettoviral gene therapy is EAE. Shaw

etaL y t997 demonstrated that retrovirally-transduced encephalitogenic T cells could deliver IL-4

locally to the CNS and proteet mice from disease induction and the same group later

demonstrated that disease could he exacerbated by local delivery of 1NF, refuting earlier

observations that TNF Kü mice suffered protraeted EAE (DaI Canto et aL, 1999). Chen et aL y

1998a similarly achieved a protective effeet with MBP-reaetive T cells engineered to express

TGF-~. Transduced T cells specific for an irrelevant anrigen were oot protective.

Croxford etaL y 2000 achieved impressive results by injeeting a fibroblast line retrovirally

engineered to produce sTNFR into the CNS of mice. The cells and their product were still

deteetable three mooths later. Funhennore, they significantly ameliorated both acute and

CREAE. Because the fibroblast line was immortalized using temperature sensitive SV40 large

T antigeny inacrivated following implantatioOy the fibroblast line was oot nunorigenic in vivo. TIùs

therapy was effective at protein levds l000-fold lower than protein injection.

Other than cytokines and their inhibitors, retro\Wù veetors have a1so been used to

deliver antigen-irnmunoglobulin fusion proteins to induce tolerance. Kang etaL, 1999 found that

the recipients of bone-marrow or B cells transduced with an epitope from the À virus hecame

unresponsive to that epitope. This effect was enhanced if the epitope was fused with the mutine
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IgG heavy chain. In the context of autoimmunity, similarly transduced B cells were able to

proteet mice from EAU. The B ceIIs carried the gene for IRBP, and were proteetive if

administered 10 days before, at the rime of, or, most significandy, 7 days after uveitogenic

treatment (Agarwal et aL, 2000).

1.64iiAdenovi1'll!t!:

In contrast to retroviruses, adenoviruses can infect non-dividing ceIIs, and are efficient

ttansducers in vivo. They are DNA viroses, and thus pose no risk of insertional mutagenesis.

Their tropism can be altered by modifying their receptors, and gene expression can be controUed

by celI-specific promoters. The main difficulty with adenoviruses is their immunogenicity, which

can cause infeeted cells to be killed by the immune system, and toxicity. Removal ofviral genes

to mirigate this frequently lowers gene expression or shortens its duration dramatically, and may

not address the entire problem. It was recently shown that adenoviruses can trigger an

inflammatory response just by binding their receptors on synovioeytes (reviewed in Pap el a/.,

2000) Furthennore, neutralizing Ab responses cao interfere with subsequent, and perhaps even

initial, tteatments; Chinnule et al, 1999 found aImost all subjeets aIready had humoral and/or

cellular immunity against adenovimses. Funhennore, completely guned viroses can be difficult

to separate from the helper viroses required for their propagation (reviewed in Robbins et al,

1998).

Despite their being less appropriate for treating autoimmunity than the more innocuous

and persistent retrovirus, a considerable amount of work bas been done with adenoviruses in

this area. As with retroviruses, the majority was with models of arthritis.

Both activated T ceIIs and hyperpIastic synovioeytes express high levels of Fas, a

molecule that induces a death pathway following ligarion by Fas-ligand (FasL). Unfortunately,
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FasL levds are low in the arthritic joint. Zhang el al, 1997 took advantage of the high expression

of Fas by injeeting an adenoviros encoding FasL into anhritic mutine joints three days ofi"

disease onset. They found increased apoptosis in tteated joints, and ameliorated disease in their

CIA model.

In keeping with dichotomous results mentioned above with regards to TNF blockade

and ClA, Quattrocchi etaL, 1999 found that i.v. injection ofadenoviros encoding s1NFR caused

early improvement in their CIA mode!, followed by significant deterioration. Although it has

been reported that the liver is the main site oftransduction following i.v. administration, and that

expression here of reporter genes such as firefly luciferase (lux) and ~ gal was all but

undeteetable by day 14 post-injection (Kurata et al, 1999), Quattrocchi el aL were still detecting

measurable quantities of1NFR in serum up to 21 days, so the sudden disappearance of the gene

produet does not explain a worsening ofdisease at clay 15 to clay 18. It is possible that a down

regulatory mechanism was interfered with.

Woods et aL 1999, 2000 found that conditioned media from RA synovial tissue explants

or fibroblasts infected with adenoviruses encoding 11-4 or IL-13 contained decreased levds of

a number of inflammatory Mediators. While applying a similar strategy to CIA, Lubberts et aL,

1999 found that adenovims itself could exacerbate arthritis and this was aggravated by

overexpression of IL-4. Paradoxically, chondroeyte death and cartilage erosion was reduced in

adenovirus/lU treated joints, though this was in agreement with other results of tteating rat

adjuvant arthritis with IL-4 (reviewed in Pan el aL, 1999).

lL-10 is known both for anti- and intlammatory properties, which may explain

ambivalent results achieved with its use in arthritis modds (reviewed Martino el al, 2000a)

Because of this, !wo groups chose to insen the Epstein Barr viral homologue ofIL-l0 (vIL-10)
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into their adenoviral veetor. This viral protein has only the anti-inflammatory properties of its

mammalian counterpart. In the CL-\. modeL Apparailly et aL, 1998 found benefit following

systemic administration, while Whalen et al, 1999 saw amelioration of disease only with intra

articular injection. Oddly, although Whalen et al. measured no vIL-10 in the serum, they found

that uninjeeted paws were also proteeted in adenovirus-vIL-IO treated mice for up to 70 days.

Although they demanstrated complete protection, the titre ofvirus necessary ta achieve this was

very close to their own definition of toxie. The dosee required by the tirst group to achieve their

systemic effeets were even higher. In agreement with Lubberts et aL, Apparailly et al found that

adenovirus alone caused inflammation in the joint.

Although the early inducer phase of EAE was vulnerable to interference with

costimulatian, as discussed above, the latec effeetor phases seemed refraetory to treattnent with

CTL-\4-Ig. Croxford et aL, 1998a overcame this with direct i.e. injection of adenoviral vector

encoding CTLA4-Ig, and found it more effective than a single injection of CTL\-Ig protein.

Takigudù el aL, 2000 chose a similat adenovirus/CTL\4-Ig veetor to treat lupus nephritis in

susceptible mice. They had previously demonstrated amelioration with protein injection, but

wanted to overcome the need for repeated injections. A single i.v injection of their vector

produced serum CTLA4-Ig levels that were still high at 20 weeks, significandy reduced nephritis

and greatly prolonged survival.

1.6a.üi Herpes Simplex Vims:

Herpes simplex virus (HSV) has sorne ofthe advantages ofadenoviros. It cao infect both

dividing and non-dividing eells, has a broad tropism and is a DNA virus, so will not integrate

into the host genorne. Furthennore, the HSV genome cao carry very large insens, and thus

multiple genes, and is highly infectious. Unfortunately, HSV infection is quite toxic and
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immunogenic. This has been addressed by de1eting many viral genes, but as with adenovirus,

purification ofveetor from helper viroses is technically challenging and titres are low..An even

more serious barrier to the use of HSV in chronie autoimmune disease is the tendency for

ttansgene expression to shut down within a week ofinfection (reviewed in Rabbins et al, t998).

Despite this, Olîgino et al, 1999 treated an IL-t ~ overexpression-induced model of

arthritis with Întra-articular injection of HSV eneoding sIL-Ira. Previous atternpts with an

adenoviral vectordemonstrated benefit, but produced ooly transient expression, presumably due

to anti-viral responses. Although they demonsttated biological relevance in proteeting injeeted

joints, transgene expression was ooly deteetable for seven days. Given the natural trophism of

HSV for neurons, E.AE is perhaps a better target for HSV veetors. Martino et al, 2000b

admirùstered HSV/IL-4 i.c. and found no evidence of veetor toxicity, and deteetable IL-4 for

up to 4 weeks. Disease was ameliorated even if the vector was administered as late as at the first

signs of EAE.

1.6a.iv Adeno-tlSsoaated VinlS:

Adeno-associated virus CAAV) is a single-stranded DNA virus that, even in its wild-type

state, is replication-defeetive without a helper virus sueh as adenovirus or HSV. The wild-type

virus integrates hannlessly into a specifie locus on human chromosome t 9. However, 'guned'

..'\AV vectors lose this specificity and cither integrate randomly, or remain episomal. In the latter

case, gene expression occurs ooly after second strand synthesis. Neurons and myoeytes seem

most efficient at providing this rate-limiting step, and long-tenn stable expression results.

Unfortunately, AAV's genome cao aeeommodate ooly small inserts (reviewed in Rabbins et aL,

1998). Guy etaL, 1998 treated optic newitis associated with EAE with AAV carrying the catalase

gene. Catalase was chosen because it is a free radical scavenger and reaetive oxygen species
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• mediate demyelination and blood-brain barrier breakdown in EAE, and because treatment with

catalase protein is limited by its half-life and inability to cross the intact blood-brain barrier. The

result was protection from demyelination ofoptic nerve head swelling, and transduction in the

optic nerve persisted for at least 2 yea.rs after injection.

Recently, Pan et al, 1999 demonstrated another interesting propeny of AAV veetors.

When injeeted ioto acutely arthritic rat joints, AAV transgene expression direetly correlated with

disease severity. Furthennore, expression diminished to basal Ievels when inflammation

subsided, and could he re-induced to high Ievels by repeated insult and renewed inflammation.

This is first demonstration of disease-state regulated transgene expression.

1.6b Non-viral Gene Transf~

Although viral veetors are more

efficient than non-viral methods of

gene transfer, they carry the risk of

immunogenicity or oncogenesis. Also,

their application may be lirnited by Iow

titres or short tenn expression. Because

of this, research continues ioto oon-

Baeterial antibiotic
resistance gene

Viral prometer

~..lul:lple cIO... ·.,9
site

Polyadenylallon
signaI

viral methods which, despite their own

disadvantages, are easier and cheaper to

Baderial origin
of replicalion

Figure LI: Components of a PIasmid Expression Vector

•

produce and carry a much lower risk ofinduàng inflammation. This has obvious advantages in

the context of treating chronic autoimmune disorders. The components that compose an

expression plasmid are illusttated in Figure1.1: a baeterial origin of replication that allows the

plasmid to be arnplified in baeteria, an antibiatic resistance gene ta allow ttansfonned baeteria
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to be positively seleeted, a viral promoter to drive expression in mammalian cells~ a multiple

cloning site with a variety of enzyme restriction sites to facilitate cloning into the veetor~ and a

polyadenylation signal to stabilize the resulting mRNA transcript. The remainder of the plasmid

is called the 'backbone'.

There are a variety of methods for introducing such a construet into mammalian cells.

1.6b.i Liposomls andDNA Conjllga/ts:

Liposomes are bilayered membranes formed of amphipathic molecules such as

phospholipids surrounding an aqueous eore~ and can be either anionie and cationic. They are

non-pathogenic~ cheap and easy to produce~ and offer a great deal of flexibility in size (reviewed

in Gurunathan Ifal, 2000). Unfortunately, they are inefficient Mathisen efal, 1997 circumvented

tlùs problem by priming in vivo with PLP and then transfecting peptide-reactive T cells in vifnJ.

These T cells, carrying the IL-10 gene under the control of the IL-2 promoter, were able to

inhihit EAE induction and ame1iorate ongoing disease. These results must he interpreted with

are because the transfeeted clone already had a Th2 phenotype. However, this work displayed

a clear advantage over similar work done by Shaw ef al with retrovirally-transduced MBP

specific T cell hybridomas: the T cells used by Mathisen et al did not overgrow and kill their

hosts.

