
CYTOTOXIC T LYMPHOCYTE INDUCTION BY PLASMID DNA 

IMMUNIZATION: MECHANISM AND APPLICATIONS 

Aki ko lwasaki 

Thesis submitted in conformity with the requirements 

for the degree of Doctor of Philosophy 

Graduate Department of Immunology 

University of Toronto 

0 Copyright by Akiko Iwasaki 1998 



National Library Bibliothmue nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographic Services services bibliographiques 

395 Wetlington Street 395. nre Wellington 
OttawaON K1AON4 OttawaON KlAON4 
Canada Canada 

The author has granted a non- 
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts fiom it 
may be printed or otherwise 
reproduced without the author's 
permission. 

L'auteur a accorde m e  licence non 
exclusive pennettant a la 
~ibliotheque nationale du Canada de 
reproduire, preter, distribuer ou 
vendre des copies de cette these sous 
la forme de microfiche/film, de 
reproduction sur papier ou sur format 
Bectronique. 

L'auteur conserve la propriete du 
droit d'auteur qui protege cette these. 
Ni la these ni des extraits substantiels 
de celle-ci ne doivent Stre imprimes 
ou autrement reproduits sans son 
autorisation . 



Abstract 

Cytotoxic T Lymphocyte Induction by Plasmid DNA Immunization: 

Mechanism and Applications 

O 1998 by Akiko Iwasaki. Thesis submitted in conformity with the requirements for the 

Degree of Doctor of Philosophy, Graduate Department of immunology, 

University of Toronto 

Plasmid DNA vaccines represent a powerful new method of expressing antigen in vivo for 

the generation of both humoral and cellular responses. Since its first discovery in 1992, DNA 

immunization has proven efficacious in a number of preclinical disease models. A DNA 

immunogen consists of a bacterial plasmid encoding the antigen of interest and can either be 

needle-injected into skeletal muscle, or may be coated onto gold particles and inoculated into skin 

epidermis using a biolistic device known as a "gene gun". The precise mechanism underlying the 

remarkable ability of DNA to induce immune responses remains largely unknown. 

A particular advantage of DNA vaccines is that they provide an infection-independent 

means of inducing cytotoxic T lymphocytes (Cn). Because CTL responses can play an important 

role in anti-viral and anti-tumor defenses, options for enhancing plasmid DNA-induced Cn 

responses were investigated Coexpression of the costimulatory molecule 87-2, but not B7-1, 

was found to enhance CTL induction. As well, co-administration of a plasmid expressing the 

cytokines GM-CSF and IL- 12 had a synergistic effect on CIL stimulation. 

To understand the mechanism underlying this vaccination strategy, the cell types 

responsible for CTL, priming were assessed in bone marrow chimeric mice. This study 

unequivocally demonstrated that bone marrow derived cells, not transfected muscle cells or skin 

keratinocytes, were responsible for presenting antigen to naive CTL. Furthermore, an assessment 



of the importance of the DNA injection sites revealed that gene gun inoculated skin cells, but not 

needle-injected muscle cells, play a central role in DNA-induced immune responses. Based on 

these studies, possible models of immune induction by DNA immunization are discussed. 

Finally, the use of DNA vaccines to block in vivo tumor growth was explored using a 

minimally antigenic ClL epitope as a surrogate tumor antigen. Epitope-specific Cn induced by 

DNA immunization protected immune mice from challenge with tumor cells expressing the epitope. 

Moreover, these mice subsequently developed protective immune responses against endogenous 

tumor antigens, and were able to resist challenge with parental tumor cells. Thus, DNA 

immunization strategies designed to induce CIZ responses hold considerable promise for both the 

prevention and treatment of disease. 
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Chapter 1 

Introductory Note 

One of the most exciting events in the vaccine field in the past few years has been the 

development of a novel immunization strategy using plasmid DNA. Plasmid DNA vaccines have 

proven efficacious in a number of disease models, generating both humoral and cell-mediated 

immune responses in the absence of a potentially harmful infection. This thesis examines the 

strategies by which a cytotoxic T lymphocyte (CL) response induced by plasmid DNA can be 

enhanced by the co-expression of cytokines and costimulatory molecules. As well, important 

aspects of the mechanism underlying DNA vaccines are addressed. Specifically, the cell type(s) 

responsible for presentation of the DNA-encoded antigen, as well as the importance of the injection 

sites for the generation of immune responses are determined. Furthermore, an application of this 

vaccine strategy to generate a protective anti-tumor CTL response is described. 

This introductory Chapter contains a brief summary of the molecular and cellular 

requirements for ClL activation, followed by a current review of the plasmid DNA vaccination 

field and a discussion on the safety concerns associated with this novel vaccine strategy. At the end 

of this Chapter, experimental objectives for the rest of the thesis will be provided. 

I. Cytotoxic T Lymphocyte generation in vivo 

1) Antigen processing and presentation on MHC class I 

If you h o w  the enemy and know yourself, you need not fear the result of 

a hundred battles. If you know yourself but not the enemy, for every 

victory gained you will also suffer a defeat. If you know neither the 

enemy nor yourself, you will succumb in every battle (1). 

These words written by Sun Tzu in the 6th century BC represent a remarkable reflection of the 

self-, non-self discrimination process which is so central to the funftional integrity of the immune 

system. This passage depicts how CDS' CTLs are selected for their ability to recognize self class I 

major histocompatibility complex (MHC), later recognizing and Mling cells expressing foreign 
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peptide in the context of self MHC, and the detrimental consequences of failure in this selection 

process. The physiological function of CTLs is the eradication of viral infections by lysis of 

infected cells that are the source of replicating viral particles. It was first observed that the killing of 

virus-infected target cells occurred only when the target cells expressed the class I MHC products 

present in the virus-infected animals from which the CTLs were derived (2, 3). This restriction of 

CTLs to recognize peptide bound to the "self" MHC is the phenomenon known as "MHC 

restriction". It was further elucidated that MHC restriction results from the selection of T cell 

precursors in the thymus of the host. Bone marrow derived T cell precursors that enter the thymus 

are positively selected for their ability to bind with a basal affinity to the MHC molecules expressed 

on thymic epithelial cells. T cells unable to recognize "self' MHC, pertaining to the individual from 

which the thymus was derived. fail to receive a survival signal and die within the thymus (4-6). 

Thus, CTL generated in one strain of mouze can only recognize target cells expressing a class I 

MHC that was expressed in the thymus of the host. 

A class I MHC molecule is composed of a polymorphic 45kD heavy chain and a non- 

covalently bound 12kD $2-microglobulin (p2m). After their biosynthesis in the lumen of 

endoplasmic reticulum (ER), the class I MHC heavy chain and p2m complex is loaded with 

peptides derived from endogenously synthesized proteins. The peptide-bound MHC molecule is 

then transported through the Golgi complex to the cell surface to be presented to CD8' T cells (7). 

The MHC genes are the most polymorphic genes known. The remarkable polymorphism seen in 

the MHC genes may be the result of an evolutionary pressure on species to recognize a vast array 

of intracelldarly derived pathogenic antigens. In humans, over a hundred structurally distinct 

MHC class I molecules have been identified (8). The human MHC locus is located on chromosome 

6 and designated HLA. Its mouse counterpart, H-2, is located on chromosome 17 spanning over 4 

x lo6 bases. Not only is MHC polymorphic, but it is also polygenic, in that there are three classical 

class I genes that can be codominantly expressed by an individual. Thus, there are up to six 

different allelic forms of MHC class I expressed by a single cell in a Nly heterozygotic individual. 

The variation arises due to multiple alleles at a single locus, as well as the existence of multiple loci 
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encoding for similar products. Each MHC molecule has unique specificity towards the pepti& that 

it binds in the groove. The X-ray crystal structures of MHC class I molecules show the presence of 

electron density in the cleft, indicative of a mixture of peptides (9- 1 1). The peptide binding groove 

is lined with amino acid residues that vary from one allele to another which influence the peptide 

binding specificity. The isolation and sequencing of peptides from purified MHC class I molecules 

has revealed the peptide binding motif of various MHC class I molecules from human and mouse 

(12). The common theme that arose fkom the extensive analysis of MHC class I-bound peptides is 

that the length of the peptide usually falls in the range of 8 to I1 amino acids, with dominant 

positions called the "anchor" residues, specific for each product of the MHC allele. For example, 

H - ~ K ~  allele binds peptides that have tyrosine or phenylalanine at the second position and 

isoleucine, leucine or valine at the carboxyl terminus (1 3). 

Recent studies elucidated a detailed sequence of events which occur in the antigen 

processing pathway for cytosolic proteins (Figure I). Endogenously synthesized proteins are 

principally degraded in the cytosol by a multi-subunit enzyme complex called the proteasome. The 

molecular weight of proteasome is approximately 2000kD and it consists of one barrel shaped 20s 

core complex and two 19s polar complexes ( 14). Direa evidence for the involvement of the 

proteasome in the generation of peptides presented by class I MHC molecules came from 

experiments in which membrane permeable inhibitors of the proteasome inhibited the ability of the 

cells to present endogenously derived antigens (15). Furthermore, mice with a targeted deletion of 

the gene encoding one of the subunits of the proteasome, LMP-7, have reduced levels of MHC 

class I cell-surface expression and inefficient presentation of the endogenous antigen (16). 

Similarly, LMP-2 deficient mice had 60430% reduction in the number of CD8+ T cells and showed 

reduced frequencies for influenza virus-specific CTL precursors (CI'Lp) ( 17). 

The peptides generated by proteasome-mediated degradation of proteins in the cytosol must 

gain access to the lumen of the ER for association with newly synthesized MHC class I molecules. 
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Calaexin 

Nascent class I 
heavy chain 

B2m 

Mouse 

lumen of the ER 

Membrane 

TAP1 / 

ER Membrane 
Nascent class I 
heavy chain 

B2m 
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lumen of the ER 

Figure 1. MHC class 1 endogenous antigen processing pathway. 
Cytosolic proteins are cleaved into peptides by the proteasome complex, and trans- 
ported into the lumen of the ER by TAPl/TAP2 in an ATP-dependent manner. 
Nascent class I MHC heavy chain associated with calnexin binds the $2m. A peptide 
transported by the TAP complex then binds to the heavy chain+P2m complex. In the 
human, this process depends on the resence of tapasin and calreticulin. Subsequent 
to peptide loading. the heavy ~hain+~2rn+~e~tide complex exits the ER and is trans- 
ported to the cell surface. 
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A number of studies published between 1990 and 1992 unequivocally defmed two homologous 

genes that are involved in peptide translocation (18-2 1). A pair of transmembrane proteins called 

transporter associated with antigen processing (TAP)-1 and TAP2 in the ER membrane was found 

to transport cytosolic peptides into the ER by an ATP-driven mechanism. TAP molecules From 

different species preferentially transport peptides of 8-15 amino acids (22.23)- with some species- 

specific differences in the specificity of peptide transport (23). 

The newly synthesized H-2 heavy chain encounters a chaperone in the ER membrane called 

calnexin (p88) (24,25). Cdnexin facilitates folding of the nascent heavy chains by preventing their 

aggregation or rapid degradation, and promotes assembly of heavy chains with p2m molecules 

(26). The same rules may not apply for the human class I pathway, as it appears in this situation 

that calreticulin replaces calnexin as the chaperone for HLA heavy chain + B2rn heterodimers (27). 

Calreticulin remains associated during the transient interaction with class I molecules with TAP, 

and the interaction of HLA + p2m + calreticulin with TAP occurs via a novel 48kD glycoprotein, 

tapasin. which can bind independently to TAP and class I + p2m + calreticuiin complexes (27). 

Upon association with TAP, class I heavy chain + p2m complex is loaded with peptides 

transported from the cytosol. Once an MHC class I complex binds the appropriate peptide, it 

dissociates from TAP, and is transported to the cell surface in the form recognizable by CD8' 

CTLs. 

2) Exogenous antigen processing and presentation on MHC class I molecules by 

professional APCs. 

It is well understood that antigenic peptides associated with the class I MHC are derived 

from the cytosol, whereas those associated with the class II MHC have extracellular or 

transmembrane origin. This clear dichotomy in the origin of peptides for class I vs. class II MHC 

results from a well regulated antigen processing pathways for these MHC molecules (Figure 2). 
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Figure 2. MHC class I vs. class 11 antigen processing pathways. 
Cytosolic proteins are cleaved into peptides by the proteasome complex, and trans- 
ported into the lumen of the ER by TAPlflAP2. The peptide-bound class I MHC 
complex is then transported via the Golgi network to the cell surface for presentation 
to CD8+ cells. On the other hand, exogenous antigens are taken up by professional 
APCs and routed to the MIIC compartment. In the ER, the peptide binding sites of 
newly synthesized class I1 MHC molecules are protected by the Ii, until the complex 
reaches the MIIC compartment. Within the MIIC, Ii is degraded by cathepsin and 
other proteases, and the CLIP is exchanged with an antigenic peptide by HLA-DM. 
Peptide-bound MHC class I1 complexes are then transported to the plasma mem- 
brane for presentation to CD4+ T cells. 
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Cytosolic proteins are degraded by proteasomes to be shuttled into class I MHC pathways as 

described. On the other hand, extracellular or transmembrane proteins are engulfed by phagocytic 

cells and routed to the lysosomes, where proteases activated by acidic pHs within the endosomes 

degrade the engulfed proteins. The peptide binding grooves of newly synthesized class I1 MHC 

molecules are protected by the invariant chain (Ii) until they reach the acidifmi endosomes. In a 

specialized compartment involved in antigenic peptide loading called MHC class II compartment or 

MIIC, most of the Ii is proteolytically removed by cathepsin and other proteases (28). The residual 

Ii peptide called class II associated invariant chain peptide (CLIP) is exchanged with the peptide 

fragments derived from exogenous antigens. This exchange process is catalyzed by the HLA-DM 

molecule (29,30). The class I1 MHC + peptide complex is finally transported to the cell surface to 

be recognized by specific CD4* T cells. 