Croxford ef al, 1998b opted to injeet their ONA-liposome complex local to the

inflammation in their EAE mode!. Although they found intramuscular (t.m.) and i.e. injection

of naked DNA and local injection of recombinant cytokines to be largely ineffeetive~ ONA

liposome complexes eneodingIFN-~~1L-4,TGF-~ and s1NFR significantly ameliorated disease.

Triantaphyllopoulos If al, 1998 also injeeted DNA-Iiposome complexes i.e. in EAE. Using

cationic liposomes, they delivered the genes encoding IFN~ ands1N~ and found a significant
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reduetion in the clinical score ofacute disease.

In contrast to Croxford et al's findings that IL-ID had no therapeutie value in EAE,

Batteux et al, 1999a demonstrated that it eould he curative in EAT. This group 31so found

naked DNA injection to be inefficient. However, DNA and a combination of liposomes and

poly-Iysine inhihited the disease process even if it was already in progress.

A rabbit mode! ofosteoarthritis also proved amenable to treatment with liposome/DNA

complexes encoding sIL-lra, despite this tissue having proven refraetory to other non-viral

methods. Fernandes el al, 1999 found that intra-articular injection resulted in less severe lesions

and no increase in synovial inflammation, in contrast to previous results with retroviruses,

despite the faet that xenogeneie sIL-l ra was used.

1.6b.ii Gene Glln:

Also called 'biolistics', in this method microscopie gold particles are coated with DNA

and shot into the tissue with a helium gun. The coated particles are cheaply and easily made, and

transfeet bath dividing and quiescent cells. This method is very efficient at trafisfecting skin, and

requires 100 fold less DNA than naked plasmid injection. Unfortunately, epidermal cells turn

over rapidly and transfecting more persistent myoeytes requires that muscle he surgically

exposed. This technique is hetter suited to treating skin cancers than chronie autoirnmune

disease. N evertheless, sorne work has been done in this area.

Cameron el al., 2000 cornpared expression of an IL-4 gene in the context of either a

conventional DNA veetor, or one with an EBV episomal maintenance replicon. The latter gave

higher expression, and more significant protection from disease. However expression was still

short-lived.

1.6b.iii Other DNA Conjllgates:
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Other DNA conjugates exisl, also designed to proteet DNA and increase trafisfeetion

efficiency, such as cochleates and microparticle encapsulation. As the majority of work with

these is in the context of vaccinating against infections organisms, they will not be discussed.

1.7 Naked DNA Vaccines:

Direct injection of naked DNA is another method of introducing genes into somatic

cells, and bas the advantages of gene therapy while avoiding many disadvantages of the above

methods. Although naked plasmids lack the transfection efficiency of viroses, they are much

easier to synthesize. They an take advantage of the persistence of muscle cells as protein

faetories without requiring surgical removal of the skin, and are easily produced. The absence

of viral proteins lessens the risk of immune responses cither neutralizing the produet or

destroying the transfeeted cel1. Chun et al, 1999a found that although viral tl-pression veetors

produced superior shon-tenn results, expression of naked plasmid DNA was much more

persistent and not subject to neutralizingimmunity. l.m. injection will he the main focus of this

discussion, but plasmid DNA bas also been given through the mucosa (Chun et al, 1999b) and

injeeted ioto the thyroid (Batteux et aL, 1999b) in the tteatment of autoimmuoe models.

The technique is poorly suited to rapidly dividing cell populations because the plasmid

remains episomal and does not replicate.. The main disadvantages of naked DNA gene transfer

are low transfection rates and expression levds. In addition, although gene expression cao

theoretically Persist indefinitely, io praetice it abates over rime.

The field essentially began when Wolff et aL, 1990 demonstrated that reponer genes

could be expressed from muscle following naked DNA or RNA injection, and was still

deteetable four months after injection. In vitro, rapidly dividing cells lost expression more qtÙckly

than more slowly replicating cells ofthe same type. In vivo, the plasmid was neither replicated nor
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integrated even after a year (Wolff et aL, 1992). Others went on to demonstrate humoral and

cellular immunological responses in mice, and protection from lethal challenge with influenza

in mice and chickens (reviewed in Guranathan et aL, 2000). Raz et aL, 1993 then showed how

systemic responses could he manipulated using genes encoding cytokines. Lm. injection of

plasmids carrying the genes for TGF-~, IL-2 or IL-4 could aIter the response to a foreign protein

given at another site. Furthennore, IL-2 could aIso increase, and TGF-~ decrease, anti-chromatin

Ah in lupus-prone mice.

1.7a DNA Gene TransjtrandAlifoim11lllne Model.J:

In a later paper, Raz et al, 1995 went on to demonstrate that survival in the MRL/lpr/lpr

mode! ofSLE was significandyenhanced following monthly i.m injections ofplasmid encoding

TGF-~. In agreement with their earlier findings, anti-chromatin Ah were decreased. In addition,

renal function deteriorated less, corresponding with lower clinical scores ofglomem1ae and less

fihrosis and interstitial inflammation in the renaI tissue. This is of note, hecause TGF-~ is

known to he pro-fibrotic. As previously ohserved, IL-2 worsened disease.

As mentioned ahove with the results of Rothe et aL, regulatory anti-chemokine Ah can

be induced against intlammatory chemokines. Youssef et aL, 1998 treated mice i.m. with cDNA

encoding the chemokines MIP-1Œ and MCP-t, which are highly expressed in the CNS at the

onset of EAE. They found that EAE could not be induced in these mice even 2 months after

DNA injection. This is interesting since, at the onset ofdisease, the blood-brain barrier is intact

and should still present an impediment to Ab molecules. They found that vaccination with

chemokine cDNA augmented existing anti-chemokine reactivity in EAE susceptible rats.

A1so interesting, injecting the cDNA for MlP-l~, another chemokine lùghly expressed

during disease induction, aggravated disease. Inducing Ab to the chemokine RANTES,
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expression ofwhich is associated with resoIution ofEAE, was Dot protective aIthough repeated

administrations of bIank pIasmid was. Also in the rat EAE mode4 Lobell et aL, 1998 injected

pIasmid eocoding an immunodominant peptide of rdBP fused with Ig and demonstrated

protection from disease induction. T ceIIs from vaccinated mice demonstrated the same

proliferative response to MBP as T cells from control mice, and did not produce more IL-4 or

IL-ID, but secreted significantly less IFN-y. DNA vaccination with the same peptide aIone (not

as an Ig fusion protein) was Dot proteetive. Ruiz et aL, 1999 were also successful with a plasmid

encoding minigenes for either a PLP Peptide or an APL. In agreement with Lobe1l et aL, they

found lower IFN-y levels and suggested that it was due to anergy of reactive T cells.

In the LCM'T_Tg modeI of diabetes, Coon et aL, 1999 found that although DNA

vaccination with the insulin B chain was protecrive, DNA vaccination with the viral protein for

which the mice were Tg was not. This suggests mat not aIl autoantigens cao be used to eIicit a

regulatory response.

Administration of plasmids encoding cytokines or their inhibitors has also been

protective in autoimmune modeIs. Nitta et a/., 1998 found that aIthough i.m. injection of a

pIasmid encoding IL-10 had no significant effeet on insulitis in 13 week old NOD mice, the

fucidence of diabetes was markedly reduced. This suggests an immune deviation mechanism,

with a protective infiltrate induced in pIace of a destructive one. Prud'homme and colleagues

have also proteeted NOD mice from diabetes or delayed disease onset with i.m. injection of

pIasmids encoding TGF-~, IL-4/Ig fusion proteins and a soluble IFN-y receptor Ig fusion

protein (sIFN-yR/Ig) (prud'homme et aL, 1999, Piccirillo el aL, 1998, Chang et aL, 1999).

The same veetor encoding sIFN-yR/Ig was also protective in the MRL/lpr/lpr modeI

ofSLE. Lawson et a/., 2000 found that sIFN-yR/Ig significandy decreased senun IFN-y leveIs.
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Expression eouId be considerably improved by eleetroporation ofthe injection site. Survïval was

also increased by eleetroporatio~ with 90% of treated mice still alive at t 1 months ofage, while

control mice were dead by 7 112 months.LVlost impressively, with eleetroporation the plasmid was

highly protective even when given to mice aIready exhibiting advaneed disease. Significant in the

context oflupus, whieh is charaeterized by anti-DNA Ab, naked DNA injection redueed these

Ab. Induction of anti-DNA Ab had been a concem in DNA vaccination.

DNA vaccination bas also been applied to TCR-based vaccination strategies, in a rat

mode! ofautoimmune myocarditis (EAq. l\fatsumoto et aL, 2000 determined the TCR ~-chain

speetrotype ofautoreactive T cells by analyzing myocardial infiltrates in diseased rats. They then

treated other rats with DNA encoding these speetrotypes a week prior to disease induction.

They found two i.m vaccinations with DNA eneoding a eombination of two speetrotypes was

as effective as 21 consecutive days oftreatment with anti-TeR Ab against the same spectrotypes.

Wtldbaum et aL, 2000 atternpted to clarify the role ofFasL in EAE. The role of Fas and

FasL in autoimmunity is somewhat ambiguous, because the lack of Fas is associated with SLE,

but resistanee to EAE. Funhermore, NOD miee transgenic for FasL in the islets have

accentuated disease, while Fas negative NOD mice are resistant to spontaneous and adoptively

transferred diabetes. Thus, Wildbaum et aL immunized rats with plasmids eneoding FasL, and

induced RAB two months later. Treated miee displayed markedly reduced disease, that was not

due to a direct effect on T cells. The titre of anti-FasL Ab remained at a baseline in the two

months following DNA vaccination, but began to tise after disease induction. ln vitro these Ab

redueed lNFlX production by macrophages, but not IFN-y production or proliferation ofMBP

specifie spleen cells. In vitJO, these Ab eonfened protection against disease induction when

tIansferred ioto other rats and proteeted CNS eells &om aPOptotie death. Interestingly, when
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these Ab were transferred into animals with Iate-stage disease, they delayed recovery from acute

disease. The authors suggest mat proteeting macrophage and T cells from apoptosis at this stage

may prolong disease.

,. lb II11f1/linobiology ofDNA Gene Tran.rfer:

A numher of factors affect the ttansfeetion and expression efficiency of plasmid DNA,

most ohviously the viral promoter: Simïan virus 40 (SV40) promoter is 40 rimes weaker than the

Cytomega1ovirus immediate early (CMV IlE) promoter. Gene expression is also dose-dependent

up to a point, beyond which larger doses inhibit expression (C.Picci.rillo, personal

communication). Although sorne researchers noted greater efficiency following administration

of myotoxins and muscle healing, subsequent work did not support tlùs, nor did findings by

Wolff et aL that repeated injections and prolonged muscle conttaction, both of which cause

muscle damage, inhibited ttansfection (reviewed in Gurunathan et aL,2000, Dowty et aL, 1994).

Finally, ttansfeetion rates and expression can he increased by e1ecttoporating the injected tissue,

which causes transient gaps in cell membranes and allows DNA entry.

Obviously, the immunological response is direetly related to protein expression, and thus

indireetly related to factors which impinge upon this. However, there are other factors which

affect the immunological outcome.

The age of the tteated animal effeets both expression and response. Danko el aL, 1997

found peak expression in mice tteated at 2 weeks of age, and much lower expression in mice

tteated at 8 weeks. Ichino et aL, 1999 found that a plasmid vaccine that nonnally induced

proteetive immunity against malaria caused tolerance when administered to neonatal mice.

Luger doses were most tolerogenic, and the tolerant state persisted for more than a year.

A final factor controlling the immunological outcome ofnaked plasmid injection is one
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intrinsic ta the plasmid itself, residing predominantly in the backbone. Early observations, such

as those by Raz et aL, 1996, suggested that DNA vaccination predisposed towards a Th1

response. They found intradermal (l.d.) immunization with ~-gal protein induced T cells

secreting predominandy IL-4 and IL-S, and Ab isotypes associated with a Th2 response. In

contrast, plasmids encading ~-gal administered by the same route induced primarily IFN-y

secretion and IgG2a production. Later work showed that this effeet was not due to bacteria!

contaminants, and the strength ofresponse following DNA vaccination with foreign protein was

in part due to adjuvant activity of the plasmid itself (Leclerc et aL, 1997).

At Ieast sorne of this immunostimulation arose from unmethylated cytidine-phosphate

guanosine (CpG) motifs. These are 20 foId more common in bacteria1 than mamma1ian D NA,

and in the latter they are heavily rnethyIated and thus ignored. Unmethylated, in the context of

plasmids or synthetic oligodinucleotides, they activate B cells to proliferate or secrete antibody

and induce DC and macrophages to secrete cytokines such as IL-6, IL-12, TNF-Œ, IFN-y and

IFN-lX that can activate natura! killer (NK) cells (reviewed in Gurunathan et aL, 2000, Krieg,

2000). They can also induce OC to mature and stimulate CTL responses to pIasmid-encoded

antigens thraugh a Th-independent mechanism (Vabulas et aL, 2000).

Althaugh CpG motifs are safe and effective adjuvants in the context of DNA

vaccination against infectious organisms, they are not conducive to the induction of tolerance.

Artificial methyIation would prevent immune responses, but methylated genes are

transcriptionally-repressed in mammalian cells (Meehan et aL, 1992) Yew et aL,1999 reduced

immune response significantly by eliminating just under half of the CpG dinucleotides in their

reporter plasmid. Although they were administering a cationic üpid/DNA compIex, they had

previously shown the critical variable for inflammation to be the plasmid. They found their
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altered plasmid induced significantly less IL-6, IL-12 and IFN-y following iv or intranasal (i.n.)

administration, while producing comparable levels of reporter protein. As it is unlikely that all

CpGs cao be eliminated frorn a plasmid, as sorne will he intrinsic to obligatory elements, it is

even more interesting that Yew et aL, 2000 found that chIoroquine and quinacrine could inhibit

the cytokine response when given in conjunction with wild-type plasmid

Although we understand sorne of the effeets of various elements of the plasmid itself

on the immune reaction, there remains the issue of the mecbanism by which an immune

response occurs.

There are three predominant theories as to how aotigen is presented consequent to

DNA gene transfer ta the muscle. As myocytes are known to produce the greatest proportion

of gene producr, They might be funetioning as APCs. Muscles cells express MHC l, for which

the nonnal source of peptide is endogenous protein. As gene transfer, like viral infection,

depends upon host cells for protein production, transfeeted muscle cells almost certainly present

plasmid-encoded genes in MHC I. However, myoeytes do not express cosàmulatory molecules.

Early work by Ulmer et aL, 1996 did not exclude transfeeted muscle cells funetioning as APC.

They found that implantation ofmyoblasts transfeeted in vitro with influenza nucleoprotein (NP)

provided CTL and hwnoral resPQnses comparable to those following Lm. NP cDNA injection

and viral infection. However, injection of parental myoblasts into FI mice produced CTL

responses that were restrieted to both parental haplotypes. This suggested that antigen from the

myocytes was being taken up and presented by host APCs, but demonstrated that muscle ce1l

transfeetion was sufficient to elicit a CTL response.

However, Torres et aL, 1997 showed that ablation of muscle traflsfeeted by DNA

injection within 10 minutes of inoculation had no effeet on the duration or magnitude of the
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resulting Ah response, and that this held for both secreted, memhrane-bound and intracelIular

gene produets. This suggested that while muscles cells could serve as a source ofanrigen, as in

the experiments by Ulmer etal, their presence was not necessary. Although it is unlikdy that the

muscle cells produced and released much protein in 10 minutes, antigen could still he introduced

by 1) transfection ofmobile cells which migrated from the site ofinjection and avoided ablation

2) plasmid leakage from the muscle and navel to other parts of the body. In faet, DNA is

deteetable by peR in a nwnher of locations following injection (C. Piccirillo, persona!

communication).

Klinman el al, 1998 found that both migratory and non-migratory cells were involved

in the immune response to gene gun-mediated DNA vaccination. In agreement with eartier work

by Torres etal, they found that immediate rernoval ofthe injection site abrogated the production

ofboth Ab, cytokines and immunologie memory. They suggest that conflieting observations that

removal of the injection site had no effeet on the response were due ta plasmid traveling

through the blood or lymph and transfeeting cells at other sites. Klinrnan et aL found that the

longer the site ofvaccination was left intact, up ta two weeks, the stronger the resulting hwnoral

response. Immunologie memory developed with faster kinetics and was produced in recipients

of vaccinated skin grafts excised within 12 hours of vaccination, but not recipients of grafts

excised more than a clay after vaccination. This suggests that immunologie memory was elicited

by DC that migrated to draining lymph nodes 5 to 12 hours after vaccination. Since the

magnitude of the primary response continued to augment if the site was left intact for 2 weeks,

Klinman el aL further suggest that this is dependent on the protein produced by non-migratory

cells.

Corr et aL, 1996 finally demonstrated that myocytes were not acting as APC in a series
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ofelegant experiments with bone marrow chimeras. They irradiated Ft mice, and reconstituted

them with one strain of parental bone marrow, then injeeted them Î.m. with a DNA vaccine

encoding NP. Thus, the myoeytes were H_2bxd
, the APCs were H-2b or H-2d

, and the T cell

could recognize both parental haplotypes because they had been educated by the radio-resistant

ce1ls of the thymus. They found that CTL responses were restricted to the MHC 1 haplotype

expressed by the APC. Sïmilar results were obtained by Doe el aL, 1996, when they engrafted

sem mice with spleen cells from either H-2b or H-T mice, and injected DNA encoding either

HSV gB or human immunodeficiency virus (HI\') glycoprotein 120 (gp120). The first of these

antigens is restrieted to H-2b
, the second to H-Zd

• Vaccinated SCID mice responded ooly to the

antigen which their engrafted .APC could present.

A1so working in a parent to FI bone chimera, Iwasaki et aL, 1999 found immune

responses following i.m. and gene gun vaccination to be dependent on professional APC.

Furthennore, co-expression of genes encoding B7.2 or IL-12 did not convert trafisfeeted

myoeytes ioto APCs. Later work by Agadjanyan et aL, 1999 confliets with this. They found that

co-linear expression ofB7.2 with their antigen in bone marrow chimeras, in which reconstittlted

APC did not express tvIHC l, allowed myocytes to activate CTLs.

Most recently, Haddad et aL, ZooO explored the mechanism behind the effectiveness of

granulocyte macrophage colony stimulating factor (GM-CSF) as an adjuvant in DNA

vaccination. Immunohistochemistry (lHq of injected muscles showed an infiltration by

immature DC following i.m. injection of plasmid encoding GM-CSF (pGM-CSF). The finding

that injecting antigen cDNA and pGM-CSF at separate sites abrogated the adjuvant activity, and

that increased immunogenicity was associated with CDIlc+ ce1ls supported the hypothesis that

GM-CSF enhances immune responses to DNA vaccination by atttaeting DC to the site of
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injection.

50, it appears to be APCs and not myocytes which present antigen to T cells following

DNA vaccination. Although there are a few different kinds ofcells that cao aet as APCs, Casares

et aL, 1997 found that dendriric cells, but not B cells, isolated from mice primed in vivo by D NA

vaccination couJd activate a specifie T ceU hybridomas in vitro in the absence of additional

peptide. This and work by Manickan et aL, 1997 suggests OC, and not B cells or macrophages,

are the critical cells for antigen presentation.

1.8 Dendritic cells:

Dendritic eells arise from CD34+ hematopoietic precursors in the bone marrow. Two

separate lineages, myeloid and lymphoid, are primarily distinguished by the fonner's expression

of COll b, and the latter's expression of DEC 205 and CD8a. Although they are thought to

differ functionally, it has been difficult ta reliably assign duties uniquely to one or the other.

However, in the thymus, lymphoid DC seem ta be involved in central tolerance (reviewed in

Bell el aL, 1999).

In their precursor state, DC migrate through the blood and lymphatics. They are

prirnarily CDIlc+, but express only low levels of MHC II and costimulatory molecules at their

surface. Robert el aL, t 999 recently demonstrated that DC in the blood express a ligand that

binds P- and E-seleetin. These selectins are expressed at low levels on nonnaI capillary

endothelial cells, but upregulated during inflammation. Robert el aL observed that DC will roll

along uninflamed endothelium in villO, and were recruited to sites ofinflammation. This suggests

that they are primed to exit the blood at sites of inflammation, where they would be likely to

aequire foreign antigen. DC also express receptors for inflammatory chemokines such as CCR1,

CCR2, CCRS and CXCRI (reviewed in Sallusto et aL, 1999). Upon enteting the tissue and taking
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up residence, they become immature DCs and are very effiàent at taking up antigen but poor

at presenting it. Interestingly, DEC 205 is an endoeytic receptor that delivers antigens to

endosomal compartments. In the skin, immature OC are called Langerhans cells (LC), in the

heart, kidney, lung and dennis, they are interstitial oc. Once they encounter and take up antigen,

they are triggered to traffic to a lymph node via the afferent Iympharies, as "veiled OC". The

most immunogenic antigens are those best able to drive this maturation but a range of other

stimuli, such as LPS, lL-t and 1NF, an also induee migration from the tissue. Interesting in

the context ofDNA immunization, CpG motifs induee the migration ofLC from the skin, and

cause downregulation of E-cadherin and cx6 integrin and upregulation of ICMJ-t (Ban et aL,

2000). LC are also known to upregulate collagen IV collagenase, which would aid in their

movement out ofthe tissue. DC at this stage also express the chemokine receptors CCR7, which

binds secondary Iymphoid tissue chemokine (SLq (reviewedin Sallusto etaL, 1999). Duringthis

rime they undergo maturation and a number ofphenotypic and functional changes that include

upregulation of MHC II, CD83, adhesion molecu1es, CD4O, B7.1 and B7.2, and a 1055 of their

profiàency at endoeytosis, coinciding with a downregulation of Fe receptor expression. In the

secondary lymphoid tissue, they are mature interdigitating DCs (lDC) and patent APCs, able to

aetivate memory and naive T cells, and elicit both helper and eytotoxie effeetor fonctions. They

secrete a number of new chemokines, such as thymus and activation regulated chemokine

(fARC), macrophage-derived chemokine (MDC) and EBV-induced molecule 1 ligand

chemokine (ELC), which allow them to atttaet other mature OC and naive or recently activated

T ce1ls (reviewed in Sallusto et aL, 1999). They cao secrete a range ofcytokines that includes IL

12, IL-4 and IFN-y. There is also sorne evidence that lymphoid DC here are responsible for

presenting self-antigen and maintaining PerÏphera1 tolerance (reviewed in Bell et aL, 1999).
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1.8a Direct Transftction t1trsns Cross-priming:

Thus DC are potent professional antigen presenting cells, and evidence (Corr etaL, 1996,

Doe et aL, 1996, Iwasaki et aL, 1997, Casares et aL, 1997, Torres et aL, 1997) suggests that they are

the critical APCs following naked DNA injection. The next logical question is: how do they

acquire antigen following DNA injection?