While effector CIZs recognize a vast array of virus infected cell types which express class 

I MHC molecules on their surface. the activation of naive CIZs usually requires professional 

antigen presenting cells (APC) of bone marrow origin. Professional APCs include dendritic cells 

(DC) and macrophages capable of phagocytosis and macropinocytosis. While extracellular antigen 

processing and presentation by professional APCs to CD4+ T cells in association with MHC class 

II has been well characterized, the mechanism of exogenous antigen presentation by APCs to naive 

CTLs has not been greatly appreciated until recently. Exogenous antigen presentation on MHC 

class I was considered improbable for the following reasons (31). Class I MHC molecules are 

generally poorly loaded with peptides following processing of soluble antigens (32). Also, there is 

a potential danger in allowing uninfected cells to present extracellular pathogen components that 

would lead to lysis by activated CTLs. Therefore, the presentation of antigenic epitopes recognized 

by CIZs was thought to be confined to virus infected cells to avoid tissue destruction of bystander 

cells. Although this was the well-accepted dogma, it became apparent that there are two major 

conceptual difficulties associated with this assumption. One. since naive lymphocytes do not 

extravasate into peripheral tissues, restricting the expression of pathogenderived antigenic epitopes 

to infected non-APCs in the periphery would prohibit naive T cells from coming in contact with the 
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antigen (33). TWO, even if the naive T cells did manage to get out into the periphery, non- 

professional virus-infected cells lack the expression of adhesion molecules and costimulatory 

molecules necessary to activate naive T cells. 

Until recently, the pathway for exogenous antigens to access the MHC class I 

compartment, normally reserved for the cytosolic peptides, had not been elucidated. A number of 

studies contributed to our current understanding of the nonclassical MHC class I pathway for 

exogenous antigens in DCs and macrophages (for a recent review see Jondal et al. (34)). These 

two cell types represent the most potent APC, and are ideally suited to present intracellular 

antigenic fragments to CTL. Macrophages ingest large particles by phagocytosis, which involve 

receptor-mediated uptake followed by cytoskeietal changes in tubulin and actin for the formation of 

highly proteolytic phagosomes (35). DCs on the other hand have constitutive macropinocytic 

activity involving membrane ruffling (36) as well as receptor-operated uptake via FcyRII for IgG 

immune complexes (37) and mannose scavenger-type receptor such as DEC-205 (38). Once 

internalized, the antigen transfer to the cytosol may occur in a number of ways (Figure 3). In the 

first phagosome-to-cytosol pathway, the phagocytosed antigens gain access by "Ieakage" to the 

cytosol and enter the conventional endogenous processing pathway. This pathway has been shown 

for exogenous antigens such as recombinant bacteria (39-4 l), antigens incorporated into liposomes 

or immune stirnulatory complex particles (42, 43) or tumor antigen (44). Thus far, direct 

morphological evidence has indicated that macropinocytosed particles can gain access to the cytosol 

in macrophages (45) and DCs, using horse radish peroxidase as a marker (46). The mechanism 

underlying the leakage of phagocytosed antigen to the cytosol has not yet been elucidated. One 

intriguing possibility is the role of heat shock proteins (hsp) in chaperoning exogenously derived 

antigenic fragments to the cytosol of APCs. Srivastava and colleagues have shown that hsps 

isolated from tumor cells can confer tumor-specific immunity to naive animals via tumor derived 

peptides bound to the hsps (47). They further demonstrated that exogenous antigens chaperoned 

by hsps are channeled into the TAP-dependent endogenous pathway of macrophages, presented by 

MHC class I molecules, and recognized by CD8+ T lymphocytes (48). The observation that hsps 
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Figure 3. MHC class I exogenous antigen processing pathway. 
Two distinct pathways have been described for class I MHC presentation of exoge- 
nous antigens. One involves leakage of exogenous antigen to the conventional class I 
MHC pathway (phagosome-to-cytosol) by a yet identified process. Another involves 
unconventional post-Golgi loading of class I MHC by either recycling of surface 
MHC or transport of newly synthesized MHC by a chaperone molecule. 
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can transfer extracellular antigenic fragments to the endogenous pathway has been extended to a 

minor histocompatibility antigen and cytosolic fbgalactosidase (pgal) protein (49). 

Conversely, the vacuolar pathway is characterized by the use of class II MHC-like 

compartments. Specifically, it is resistant to Brefeldin A, an inhibitor of exocytosis of newly 

synthesized proteins from the ER, operates in a TAP-independent manner, and utilizes endosomal 

pH-sensitive proteases. This pathway for exogenous antigen has been demonstrated for virus 

proteins (50, 5 I), and bacterial antigens (39). How do antigenic peptides in the endosomal 

compartment gain access to MHC class I molecules? It is possible that antigenic peptides may bind 

to the 'recycling' class I MHC molecules. Some cycling of class I MHC is thought to occur 

between the cell membrane and an endosomal compartment (52, 53). Alternatively, newly 

synthesized class I molecules might be transported directly to the endocytic compartment with the 

help of chaperone proteins such as the Ii (54). Precisely which one of these pathways is utilized by 

different types of antigens is unknown. 

3) Cellular and molecular requirement for generation of CTL effector cells. 

Before going into detail of the molecular interactions between the APCs and naive (338' T 

cells, it is critically important to consider the geographical view of the interaction between 

lymphocytes and APCs. Naive T cells emerging from the thymus express Lselectin which allows 

entry into the lymph node from blood by binding peripheral lymph node addressins expressed on 

the high endothelid venules (HEW (55). Alternatively, naive lymphocytes may home to Peyer's 

patches by binding to mucosal addressin cell adhesion molecules expressed on HEV of Peyer's 

patches via L-selectin and a$, integrin (56). In general, naive lymphocytes are restricted to 

recirculate through secondary lymphoid organs such as the lymph node, Peyer's patches, spleen, 

and tonsils (57). On the other hand, most mature lymphocytes recirculate between blood and 

peripheral tissues. The recirculation pattern of memory or effector lymphocytes is mediated by 

specific recognition of 1ymphocyteendotheIiaI surface molecules (33). The extravasation of the 

lymphocytes from blood to tissue is triggered by local inflammatory responses. For example, the 
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vascular late antigen-4 expressed by effector T cells bind to vascular cell adhesion molecule-l 

expressed on the vascular endothelium at the site of inflammation (58). During the course of 

natural infection by a virus, the virus or the antigenic fragments of the virus are captured by 

professional APCs that reside at the site of infection. Tissue resident immature DCs are quite 

efficient at phagocytosis of antigens and upon antigen capture, they migrate to the draining lymph 

node and become mature functional APCs. Given that naive lymphocytes only have access to the 

secondary lymphoid organs, antigens excluded from the secondary lymphoid organs will not 

activate naive T cells. 

Naive CD8'T lymphocytes must receive appropriate signals in order to become functional 

killer T cells. The progression of naive CTLs to fully functional killer cells can be characterized in 

terms of three different phases, namely, activation, proliferation and differentiation. The activation 

phase is characterized by binding of the T cell receptor (TCR) to MHC class I + peptide complex, 

which can also be mimicked by mitogen or anti-TCR antibody cross linking. Proliferation of 

activated CTLs in the absence of exogenous interleukin 2 (IL-2) requires interaction with 

costimulatory molecules expressed on the same cell as class I MHC (59). Differentiation of ClLs 

allows functional maturation of T cells as eficient killers by accumulation of lytic granules in the 

cytoplasm. Critical factors involved in these three stages of CTL induction are discussed in further 

detail below. 

i) Costimulatory molecules 87-1 and 87-2 

The notion that effective T cell activation by APCs depends on the delivery of two distinct 

signals was fmt introduced by Lafferty and Cunningham in 1975 (60). Since then, the two signals 

have been characterized as the antigenic signal received by the engagement of the TCR complex 

(signal 1) and the signal provided by interaction of the T cell surface CD28 molecule with 

costimulatory molecules (signal 2) (61). Upon recognition of an antigenic peptide in the context of 

an appropriate MHC molecule in the presence of costimulation, a T cell enters into the GI phase of 

cell cycle and begins to synthesize IL-2. Binding of IL-2 by the IL-2 receptor complex IL-2Ra$y 
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allows the T cell to complete the cell cycle; the resulting proliferation giving rise to thousands of 

progeny bearing identical TCRs. Signaling through the CD28 receptor is necessary for the 

synthesis and secretion of IL-2. Instead of activation, cross linking of TCR/CD3 complex in the 

absence of CD28 signaling on naive T cells leads to a state of anergy. Thus, productive stimulation 

of naive T cells is only accomplished by professional APCs bearing the appropriate costimulatory 

molecules. The critical importance of the B7-CD28 pathway for CD4' T cell proliferation and 

activation has been elucidated in detail in terms of upregulated transcription and enhanced stability 

of IL-2 rnRNA (62). Ligation of 0 2 8  on CD4+ T cells also augment expression of a number of 

cytokines including IL-4, IL-5, IL-6, IL-13, interferon (IFN)y, and CSF- 1, as well as for IL-2 R 

a chain (reviewed in (63))- 

In contrast to the CD4+ T cells, the absolute requirement of B7-mediated costimulation in 

the activation of CD8' CIZs has been controversial. Several in vitro studies show that B7-ligation 

of CD28 expressed on CD8' T cells is necessary for Cn activation. Blocking B7-CD28 

interaction inhibits the in vitro activation of doantigen (64) and viral antigen-specific CTLs (65). 

Expression of the B7- I or B7-2 costimulator confers irnmunogenicity to tumor cells, leading to the 

induction of tumor-specific CD8+ T cells in vim and in vivo (reviewed by (66)). The above results 

lead us to expect that the targeted deletion of the costimulatory molecules B7-I or B7-2 would 

result in a severe deficiency in (Jn induction. On the contrary, mice that are deficient in either B7- 

1 or B7-2, or the CD28 molecule show surprisingly normal CTL functions. Mice with a targeted 

deletion of the B7-1 gene has virtually no immune defect (67), giving comparable primary (TIZ 

response to those of wild type mice (68). The lack of dramatic effects seen by the deletion of B7- 1 

may be due to some functional redundancy shared by the second CD28ICTLA4 ligand, B7-2 (67, 

69-70). Studies involving double knockout mice lacking both B7-1 and B7-2 would soon reveal 

the collective importance of these molecules on CIL function. Mice deficient for CD28 also 

generated virus-specific C T L s  with the same efficiency as normal mice upon lymphocytic 

c horiomeningi tis virus (LCMV) infection (7 1). 
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Although expression of B7 molecules may not be absolutely necessary for the activation of 

CTLs, the expression of B7 by tumor cells often enhances CIL activation in vivo. Several studies 

have shown that B7-1 expressing tumors are more potent than B7-2 expressing tumors in inducing 

protective CTL-mediated immune responses (72, 73). Recently, whether or not such B7- 

expressing tumor could provide both signals one and two directly to naive CTL was examined. 

Huang et al. have shown that when bone marrow chimeric mice were immunized with a single 

injection of tumor cells expressing influenza nucleoprotein (NP) and B7- 1, NP-specific CTLs were 

detected that were restricted to the class I MHC of the bone marrow donor haplotype but not to the 

tumor haplotype. After two immunizations with B7-1 expressing tumor, however, (JIZ specific 

for the tumor haplotype were generated (74). How does B7 expression enhance anti-tumor CI'L 

responses if the tumors themselves do not directly activate naive C T k ?  The authors suggest that 

B7-I may render tumor cells more susceptible to lysis by cells such as the natural killer (NK) cells 

and CD8+ T cells (75). Although the precise role of B7 molecules on C T L  induction in vivo has not 

yet been defined, for the purposes of vaccine development, strategies to enhance immune 

responses to tumor cells or pathogens by the use of B7 molecules hold great promise and deserve 

thorough investigation. 

ii) Interplay between T helper cells and MCs in CDF T cell activation. 

The requirement of helper T cells in the thymusdependent antibody response has been well 

established (reviewed in (76)). In order for a B cell to produce antibody specific for an antigen X , 

it requires class 11 MHC-restricted effector CD4' T helper (TH) cells specific for peptides derived 

from the same antigen X. The cognate interaction between CD4' TH and the B cell promotes B cell 

activation by the interaction of CD40L on the activated T cells with CD40 molecules expressed on 

B cell surface. TH cells also induce antibody production by paracrine secretion of IL4 and IL-5. 

The question of whether naive CTLs encountering peptide + MHC class I also require 

CD4' T cell-mediated help for stimulation has been addressed by numerous studies. Although 

much evidence for T help requirement in CTL induction exists (77-8 I), there is also evidence for 
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CTL, responses independent of TH (82-85). CD4+ T cells may provide help to CIZp by either 

secreting IL-2 required for the proliferation and differentiation of the CD8+ T cells in a paracrine 

fashion, or by activating APCs to enhance the levels of costimulatory activity. Immunization with 

synthetic peptides often requires covalent linkage of a helper determinant to a CTL determinant (86, 

87), suggesting that the APCs responsible for the activation of CI'L must also be able to interact 

with CD4' TH cells. Although the requirement of T cell help is demonstrated by the complete 

inhibition of CTL generation in vivo by the depletion of CD4' T cell subset prior to influenza 

infection (88), no CD4+ T help was required for the induction of CKs in mice infected with 

L,CMV (89) or ectromelia virus (83). As discussed below, a major role of CD4+ TH cells in the 

induction of effector CTLs may be to provide functional antigen presenting capability to APCs. 

Although other cell types have been described to activate CD8+ T ceUs (go), by far the most 

potent APCs capable of CTL generation are DCs (91). Tissue resident DCs such as Langerhans 

cells (LCs) in the skin take up antigen and migrate to the draining lymph nodes via afferent 

lymphatics. During migration, LCs become functionally mature DCs as they express higher levels 

of MHC class II, B7, ICAM- 1, CD40, and secrete TNFa, IL-Ip and IL- 12 (92). DCs localize to 

the T-cell areas in the lymph node. and become interdigitating cells. In order for DCs to activate 

naive CD8+ T cells, they themselves require stimulation by antigen specific CD4+ helper T cells 

(36,93). The interaction of CD4' T cells and APCs leads to a cascade of events that results in the 

activation of both cell types involved (94). As soon as 4 hours after anti-CD3 cross linking of 

resting T cells, expression of CD40 ligand (CD40L) is detected (95). The CD4UL expressed on TH 

cells activate DCs through ligation of the CD40 molecules (96). This results in elevated expression 

of B7-2 on DCs, which in turn induces proliferation of activated CD4+ T cells (97). In fact, mice 

deficient for CD40L do not develop a competent long term (=Tt response, and this effect is due to 

the inability of TH cells to activate APCs to elevate B7-2 expression levels (97). This may explain 

why, in the case of CTL induction by synthetic peptides or in certain virus infection, CD8+ T cells 

require T help, since APCs are not fully activated without T help. 
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On the other hand, if DCs are manipulated in culture, CTLs can be induced by mature 

activated DCs in vitro (9 1, 98) or bt vivo (99) in the absence of T help. DCs acquire a highly 

activated state expressing high levels of B7 and MHC class I, as well as CD 1, F c w ,  CD40, 

CD44, and ICAM- 1 upon culturing in the presence of GM-CSF + TNFa ( 100) or GM-CSF + IL-4 
(37). Fully activated DCs secrete high levels of IL-12 ( 101), which is known to induce the 

differentiation of CTLp into effector cells in a helper cell independent manner (102). Thus, the 

requirement of T help for Cn. induction may depend on the level of maturity of DCs used. 

Namely, DCs manipulated in vitro to full activation state are capable of priming CD8+ T cell 

response without T help (9 1, 103, 104). 

iii) The role of cytokines in CTL stimulation 

The role of various soluble factors involved in the three stages of CTL stimulation has been 

studied extensively in vitro (105). Upon activation via the TCR complex, CTLs become more 

sensitive to factors stimulating proliferation and differentiation. The increase in sensitivity is 

mediated by the upregulation of receptors for specific cytokines. IL-2R (106) as well as IL4R 

(107) has been shown to be upregulated upon antigen-specific stimulation and Concanavalin A 

stimulation of murine splenic T cells, respectively. Various cytokines can regulate the proliferation 

of CTLs either directly or indirectly. The most important cytokine capable of directly stimulating 

proliferation of activated CTLs is IL-2 (108, 109). Other cytokines such as IL-4 ( 1 LO, 1 1 l), IL-6 

( 1 12), and IL-7 ( 1 13) were also shown to induce proliferation of CTLs, but whether they act in an 

IL-2 independent manner is yet unclear. For example, IL-7 has been shown to enhance the 

expression of IL-2R on activated CD8+ human peripheral blood lymphocytes as well as on murine 

splenocytes (1 13, 114). Moreover, proliferation due to exogenously added IL-7 and CD3 cross- 

linking can be partially inhibited by anti-L-2 antibody, indicating that the effect of IL-7 is mediated 

partly by endogenously synthesized IL-2 (1 14). 

The cyto kines involved in the differentiation stage of CD8+ T cells include L 2 ,  IL4, IL-6, 

IL-7 and IL-12 (reviewed in (105)). Among these, IL- 12 is a powerful cytokine involved in 
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differentiation of activated C n s  in an IL-2-independent manner (102). During CL 

differentiation, IL- 12 was found to increase granzyme B ( 102) and perforin mRNA ( 102, 1 15) 

accumulation, leading to an increase in the number of cytoplasmic granules ( 1 16). IL- 12, the most 

potent known inducer of IFNy, also mediates many of its biological activities through stimulation 

of IFNy secretion by T and NK cells ( 1 17) in an IL-2 independent fashion ( 1 18). 

4) The effector functions of CTLs 

Due to their ability to recognize intmcellular antigens, CTLs play a major role in clearance 

of infection by viruses, intracellular bacteria, and parasites, as well as tumor cells bearing 

intracellularly derived tumor antigens. The cytotoxicity of CD8' T cells is mediated by mainly two 

pathways, namely, (i) the induction of apoptosis by Fas ligation on target celis and (ii) the lysis by 

cytotoxic granules released upon contact with target cells (1 19). The Fas-dependent CTL lysis 

involves interaction of the Fas molecules expressed on the target cells with Fas ligand (Fas L) on 

killer cells, leading to death of the target cells by apoptosis. Alternatively, armed effector cells may 

utilize granule exocytosis as a means of target cell lysis. To acquire significant cytotolytic function, 

CD8+ T cells need to undergo a process of differentiation which is characterized by the 

accumulation of lytic granules in the cytoplasm ( 120). These secretory granules contain two main 

classes of proteins called perforins and granzymes. The content of the granules are released 

immediately upon receptor ligation by fusion of the granule membrane to the plasma membrane. 

The perforin molecules polymerize on the plasma membrane to form an ion-permeable channel, 

allowing the entry of granzymes into the target cell cytoplasm where they initiate a cascade of 

events leading to nuclear damage and apoptosis. 

The importance of distinct cytotoxic functions of CD8+ T cells was revealed in mice 

deficient for perforin or Fas L. Pelforin knockout mice cannot clear infection with noncytopathic 

LCMV (1 2 I), and they were delayed in their clearance of intracellular bacterium Listei-iu 

monocytogenes (122). Also, these mice are simcantly more prone to tumor growth upon tumor 

injection or oncogenic challenge compared to normal mice (12 1, 123). On the other hand, the 
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clearance of cytopathic viruses such as the SemiWci Forest virus (SFV), W, and vesicular 

stomatitis virus (VSV) is normal in perforin-negative mice (124). Evidence for the necessity of 

Fasdependent cytotoxicity as an effector mechanism is weak. Although (-TLs lacking Fas L had 

impaired lytic activity on almost all target cells tested in vitro ( 125), neither Fas-deficient nor Fas 

Ldeficient mice are defective in clearing infection with LCMV, W, VSV, or SFV (1 24). These 

results suggest that perforin/granzyme, but not Fas, dependent cellular cytotoxicity is a crucial 

component of protective immunity against certain viruses, intracellular bacteria, and tumors. 

Mice deficient for #32m have very low number of class I MHC restricted T cells (126- 129), 

and are profoundly deficient in CD8' T cell mediated cytotoxicity (129). Surprisingly, infections 

with certain viruses (1 30- 133), intracellular bacteria ( 134) and parasites (1 35) were still resolved in 

$2m knockout mice. On the other hand, the B2m knockout mice suffered high parasitemia and 

death upon Trypanosoma cwi  infection (136) and delayed clearance of Listeria monocytogenes 

infection ( 137). The unexpected lack of immune deficiency seen in p2m knockout mice may be due 

to the presence of a low number of CD8' T cells that respond to foreign antigens upon in vivo 

priming in these mice (126- 128), or the induction of CD4+ class I1 MHC-restricted T cells that have 

been demonstrated in these mice to possess cytotoxic activity (138). 

Although knockout mice reveal the importance of certain gene products in immune 

responses against various pathogens and tumors, the lack of particular deficiencies seen in the 

knockout mice may be due to compensatory mechanism by other molecules possessing redundant 

function. The animals may have adjusted to the lack of a certain gene product by allowing 

alternative pathways to take over the missing one. Thus, even though 0 8 '  T cells may not be 

absolutely necessary for certain disease models as assessed by knockout mice experiments, they 

contribute greatly to the resolution of diseases under physiological conditions. For example, 

adoptive transfer of antigen specific CTLs restimulated in v i m  into a naive mouse can confer 

protection against Listeria monocytogenes infection ( 1  39). CD8+ T cells are also crucial in clearing 

late stage infection from influenza virus (140), and malaria (141). 
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Another area in which CD8+ T cells have been shown to provide beneficial immunity is 

tumor immunotherapy. Depletion of CD8' T cells often results in the progressive growth of tumors 

in mice. Thirty five years ago, it was fmt demonstrated that intravenous (i-v.) injection of immune 

cells but not immune serum from resistant animals could transfer systemic tumor specific immunity 

into sublethally irradiated mice (142). Since then, numerous examples of tumor eradication by 

adoptive transfer of CIZs have been reported (reviewed in (143)). In humans, adoptive transfer of 

ex vivo stimulated tumor infiltrating lymphocytes (TILs) has proven to be at least partially 

successful in the therapy of melanoma patients (144, 145). The recent identification of tumor 

associated antigens from various types of malignancies should open the way to the development 

and implementation of tumor specific Cn-based intervention in human patients. 

5) Vaccine Strategies for CTL Induction 

Despite the high level of efficacy for most current vaccines, certain improvements are to be 

desired. Conventional vaccines have utilized Live attenuated, or killed pathogens, or subunit 

particles to generate protective immunity against viral and bacterial diseases. Although live 

attenuated vaccines are potent at inducing both strong antibody and CTL responses, there always 

exits the possibility of reversion to a virulent state. as has been seen in rare cases of oral Polio 

vaccines ( 146). The killed/nactivated pathogen vaccines and subunit vaccines are effective at 

eliciting an antibody response, but not usually cell-mediated immunity since this normally requires 

a productive infection. In an effort to develop safe and effective C L  vaccines, a number of 

immunization approaches including synthetic peptides ( 147), soluble proteins ( IM), recombinant 

viruses or bacteria encoding known antigens ( 149, 1 SO), and APCs modified to express antigenic 

epitopes ( 15 1) have been investigated. Synthetic peptides can generate CTL responses when 

delivered in r strong adjuvant such as incomplete Freund's adjuvant (FA) (87), liposomes (152), 

DOTAP ( 153), or lipid-tailed peptides ( 154). Despite the use of adjuvants, many peptides are still 

reputed to be extremely poor antigens by themselves (147). Concomitant administration of coupled 

T helper epitopes is necessary to generate a potent CIZ response with synthetic peptides as  
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discussed above (86. 87). Asick from the requirement for potent adjuvants such as F A .  not 

approved for use in humans, synthetic peptide CTL vaccines are also Limited by the MHC class I 

haplotype of the recipient. Thus, each synthetic peptide vaccine must be selected for patients 

possessing the appropriate MHC haplotype. 

Studies using live recombinant vaccines demonstrated the potential to elicit both antibody 

and cellular immune responses. Among the bacteria being considered for live recombinant vaccine 

vehicles (LRWs), the most promising are attenuated Salmonella, and one of the most widely used 

vaccines, mycobacterium Bacille Calmette-GuCrin (BCG). For example, recombinant BCG in mice 

has generated specific MHC class I-restricted CD8+ CTL responses to the Simian 

immunodeficiency virus (STV) nef antigen ( 155, 156). An attenuated strain of Salmonelki carrying 

Tcell epitopes of listeriolysin of L. monocytogenes elicited an epitope-specific CIZ response in 

mice (1 57). 

The most commonly studied live viral vaccine vehicles are recombinant W vectors. 

Recombinant W has been used to generate CTL responses against a number of antigens from 

various pathogenic organisms and tumor antigens (158). Recombinant adenovirus as live viral 

vectors holds promise for generating mucosal immune responses via intranasal (i.n.) route (159- 

16 1). However, these live recombinant vaccines are not without problems. Currently, in the USA, 

there are no licensed Live attenuated recombinant vaccines used, largely due to safety concerns 

especially with respect to the inadvertent use of LRWs in immunosuppressed individuals. TO 

further minimize the pathogenic potential, viral vaccine vehicles have been engineered to highly 

attenuated forms such as W A C  (VV) and ALVAC (canarypox virus) (1 62). Another obstacle in 

using live vectors is the irnmunogenicity of the LRWs themselves. For example, neutralizing 

antibodies generated against adenoviral vectors upon primary injection can ~ i ~ c a n t l y  inhibit 

subsequent injections to boost the existing immune responses with the same virus. At the same 

time, cellular immunity generated against the adenoviral proteins induces rapid clearance of infected 

cells (1 63). 
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Another approach for CI'L induction utilizes DCs manipulated in vitro to present antigenic 

peptide. The use of DCs as Cn-inducing agents has been impractical in the past due to difficulties 

in obtaining sufficient number of DCs. Recently, procedures for generating a large number of 

autologous DCs in culture have been refmed (1 64). In order to obtain a large number of activated 

DCs for vaccine use, either DC precursors derived from bone marrow or peripheral blood are 

cultured in the presence of GM-CSF alone (164), or in combination with IL-4 (37) or T N F a  (100) 

for 6-7days. DCs can either be pulsed in vino with the antigenic class I MHC restricted peptides 

(99, 165) or the whole protein antigens (166)- DCs may also be transfected with the DNA or RNA 

(167), or infected with a recombinant vims encoding the appropriate antigen (168). This novel DC- 

based strategy has proven to be a powerful tool for inducing in vivo CL responses in animal 

models, and are being evaluated as an immunotherapeutic strategy for cancer patients. However, 

this procedure is highly resource and labor intensive, Limited to application only in the developed 

countries. 

One of the most exciting events in vaccine development in the past few years has been the 

development of genetic immunization. The plasrnid vector encoding the antigen is directly injected 

into tissues such as muscle or skin, resulting in transfection of the host cells leading to endogenous 

expression of the antigen encoded by the genetic template. Unlike the LRWs, naked DNA 

vaccines do not generate immune responses against the carrier component and are not infectious. 

DNA vaccines can generate strong antigen-specific protective CTL and antibody responses against 

viral, bacterial and parasitic pathogens, as well as conferring specific immunity against tumors 

expressing the encoded antigen, and this topic will now be reviewed in detail below. 
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11. Plasmid DNA Immunization 

1) History of DNA Immunization 

The first demonstration that the injection of plasmid DNA directly into mouse skeletal 

muscle resulted in significant expression of reporter genes within the muscle cells was provided by 

Wolff et al. in 1990 ( 169). This somewhat fortuitous finding took others by surprise given the 

diff~culty of transfection unaided by electroporation, lipofection or other facilitators required to 

transfect ceUs in vitro. Soon after, Williams et al. (170) and Tang et al. ( 17 1) demonstrated 

induction of antibody responses against proteins encoded by plasmid DNA coated onto gold 

particles bombarded into the epidermis by a helium-based gene gun device. The expression of 

antigen at the skin site peaks at 24 hours and wanes by 7 days, which is in agreement with the 

natural sloughing of the skin keratinocytes (170). On the other hand, presence of the DNA 

immunogen in the muscle has been detected for at least 18 months aher administration (172). 

Although other routes of immunization with plasrnid DNA have been investigated, muscle and skin 

cells were found to have a remarkable ability to be transfected in vivo. In 1993, the first report 

describing the successful use of plasrnid DNA as a prophylactic vaccine was published by Ulmer 

and colleagues (173). Intramuscular (i-m.) immunization of mice with plasmid DNA encoding the 

nucleoprotein (NP) of influenza protected 90% of the mice against a subsequent lethal challenge 

with a heterologous strain of influenza A virus. AIthough both high titer IgG and strong CT'L 

responses were detected in the immunized mice, cellular immunity generated by DNA 

immunization against NP was found to be the effector mechanism responsible for the protection. 