The two predominant theories are 1) by direct traflsfeetion, 2) by cross-priming, or

acquisition of antigen produced by transfeeted non-APC. The tirst depends heavily on the

potency of DC as APC, because Casares et aL, 1997 estimated that ooly 0.4% of DC were

transfected by naked gene transfer.

t.Ba.i Direct Transftction:

Condon etaL, 1996 demonstrated that DC are transfeeted following biolistic transfeetion

with green fluorescent protein (GFP), a spontaneously fluorescent molecule. They found cells

in the draining lymph nodes with DC morphology that fluoresced and contained gold particles.

Painting the skin with rhodamine, a red dye, confinned that these GFP-positive DC originated

in ttansfected skin. Boczkowski el aL, 1996 found that DC pulsed with RNA were more effective

at stimulating primary CTL responses in vitro than protein-pulsed ones. Furthennore, DC pulsed

with total RNA &om twnour cells significandy proteeted mice &om lung metastasis in the

stringent B16/F10.9 tumour mode!. In a mode! where tumour ceUs are engineered to express

~-gal, DC transfected in vitro to express ~-gal conferred significant protection against letha!

challenge, and suppressed established tumours (Song el aL, 1997). Gthers aIso found improved

immune responses following administration of ttansfeeted OC. rvIice treated \Vith cither naked

DNA or transfected DC survived challenge with HSV, where those treated with traDsfected

macrophages did not. At a higher titre of challenge, even DÙce vaccinated \Vith naked DNA
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succumbed, but rnany of those treated with transfected DC survived (Manickan et aL, 1997).

Inoue etaL, 1999 suggested a mechanism for this, demonstrating more IFN -y production

by splenoeytes in response to specific antigen following treattnent with transfeeted versus

untransfeeted DC. This suggests the induction of a Th1 response, a correlate with protection

against both neoplasm and viral infection. However, Inoue et aL transfeeted their DC with

adenovirus, and viral infection might itself influence DC. Later work attempted to further

e1ucidate the mechanisms ofDC traDsfection. Sparwasser elaL, 1998 demonstrated that baeterial

DNA and CpG motifs were sufficient to ttigger DC maturation and activation. In response to

co-culture with synthetic CpG-containing oligodinucleotides (ODN), both mature and immature

DC were induced to up regulate MHC II, CD40 and B7.2, and secrete large amounts of1L-12,

IL-6, and TNF-<x. Akbari et aL, 1999 found that when they immunized their mice by scarification

of the car with cDNA for an intracellular antigen, CS, there was a specific T cell response, but

no antibody response. Co-cu1turing traOsfeeted keratinoeytes and DC produced no evidence of

antigen transfer to DC, unless the keratinoeytes were irradiated. Antigen expression was no

longer deteetable in DC after 2 weeks, but persisted in keratinocytes for another 10 weeks.

However, naive ttansgenic T cells specific for CS did not become activated if traflsferred to mice

20 days after vaccination, indicating that there was no source ofstimulating antigen by this point.

These results are in agreement with those of Porgador et aL, 1998 which found that, although

gene gun particle bombardment alone induced a large influx of DC into the draining lymph

nodes, it was the few directly transfected DC that were responsible for the resulting CTL

activation. When cells were isolated from the draining lymph node ofvaccinated mice, depletion

ofDC co-transfeeted to express ~-gal and human CD4 reduced the response of a 13-gal specific

CD8+ T cell clone, as measured by IFN-y production, by 60-70°/0.
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1.8a.ü Cross-priming:

However, there is also a great deal of support for the importance of cross-priming in

antigen-specific responses following naked gene ttansfer. In experiments with FI into SCID

bone marrow chimeras, Doe el al, 1996 found anti-viral responses were elicited even if spleen

cells were not transferred until weeks after DNA immunization. Given that the maximum half

life ofDNA in the blood is estimated to be 30 minutes, this indicates that gene expression by

APC is not obligatory for a response. Furthennore, Boyle el al, 1997 examined the responses

to im. injection of DNA encoding soluble, membrane-bound, or eytoplasmic forms of avA

(sOVA, mOVA, cOYA). The soluble fonn induced IgG levds, particularly IgG1, that were up

to 100 fold that induced by cOYA. This suggested that the immune system had more limited

access to the cell-associated fOIms of avA, and that direct transfection of DC did not play a

major role. This is funher supported by the observation that cOYA was also weakest at priming

CTL responses. Other observations suggest that direetly transfected DC may play a greater role

in i.d. than i.m. transfection. The former forms the majority of cases that supported direct

transfection as an important mechanism. Boyle etal found that mice immunized i.d. with cOVA

had equivalent cn responses to sOVA and mOVA, though continued to show poor Ig

reactions. It should also be noted that gene gun administration and Ï.m. injection ofnaked DNA

were aIready known to differ fundamentally, as the former tends to induce Th2 responses, while

the latter generally biases responses towards Th1 (reviewed in Gunmathan et al, 2000). Torres

el al, 1997 had also demonstrated that while ablation ofinjected muscle within 10 minutes did

not affect responses, ablation ofgene-gun transfected skin within this rime period did eliminate

responses.

As already irnplied, DC are well equipped to take up exogenous antigen. Norbury el al,
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1997 demonstrated that OC are able to phagocytose exogenous anti~ and present it in MHC

1 molecuIes. In eontrast to MHC II, whieh is expressed ooly on APC, MHC 1 is expressed on

all nucleated eells and is usually reserved for presentation of endogenously produeed peptide.

Professional APC, however, have a non-eonventional pathway for loading MHC 1 with

exogenous peptide because, for example, eytotoxie CD8+ T eell responses must be indueed

against viral infections even ifthe viros does not infect APC. Norbury elaL observed constitutive

membrane ruffling and macropinocytosis in their bone-marrow derived DC in vitro. These DC

were more efficient at presenting phagoeytosed avA than macrophages. Treatment with PMA,

whieh enhanees pinoeytosis, aIso enhaneed antigen presentation and sucb treated DC were able

to prime a CTL response when traDsferred ioto miee.

The results ofBoyle el aL show that DC aequire anrigen ifit is secreted. However, Albert

el aL, 1998 found that human OC an also phagocytose eells that had apoptosed following viral

infection. Immature OC were more efficient than mature DC, but eonsiderably less so than

macrophages. However, ooly immature OC were proficient at cross-presenting viral antigens.

Not unexpeetedly, this property was enhaneed following culture with a maturation signal.

Macrophages did not cross-present phagocytosed antigen from apoptotie eells, failing to induee

virus-specifie CTI... Rovere etaL, 1998 found that a mutine OC line eould present to both avA

specifie MHC 1 and MHC II-restrieted T cell hybridomas, following phagocytosis of non

seereted avA-expressing apoptotie eells CO-culture with live or neerorie avA-expressing eells

or supematant &om apoptotie eells did not result in cross-presentation. Thus DC reaet to

apoptotie eells in a specifie way, and soluble antigen released &om necrotie eells does not play

a role. High numbers ofapoptotie eells, intended to simulate an insult such as viral infection or

ischemia, indueed DC ta produce high levels oflL-l~ and TNF-IX and to upregulate maturation
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markers such as MHC II, 87.2 and CD4O.

Santambrogio el aL, 1999 demonstrated another nove! way by which DC might acquire

exogenous antigen for presentation. They found that immature DC expressed high leve1s of

empty MHC II, in contrast to splenic and peritoneal B ceIls and macrophages, and these levels

were highest in immature DC. The levels of empty MHC Il decreased sharply following

incubation with a peptide resttieted ta the MHC II haplotype, even in the absence of

endoeytosis. Furthennore, these peptide-loaded DC were able ta activate specifie T cells with

significantly greater efficiency than B cells. Although the extracellular milieu in vivo is probably

oot a significant source ofpreprocessed peptide, MHC II has been shawn to bind Iarger protein

fragments and might be able to bind denatured or partially degraded proteins at sites of

inflammation. Intemalization of these !\lHC-protein complexes shuttling protein to endocytic

companrnents and back to the surface for presentation bas be shown in DC.

As the ability of DC to take up exogenous antigen by a nwnber of methods had been

demonstrated,others went on to study the role of cross-priming following DNA injection.

Observations by Corr etaL, 1999 eIaborate upoo earlier findings by Klinmao elaL, demonstrating

that despite the potency of directly transfeeted DC as APCs, the magnitude of the response is

dependent on protein produced by uansfeeted non-APCs. They found that DNA vaccination

with a plasmid encoding ~-gal under the control of a monocyte-specifie promoter produced

weak humoral and cellular responses, indicating that DC alone did not express sufficient protein

to produce the strong immune response associated with DNA vaccination. In contrast, a DNA

vaccine against HTLV-1 in which viral envelope protein expression was under the control of

the muscle-specifie desmin promoter produced a better neutralizing response then the same

vaccine under the control ofa viral promoter(Annand el aL, 2000). Most interesting, when they
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injeeted a suppressihle plasmid encoding OVA into RAG -/- mice they found that splenoeytes

from suppressed RAG mice could not clicit a response when traDsfened ioto ann-OVA TCR

Tg recipients, while unsuppressed splenocytes could. This indicates that ooly in mice where DC

could he loaded with protein produced by transfeeted non-lymphocytes did DC acquire enough

antigen to diàt a strong response in recipient mice. This strongly supports the imponance of

cross-priming, as do further observations that DÙce vaccinated i.d. in the distal tail while plasmid

expression was suppressed were not able to mount a primed CTL response if the tail was

amputated prior to cessation of suppression. On the other hand, initially suppressed control

mice whose tails were not amputated could later mount a response. This further supports the

role of protein produced by non-lymphOCYtes in the magnitude of the resulting resPQnse.

1.9 Rationale and Objectives:

The primary objective of this thesis was to alter disease course in an autoimmune model

hy injection of naked plasmid encoding an autoantigen. The NOD model of diabetes was

chosen because of its accessibility and the ease with which disease progress can he monitored

wough blood glucose levels. GAD65 was chosen as the autoantigen hecause of it importance

early in disease: autoreactivity appears to begin with this molecule and spread to others (fian et

aL, 1997). Further, reactivity to GAD65 is shared by NOD mice and at least a proportion of

human type 1 diabetics (reviewed in Bieg et aL, 1998), and the GAD65 protein is very difficult

to purify in useful quantities. In partial fulfillment ofa Honours prograrn, the cDNA ofGAD65

was subcloned into the efficient mammalian expression veetar pVR1255. Another plasmid was

constructed, also using pVR1255, in which the IL-4 signal sequence was added to GADGS. This

was done because soluble antigens appear to be more tolerogenic than cell-associated ones. For

the Masters, these construets were injected ioto NOD mice, aJone or in combination with
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plasmids encoding cytokines, in order to assess their effeets on disease progression.

The secondary objective of this thesis was to examine events following DNA

vaccination, as compared to other methods of in vivo priming. In this case, ovalbumin (aVA)

was chosen because of its availability in both protein and cDNA fonn. As a secreted protein,

it also had a signal sequence, though not the same one as was added to GAD65. The methods

to be compared were 1) base of tail injection with avA protein in CFA, 2) Î.m. DNA

vaccination in the tibialis ante!Ïor and quadriceps muscles, and 3) subcutaneous injection of

avA-pulsed DC. The first was chosen as the positive control, as strong immune responses are

generated by this method. The latter was chasen because of the importa!!ce of DC foUowing

DNA vaccination, and the observation tha~ while responses are dependent on DC presenting

protein, the magnitude of the response is dependent on protein produced by other cells and

acquired by the DC. Pulsing bone marrow-derived DC should overcome this limitation, and

comparison with the response following DNA vaccination would highlight any aspects due to

transfeeted muscle cells acting as something other than protein factories.
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2. Materials and Methods:

2.1 Mice:

Female NOD mice were purchased from the Jackson Laboratories (Bar Harbor, l\tIE)

or Taconic Farms (Gennantown, NY), at 4 -S weeks of age. Fema1e BALB/c mice were

purchased &om Charles River (Wilmington, MA) at 6 weeks of age. AIl animaIs were housed

under specifie pathogen-free conditions. After the age of 10 weeks, the blood sugars of NOD

mice were monitored weekly with an Accu-check III glucometer (Boehringer-Mannheim,

Gennany). Diabetes was defined as two consecutive readings è 11.0 mmoI/l.