Since then, a number of preclinical models of infectious disease, tumor, allergy and autoimmunity 

have demonstrated the irnrnunogenicity and efficacy of plasmid vaccines as discussed later in this 

Chapter. 

2) Advantages of plasmid DNA vaccines 

One of the outstanding advantages of DNA vaccines is their ability to generate both robust 

cellular and humoral immune responses. Because the injected plasmid DNA is taken up by host 
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tissues and expressed intracellularly, relevant class I-restricted CI'L responses can be generated 

against the processed peptides that would naturally be presented by the host MHC. The efficacy of 

the DNA vaccines compared to that of the conventional vaccines seems favorable. Influenza DNA 

vaccines consisting of a mixm of DNA constructs induced hemagglutination-inhibiting antibody 

titers in non-human primates that were better than those induced by a full human dose of licensed 

vaccines ( 174). DNA vaccination of chimpanzees with hepatitis B surface antigen was able to 

induce a protective level of antibody comparable to that obtained by conventional recombinant 

subunit vaccines used in human (175). Vaccination of mice with plasmid DNA encoding the hsp65 

of Mycobacterium tuberculosis also resulted in protection comparable to the conventional live 

BCG vaccine (176). Long lasting protective immunity is generated by DNA immunization, in some 

cases lasting for the life time of the immune animal (173). Long lived antibody responses were 

demonstrated upon injection with DNA encoding influenza NP ( 177), hemagglutinin (HA) ( 178), 

hepatitis B surface antigen ( 179) and hepatitis C core protein ( 180). In non-human primates. Cll 

specific for HIV env were detected for at least 1 1 months following four injections of DNA in all 4 

animals tested (181). Another advantage of DNA vaccines is their ability to generate potent 

protective immune responses without the requirement of adjuvant. Simply injecting DNA 

resuspended in saline is sufficient to give long-lasting immunity. 

Aside from their efficacy advantages, DNA vaccines potentially offer a solution to the 

problems associated with the distribution of vaccines to the underdeveloped countries where 

logistically complex cold chain requirements for the preservation of conventional vaccines are still a 

major problem. Since DNA can be stored as a lyophilized pellet at ambient temperatures for a long 

time, the maintenance of the DNA vaccines is considerably easier than that of heat-sensitive 

vaccines such as the oral Polio vaccine. Unlike the cumbersome and costly protein synthesis and 

purification procedures associated with the subunit vaccines, production and isolation of plasmid 

DNA from bacterial sources is much less labor or resource intensive. This may facilitate the rapid 

development of vaccines upon isolation of antigenic sequences From pathogens or tumors. 
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3) Modes of DNA delivery 

Plasmid DNA can be administered by a nwnber of different routes. The most common 

means of delivery of DNA resuspended in saline is by needle injection into the muscle or the 

dermis. Generally, other routes of saline-DNA delivery give poor immune induction although one 

study reported that injection of plasmid DNA in saline i-v., i.n. or intratracheally can yield 

protective immune responses comparable to i.m injection (1 82). 

Another entirely different way of DNA vaccine delivery takes the form of gene gun-based 

acceleration of DNA-coated gold particles into the epidermis. To date, this method has proven to be 

the most efficient method of DNA immunization, requiring as Little as nanogram amounts of DNA 

for the induction of effective immune responses (183). Following gene gun bombardment of 

DNA-coated gold particles into skin, the predominant transfected cells were found to be 

keratinocytes (184). Not only do saline-DNA and gene gun DNA immunization methods target 

different tissues, they tend to favor different immune responses. Saline-DNA immunization (i.m. 

and intraderma1 (i .d.)) generates predominantly TH 1 responses ( 1 85- 188), whereas gene gun 

immunization (i.m. and epidermis) generates TH2 responses (188). Once the immune response is 

initiated, subsequent injections using needle or gene gun do not reverse the established T helper 

phenotype (188). Clearly, further studies are required to understand the mechanism involved in the 

generation of immune responses by different modes of DNA delivery. 

4) Mechanism of DNA-mediated CTL induction 

One of the most intriguing aspects of DNA immunization is the mystery which surrounds 

the mechanism by which immune responses are generated upon injection of DNA immunogen. 

Specifically, the cell type(s) responsible for presenting the MHC class I bound peptide to naive 

C E s  in vivo has been a much debated issue. In 1994, Pardoll and Beckerleg (189) proposed 

three possible mechanisms that may account for CT'L priming by DNA immunization (Figure 4). 

The first is that the muscle or skin cells transfected by the injected DNA are capable of directly 

activating C L s  by presenting the antigenic peptide on their surface MHC class I. There are several 
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Plasmid DNA 

& 
Antigen 

Muscle Ce W Skin Keratinocyte 

(2) 

Muscle CeW Skin Keratinocyte 

Professional APC 

Professional APC 

Figure 4. Three proposed models for CTL priming by plasmid DNA immunization. 
Naive CTL precursors may be activated by one of, or a combination of, the three pro- 
posed mechanisms. CTLs may be (1) activated directly by transfected muscle/skin cells, 
(2) activated by professional APCs which have aquired antigens from non-hemopoeitic 
cells predominantly expressing antigen, or (3) activated by transfected professional 
APCs. 
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conceptual problems associated with this model. Muscle or skin cells posses vimdly no 

constitutive costimulatory activity or class II MHC expression, and have very low MHC class I 

expression ( 190, 19 1). As discussed in the earlier section, naive T cells do not circulate through 

non-lymphoid tissue, thus will not encounter muscle or skin cells presenting the antigenic epitope 

in the periphery (55). As well these non-hemopoietic cells are not known to migrate to the draining 

lymph node as do the LCs. This brings us to the second model which suggests that the priming of 

naive CTLs is mediated by professional MCs acquiring antigens released from transfected cells. 

The precise mechanism by which exogenous antigen might prime class I-restricted responses is 

currently unknown. Specifically, the mechanism by which DNAcncoded antigen released from the 

muscle cells is taken up by professional APCs has not yet been determined. The third model of 

CTL priming involves direct transfection of APCs, albeit at a low level, with such transfected 

APCs being likely to activate naive ClZs in secondary lymphoid organs. In support of this, LCs 

directly transfected by epidermal gene gun bombardment appear to migrate to the draining lymph 

node within 24 hours ( 192). Also, plasmid DNA has been detected in plasma and in association 

with blood cells for several hours following i.m. inoculation (193). The two latter models seem 

more plausible since professional APCs have the proper costimulatory capacity and have access to 

naive lymphocytes in the lymphoid tissues. Further discussion of the mechanism will be covered in 

later Chapters. 

Ill. Enhancing the immune response generated with DNA immunogens 

1) The adjuvanticity of bacterial DNA 

One of the puzzling characteristics of plasmid DNA vaccines is their ability to induce potent 

immune responses in the absence of adjuvants. This intrinsic immunogenicity of plasmid DNA 

vaccines may be attributed to the immunomodulatory effects of bacterial DNA itself. Until recently, 

bacterial DNA like all other DNA was viewed as immunologicdy inert. However, the discoveries 

made in the past few years have transformed the notion of DNA as an immunostimulatory agent. 

Microbial DNA has been shown to increase NK cell activity (194), induce production of type I and 
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type II IFN in v i m  (195, 196), and exhorts potent mitogenic potential on B lymphocytes (197). 

The ability of the immune system to specifically respond to microbial DNA rests on the presence of 

unmethylated CpG motifs which are present at the frequency of 1 in 16 bases in bacterial DNA but 

are underrepresented (20 fold) and methylated in vertebrate DNA (CpG suppression). Krieg et al. 

have shown that the motif responsible for the B cell stimulation is virtually the same as that which 

elicits IM production, characterized by a basic structure, 5'Pu-Pu-CpG-Pyr-Pyr 3' (198). In later 

studies, the same group demonstrated that the CpG oligonucleotides can also induce IgM secretion 

and IL-6 production mediated through a reactive oxygen intermediate-dependent pathway (199, 

200). 

The presence of CpG motifs in the plasrnid DNA immunogen enhances the induction of 

TH1 immune responses. The addition of one or two repeats of the CpG motif, 5'-AACGTT-3' to 

the noncoding region of the pgal plasmid vector backbone has been shown to enhance the immune 

response to the encoded pgal in a dose dependent manner (201). In vitro transfection of fresh 

human monocytes with vectors containing the CpG motifs resulted in the induction of THl 

cytokines, IFN-a. and IL- 12 (20 1). Intramuscular immunization of noncoding plasrnid DNA also 

altered the type of antibody responses observed with a co-injected protein antigen; promoting a 

shift to a TH 1 (IgGZa) response from a TH2 (IgG 1) response normally obtained for protein antigens 

(202). 

The mechanism of how CpG motifs mediate their immunostimulatory action is still 

unresol ved. Whether bacterial DNA-sensitive cells have surface receptors which bind the C pG 

motif, or whether the CpG acts intracellularly by binding proteins involved in DNA transcription is 

much debated. The cellular tnK~cking of bacterial DNA has not been well characterized, although 

exogenous DNA appears to enter cells via an endocytic or phagocytic pathway (203, 204). Once 

inside the cell, the CpG motif may bind to transcription regulators, or bind to mRNAs and thus 

inhibit translation of regulatory proteins by an antisense mechanism. At least for B cell activation, 

intraceltular uptake of DNA is required since immobilized CpG DNA is nonstimulatory ( 198). On 

the other hand, CpG DNA may mediate its immunostimulatory effects by binding to cell surface 
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receptors. Medzhitov and Janeway proposed that invariant motecular structures in pathogens are 

recognized by the innate immune cells using nonclonal receptors with broad specificity (205). 

Since the unmethylated CpG motif is characteristic of bacterial DNA, and not of mammalian DNA, 

it may be recognized by the cells of the innate immune system as "pathogenic", which results in the 

activation of various types of immune responses. Although many leukocyte cell types express 

receptors on their surface that can bind exogenous DNA and internalize it (206), their role in 

signaling has not yet been defined. Whether the role of these DNA-binding cell surface receptors is 

to internalize exogenous DNA and/or to transduce activation signaling deserves careful 

investigation. 

2) Costimulatory rnolecuies 

As discussed earlier, naive T lymphocytes must receive two distinct signals via the surface 

expressed receptors, TCR and CD28, for proper activation. The immune responses generated by 

plasmid DNA immunization may be enhanced by the concomitant expression of costimulatory 

molecules B7-1, or B7-2 by the cells presenting the antigen. Recognizing that the costimulatory 

molecules must be on the same cells as those presenting the antigenic peptide (59), the expression 

of the B7 and the antigen should ideally be linked. 

Although in vitro stimulation of naive T cells with APCs hansfected with either B7-1 or 

B7-2 have shown that both of these molecules are equally capable of T cell stimulation (69, 207- 

2 lo), recent studies have identified a number of sigrufiicant differences between the two 

costimulatory molecules B7- 1 and B7-2. There is some evidence that signaling through B7- 1 and 

B7-2 may result in the activation of TH1 and TH2 pathways, respectively. The treatment with anti- 

B7-1 and anti-B7-2 antibody of mice with experimental allergic encephalomyelitis (EAE) revealed 

that antiB7-1 treatment resulted in a TH2 phenotype, leading to a reduced incidence of disease, 

while anti-B7-2 antibody treatment gave rise to a TJ-like response, increasing disease severity 

(21 1). In support of this, B7-2, but not B7-1 transfected Chinese hamster ovary cells were shown 

to induce naive T cells to secrete IL-4 (212). However, other autoimmune models showed opposite 
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effects of antibody treatment against B7-1 and B7-2. Nonobese diabetic mice receiving anti-B7-1 

antibody resulted in worse disease outcome, while those treated with antiB7-2 were protected 

(213). The distinct differences in the outcome of the anti437 antibody treatment may depend on the 

expression patterns of the B7- 1 and B7-2 molecules in these autoimmune disease models (2 14). 

Another example of the difference between B7-1 and B7-2 is seen in tumor vaccine 

models. Several studies have shown that B7-1 expressing tumors are more potent than B7-2 

expressing tumor in inducing protective CK mediated immune responses (72, 73). When 

constitutively expressed by B cells, the B7- 1 molecule may even induce a negative signal. In mice 

transgenic for B7- 1 under the control of B-cell specific prornoter/enhancer, TH celldependent 

antibody responses were greatly diminished, suggesting that the 87-1 molecule constitutively 

expressed on B-cells transmits a negative regulatory signal (2 15). Thus, precise consequences of 

introducing B7-1 or B7-2 molecules to the cells presenting the antigen must be determined for 

plasmid DNA immunization. 

3) Cytokines and chemokines 

With the wealth of information available on the functions of numerous cytokines, it is 

possible to examine whether various cytokine vectors can be used to manipulate the direction of the 

immune responses generated by DNA vaccines. Cytokines can be broadly divided into two 

categories depending on their ability to stimulate TH1 or TH2 responses. The most powerful 

cytokines for promoting TH 1 differentiation are IFNy and IL- 12 (2 16), and for T,2 differentiation, 

IL-4 (2 17-2 1 9). Although IL- 10 has also been reported to promote the development of TH2 cells, 

its major effect may be in suppressing THl cells (220). 

TH 1 cells secrete IFNy, IL-2, and TNFP, whereas T,2 cells secrete predominantly IL-4, IL- 

5, IL-6, and L- LO. TH1 responses are generally thought to induce cellular immune responses, 

giving rise to potent CD4' T cells which secrete IFNy and TNFa. Both IFNy and TNFa activate 

macrophages to a highly bacteriocidai state (22 1). TH2 responses on the other hand are associated 



Chapter 1 

with humoral immunity since TH2 cells secrete cytokines which mediate proliferation and 

differentiation of B cells to produce antibodies of the IgGl and IgE isotypes. 

Cytokines and chemokines offer the potential to manipulate the immune responses by 

recruiting and activating certain cell subsets at the site of immune induction. For example, tumor 

cells when transduced with GM-CSF serve as good irnmunogens to induce strong tumor-specific 

immune responses. This effect is most likely due to the ability of GM-CSF to activate AeCs such 

as macrophages and DCs, which in turn activate hmor specific T cells. Another cytokine which 

mediates strong CD8+ T cell responses is IL-12. In support of this, systemic injection of 

recombinant IL-12 (222) or immunization with tumor cells engineered to secrete IL- 12 (223) result 

in a regression of established tumors. 

Co-immunization with various cytokine vectors has clearly demonstrated the possibility of 

influencing the DNA-induced immune responses. The first cytokine DNA to be co-injected was the 

IL-2 gene. The IL-2 gene co-injected with DNA encoding the human I ~ V K  region resulted in an 

enhanced immune response against the Vc antigen. The presence of IL-2 increased antigen-specific 

IgG secretion and induced delayed type hypersensitivity (DTH) reaction against the IgL chain 

(224). Cytokine genes injected into skeletal muscle along with a protein antigen have also been 

shown to alter the induced immune responses. 1.m. injection of IL-2 DNA enhanced both humoral 

and cellular immune responses, whereas TGF-p gene depressed the antibody response (225). 

Injection of IL-4 DNA into muscle selectively increased IgGl levels but did not affect the cellular 

response to the protein antigen (225). When DNA encoding IL-8 was needle injected into the 

subepidermis, neutrophilic infiltration was observed at the site of injection (226). Coexpression of 

GM-CSF with rabies virus glycoprotein (227) or carcino-embryonic antigen (CEA) (228) resulted 

in enhanced antibody titers, whereas IFNy gene injection reduced the antibody response (227). In 

another study, i.m. injection of DNA constructs encoding either a nine amino acid peptide from IL- 

IS, or full-length GM-CSF fused to the single chain Fv was shown to augment the antitumor 

immune responses against B cell lymphoma bearing the idiotype (229). Chemokine TCA3 has also 

been used to enhance DTH and (JIZ responses generated by DNA encoding gp160 and rev of 
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HTV- I (230). Mitration of mononuclear cells was seen in the muscle at sites where TCA3 plasmid 

had been injected. 

In certain diseases, the type of TH responses generated against the pathogen can either be 

beneficial or detrimental. The most clear-cut examples of how TH1 vs. TH2 responses determine the 

outcome of disease clearance can be found in parasitic infections. In parasitic diseases caused by 

Leishmania major and Schistosoma munsoni, a THI response can lead to the elimination of the 

parasites, whereas a TH2 response can exacerbate the infection, in some cases leading to chronic 

infection and death (231). Skewed TH responses are also observed in other cases of chronic 

immune stimulation such as allergy (TH2) and autoimmunity (TJ). Aside from the exogenously 

delivered cytokine genes, the presence of CpG motifs and the mode of immunization itself 

influence the type of T helper response generated by DNA vaccines as discussed above. Clearly, it 

is crucial to determine how these factors influence the induced immune responses to obtain the 

desired outcome for each disease model. 

IV. Application of DNA vaccines 

1) Infectious diseases 

Since the first demonstration of the induction of a protective immune response against 

influenza by DNA immunization (173), a number of anirnd models have been used to study the 

irnmunogenicity and the efficacy of DNA vaccines in infectious diseases (Table 1). Plasmid DNA 

has fared favorably in animal models when compared to human- licensed vaccines. The protection 

provided by the DNA vaccine for influenza virus in ferrets was signifscantly better than that 

provided by immunization with the full human dose of the Licensed vaccine (174). Protective 

immune responses have been observed in a number of other pclinical animal models of 

infectious diseases including bovine herpes virus (232), human herpes simplex virus (HSV) (233, 

234), rabies virus ( 1 86), LCMV (262), papilloma virus (253), Mycobacten'um tuberculosis ( 1 76, 

2541, 
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Table 1 

Efficacy of DNA vaccines evaluated for animal models of infectious diseases 

Infectious agent 

Virus 
Influenza 
Hepatitis B 
Hepatitis C 

Herpes 

Hrv 

SN 
CMV 

Rabies 
LCMV 
Papilloma 

Bacteria 
M. tuberculosis 

M. pulrnonis 

Parasitic 
P. yoelii 

L. major 
S. japnicum 

Gene(s) used 

for vaccination 

M?/HA 

s Ag 
Core Protein/ 

Nucleocapsid 

IZBW 
env, rev, nef, 

gag 
env, gag 

~ ~ 6 5  

gP 

NP 

capsid 

hsp65, Ag85 

Expression 

Library 

O ~ P C  
fragment C 

toxin 

CSP, SSP2, 
HEP17 

m63 
Sj97 

Antibody 

Response 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 
- 
+ 

+ 
+ 

+ 
+ 

+ 

+ 
+ 

CTL Protection Reference 

Response 

+ ( 174,235-237) 
+ ( 179, 238-240) 

notdone (180,241) 

(nd) 
+ (232, 234, 242, 243) 

+ (181, 244, 245) 
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fragment C of tetanus toxin (185), Leishmmtiu major (187), and Plarod im yoelii (258, 259, 

263). 

Since most infections occur at mucosal surfaces, the induction of mucosal immune 

responses with plasmid DNA may provide a more relevant protection by local reduction or 

containment of the infectious agent before its dissemination. Fynan et al. demonstrated that 

rnucosal routes of vaccination by DNA drops administered i.n. successfully induced protective 

immune response against i.n. viral challenge (182). However, Rouse and colleagues demonstrated 

that although i.n. immunization with DNA encoding herpes simplex virus (HSV) glycoprotein B 

(gB) generates mucosal antibody secretion, protection from live HSV challenge via the vaginal 

route was only conferred by i.m. immunization not by i.n. immunization (243). Clearly, more 

studies are needed to examine the efficacy of mucosal DNA vaccines. 

2) Tumor vaccines 

Plasmid DNA immunization has been evaluated as an anti-tumor agent in several tumor 

models in mice. Initially, tumor cells transfected in vitro to express artificial tumor antigens were 

used to examine the ability of DNA vaccines to generate anti-tumor immunity. Mice immunized 

with DNA encoding fbgal (264), or HIV-1 glycoprotein (265) were protected from a subsequent 

challenge with tumor cells expressing the relevant model antigens. Irvine et al. have shown that 

systemic administration of recombinant cytokines such as rIL-2, rIL-6, rIL-7 and rIL- 12 following 

DNA immunization with Egal DNA resulted in a significant reduction in the number of established 

metastases (264). 

With the recent identification of a number of class I MHC restricted tumor associated 

antigens (TAA) from various tumor types (266), it is possible to design a DNA vaccine strategy to 

elicit tumor specific immunity. Anti-hmor immune induction has been successfully achieved using 

natural TAAs such as CEA (267), B-ceU lymphoma idiotype (268, 269), MUC 1 (270), and an 

epitope derived from mutated p53 (1 50). 
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CEA is a 180-kD membrane-anchored glycoprotein expressed in adenocarcinomas and fetal 

gut and found in small amounts in normal adult colonic mucosa The expression of CEA by 

adenocarcinoma cells is characteristic of human colonic, breast, and non-small cell lung cancer 

(271). Vaccination of mice with plasmid DNA encoding human CEA resulted in antibody and 

cellular immune responses leading to protection h r n  subsequent challenge with syngeneic CEA- 

expressing tumor cell lines (272). 

Levy and colleagues have investigated a number of approaches to enhance immune 

responses against the idiotype of B-cell lymphoma 38C13. Use of DNA encoding GM-CSF- 

idiotype fusion protein with human constant region, but not mouse constant region, generated a 

protective immune response (269). In the absence of the Ig constant region, additional 

incorporation of a nine-amino acid peptide sequence from IL- 1fi following the single chain Fv gene 

resulted in the enhancement of anti-tumor immune responses (229). 

The MUCl gene encodes for polymorphic epithelial mucin (PEM) expressed on the apical 

surface of normal epithelial cells lining glands or ducts. PEM is a transmembrane molecule 

composed of tandem repeat units of 20 amino acids which is highly 0-glycosylated In carcinomas 

that arise from PEMexpressing epithelia, PEM is over-expressed and aberrantly glycosylated, 

making the tumor associated mucin antigenically distinct fiom the normal mucin (273). 

Intramuscular immunization with MUC 1 DNA conferred some protection to C57B U6 mice from 

tumor challenge with synpneic tumor cells h-ansfected with the MUCl gene. However, the 

mechanism of protection is unclear since no CTL response and a very low antibody response were 

detected upon immunization with MUC 1 DNA (270). 

Ciernik et al. reported that CTLs can be generated by immunization of BALB/c (H-23 mice 

with a minigene coding for single class I MHC-restricted epitope from mutant human p53, leading 

to protection From challenge with P8 15 (H-23 cells transfected with and expressing the mutated 

human p53 epitope (1 50). 

In order to bring DNA vaccines forward to clinical settings for treatment of human cancers, 

DNA imrnunogens must contain relevant epitopes from TAA which bind to the appropriate MHC 
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haplotype of the patients. The TAAs identified on human cancers include viral antigens in virus- 

induced tumors, mutated self proteins. tissue specifc differentiation antigens such as MART- I, 

tyrosinase, gp 100, or tumor antigens shared by different tumors such as MAGEs, BAGE, and 

GAGE (reviewed in (274)). Thus far, clinical trials using the idiotype from non-Hodgkin's 

lymphoma as tumor-specific antigen are on-going (275), and results from such trials are awaited to 

reveal the efficacy of the plasmid DNA approach in treatment of human tumors. 

3) Autoimmune diseases 

Since 1981, "suppressive vaccination" against autoreactive T cell receptors has been 

reported to hold promise in several animal models of autoimmune diseases (276, 277). Initial 

studies utilized peptides corresponding to the V region of TCRs of pathogenic T e l l s  to vaccinate 

and target these T cells in a highly specific manner (277). In human clinical trials, some patients 

with progressive multiple sclerosis (MS) vaccinated with peptide from the TCRVpS.2 sequence 

expressed in MS plaques and on myelin basic protein mP)-specific T cells had reduced MBP 

response and remained clinically stable (278). DNA vaccination to elicit anti-TCR immune 

response has thus far been promising. Induction of antibody responses by ism. immunization of 

BALBlc mice with the full length human TCR DNA from rheumatoid arthritis synovial tissue was 

demonstrated (279). In an EAE model, Waisman et a[. showed that immunization of mice with the 

pathogenic TCRVB8.2 gene generated antibody against V88.2, and conferred protection from 

MBP-induced EAE (280). In this study, the antibody response against the TCR did not deplete nor 

anergize T cells expressing VB8.2, but rather induced a shift in the pattern of cytokine production 

in the MBP-specific 'I' cells from THl to T,2. Moreover, the TH2 cells generated by V88.2 gene 

immunization could transfer protection against EAE when adoptively transferred to naive mice. 

Instead of targeting the pathogenic T cells, antigens associated with the pathogenesis of 

autoimmune disease may also be used for the treatment. In an effort to develop a prophylactic 

vaccine against arthritis, Rango et aL used a rat model of adjuvant induced arthritis. Lewis rats 

immunized i.m. with DNA encoding the micobacterial hsp65 were significantly protected from 
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adjuvant-induced arthritis in comparison to the untreated group (281). The higher anti-hsp65 

antibody titers correlated with lower ciinical severity of disease. Given the success seen in the 

above preclinical models, it becomes important to determine whether DNA vaccines can ameliorate 

preestablished chronic autoimmune conditions by altering the response to a T,2 phenotype in 

humans. 

4) Allergy immunotherapy 

The main characteristics of the allergic reaction are the propensity to develop a sustained 

IgE response to environmental antigens, and the presence of a TH2 response which supports the 

isotype switch to IgE. Progress has been made towards suppressing a preexisting allergic 

response in a variety of ways. Conventional desensitization strategies util 'i repeated injections 

with small doses of the allergen. The involvement of CD8' T cells as the negative regulator of IgE 

production is beginning to be understood. For example, the ovalbumin-specific CD8+ T suppressor 

population produced following an immunization with glycol-ovalbumin conjugate suppressed in 

vitro production of IgG and IgE antibody but were not cytotoxic (282). In vivo, adoptive transfer 

into syngeneic recipients of activated CD8' T cells, but not CD4' T cells, suppressed the IgE 

response by up to 95% upon challenge with antigen in alum (283). CD8+ suppressor T cells are 

thought to regulate IgE production by suppressing I@ synthesis via secretion of IFN-y. IFN-y 

most likely mediates the suppression by its inhibitory effects on B cells and TH2 CD4+ cells which 

support IgE production (283). 

The first and the only demonstration to date of the immune deviation to allergen 

prophylactically by DNA vaccine was given by Hsu et d (284). Immunization of Brown Norway 

rats with a plasrnid DNA encoding dust mite allergen, Der p 5, lead to the induction of the CD8' T 

cells capable of suppressing Ig. response against the ailergen. Adoptive transfer of CD8+ 

suppressor cells from rats immunized with Der p 5 DNA were able to protect naive recipients from 

IgE secretion, airway hyperresponsiveness and histamine release upon allergen challenge. Raz et 

al. have demonstrated that i.d. immunization of mice with DNA encoding p-gal induced a T,1 
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response and generated protection against allergic challenge with pgal in alum (285). More 

importantly, a TH2 state preestablished by sensitization with PgaI protein in alum could be re- 

directed to a TH1 response by a secondary PgaI DNA immunization. Since treatment of atopic 

diseases are for the most part therapeutic, the ability of any safe manipulation to deviate the pre- 

established TH2 phenotype associated with allergic conditions, towards a protective T, 1 state could 

be very important. Currently, plasmid DNA immunization is one of the only therapeutic strategies 

available that promotes a TH2 to TH 1 shift. 

V. Safety Concerns 

Considerable attention has been devoted to examining the safety considerations of nucleic 

acid vaccines for eventual human use. The regulatory agencies from the US Food and Drug 

Administration, the World Health Organization, the UK National Institute for Biological Standards 

and Control, and Paul Ehrlich Institut in Germany have identlf~ed the following as key areas of 

concem: ( I )  the potential integration into genomic DNA of the vaccinated subject, (2) the potential 

induction of immune tolerance or autoimmunity, and (3) the potential antibody induction to the 

injected plasmid DNA (202). Each of these areas of concem is discussed in detail below. 