2.2 PCR:

Murine GADGS in the Bluescript KS+ vector was a generous gift of H. McDevitt

(Stanford University, Stanford, CA). The gene was amplified by PCR with a PTC 100

programmable thennal controller (MJ Research loc. Watertown, MA) and cloned Pfu DNA

polymerase (Stratagene, LaJolla, CA) using the following primers: sense 5'-ATATATGCGGC

CGCATGGCGTCTCCTGGCTCCGG and antisense 5'-CGAGGCGGAATTCITACAAA

TCTIGTCCGAGGC. Not 1 and EcoR 1 enzyme restriction sites were aIso added (boldface).

For the secreted form ofGAD6S, the desired fragment was digested from the Bluescript

plasmid with Xho 1and Hind III restriction enzymes. The resulting 1.8 kb fragment was isolated

on a t % agarose gel and centrifuged in an Ultra-free DA tube (Millipore, Boston, MA) at 11000

rpm. The DNA was extracted by phenol/chloroform and precipitated ovemight at -20°C in 5~1

N aCI and isopropanol. The precipitate was pelleted by centrifuging for 20 min. at 14000 rpm,

washing with 70% EtOH and centtifuging for 20 min. at 14000 rpm. This pellet was dried with

a Speedvac Concentrator (mode! RH40-11, Savant Instruments Inc. Fanningdale, Ny), and

resuspeoded in sterile water. A 1% agarose gel confinned the presence ofa 1.8 kh fragment.
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PCR then added a 10 bp overIap with the IL-4 signal sequence (IL-455) to the S'end

of the fragmen4 and a EcoR 1 restriction site to the 3' end (boldface), with the following

primers: sense 5'-TACCAGGAGCATGGCGTCTCCTGGCTCCGGC, antisense primer same

as above. The remainder ofthe IL-4 S5 was added by a second PCR reaction, with the following

primers: sense 5'-ATGGGTCfCAACCCCCAGCfAGTTGTCATCCfGCfCTTCrIT

CTCGAATGTACCAGGAGCATGGCGTCTC, antisense primer as above. A Not 1 site was

then added S'of the IL-4 SS by a third PCR reaction with the following primees: sense S'

ATATATGCGGCCGCATGGGTCTCAACCCCCAGCT; antisense primer as above.

avA in pCDNA3 was a kind gift ofDr. Ciro Piccirillo (NIH, Bethesda, ~ID). The insert

was amplified by PCR using the following primers: sense 5'- CGAGAAGCGGCCGCGG

TACCATGGGCTCCATCGGTGCAGCA, and anti-sense 5'-ACTfCAGAAITCACTAG

TITMGGGGAAACACATCTGCC. Kpn 1 and Spe 1 sites (boldface), and Not 1 and EcoR

1 sites (italics) were also added to the OVA gene with these primers.

2.3 Plasmid Preparation and Transfonnation:

Insens were subcloned into the pVR1255 expression plasrnid (kind gift ofVICAL Inc.

San Diego, CA), previously modified to conrain a multiple cloning site and from which the Lux

gene had been removed. The plasmid was dephosphorylated by calf intestinal alkaline

phosphatase (New England Biolabs, Beverly, ~L\) at 37°C for 30 min. The phosphatase was

then heat-inactivated. The inserts were ligated into the plasmid by T4ligase. Negative controls

contained plasnùd without ligase, or with Iigase and without insert.

Log phase JMl09 E. coli (ATCC, N° 53323, Manassas, VA) were made competent by

CaCl:! and incubated for 24 hrs at 4°C. Cells were then transformed by addition of plasmid

followeri by incubation at 4°C for 30 min. and heat shocking for 3 min. at 42°C. Transfonnants
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were grown ovemight at 3TC on LB-Kanamycin plates. Negative contraIs were ttansfonned

with the negative contraIs of the Iigation reactions. Later transfonnations were done with

supercompetant DH5cx E. coli (Life Technologies, Gaitherburg, ~ID), as per the manufaeturer's

instructions. Minipreps, from colonies grown overnight at 3TC in 1.5 ml of LB broth with 50

~/ml ofKanamy~confinned successfuI transfonnations. DNA was exttaeted by centrifuging

the baeteria at 14000 rpm for 1 min., resuspending the pellet in a 2.5% t~f Tris-HCI pH 8, 2%

0.5~I EDTA, 0.9°/0 glucose solution with 3 mg/ml of hen egg lysozyme, followed by a 5 min.

incubation at room tempo Fresh 0.2% NaOH and 1% SDS solution was added and the result

incubared on ice for 5 min. The DNA was exttaeted by phenol/chlorofonn and precipitated

with absolute ethano~ incubated for 2 min. at room tempo and centtifuged for 5 min. at 14000

rpm, then washed a final rime with 70% ethanol before being dried by Speedvac. Later

minipreps were done with a QIAprep spin miniprep kit (Qiagen, Santa Clarira, CA), as per the

manufaeturer's instructions. After resuspension in sterile water, an aliquot was digested with Not

1 and EcoR 1, and run on a 10
/ 0 agarose gel to visualize a band of the appropriate size.

2.4 DNA Isolation and Transient Transfection:

Bacterial cultures were grown in the appropriate volume of LB-Kan overnight with

shaking ar 3TC. Plasmid DNA was isolated and purified by alkaline lysis using QIAfilter

Endofree kits (Qiagen, Santa Clarïta, CA), as per the manufacturer's instructions. The ONA

concentration and purity was quantified by photospeetrometry (Ultraspec II, LKB Biochrom,

Cambridge, Eng.) at 260 and 280 nm, and the presence of supercoiled plasmid ascertained on

a 1% agarose gel.

COS-7 ce11s (ATCC, Manassas, VA) were grown to 50°/0 confluence and uansfected by

LIPOFEcrMIINE as per the manufaeturer's instructions (Life Technologies, Gaithersburg, MD).
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7.5 x104 cells were plated per weIl in six weIl plates, in 2 ml of medium (DMEM, high glucose

with L-glutamate, with 10% heat-inaetivated fetaI bovine serum) and grown to 75% confluence

at 37'C in a CO2 incubator. At 24,48 and 72 hours after transfection, medium and cells were

colleeted for Western blot.

Sarnples for Western blot were stored at -20
g

C until assayed. Samples ofboth celllysates

and supematant were run 00 a discontinuous acrylamide gel in a SDS PAGE apparatus.

Expression of the GAD65 protein was tested by Western blot as by Laemelli, using the

supematant of the GAD6 hybridomas as the primary antibody (Devdopmental Studies

Hyhridoma Bank, University ofIowa, lA). GAD6 recognizes residues 475-585/529-585 (19,35,

36,37). The secoodary antibody was a goat anri-mouse Ig HRP coojugate (Sigma, Oakville, ON).

Western hlots to deteet OVA expression used mouse anti-OVA, clone OVA-14 (Cederlane

Laboratories, Homby, ON) and goat anti-mouse HRP conjugate secondary antibody (Si~

Oakville, ON). Westerns were developed using ECLPlus substrate (Amersham Phanna~

Piscataway, NJ). AlI restriction enzymes, ligase, culture media and LIPOFEcrAMINE were

purchased from Gibco BRL (Gaithersburg, MD).

2.5 DNA and De Injection:

Anesthetized mice received injections in bath tibialis anterior muscles with 50 JJg of

either pVR1255 containing an insert or blank (with no gene insened into the MeS) in 50,..ù of

sterile endotoxin-tested PBS, using an insulin syringe fitted with a plastic collar to limit muscle

penetration. Mice receivingcombinations ofveetors encodingantigens and cytokines (pVR125S

lU or pVR1255-IL12) received two injections of 100 JJg of 1:1 mixtures ofpIasmid in 50 ,..ù of

PBS. j\fice treated with multiple injections of pVR1255-sGAD65 or pVR1255-blank were

anesthetized every three weeks and injeeted as described.
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OC were cultured as described below, washed thoroughly in sterile, endotoxin-free PHS

and irradiated at 2000 rad. They were resuspended in sterile PBS and injeeted subcutaneously

in aIl four paws and the sub-scapular region, with an insulin syringe. 20 J.Ù was injeeted at each

site, and a total of t million DC were injeeted per mouse.

For the experiments with pVR1255-0VA, plasmids were injeeted into the quadriceps

and T.A. muscles. Muscles were then eleetroporated with eight pulses at 200 volts per anzwith

a BTX Electro Square Porator (BTX Electro-square Porator (B~ San Diego, CA)

2.6 Histology and Immunohistochemistry:

Upon diagnosis of diabetes, NOD mice were killed and their pancreas and tibialis

anterior muscles removed and fixed ovemight in t 0% buffered fonnalin before being embedded

in paraffin. For the first experiment, three H&E stained sections per pancreas from mice

remaining non-diabetic at the termination of the experiment were scored by two independent

blinded observers, using established categories ofislet infiltration (0 =no evidence ofinfiltrate,

1 =perinsular infiltrate less than a quarter of islet circumference, 2 =peri-insular infiltrate

greater than a quatter of islet circumference, 3 = intra-islet infiltration, 4 = destruction of islet

architecture). For IHe, paraffin-embedded T.A. muscles were seetioned and mounted on

silanized slides (Surgipath, Winnipeg, MB). These sections were deparaffinized in xylene and

rehydrated through gradations of ethanol to water, then treated with 3% HzOz to quench

endogenous peroxidase activity, and washed twice in PHS. Sections were also incubated 30 min.

with an avidin D blocking kit, and 1% goat serum to block intrinsic biotin and lower

background. AlI incubations were done at room ternperat&e in a humidity chamber.

Slides were then drained and incubated 45 min. with the primary antibody: cither a

Rabbit isotype control Ab or Rabbit anri-GAD65 (GS038, Sigma, Oakville, ON) in PBS with
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1% goat serum and biotin. Slides were washed twice, and incubated with 3 drops of DOnnai

blocking serum stock and 1 drop ofbiotinylated goat anti-rabbit antibody stock in 10 ml ofPBS

for half an hour. After the slides had been washed in PBS for another 30 min., the Veetastain

Elite ABC reagent was overlayed on the slides and allowing to sit for another half an hour.

Finally, colourwas developed with Veetastain Nova Red. This reacrion was stopped by washing

with water. Slides were counter-stained with Gilles HemotoxyIin, dehydrated through gradations

of ethanol to xylene and mounted with glass coverslips and Veetamount. AIl reagents for IHC

were purchased from Veetor Laboratories (Burlingame, CA) unless otherwise specified.

2.7 Culture ofDendritic Cells:

Bone marrow-derived OC were cultured as in lnaba etal, 1992 with sorne modifications.