1) Genomic integration of injected DNA 

The pivotal safety concem is the potential integration of injected DNA into the host genome 

which could conceivably lead to insertional activation of an endogenous protooncogene or 

insertional deactivation of a tumor suppressor gene. Mutagenic events may also occur upon 

integration of a foreign DNA into the host genome by disrupting an essential gene. Genornic 

integration of plasmid DNA lacking any sequence necessary for retrovinl insertion or homologous 

recombination relies on random integration alone. In one analysis to look for genornic integration, 

total DNA was extracted from the muscle injected with plasmid DNA. The results from this study 

confumed that integration, if it did occur, was below the point of detection (286). 
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In a later study, Nichols et al. assessed the possibility of vaccine DNA incorporation into 

host cell genome by a more sensitive PCR-based method using an influenza NP plasmid DNA 

construct (287). Upon gel purification of genomic DNA from total DNA isolated from muscle 

injection site, presence of the integrated NP plasmid was tested by PCR. The conclusion of this 

study was that no integration could be detected to a sensitivity of 1-7.5 plasmid copies per 150,000 

cells at 3,6, 12 and 18 weeks after injection of 1 W g  of the NP gene into each quadriceps muscle. 

Based on the data obtained for in vitro transfection and retroviral infections, Howard 

Temin calculated that injected DNA would have a maximum cumulative probability of having a 

harmful effect of 10-l6 to 10-l9 per DNA molecule from a cell without activated protwncogene or 

active viral oncogenes (288). Considering that lOqrg of injected plasmid of 6kbp contains roughly 

10') molecules of plasmid DNA, this represents a 1 d to 1 O6 safety margin compared to the worst- 

case scenario published by Temin. 

2)  Induction of immunologic tolerance 

Immunologic tolerance can be achieved experimentally by either repeated introduction of 

the antigen in small quantities (low dose tolerance) or single injection of a large amount of antigen 

(high dose tolerance) (289). Since naked DNA injection may result in persistent, long-term 

expression of the antigen in a small dose, it is conceivable that such exposure to antigen could lead 

to systemic antigen-specific unresponsiveness. As discussed above, most animal studies with 

DNA immunization lead to the induction of potent immune responses, not tolerance. The only 

evidence, albeit controversial, that DNA immunization may lead to hyporesponsiveness to the 

encoded antigen comes from the studies with multiple DNA injections. Lu et al. made an 

observation that multiple gene gun injections of DNA encoding Hnr env resulted in a decline of 

antibody responses against env in Rhesus monkeys (290). On the other hand, i.m. immunization 

with gp120 of HIV into Rhesus monkeys resulted in an increasing antibody titer during five 

consecutive injections of DNA immunogen (29 1). Thus, the mode of DNA delivery as well as the 

dose of DNA immunogen may influence the immunological outcome. 

38 
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Newborns exposed to foreign antigens are at risk of developing tolerance instead of 

immunity. It was believed that the neonatal period might represent an ontogenic window 

exclusively for tolerance induction rather than induction of immunity (292). Recently, the 

mechanism of neonatal tolerance has been revisited by several groups which clearly demonstrated 

that the neonatal period is not uniquely susceptible to the induction of tolerance, but rather that 

when tolerance results, the dose of antigen with respect to the number of T cells is too high for 

proper immune activation in newbom mice (293-295). Since most prophylactic vaccines are 

administered to infants, determining whether or not DNA vaccines invoke neonatal tolerance is a 

vital question. Immunization with plasmid DNA encoding a malarial circumsporozoite (CS) 

antigen, but not the recombinant CS protein, induced antigen specific tolerance in 2-5 day old mice 

(296). In tolerkd mice, neither T,1 nor TH2 cytokine responses were generated against CS. 

whereas naive mice immunized with the CS protein induced both IL-4 and IFNy responses. 

However, not all DNA vaccines administered to neonates are tolerogenic. Immunization of 

newbom chimpanzees with HBsAg resulted in antibody responses which protected the animals 

from subsequent challenge with infectious HBV (202). These differences may reflect the dose of 

antigen administered to the neonates in comparison to the number of T cells present as well as 

species-specific differences in neonatal immune induction. 

3) Induction of autoimmunity 

Alternatively, DNA vaccines may result in the immune destruction by activated C T L s  of the 

cells expressing the antigen, thereby interfering with the functions of the injected tissue. The 

observation was made that muscle cells expressing the antigen are destroyed after the induction of 

immune response in situ (297). However, since the proportion of injected muscles being 

transfected in vivo is very small (1-2%) (298), and that muscle cells regenerate upon physical 

insult within 7 days (299), the destruction of the transfected muscles per se should pose no threat 

to the performance of the muscle itself. 
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More problematic is the possibility of generating self-reactive T cells in the process of 

priming by plasmid DNA. Since high expression of DNA antigens occurs in non-hemopoietic cells 

such as muscle cells or keratinocytes upon i.m. or gene gun immunization, respectively, 

recognition by activated T cells of these cells expressing the antigenic peptides in the context of 

MHC may 'spread' the recognizable epitope to tissue-restricted antigens. Thus far, in all the animal 

models studied, no such autoimmune attack of muscle or skin tissues have been reported. In 

addition, the same concerns are applicable to any other forms of vaccines or viral infections where 

the antigens are expressed by host cells and are being recognized by C T L s .  Thus, T-cells reactive 

with tissue-specific antigens, which escaped the thymic negative selection process, are likely 

tolerized in the periphery (300). 

4) Anti-DNA antibody induction 

Anti-DNA antibody is a serologic hallmark of systemic lupus erythematosus (SLE), and is 

thought to mediate autoimmune destruction of kidney cells by deposition of immune complexes at 

the glomemlar sites (301). These antibodies bind both single stranded (ss) DNA and double 

stranded (ds) DNA of mammalian origin, the latter being rare in healthy individuals. Normal mice 

and humans contain circulating anti-microbial DNA antibodies in their sera, most likely as a result 

of exposure to microbial DNA during infection (302). However, anti-mammalian DNA antibodies 

are exceedingly to induce by the simple injection of bacterial plasmid DNA (303). In order 

to generate anti-DNA antibodies in normal mice, DNA must be denatured and coupled to 

methylated bovine serum albumin (mBSA) and injected in CFA (304). The antibodies induced bind 

both ssDNA and &DNA of bacterial origin, but only ssDNA, not &DNA, of mammalian origin. 

In pre-autoimmune =/W mice, anti-mammalian cisDNA can be induced by immunization with 

bacterial DNA coupled to mBSA in CFA (305). Surprisingly, these NZE3lW mice with elevated 

levels of anti-&DNA were protected from glomedonephritis and had prolonged survival times 

(306). Thus, there seem to be an inherent difference between the type of anti-&DNA induced by 

bacterial DNA immunization and the naturally occurring pathogenic anti-&DNA in NZBm mice. 
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All in all, it seems highly unlikely that immunization with naked DNA will induce anti-mammalian 

&DNA antibodies in humans and that such antibodies will have pathologic consequences, but only 

results fiom human clinical trails of DNA vaccine will provide the definitive answer. 

VI. Experimental objectives 

As described above, the DNA vaccine field has progressed rapidly during the past few 

years. DNA vaccine strategies have now been investigated for numerous infectious diseases, 

tumors, autoimmunity, and allergy in animal models. As some of these vaccine strategies are 

beginning to reach the clinical trial stages, it becomes essential to understand the precise 

mechanism by which the injected DNA elicits immune responses. This hdamental understanding 

may help to improve the means of minimizing the vaccine dose without compromising its efficacy. 

The identification of the cell types involved in the priming events may also provide a tool to 

address concerns associated with autoimmune induction against transfected tissues. 

Most of the information pertaining to DNA vaccines in this Introduction was not yet known 

when I began my Ph.D. in September of 1993. Thus, before outlining the objectives of this thesis, 

it is important to place in context an understanding of the field at that period of time. The 

mechanism by which plasmid DNA induced the priming of CI'L was completely unknown. The 

only information available at the time with respect to the mechanism was the observed high level 

expression of the gene product of plasrnid DNA injected into muscle fibers. Thus, development of 

plasrnid DNA vectors focused on enhancing antigen expression in muscle cells was undertaken 

with the assumption that muscle cells were Likely to be directly involved in priming immune 

responses. The effects of co-administration of vectors encoding cytokines or costimulatory 

molecules had not been examined, and the only protective efficacy of DNA vaccine demonstrated at 

the time was for the influenza virus. 

My research objectives were 1) to examine the means by which it would be possible to 

enhance the immune response generated by a suboptimal antigen, 2) to decipher the mechanism by 

which DNA-mediated immunity is induced, and finally, 3) to apply this strategy to the prevention 
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of tumor growth in animal models. In the remainder of this thesis, I will present the work that I 

have carried out to address each of these objectives. In Chapter 2, various means of enhancing the 

CL responses generated by DNA immunogen are assessed. The ability of the co-expressed 

cytokines L- 12 and/or GM-CSF and the costimulatory molecules B7- 1 and B7-2, either separately 

or in combination, are examined with respect to their ability to enhance CTL responses against a 

suboptimal antigen . 
In Chapter 3, I present experimental evidence which indicates that the key APCs for the 

induction of CTLs are derived from the bone marrow. By immunizing parent into F1 chimeric mice 

with DNA encoding NP of influenza, the CTZs generated were found to be specific for the NP 

peptide restricted by the MHC haplotype of the bone marrow donor, but not of the recipient cells. 

This was found to be the case for two distinct routes of immunizations, i.m. needle injection and 

gene gun epidermal injection. Co-linear expression of B7-2 and NP failed to convert transfected 

non-hernopietic cells into APCs, indicating that the irnrnunomodulatory effects seen with the B7-2 

molecules are mediated by bone marrow derived cells. 

In Chapter 4, the importance of the DNA injection sites for immune induction is examined 

by surgically ablating the injection sites after different time points post injection. This Chapter 

shows that the muscle injection site does not need to remain intact in order for both CTL and 

antibody responses to be induced and sustained. On the contrary, the ablation of the skin injection 

site severely compromises the immune responses in a time dependent manner. 

Finally, Chapter 5 describes a model tumor system in which minimal MHC class I epitope 

serving as a surrogate tumor antigen has been used to assess the efficacy of DNA immunization in 

inducing protective anti-tumor response in mice. Mice immunized with the NP gene were protected 

from tumor challenge with syngeneic tumor cells expressing a minimally antigenic epitope of NP in 

a CD8' dependent manner. Interestingly, rejection of the NP epitope-expressing tumors in the NP- 

immune mice also resulted in the generation of a protective immunity against the parental tumor. 
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Plesmid DNA lmmunogens Encoding Co-stirnulatory Molecules 

and Cytokines 

This chapter was first published essentially in this form in : 

Iwasaki, A., N.B.J. Stiernholm, A.K. Chan, N.L. Berinstein, and B.H. Barber. 

( 1997) Journal of Immunology 158:459 1-460 1. 

The experimental work presented in this Chapter was performed by myself except for the construction and 
confirmation of the DNA irnrnunogens encoding cytokines and costimulatory molecules, which were 
carried out by N.B.J. Stiernholm with the help of A.K. Chan (summer student). 
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Introduction 

The mechanism by which intramuscular injection of an expression plasmid results in the 

priming of an antigen specific immune response remains unclear (1). Intramuscular injection of 

plasmids containing histologically detectable reporter genes has confirmed that expression can 

occur within a significant fraction of the target muscle myofibrils (2). However, it remains to be 

established whether or not transfected muscle cells represent the key APCs. Muscle cells express 

only low levels of class I MHC gene products, and apparently lack the co-stirnulatory molecules 

required to initiate productive T-cell activation (3). Furthermore, the minimal inflammatory 

response associated with the injection of plasmid in saline is unlikely to induce the cytokines 

normally associated with the generation of a strong T-cell response. For these reasons, it remains a 

distinct possibility that the crucial T-cell induction events result from the transfection of non-muscle 

professional APCs, either in the vicinity of, or remote from, the muscle injection site. It is also 

possible that protein products of the transfected gene =leased from muscle cells could mediate T- 

cell activation as a result of processing by physically remote APCs, making the nature (e.g. 

secretion potential, conformational status) of the gene product itself a further important 

consideration. 

In t e r n  of the requisite co-stirnulatory molecules, it has now been established that B7- 1 

(CDIO) and B7-2 (CD86), through their interaction with the CD28 molecule on T-cells, a n  

provide the second signal required to promote MHC-restricted T a l l  activation (reviewed in 4). 

There are known temporal differences in the expression of B7-1 and B7-2 among different types of 

APCs (4), and suggestions have been made that the two molecules may differentially promote 

specific T-cell effector functions (5). Transfection of B7-1 or B7-2 into tumor cells can 

significantly augment their immunogenicity and result in the development of potent anti-tumor Cn 

responses (6). Thus it is clear that co-expression of either B7-1 or B7-2 in the same cells 

expressing non-self determinants as a result of plasmid DNA immunization could have a signifcant 

impact on the course af the subsequent immune response. 
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With respect to the optimal cytokine environment for the promotion of <JIZ responses, IL- 

12 and GM-CSF are known respectively to play key roles in enhancing the cytotoxic activity of 

ClL and MK cells (3, and the recruitment of professional APCsT particularly dendritic cells (8,9). 

Because IL-12, which is produced by cells of the monocyte/macrophage lineage. induces CD4+ T- 

cells to produce high levels of IFN-y (lo), it is generally considered to be the primary cytokine 

determinant for T, 1 immune responses (reviewed in 1 1). GM-CSF, a hematopoietic growth factor, 

has been linked to the augmentation of anti-tumor immune responses (12, 13). As well, it has been 

demonstrated that the co-injection of GM-CSF encoding plasmids can augment the antibody 

response to the rabies G protein induced by plasmid DNA immunization ( 14). Thus it is important 

to establish the extent to which coexpressed cytokines might enhance antigen specific CT'L 

responses. 

In an effort to improve the antigen presentation potential of cells transfected in vivo by 

plasmid DNA immunization, and also identify means by which the induced CIZ responses might 

be enhanced or better controlled, we have constructed a set of co-stirnulatory molecule and 

cytokine expressing plasmid vectors. Specifically, we have engineered the co-expression of 

plasmid encoded influenza NP antigen with the co-stirnulatory molecules B7-1 or B7-2. These 

vectors were assessed as intramuscular immunogens in mice when co-injected with or without 

plasmids expressing IL-12 andlor GM-CSF. Our results offer new insights into the means by 

which the potency of weak CTL immunogens can be significantly enhanced. 
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Material and Methods 

Animals 

Female BALB/c mice, obtained at 6-8 weeks of age (Charles River Laboratories, Quebec), 

were housed in the Division of Comparative Medicine at the University of Toronto. AU procedures 

with animals were carried out in accordance with institutionally approved protocols. 

Cells and Cell lines 

The P8 15 cell line is a m u ~ e  mastocytorna obtained from ATCC (TIE3 64). The 38C 13 

and M 12.4.1 are mouse B lymphoma cell lines ( 15, 16). WEHI-3 is a mouse myelomonocyte cell 

line (ATCC; TIB 68), EL4 a mouse T-lymphoma cell line (ATCC;TIB 39), and COS-7 is a 

monkey kidney cell line (ATCC; CRL 1651). All cell lines were routinely cultured in RPMI-1640 

medium, supplemented with 10% fetal calf serum (Immunocorp, Montreal, Que.), 100U/ml 

penicillin (Gi bcoBRL, Grand Is land, NY), 1 00@rnl streptomycin (Gi bcoBRL) and 2m.M L- 

glutamine (GibcoBRL). Normal splenocytes were obtained from 8-9 wk old female BALB/c mice. 

Peptide 

The H-2Kd-restricted peptide from the influenza nucleoprotein of AIPR/8/34, NP 147- 155 

(TYQRTRALV), was synthesized and purified by the Central Facility of the Institute for Molecular 

Biology and B iotechnology (McMaster University, Hamilton, Ont.). 

Isolation of Genes 

All co-stirnulatory molecule and cytokine genes used in the immunization constructs were 

isolated through reverse transcriptase (RT) PCR amplification. The B7- 1 and GM-CSF genes were 

amplified from mRNA isolated From LPS-stimulated M12.4.1 cells, and the B7-2 gene was 

amplified from LPS-stimulated 38C 13 cells. The two IL- 12-encoding genes p35 and p40 were 

amplified from LPS-stimulated WEHI-3 cells. The NPo gene was amplified from EM cells, which 
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had been infected with the influenza strain X-3 1. The mRNA was isolated using the Quick prep 

micro RNA purification kit (Pharmacia, Piscataway, NJ), and the Fit-strand cDNA synthesis kit 

(Pharrnacia) was used to synthesize the cDNA. The sequences of the PCR amplimers were as 

foll~ws: B7- I -Sf: TAT AGC GGC CGC TCC AAA GCA TCI' GAA GCI' ATG W, B7- 1-3': 

TAT AGG GCC CAC AGA GAA GAA CTA AAG GAA GAC; B7-2-5': TAT AGC GGC CGC 

GTT CCA GAA ACG GAA; 87-2-3' TAT AGG GCC CAA CTC ?1T CCI' CAG GCT 

CTC; GM-CSF-5': TAT AGC GGC CGC CTC AGA GAG AAA GGC TAA GGT; GM-CSF-3': 

TAT AGG GCC CTA T m  CTC GTT TGT CIT CCG; P35-5': TAT GCG GCC GCG GTC 

CAG CAT GTG TCA ATC ACG; P3S-3': TAT GGG CCC CCT TGA GCT TTC AGG CGG 

AGC; P40-5': TAT GCG GCC GCC AAG ATG TGT CCT CAG AAG CTA; P40-3': TAT GGG 

CCC GTT GCA TCC TAG GAT CGG ACC. NP-5': CGC GGC CGC CCG CCA TGG CGT 

CTC AAG GCA CC; NP-3': CGT CTA GAT TAT TAA TTG TCG TAC TCC TCT GC. All 

primers contain restriction enzyme sites at the 5' end in order to permit directional cloning (NotI 

and XbaVApaI). 

Construction of Immunization Vectors 

With the exception of the NPo and NP, genes, all PCR products were initially ligated into 

the expression vector pcDNA3 (InVitrogen, San Diego, CA) and tested for expression by various 

in vim0 assays. The NPo gene obtained from RT-PCR was cloned into the pCR3 vector using TA 

Cloning Kit (InVitrogen) whereas NPV gene was cloned into pRJCMV vector (InVitrogen). The 

NPv and NPo genes were sequenced by the dideoxy-mediated chain termination method using a 

T7 sequencing kit (Pharmacia). The NPo and NPV genes (as well as the NP exchange variants) 

used to compare in vivo a responses were preceded by identical W promoters and followed 

by the same bovine growth hormone (BGH) ply-adenylation (poly A) signals. 

in order to facilitate the cloning and expression of several genes in a single vector, a second 

plasmid, p G C W  (5 prime3 prime, Boulder. CO), was used as the backbone for the immunization 

vectors. This plasmid contains two multi-cloning sites, which in hun have numerous rare 
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restriction enzyme sites, permitting the creation of multi-gene expression vectors. Thus b e  

expression cassettes from the initial vectors, containing the gene of interest, preceded by the CMV 

promoter and followed by the BGH poly A signal, were transferred to specific sites in the pGCW 

vector. For the NPo and the cytokine genes, this was accomplished through digestion with the 

bluntend cutters, NruI or ScaI, located 5' of the CMV promoter, and PvuII or NaeI, located 3' of 

the BGH poly A signal. The cassettes were inserted into suitable bluntend sites of the pcCW 

vector (e-g. h e 1  in MCSI or MscI in MCSII) (Figure 4). The B7-1 and B7-2 expression cassettes 

were liberated from pcDNA3 through BglIyPvuII digestion, and inserted into the BamHLNaeI site 

of pGCW. This procedure spared the two multi-cloning sites in p W ,  at the expense of 

removing the F1 origin of replication. The p35 and p40 genes, encoding IL-12, were fmt ligated 

into pcDNA3 in tandem, each gene having its own promoter and poly A signal. This co-linear 

expression cassette was then removed through ScaVNaeI digestion and Ligated into MscI of 

pGCW. Every pGCW-based construct was characterized by a restriction digest analysis and the 

orientation of the inserts determined to be appropriate. 

Nhr-o was generated by replacing the PpuMI-BbsI fragment of NPV with that of NPo, 

while the inverse construct, NPo-v, was generated by replacing the PpuMI-BbsI fragment of NPo 

with that of NPv. The NPv-o and NPo-v genes were sequenced in both directions to confirm that 

the proper nucleotide changes had been introduced. 

Finally, all plasmids were amplified in the JM 109 bacterial strain and purified through large 

scale plasrnid preparations, using pZ523 columns (5 prime - 3 prime), with a characteristic yield of 

2.5-3.0 mgA of bacterial culture. 

Surface IrnrnunoPluorescence Staining 

In order to confirm expression of the B7-1 and B7-2 genes in the relevant constructs, COS- 

7 cells were transfecteci with these vectors, according to the methods described by h f f o  (17). 96 

h following transfection, the cells were washed twice in PBS and stained for 30 min. on ice with 

either the anti-B7- 1 MAb 1 GlO, or the anti-B7-2 MAb GLl (PharMingen, San Diego, CA). The 
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cells were then washed twice in PBS and stained with a secondary FITC-conjugated goat anti-rat 

IgG MAb (Sigma, St. Louis, MO). After a second incubation on ice for 30 min., the cells were 

again washed twice in PBS and subsequently fmed in a 2% paraformaldehyde solution. The 

samples were analyzed within 24 h on a FACscan flow cytorneter (Becton Dickinson, San Jose, 

CA) . 

Bioassays and ELISAs 

The constructs containing the GM-CSF gene were transfected into COS-7 cells and the 

supernatants tested for the presence of GM-CSF five days later, using a mouse GM-CSF ELXA 

kit (Endogen, Cambridge, MA). In order to test for the expression of functional IL- 12, a bioassay 

based on the ability of IL-12 to induce I F N y  production in resting mouse splenocytes was used 

( 18). Briefly, COS-7 cells were transfected with constructs coding for IL- 12 (p35 and p40) and the 

supernatants were harvested five days later. Subsequently, 1 x 107 mouse splenocytes were cultured 

in a 1:2 dilution of these supernatants (with the addition of 50u rIL-2/rnl). After a 48h incubation, 

the supernatants were tested for the presence of IFNy, using a mouse IFNy ELSA kit (Endogen). 

Immunization and Infection of Mice 

Groups of 5 female BALB/c mice (8-12 weeks of age) were injected with each of the 

plasmid DNA constructs as indicated in the Results. Lyophilized closed circular plasmid DNA was 

resuspended in sterile PBS and 1Oqrg of each construct in a total volume of 50d was injected into 

a single hind leg muscle. Mice were boosted with the same amount of DNA in the same hind leg 

muscle at 3 weeks and 6 weeks post priming. CTL assays were performed 2 weeks after each 

boost. As a positive control, anti-influenza NP CTL were generated in BALB/c mice by 

inmperitoneal injection of 200 HAU of influenza strain X-3 1. Splenocytes were recovered from 

mice between 1 and 6 months post infection. Experiments were repeated at least twice with 5 mice 

per immunization group. 
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Cytotoxic T Lymphocyte Lysis Assay 

Spleen cells pooled from 2 mice in each group immunized with DNA, or recovered from 

infection with X-3 1, were restimulated in vitro to assess CTL effector function. Cells were 

cultured at 37OU51 C02 for 7 days in WMI-1640 medium supplemented with 10% fetal calf 

serum, penicillin ( 100U/d), streptomycin ( 10qrg/ml), 2mM L-glutamine at 5x 106 cells/mi in the 

presence of 2 . 5 ~  106/ml syngeneic spleen cell stimulators which had been irradated and pulsed for 

1 h with the ~-2~~-rescricted epitope, NP (147- 155) at 0.1 Cell-mediated cytotoxicity was 

assayed against P8 15 (H-2d) cells pulsed with NP 147- 155 peptide and labeled with 100pCi of 

[ "~ r ]  Na2Cr04 (Amersharn, Oakville, Ont.). Target cells at lo4 per well were incubated for 4h in 

triplicate at 37OC with two-fold serial dilutions of effector cells (from 100: 1 to 6.25: 1). Plates were 

then spun briefly in a bench-top centrifuge and 504 of supernatant removed for counting in a 

TopCount scintillation counter (Canberra-Packad, Canada). Maximum and spontaneous release 

was determined from wells that contained either 2% Triton-XI00 or medium alone, respectively. 

Specific lysis was calculated as (experimental ' k r  release - spontaneous ' ' ~ r  release)/(rnaximum 

' ' ~ r  release - spontaneous " ~ r  release) X 100 %. For the purpose of comparing (IIZ responses 

generated by different irnrnunogens, the relative NP specific CK lysis (designated 96 influenza 

control lysis) was calculated at a sub-plateau 50:l effector to target ratio as follows (percent 

specific lysis from plasmid immunized mice/percent specific lysis from parallel influenza infected 

control) x 100 for each experiment The same calculations at another sub-plateau effectoctarget 

ratios ( 12.5: 1) gave comparable results. Lysis of labeled P8 15 in the absence of NP ( 147- 155) was 

4 0 %  at all effector to target ratios. These data are representative of the results obtained in a 

minimum of two independent repeats of these experiments. 
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Results 

A plasmid vector encoding a variant influenza nucleoprotein has reduced ability to 

induce a CTL response in vivo . 
In order to investigate the impact of different co-stimulatory molecules and cytokines on 

CTL induction via plasmid DNA immunization, it was necessary to establish a model antigen 

system which was sufficiently sub-optimal to permit detection of a net increase in T-cell activation. 

In the course of examining different influenza NP expression vectors, two which varied greatly in 

their ability to induce C l l  responses were identified, pCMV.NPv and pCMV.NPo (Figure 1 ). 

Whereas the pCMV.NEV plasmid induced an influenza NP 147-155 peptide specific CTL response 

indistinguishable from that obtained from influenza-infected mice, the pCMV.NPo plasmid was 

unable to induce a (JTt response above the pCMV vector control. DNA sequence analysis 

indicated that the pCMV.NPv vector encodes a native AIPR18134 NP protein (Genbank #V0 1084), 

whereas pCMV-NPo expresses a variant NP, containing three mutations near the carboxy-terminus 

of the molecule (presumably acquired during the PCR amplification). In addition to their coding 

region differences, pCMV.NPv and pCMV.NPo also differ in their 5' and 3' untranslated regions 

(UTR), in that NPV retains 5' and 3' sequences from the influenza virus UTR, whereas NPo does 

not (Figure 2). When these vectors were transfected into COS-7 cells, metabolically labeled with 

3%-rnethionine, and imrnunoprecipitated with an anti-NP monoclonal antibody, each encoded an 

intact NP molecule of the same molecular weight as that seen in influenza-infected cells, although 

the level of expression of pCMV.NPo appeared to be less than that of pCMV.NPv (data not 

shown). Nevertheless, when pCMV.NPo was transfkcted into P8 15, it formed a CTL target 

structure which could be recognized by influenza-specific CTL, suggesting that the product of 

pCMV.NPo was capable of being processed and presented on MHC class I molecules of the 

transfected cell surface (data not shown). 
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Figure 1. CTL responses induced by different influenza M? vectors. 
Percent specific lysis was determined in a SICr-release assay for effector spleen cells 
obtained from BALBk mice immunized into the hind leg muscle with 1OOpg of 
pCMV/Nhl (closed circle), pCMV/NPo (closed triangle) or vector control pCMV (open 
circle) DNA in total of 50p1 saline, followed by boosting with 1OOpg of the same plas- 
mid 3 and 6 weeks later. Mice infected with influenza strain X-3 1 were used as positive 
controls (closed square). Spleens were harvested 2 weeks after the second boost. Spleen 
cells from 2 mice in each group were pooled and cultured for 7 days in the presence of 
syngeneic spleen cell stimulators which had been irradiated and pulsed with the H - X d -  
restricted peptide, NP (147-155). Percent specific Iysis was measured after a 4 hour incu- 
bation of [51Cr] Na2CrOq labeled, NP peptide pulsed target cells with the effector cells. 
The data correspond to a representative example of four repeat experiments. 
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Nucleoprotein of A/PR/8/34 

CTL epitope 

C l l  epitope 

Figure 2. Detailed description of NPv and NPo expression plasmid. 
The NPo gene obtained by RT-PCR was cloned into the pCR3 vector whereas the NPv 
gene was cloned into pRc/CMV vector. Both NPv and NPo genes were preceded by 
identical CMV promoters and followed by the same BGH poly A signal. The 
pCMV.NPv construct encoded a nucleotide sequence identical to that of A/PR/8/34 
(Genbank #V01084), whereas the pCMV.NPo construct had three nucleotide muta- 
tions leading to amino acid changes F304L. N370S, and R441G. However, both NPv 
and NPo genes encode the intact Kd-restricted CTL epitope NPl47- 155. TYQR- 
TRALV (hatched area).The pCMV.NPv vector contains an influenza virus UTR 
(shaded area) upstream from the translation initiation methionine codon, AGA TAA 
TCA CTC ACT GAG TGA CAT CAA AAT C, and downstream of the stop codon, 
AGA AAA ATA CCC TTG TIT CTA CT, whereas pCMV/NPo lacks any viral UTR 
sequences. 
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Whether the lack of a CI'L response seen with the NPo vector can be accounted for by reduced 

protein expression, misfolding of NP due to the mutations and/or alterations in proteolytic 

processing, the differences observed are unrelated to the ~drestr ic ted epitope NP 147- 1 55, which 

is identical in each case. Thus, in practical terms, the pCMV.NPo vector provided us with a sub- 

optimal immunization plasmid which could be used to explore different means of enhancing the 

imrnunogenicity of a minimally altered NP. 