The back legs ofBALB/ c mice were removed and skinned, and placed immediatdy in complete

Iscove's media (t% penicillin-streptomycin, 50 JJM 2-ME, 10 heat-inaetivated FBS) on ice. In

a cel1 culture hood, Femurs and tibias were striped of muscle. Epiphysis were eut off, and the

bones were placed mto fresh complete Iscove's media. A 10 ml syringe with a 26G '12 needle was

used ta flush the marrow into a conical tube. The cell suspension was then drawn up and pushed

out of the syringe to disperse cell clumps. The cell suspension was then run through a Falcon

2350 70 J.UIl nylon fiIter to remove pieces of bone into a fresh 50 ml conical tube (Becton

Dickinson, Franklin Lakes, NJ). The cells were then washed, pelleted and resuspended in 5 ml

per mouse for counting and tfaOsferred to a 14 ml conical tube. Cells were centrifuged again, and

resuspended in the conditioned media of the following hybridomas: RA3 6B2 (anti-B220),

GK1.5 (anti-CD4), 53.6.72 (aoti-CDS) and M5/114 (antî-MHC II). This suspension was

incubated on ice for half and hour, with gende rocking. Following this, cel1s were pel1eted agaîn,

and resuspended in 50 ,..J of Sheep ann-Rat IgG-coated Dynabeads per 107 cells and 3 to 4 ml
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ofmedia (Oynal, Oslo, Norway). This mixture was again incubated for halfand hour on ice with

gentle rocking. T cells, B cells and mature APCs were then depleted by putting the tubes into

Dynal magnetic particle separator (DynaI, Oslo, Norway). The cells were then washecf, pelleted

and resuspended in 5 ml/mouse to count. Cells were plated in Falcon 3003 tissue culture plate

at a density of 1 to 1.5 x 107 per plate with GM-CSF and 10°/0 heat-inaetivated FBS (Bectoo

Dickinson, Franklin Lakes, NJ). On Days 2 and 3 ofculture, plates were swirled gentIy, and 2/3

of the culture media was removed and replaced with fresh media containing the appropriate

additives. On Day 6, plates were swirled more vigorously and washed to remove oon- and semi

adherent cells. These were counted and replated in 25°/0 conditioned media at a density of 5 x

106 per Falcon 3003 plate. DC could be matured by overnight incubation with 10,..g/ml ofLPS

or avA (Sigma, Oakville, ON). By Day 7, macrophages in the culture became finnly adherent,

and OC were separated from these by rinsing the plate. Cells were colleeted, counted and

pelleted for either FACs analysis or injection.

2.8 Flow Cytometry:

For FACs analysis ofmaturity and contaminating cell populations, DC were resuspended

at 106 /100 ,.LI of Dulbecco's PBS with 2.5% heat-inactivated FBS. This buffer was used

throughout. 100 ~ of cells and 100 ~ of buffer were pelleted in Nunc round bottomed 96 weIl

plates (life Technologies, Gaithersburg, MD). Pellets were washed twice more with 200 ~ of

buffer, then incubated for 15 minutes on ice with SOf,Ù blocking buffer (Dulbecco's PBS with

10% heat-inactivated FBS). Cells were then washed once with buffer, and incubated covered on

ice for 15 minutes with the primary layer. In most cases, the antibodies used were directly

conjugated to fluorochromes. The foUowing direct conjugates were used to srain for

contaminating cell populations: anti-Gr-l-FITC (granulocyte market), anti-CD3e-FITC cr cell
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marker) , anti-B220-FITC, anti-IgM-FITC (B eell markers), antï-F4/80-FITC (macrophage

marker). AIl but the anti-F4/80 were from BD Pharl"fingen (Oakville, ON)....\nti-F4/80 was

fromSerotee {Raleigh,Nq. DC wereidentified by anti-CDlle-PE, anri-MHC II-FITC andanti

CD Il b-biotin, all from PharMingen. Isotype contrais were anti-Hamsterlg-FITC, anti

RatIgG2a-FITC, anti-RatIgG2b-FITC, anti-RatIgG2b-bio~ anti-GoatIg-FITC (Cederlane,

Homby, ON) and anti-HamsterIg-PE (from Serotec, Raleigh, NC). The seeondary layer used

to deteet COllb was a streptavidin-Speetral Red conjugate from Southem Biotechnologies

(Binningham, AL).

Following the prirnary incubation, eells were washed three rimes. Secondary layers were

perfonned as for prirnary. The pellets were then washed a further three rimes.

Fully stained pellets were resuspended in 200 f.Ù ofbuffer and transferred to FACs tubes

(Becton Dickinson, Franklin Lakes, NJ) eontaining lOO f.Ù of buffer. Samples were run on

FACScan flow eytometer (Becton Dickinson, Franklin Lakes, NJ). DC were identified by

staining for both CDllc and COI lb, and tnaturity was assessed by brightness of MHC Il

staining. Cells staining double positive for F4/80 and eDllc were considered to be OC.

Dot blots, histograms and population statistics were calculated using Wiru\IDI software.

2.9 Comparative ImmunizatioDs:

Mice were primed in vivo with either OVA protein, OVA cDNA or OVA-pulsed DC,

and. Specifically, protein-primed miee were given 100 f..&g OVA in sterile PBS and Complete

Freund's adjuvant (CFA) by base of tail injection, using a glass Luer-Loc syringe and a 25 G

needle. Control mice received an emuJsion of PBS and CFA. Miee primed with OVA cDNA

reeeived 50 f,.Ig per muscle, as described above, in both T ..l\. and quadriceps muscles. Following

injection, the muscles were electroporated. Control mice received equal volumes ofblank veetor
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prior to eleetroporation. Mice primed with pulsed OC were injected subcutaneously with 20 J.Ù

of DC suspended in sterile PBS in aIl four feet and subscapularly, with a total of 106 ceIIs per

mice. Prior to injection, DC were assessed by tlow eytometry and found to be mature. Control

mice received unmatured DC (See Graph 3.13). Mice were sacrificed by cervical dislocation and

T ceIIs from the draining lymph nodes were colleeted at Days 3, 8 and t 4 following treatment.

LN were placed in complete RPMI media (1 °10 penicillin-streptomycin, 50 ,.u\f 2-ME and 10%

heat-inaetivated FBS) on ice, and crushed with a glass pesde until mosdy fibrous tissue remained.

CeII clumps were dispersed by drawing up and expelling the suspension from a 10 mI syringe.

The suspension was then expelled through a steel mesh and centrifuged to pellet cells. Cells were

washed once with media, then resuspended in 2 ml of media to count. Cells were centrifuged

~ and finally resuspended at no greater density than 300 x 106 per ml of IX wash buffer,

provided with T ceII purification columns purchased from R&D Systems (Minneapolis, MN).

CD3+ T cells were then isolated by negative selection using these columns, as pet the

manufaeturer's instructions, and cultured in RPMI 1640 or Iscove's media, with irradiated spleen

ceIIs. Single cells suspensions of spleen cells were prepared as LN cells, but resuspended at 5 x

106 cells/ml and irradiated at 2000 rad. T cell proliferation was assessed by 3H-thymidine

incorporation (ICN Radiochemica1, Costa ~IesaCA). T ceII cultures were pulsed with 1 J.LCi/well

of3H-thymidine in 10 J.Û ofmedia on Day 4 ofculture. 12 hours later, DNA was collected with

a Brandel cell harvester (Rockville, MD), and FP-24 Whatman 934AH filters (Xymotech

Biosystems, Mont Royal, QC) were placed in scintillation vials with Universol scintillation

cocktail for aqueous samples (Research Produets Division, Costa ~fesa, CA). Counts were

colleeted using a 1211 RackBeta Liquid Scintillation counter (Fischer Scientific, Nepeon, ON).

Statistical significance between groups of NOD mice was assessed with Fischer's exact test.
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3. Results:

Gtaph 3.1: NOD Mice Treated with Native GAD65 or Secreted GAD65

In the first experiment, NOD mice were injeeted in T.A. muscles with 50 ~/50 ~ of

plasmid DNA in sterile, endotoxin-free PBS. There were 10 mice in each group, and they

received either native G.AD65 (NGAD65), GAD6S to which the IL-4 signal sequence had been

added (SGAD6S) or blank plasmid (vector). lnitially both fonns ofGAD65 appeared to delay

diabetes in relation to the veetor, however the NGAD65 treatment group saon closely

resembled the control group. In contrast, the SGAD65-treated group differed significantly &om

the control group between weeks 16 and 18 (p-<O.OS). Afrer trus, they rapidly approached the

incidence of diabetes found in the control group. 1nterestingly, NGAD65 appeared to increase

the incidence ofdisease in relation to both the control and SGAD65-treated groups, though this

was not statistically significant.

Plate 3.1: Immunohistochemistry of Rat and Mouse Pancreases

In order to test antibodies to he used for IHC ofDNA-injeeted muscles, fonnalin-fixed

paraffin-embedded sections of rat pancreas were stained with GAn1, GAD6 and a polyclonal

rabbit anri-GAn6S anribody &om Sigma (see Methods and Materials). The rat pancreas was

chosen because it is known to strongly express GAD65. The rabbit polyclonal antibody was

found to gjve the best signal with the Iowest background, and was used for all subsequent

staining. Negative controls were stained with a non-specific rabbit isotype control antibody, and

demonsttated low background. A fonnalin-fixed, paraffin-embedded pancreas from a BALB/c

mouse was also stained using the same protocol and also found to be positive for GAn65,

despite published reports that GAD6S expression is very Iow in the mouse pancreas. In the

mouse pancreas, low Ievels of background were detected in the lumens ofduets.
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Plate 3.2: Immunohistochemistry of Injected Muscles

l\-fice that became diabetic were sacrificed, and their TA muscles removed, fixed in

fonnalin and embedded in paraffin. IHC perfonned on the sections made &om these muscles

reveal low levels ofbackground staining in control museles. Howevet, the diffuse signal is easily

distinguishable from the positive signal evident in bath NGAD65 and SGAD65 injeeted mice,

which is clearly localized within individual muscle cells. Interestingly, NGAD65-treated museles

tended to be more intensely positive than SGAD65-treated muscles.

Plate 3.3: Immunohistochemistry of Long.tenn Expression ofGAD65

Muscles were aIso taken from mice remaining euglycemic at the tennination of the first

experiment, fixed~ embedded and stained. Interestingly, sorne positive muscle cells were sàlI

detectable at this time~ 22 weeks after injection ofplasmid DNA. Presumablyas a feature of the

stronger staining evident at earlier rime points~muscles containing cells still positive at this rime

were generally those that had been treated with NGAD65.

Table 3.1: Grading of Islets

At the tennination of the experimen~pancreases were aIso removed from euglycernic

mice, fixed, embedded, seetioned and stained with H&E. There was no correlation between

treannent and islet score. Surprisingly, one of the control pancreases had essentially nonnal

islets~ with an average score between the two blinded observers of0.1. This is unusual because

by 26 weeks ofage, all untreated NOD mice are expected to have considerable islet infiltration.

Graph 3.2: NOD Mice Treated with Cytokines and/or Secreted GAD65

Subsequent experiments included treating NOD mice at 6 weeks of age with either

SGAD65 alone, plasmid encoding IL-4 alone~ or combinations ofG.AD65 and IL-4 or IL-12.

None of the cytokine comhination treatrnents had any significant effeet on disease progression
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or incidence. Interestingly, SGAD65 alone did delay disease: this group was significandy

different &om the control group for the ages of 20 and 21 weeks (p~0.05).

Graph 3.3: NOD Mice Treated with Multiple Injections of Plasmid

Due to a shortage ofmice &om our regular supply, Jackson Laboratories, NOD mice

for this experiment were purchased &om Taconic Farms. In my hands, these mice progressed

to diabetes over a much longer period of rime, and flip-flopped from euglycemic to

hyperglycemic much more frequendy. Results from these mice, while valid within the

experiment, are not directIy comparable with results obtained withJackson Laboratories NOD

mice. In these experiments, a single injection of SGAD65 was not protective even when

administered at 4 weeks of age. However, a single injection of SGAD65 followed by multiple

injections of veetor was significandy protective in comparison to a single injection of veetor

(p~0.05). Statistically significant differences between the two multiply-treated groups and the

PBS-injeeted control group, or multiple treatrnents with GAD65 did not arise (p=O.07).

Interestingly, the difference between the NGAD65 and both SG.AD65 groups was significant

in this experiment (p~O.05), from week 29 ta the end of the experiment.

Graphs 3.4 and 3.5: Controls for Cultured DC

Flow cytometry demonstrated that proportions of contaminating cells in De cultures

were low, as was background from isotype control antibodies. Contaminating cells types that

were examined were granulocytes (Gr-l), B cells (8220) and T cells (CD3e). Initially, F4/80 was

also examined as a macrophages marker, but a high proportion ofF4/80 positive cells were also

COlle positive. As culture ofbone marrow precursors with GM-CSF is expected to produce

mydoid OC, which will express F4/80, this marker was not stained for in subsequent analyses

Graph 3.6: Unstained LPS-matured De
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Flow eytometry of unstained DC reveaied a level of autotluoreseenee expeeted with

cultured eells.

Graph 3.7: Isotype Controls for LPS-matured OC

Flow eytometry ofOC with isotype eontrols for the anti-CDlle, anti-CDllb and anti

MHC II antibodies demonstrated a low level of background.

Graphs 3.8 and 3.9: COllb and COUc Expression on LPS-matured and Unmatured DC

Flow eytometry demonstrated that DC cultures eontained the expeeted high numbers

of eells positive for both COI lb and COlle and that the leveJ of expression of these markers

was not altered by ovemight incubation with LPS, as a maturation stimulus.

Graphs 3.10, 3.11 and 3.12: MHC lIon LPS-matured and Unmatured De

Flow eytometty dernonstrated that OC responded to overnight culture with LPS by up

regulating their expression ofMHC II. This is demonstrated by the change in pereentage ofeells

in the MHC nia versus the MHC Hhi population. The MHC nmod population remained the same.

Gtaph 3.13: Characteristics of OVA-pulsed De

Flow eytometty demonstrated that eeIls injeeted into BALB/cmiee for comparison with

other methods of in vivo priming were predominandy double positive for CDIl b and CDIl e,

and eontained an expeeted population of eells that highly expressed MHC II.

Table 3.2: JH_Tritium Incorporation

Although the Con A responses demonsttate the presence of both APC and T eells

capable of proliferation, neither CFAIavAnor pVR-OVA produced a measurable response

upon in vitro restimulation. This was very unexpeeted: CFAIOVA at least should have been an

excellant priming protocol. Ofinterest, the ooly suceessful prirning stimuli were the OC, though

they unfortunateJy primed as effeetiveJy against fetaI bovine serum proteins as against OVA.
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Graph 3.1: NOD Mice Treated with Native GAD65 or Secreted GAD65
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Plate 3.1 :\)Rar islcr. staincd for GAD65 B)Rat islc~ ncgarivc control qB:\LB/c islcr, staincd for G:\065
D)BALB/c islc~ ncgativc control
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Plate 3.2: Immunohistochemistry of Injccred Muscles A)H&E stained ribialis anterior B)BIank plasmid-injccred
muscle, stained forGAD65 CjBlank plasmid-injectcd muscle, ncgarive control D)NGAD65-injected muscle, sraincd
for GAD65 E)NG.-\D65-injected muscle, srained for GAD65 E)NGAD65-injccrcd muscle, negarive control [~

SGAD65-injcctcd muscle, stained for GAD65 G)SGAD65-injected muscle, negarivc control•
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Plate 3.3: Irnrnunohistochcmiscry of Long-tenn Expression of GAD65
A)NGAD65-injeeted muscle stained for GAD65 B)NGAD65-injeeted
muscle, negative control
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Table 3.1: Grading of Islets

Mouse N° of Islets Graded Average Score

SGADt 9 0.65

SGAD2 9 1.23

SGAD3 15 2.18

SGAD4 31 0.97

CONTROLt 21 2.5

CONTROL2 78 0.1

CONTROL3 17 2.02

NGADt 3D 2.37
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Graph 3.2: NOD Mice Treated ,vith Cytokines and/or Secreted GAD65
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Graph 3.3: NOD Mice Treated \vith Multiple Injections of Plasmid
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Graph 3.4: Gr-l, B220, CD3e Expression in LPS
matured DC

Graph 3.5: ]sotype Controls for Contaminating
CcU Markers
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Graph 3.6: Unstained LPS-marured DC

Graph 3.7: Isotype Controls for LPS-marured OC
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Graph 3.10: MHC lIon LPS-matured and Unmatured De
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Graph 3.11: MHC II Expression in Unmatured DC
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~ Graph 3.12: MHC II Expression in LPS-matured De
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LPS-maturcd OC

Graph 3.13: Characteristics ofavA-pulsed OC
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Table 3.2: lB-Tritium Incorporation

•

1 Day 3 1 DayS 1 Day 14 1
Group OVA NoOVA Con A OVA NoOVA Con A OVA No ()VA Con A-
pVR-blank 182 181 184808 56 66 47821 74 152 96406

pVR-OVA 122 146 89900 38 87 24977 123 122 31522

CFA/PBS 285 93 117938 172 145 86047 74 64 124498

CFAIOVA 67 100 128279 303 193 105482 82 93 108367

OC-PHS 2794 2176 79379 2105 1281 71575 1911 3463 141425

DC-OVA 5339 9066 130765 17183 12047 168809 982 776 101855
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4. Discussion:

4.1 GAD65 and the NOD \lause:

During an Honours projeet, two construets were created using the pVR1255 plasmid

containing the gene for GAD65, a putative primary autoantigen in both human type 1 diabetes

and the murine diabetes mode!, the NOD mouse. The first construct cootained the full-length

native cDNA ofGAD65 (NGAD65), the second contained GAn6S to which a series ofoverlap

PCR reactioos had added the IL-4 signal sequence (SGAD65). For the Masters, the incidence

of diabetes was assessed following Lm. injection of these consttllcts, in comparison to control

groups which received blank plasmid. In the first experiment, NOn mice were injeeted at 4

weeks ofage, as therapies are generally more effective in this mode! when administered to young

animaIs.

Transieot transfection ofCOS-7 cells had demonsttated strong intracellular expression

ofboth native and altered GAD65, but 00 secreted product was deteetable in culture medium.

Despite this apparent Iack of secretio~only the pIasrnid containing SGAD65 was proteetive in

vilJO. Differences in disease incidence between the SGAD65 and blank pIasmid groups were

significant between the ages of 16 and 18 weeks. This is an interesting result because Î.m.

injection of naked plasmid is associated with a Th1 response, as is autoirnmune diabetes. Thus

a protective effect following administration ofa diabetic autoantigen via this route is somewhat

counterintuitive. Interestingly, the native fonn of GAD65 did appear to exacerbate disease,

though this did not reach statistical significance (Graph 3.1).

Coon etaL, 1999 also demonsttated a protective effeet following i.m. injection ofplasmid

encoding the insulin B chain in their LCMV-Ig diabetic mode!. As described in the introduction,

these mice are transgenic for the LCM\' glycoprotein under the control of the rat insulin
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promoter. Endogenous expression of tlùs viral antigen is thus restrieted to the pancreatic ~ islet

cells. The mice remain nonnoglycemic, unless infeeted with LCMV. The resulting T cell

response eliminates the viral infection, but aIso desttoys the ~ ceIls.

Tlùs cao be prevented by i.m. DNA vaccination with insulin B chain, but not LCM\'

glycoprotein, although the latter did temporarily.reduce LCMV-specific CTLs 3 to +fold. Coon

etal found that insulin B chain-encoding plasmid induced IL-4-producing cells, and suggest that

mice were proteeted by the induction ofbystander suppression by IL-+secretingTh2 cells. They

suggest that LCMV glycoprotein-encoding plasmids were not proteetive because that antigen

is direetly associated with a viral infection, and thus a strong Th1-inducing stimulus.

We next examined the expression ofGAD65 in the mouse using IHC. Protocols were

optimized in fonnalin-fixed paraffin-embedded sections of rat pancreas, because GAD65

expression was known to be high mere. Having demonstrated a strong signal, and low

background, we next examined GAD65 expression in the mouse pancreas. The mouse pancreas

expresses higher levds ofGAD67, and previous reports had indicated G AD65 was undeteetable

by IHC. In agreement with their resuIts, we aIso found that the monoclonal antibody GAD6

couId not deteet GAD65 in the mouse pancreas (Velloso et al, 1994), but the antibody from

Sigma did(see rvlethods and Materials). However, we deteeted a clear signaI in the pancreas of

BALB/c mice. As our antibody was specifie for an epitope ~ot shared with GAD67, the

likelihood of cross-reactivity is low (plate 3.1).

Using the same protocol, GAD65 expression was deteeted in muscles injected with

either NGAD65 or SGAD65, but not in muscles treated with bIank plasmid. Interestingly, in

most cases NGAD65-injeeted muscles stained more brighdy than SGAD65-injeeted ones (plate

3.2). Given the differing effeets of the two treatments, tlùs suggests that the SGAD65 product
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may have been secreted by ttansfeeted muscles, as it was not by rnonkey kidney cells.

Unfanunately,levels ofpratein produced following naked plasmid gene ttafisfer are difficult ta

deteet in the serum. Commercial ELISA kits exist ta deteet bioaetive malecules such as

cytokines, but no sucb kit exists ta deteet GAD6S. We attempted ta develop such ELISA, but

the difficulty in purifying GAD6S protein meant that sufficient quantities were unavailable to

optimize such an assay. In order to overcome this, we atternpted to create stable transfeetants

ofGAD6S with COS-7 cells. To this en~ we subcloned G.AD6S into the pIRES veetor whicb

encodes resistance to geneticin in a second open reading frame. 14 clones with long-tenn

resistance ta this antibiotic were tested by western blat for GAD6S, and ail were found to be

negative for GAn6S expression. This seems ta indicate that GAD6S is somehow detrimental

ta COS-7 cells, and was strongly seleeted against in the long-terme

This was apparently nat the case with murine myaeytes in vivo. Sorne muscles from mice

sacri.6ced at the end of the experiments, 22 weeks after a single injection of plasmid, still

demonstrated deteetable expression of GAD6S (plate 3.3).

Pancreases were a1so taken from those mice remaining non-diabetic at 26 weeks ofage,

and the pancreatic islets were graded. In agreement with the observation that mice in the SGAD

group had begun to develap diabetes by this rime point, there was no correlation between

treatrnent and islet score. This suggested that by 26 weeks, a1thaugh GAD6S was still being

expressed deteetably in sorne muscles, it was no longer having an effeet on diabetes or islet

patholagy (fable 3.1).

In attempt to prolong the protective effective observed in the first experiment, twa

strategies were attempted. In the first, 6 week old NOD mice were injeeted with either SGAD6S

a1one, IL-4 a1one, or SGAD65 in combination with IL-4 or IL-12. As IL-4 is produced by Th2
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eells, it would he expeeted to protea from disease, while IL-12 would he expected to worsen

disease. Control groups were treated with blank plasmid. Oddly, although the plasmid encoding

the IL-4/IgGt fusion protein had been protective in previous experiments, even when given to

6 week old rnice, it was not protective in this experiment (Chang el al, 1999).

Neither the combinations of 114 and SGAD65, nor of IL-12 and GAD6S had any

significant effeet on disease progression or incidence. However, reeent work by Serreze et al,

2001 has called into question the importance ofIL-4 in diabetes in the NOD mouse. This group

found that IL-4 deficient NOD mice deve10ped diabetes at the same rate and frequency as

nonnaI NOD miee, and were equally protected by the non-specifie immunostimulatory chemical

CFA or bacillus Calmette-Guérin (BCG) vaccine. They suggest that the 'Ib2 cytokine profile

associated with protection from diabetes by various antigen-specific and nonspecific therapies

is a seeondary effeet, and not causally linked to protection at all. Given that the APCs of NOD

mice are known to be defective in severa! aspects ofT cell activation, Serreze et al suggest that

they are able to activate T cells sufficiently to cause them to attaek self tissue, but not enough

ta cause aetivation-induced eell death (AICD). As Thl cells are considered more sensitive to

AICD, protocols which proteet NOD oùce overcome their deficiency in activating T eells

enough to cause the death ofTht but not Th2 cells. Thus the apparent shift to a Th2 profile is

actually due to the 'unmasking' of a pre-existing Th2 response by the death of the Tht eells.

Interestingly, we found that SGAD65 alone was protective when administered ta 6 week

oid NOD mice, significantly delaying the onset ofdiabetes between the ages of20 and 21 weeks.

This result eonfliets with an earlier study by Wiest-Ladenburger etal, 1998 in which they treated

6 week old NOD, BALB/c and C57BL/6 mice with plasmids encoding either rat GAn6S or

GAD67. Although they induced antibodies against G AD65 in aIl duee sttains, and demonsttated
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sttain-specific epitope recognition, they had no effeet on diabetes incidence in the NOD mouse.

However, in more recent work, Tisch el aL, 2001 demonstrated that vaccination with

their plasmid encoding a GAn6S peptide fusion protein was highly protective when

administered in combination with IL-4. They fused fragments ofGAD6S cDNA encoding three

epitopes recognized by CD4+ NOD T cells to a human IgG4Fc region. Thus, they created a

secreted produet that they suggest was preferentially processed and presented via the MHC II

pathway. In agreement with our results, they also found that immunization with plasmid

encoding IL-4 alone was not protective. However, in contrast to our findings, they observed that

co-administration ofGAD6S and IL-4 was protective, while GAn6S alone was not. Even more

interesting, they demonstrated similar protection when 12 week old NOD mice were injeeted

with cither a combination of plasmids encoding IL-4 or GAD6S, or a plasmid encoding both

IL-4 and GAn6S. In all cases, they monitored their mice for at least 52 weeks, demonstrating

a much longer tenn protection than we achieved. In their study, mice treated with bath IL-4 and

GAn6S exhibited very low islet infiltration scores, while any such correlation in our mice was

no longer evident at 26 weeks of age. These differences could arise from any of a number of

factors including the presence of a signal sequence on our GAD6S, and their use of only

fragments of the entire sequence, to non-specific effeets arising from different plasmid

backbones.

In vitro restimulation of co-immunized mice showed that their T cells responded to

GAn6S with augmented production ofIL-4 and IL-5, indicating that a Th2-type response had

been induced. Furthermore, these cells responded similarly to two other diabetic antigens,

indicating that protective inteanolecular epitope spreading had occurred. Control mice, and co

immunized mice who had developed diabetes, displayed ThI-type responses to these antigens.
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In addition to a lack ofprotection, Tisch et III aIso found that T ce1ls from mice vaecinated with

GAD65 alone produeed elevated levels of IFN-y upon in vitro restimularion with specifie

antigen. They further supported their hypothesis that protection was mediated by GAD65

specifie Th2 by demonstrating that co-ttansfer of CD4+ T cells from IL-4/GAD65-injected

mice proteeted recipients from adoptive transfer of diabetes.

We next examined the protective effeet ofmultiple injections ofplasmid. Unfortunately,

due to a shortage of animaIs at the Jackson Laboratories, this study was performed with NOD

mice from Taeonic Faons. These mice displayed a much slower progression to diahetes. Any

comparison made between experiments perfonned with these miee and those from Jackson

Laboratories must be made with great care.

The original finding, in wlùch a single injection ofSGAD65 at 4 weeks of age delaycd

disease, was not duplicated in this study. Although SGAD65 did appear to deIay diabetes, this

did not reach statisrical significance. Interestingly, the exacerbation of disease caused by

NGAD65 in eomparison ta SGAD65, suggested in the mst experiment, did reach statistieal

significance here.

Of note, there was essentially no difference in protection from diabetes between miee

vaecinated at 4 weeks ofage with SGAD65 followed by injections every three weeks with blank

plasmid and those injeeted every three weeks withSGAD65 (Graph 3.3), despite the faet that one

reaehed staristical significance and one didn't (see Graph 3.3). Given the IHC findings of the

first experiment, in wlùch GAD65 expression was still deteetahle 22 weeks after injection, it is

possible that the critical correlate with protection is a continuing stimulus, in the fonn of

bacterial DNA, causing DC to mïgrate from the muscle and present anrigen in draining lymph

nodes. In this, blank plasmid would serve as weIl as GAD65-encoding plasmid, assunùng that
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GAD65 were still expressed in the muscle.

4..2 Bone-marrow Derived De:

Bone marrow precursors were isolated from miee between 6 and 12 weeks old, and

cultured for seven days with GM-CSF in order to produee a final yield of between 2.5 and 5

million DC per mouse.

Flow eytometry staining for eontaminating cell markers, in comparison with isotypc

controls for these antibodies, reveallow levels ofgranulocytes (Gr-1), B cells (B220/IgM) and

T ceIIs (CD3e) (Graphs 3.4 and 3.5). Unstained controls ofLPS-matured DC demonstrate the

presence ofsorne autofluorescence, oot unexpected in cultured ceIIs, and Iow background from

isotype controIs (Graphs 3.6 and 3.7). In contrast, both unmatured and LPS-stimulated DC are

strongly positive for the pan-DC marker CD11c and COllb. The latter is a marker of the

myeloid DC that are the expeeted predominant produet of culture with GM-CSF (Graphs 3.8

and 3.9). Although the maturation stimulus LPS has no effeet on CD11b or CDlle expression,

MHC II expression is strongly upreguIated (Graph 3.10). MHC II expression is a marker ofDC

maturation towards an efficient antigen-presenting ceII. Bone-marrow derived OC cultures are

a heterogeneous population of cells at various stages of maturation. Histograms of MHC II

expression reveaI three roughly delineated populations (MHC nlo
, MHC nmod and MHC II~.

In unmatured DC cultures, approximately 450/0 of ceIIs are i\IHC nlo, wlùIe only about 16% are

~1HC nID. In contrast, in cultures which have been incubated ovemight with LPS, these

percentages are reversed: 23% of ce1Is are MHC Illo and 43% are MHC Hhi (Graphs 3.11 and

3.12). TIùs demonstrates that culturing precursors bas produced a high proportion of OC, that

are at least functionai in their ability to respond appropriateIy to a maturation signal. Graph 3.13

demonstrates that incubation ovemight with avA aIso produces mature populations of OC.
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Following this, an atternpt was made to study the effeets of DNA vaccination as

compared to protein vaccination in CFA, or pulsed DC. Unfortunately, severa! technical

difficulties were experienced. The first was the unexpeetedly poor response followïng

subcutaneous vaccination with avA in CFA. Previous oprimization experiments (data not

shown) yielded in vitro responses lower than would be expected from the Iiterature, but still

detectable. For these initial trials, lymph nodes were colleeted on Day 5, so it is possible that the

Day 3 and Day 8 rime points used in the experiment preceded and exceded the optimal

response. The second technical fault was forseen to sorne extent, but ofan unexpeeted severity.

As the DC were cultured in media containing FBS, both avA-pulsed and untteated DC would

be expeeted to prime recipient mice against bovine proteins. As in vitro restimulation cultures

aIso contained these proteins, a degree ofbackground was expeeted. As restimulation was done

with a concentration ofavA of 100 ~/mL it was hoped that signal versus background would

still be distinguishable. This proved to he a dangerously optimistic assumption, as shown in

Table 3.2. In an atternpt to remedy this, the Day 14 cultures were grown in media identical to

previous triaIs but with heat-inaetivated mouse serum replacing the FBS. Unfortunately, these

cultures did not proliferate, even in response to Con A, preswnably indicating sorne human

error. Naturally, duplicate cultures ofthe Day 14 timepoint were cuItured in media containg FBS,

and these proliferated as expeeted despite the faet that they were grown in the same batch of

media in which only the senun had been substituted.

FinaIly, and most unexpeetedly, DNA vaccination of four muscles per mouse foIlowed

by eleettoporation did not produce a measurable response in vitro.

As the rime limitations placed upon a Masters preclude the optimization and repetition

ofthis experiment for inclusion in this thesis, my discussion of these final results will he ofways
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in wmch this optimization would be pertonned The simplest change would be to replace the

Day 3 rime point with a Day 5 rime point, thus eliminating the chance of 'missing' the optimal

response to OVA/CFA..Altematively, these timepoints could he left unchanged, and the

response boosted with sub-scapular injections of OVA/CFA at a later time point. Boosting

vaccinations with plasmids will apparently also be required to elicit a deteetable response.

With regards to the OC, the most likely solution is to optimize their derivation from

bone marrow precursors in mouse serum-containing culture. This will preclude them being

loaded with Foreign proteins other than avA, and allow in vitro restimulations to be perfonned

in FBS-cootaining culture. These conditions would he easier to optimize than those of the

restimulation, because the maturation, health and phenotype of the resulting De can he reliably

assessed by flow eytometry prior to injection.

4.3 Conclusion:

In conclusion, we have demonstrated that the cDNA of GAD6S to which a secretory

signal bas been added delays the onset ofdiabetes in the NOD mouse, even when administered

as late as 6 weeks of age. In conuast, plasmid encoding native GAD6S is not protective. The

delay seen with SGAD6S was statisitically significant despite observations in transiently

transfeeted cells that strongly suggest the protein is not secreted.

The origins of the NOD mouse mode! preclude the study of strain differences in

response to treattnent, however our observation that the same treattnent (SGAD65, in both T .A.

at 4 weeks of age) results in de1ayed disease in NOD mice from Jackson Laboratories, while

producing prolonged protection in NOD mice from Taconic Fanns suggests oot only a critical

importance of environment in the NOD monse, but also a cautionary note with regards to

comparing results obtained with different NOn colonies. This is accentuated by statistically
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significant worsening of disease evident in Taconic NOD mice as a result of native GAD65

treatment, that was not observed in NOD mice from Jackson Laboratories.

Our immunohistochemical results clearly demonstrate that the GAD65 cDNA was

expressed in the muscle over a prolonged period of rime. In faer, it was expressed long after it

had ceased to effeet disease progression. The equivalent protection seen from either multiple

injections of SGAD65 or a single injection of SGAD65 suggest that this loss of effect maybe

due to the clearing ofbaeterial DNA and healing ofany damage caused by injection. Once these

stimuli are gone~ nothing induces surveying DC to exit the muscle and carry protein colleeted

there to draining Iymph nodes for presentation~and protein produced in the muscle then ceases

to have an effeet on immune responses in the rest of the body.

IHC also yielded the interesting results ofdetection ofGAD65 in the murine pancreas.~

as previous reports suggested that levels here were undeteetable even by RT-PCR. Ir would be

interesting to test if the results ofVelloso et al are specifie to NOD mice.

Fina1ly, we attempted to study the mechanisms of DNA vaccination be comparing

several modes of immunization. Although we successfully cultured a high purity of dendritic

cells from bone precursors, the final experiment was flawe<L and time limits precluded

optimization of these conditions. Interestingly, DC vaccination did appear to result in a strong

response to both avA and serum proteins (fable 3.2).

However, we have demonstrated that DNA vaccination ofan autoimmune model with

a autoantigen can delay disease. Given the ease and economy with which such veetors can be

produced, and the henefits they have for the treatment of chronic disease in contrast to more

inflammatory or eytotoxic viral veetors, we believe our results suppon future research into the

treatment of autoimmune disease with naked plasmid gene therapy.
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