Non-epitope coding sequence alterations in the NP gene influence its CTL 

induction potential. 

In an effort to better define the smcmral basis of the differences in immunogenicity 

between NPV and NPo, a gene segment exchange experiment was carried out. After idenhfying a 

defined restriction fragment (PpuMI - BbsI) which encompassed the coding region mutations, this 

fragment was excised from NPo and inserted into an appropriately digested NPV. Thus. a new 

vector designated NPv-o was created containing the mutant hgment  from NPo in the context of 

the NPV vector (Figure 3A). The reverse exchange of the NPV PpuMI - BbsI fragment into the 

NPo produced the complementary NPo+ vector. In order to assess the impact of this interchange 

on the CT'L immunogenicity of these vectors, mice were immunized with each of the different 

vectors pCMV.NPV, pCMV.NPo, pCMV.NPV-o and PCMV.NP~-~ ,  and their ~ - 2 ~ d  restricted 

NP 147-155 specific CTZ responses determined as described for Figure 1. The results of this 

analysis are presented in Figure 3B. From these data it is clear that the NPo-v exchange had a 

profound effect on its Cn immunogenicity, converting the very poor response to NPo into the 

effectiveness of the NPV vector. Correspondingly, the NPv+ interchange significantly decreased 

the CTL induction observed with NPV. Although remains somewhat more effective than 

NPo, an observation which may be attributable to the positive influence of the viral UTRs 

remaining in this vector, it is clear that the coding region differences between NPo and NPV play a 

major role in determining their relative CTL immunogenicity. 
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Influenza 

NPV 

Nl'o 

NPv-0 

NPo-v 

Figore 3. Effect of exchanging the mutated region of the NPo with that of the wiid- 
tSPem* 
A, NPv-o and No-v constructs. The PpuMI-BbsI restriction fragments from NPo and 
NPv were ligated into the PpuMI-BbsI sites of NPV and NPo, respectively, generating 
NPv-o and NPo-V. Thus Nhr-o encodes the three mutations 304L, 340S, and 441G, 
whereas NPo-v expresses an NP possessing the correct amino acids 304F, 340N and 
441R. B, generation in mice immunized with the "swapped" NP constructs. Mice 
were immunized with 100pg of each construct and boosted 3 and 6 weeks later. Spleens 
were harvested 2 weeks after the second plasmid DNA boost. and compared in a CTL 
assay with spleen cells from influenza infected mice. Percent specific lysis obtained for 
each group was depicted for the 6.25:1 effector to target ratio. The data correspond to a 
representative example of two repeat experiments, each curve depicting the result for a 
pool of two mice from each group . 
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Expressing NPo in the context of costimuIatory molecules and cytokines. 

Having demonstrated that sequence differences in the non-epitope portions of the NP gene 

could dramatically improve the CTL immunogenicity of a plasmid DNA immunization vector, we 

then proceeded to determine whether altering the presentation context of a weak plasmid DNA 

immunogen could also improve its ability to induce CI'L responses. In tern of activating Cn 

responses by intramuscular immunization, it was considered that the presence of a co-stirnulatory 

molecule and the appropriate cytokines might be crucial for minimal immunogens. In order to 

assess this possibility using the NPo model system, a series of immunization vectors was 

constructed to permit a comparison of CTL responses to NPo in the context of a common 

backbone. Thus the NPo expression cassette was transferred from the pCMY vector into the 

pGCW backbone in order to take advantage of the potential for multiple expression units in one 

plasmid. Recognizing that co-stirnulatory molecules need to be expressed on the same cells 

displaying the non-self MHC restricted epitope engaged by the T cell precursors (19), co-linear 

plasmid immunization vectors were constructed for the simultaneous expression of B7-1 or B7-2 

in the context of NPo (Figure 4A). Fluorescence activated flow cytometry analysis of transiently 

transfected COS cells was used in each case to establish that B7-I or B7-2 was expressed on the 

surface of the relevant transfectants (data not shown). In addition, the B7- 1 and B7-2 gene 

products were shown to be functional using an in vitro co-stimulation assay (Chu and Watts, 

personal communication). Thus the constructs depicted in Figure 4A allowed the comparison of 

CTL responses induced to NPo by vectors differing from one another only with respect to their 

expression of B7-1 or B7-2. 

The cytokines GM-CSF and IL-12 were chosen for their potential to augment CTL, 

responses to a plasmid DNA immunogen. Given that the cytokines in question can reasonably be 

expected to operate in a paracrine fashion, and need not be expressed in the same cell as the 

antigencontaining plasmid, a second set of co-immunization vectors based on the same p c C W  
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Figure 4. Structure of the immunization vectors. 
A, Antigedco-sthulatory immunization vectors containing the NPo gene alone or in 
combination with either B7-1 or B7-2. B, Cytokine immunization vectors encoding 
GM-CSF, L - 1 2  or both. These vectors were constructed and the gene products 
assessed as described in Material and Methods. 
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backbone was constructed (Figure 4B). Although GM-CSF is a single polypeptide of 23 kD (20), 

IL- 1 2 is a heterociirner of 3 5 and 40 kD subunits (7), requiring the construction of single, double, 

and triple expression units to develop vectors expressing the two cytokines individually or in 

tandem. Two different ELSA assays were used to assess the expression of these cytokines, either 

done or in combination, when the vectors were used to msfect  COS-7 cells. The expression of 

murine GM-CSF in the different culture supernatants was detected using a capture ELISA assay 

(Figure SA), and the functional presence of murine IL- 12 determined by a coupled I M y  assay 

using mouse spleen cells (Figure 5B). From these data it is clear that the respective cytokines are 

produced by the individual GM-CSF and IL-12 expression vectors, as well as by the co-linear 

GM-CSF/IL- 12 vector. 

Co-expression of NPo with B7-2 but not B7-1 augments the induction of CTL in 

v i v o .  

In order to fmt determine the impact of co-expressing co-stirnulatory molecules and a sub- 

optimal NP antigen, CTL responses in mice immunized with co-linear constructs containing NPo 

and either B7-1 or B7-2 were compared. After the first administration of plasrnid, mice received 

booster injections at 3 and 6 weeks, and C'K activity was measured 2 weeks after each booster 

injection. The results indicate that co-expression of B7-1 fails to improve the low level of (Jn 

activity seen with the suboptimal NPo alone (Fig. 6A). This is true after both the first and the 

second boost with NPo/B7-I (Fig. 6B). However, it is equally clear that the cdinear expression 

of B7-2 in the NPo/B7-2 construct considerably enhances the post-first boost CI'L response to the 

NP epitope (Fig. 6C). This effect is reduced after the second boost (Fig. 6D). suggesting that B7-2 

might be better able to initiate than sustain the observed Cn response. 
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A. 
GM-CSF 

pGCV.GM-CSF 

pGCV.1L 12 

pGCVII 

COS only 

standard 1 : 10 

B. Interferon gamma 

pGCVII 

COS only 

WEHI-3 sup. I 

1 I I I 

Figure 5. In vitro analysis of cytokine expression. 
ELISA analysis of supernatants from COS-7 cells transfected with pGCV.GM-CSF, 
pGCV.IL- 12 or pGCV.GM/IL- 12. Supernatants from untransfected (COS only) and 
mock-transfected (pGCVII) cells were used as negative controls. A, Analysis of GM- 
CSF in the supernatants of the COS-7 transfectants described above. The positive con- 
trol is a 1: 10 dilution of recombinant GM-CSF supplied by the manufacturer of the 
ELISA kit. B, IFN-y secretion of normal splenocytes cultured in the presence of super- 
natants from the transfections indicated above. A supernatant from LPS-stimulated 
WEHI-3 cells was used as a positive control for IL- 12. 



Chapter 2 

-10 9, 
0 20 40 60 80 100 120 

E:T Ratio 

Post 1st Boost Post 2nd Boost 
A - -Influenza 

B 
80 - Fl N P d B 7 - 1  6 0 -  

-20 . + + ,  

0 20 40 60 80 100 120 

E:T Ratio 

6 0 -  

U) 

Figure 6. Effect of co-linearly expressed co-stirnulatory molecules B7-1 or B7-2 
on NP specific CTL generation. 
Mice were injected with 100pg of the vector encoding either NPo (A, B, C, D), or 
the plasmid in which NPo was co-linear with B7-1 (NPolB7-1) (A, B) or B7-2 
(NPolB7-2) (C, D) on 0 ,3 ,  and 6 weeks. Splenocytes were harvested 2 weeks after 
the first boost (A, C), or 2 weeks after the second boost (B, D) and assayed for NP- 
specific CTL activity as in Figure 1. Each curve represents lysis by CTL generated 
from spleen cells pooled from two mice in each group. The data correspond to a rep- 
resentative example of at least two repeat experiments. 
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Co-injection of vectors encoding LL-12 and GM-CSF enhance CTL induction in 

v i v o .  

When the NPo plasrnid was co-injected with either the GM-CSF or the IL- 12 plasmid, no 

enhancement of the NP specific Cn response was observed after the first boost (Fig. 7A). 

However, after a second boost, anti-NP Cn. responses were dramatically increased with either the 

GM-CSF or IL-12 constructs (Figure 7B). When the co-linear plasrnid expressing both GM-CSF 

and IL-12 was injected along with the NPo plasrnid, a marked enhancement in the anti-NP CTL 

response was now seen after the fmt boost, and this high level of CIZ activity remained 

essentially unchanged after the second boost (Fig. 7C and D). Thus, either GM-CSF or IL-12 can 

independently enhance the antigen specific CIZ response, given time and repeated injections, but 

the combination of both cytokines appears to act synergistically to promote an earlier antigen 

specific CE response. Concerning the co-injection of plasmids expressing GM-CSF and/or IL- 

12, it is noteworthy that the cytokine-producing plasmids on their own, in the absence of any 

antigen-containing plasmid, do not greatly elevate the background NP-specific CK response (Fig. 

7A). Even after a second boost with 100pg of the cytokine plasmids, the level of lysis does not 

exceed 20% of the influenza virus control (Fig. 7B). These data clearly indicate the considerable 

positive impact that co-injection of the cytokine plasmids can have on the ability of a sub-optimal 

antigen to prime for an effective (JTZ response. They also indicate that the particular mix of co- 

injected cytokine expression units can have an influence on both the rate of development of the 

CTL response and its sustainabiiity. 

Costimulatory molecules and cytokines in combination also enhance CTL 

generation in vivo. 

In order to assess the effect of providing co-stirnulatory molecules in the same cells 

expressing the antigen, while also altering the local cytokine ervirunment, different combinations 

of the described plasmids were injected and the NP-specific (5IZ responses 
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Figure 7. Effect of co-injecting plasmids expressing GM-CSF and IL-12 on NP 
specific CTL generation. 
Mice were injected with either 100pg of the NPo vector (A, B), or in combination 
with lOOpg of the plasmid encoding GM-CSF (A, B), IL-12 (A, B), or the GM- 
CSFIIL-12 co-linear construct (C, D) in the hind leg muscle on 0, 3, and 6 weeks. 
Control mice received injection of cytokine vectors alone. Splenocytes were harvest- 
ed 2 weeks after the first boost (A, C) or 2 weeks after the second boost (B, D) and 
assayed for NP-specific CTL, activity as described in Material and Methods. Each 
curve represents lysis by CTL generated from spleen cells pooled from two mice in 
each group. The data correspond to a representative example of at least two repeat 
experiments. 
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measured (Figure 8)- Although the NPo/B7-1 immunizations appeared to benefit slightly from the 

co-injection of the GMCSF and IL- 12 plasmids after the fmt boost (Fig. 8A), the only substantial 

increase in CTL activity at this point was observed with the co-linear GM-CSFIIL- 12 plasmid (Fig. 

8B). However, because this same increase was also observed when the NPo plasmid was co- 

injected with GM-CSF/IL-12 (Fig. 7C), this enhancement cannot be attributed to the presence of 

87- 1. Likewise, the post-second boost increase in Cll activity when co-injecting GM-CSF- or 

IL-12encoding plasmids (Fig. 8B) was also seen in the absence of B7-1 (Fig-TB). When the 

NPolB7-2 co-linear plasmid was co-injected with either the GM-CSF, IL- 12, or combination GM- 

CSFIIL-12 expressing plasmids, moderately elevated post first boost C T L  responses were 

observed in comparison to that seen with NPolB7-2 alone (Fig. 8C). These diminished somewhat 

after the second boost, as did the response to the NPolB7-2 plasmid done (Fig. 8F). 

Summary of the effects of costimuIatory molecules and cytokines on NPo  

immunogenicity relative to influenza infection 

In an effort to compare the relative impact of the different potential immunomodulators on 

the observed CJL response from one experiment to another, we have included in each of the 

assays described above, the CK lysis of the same target cells by spleen cells derived from 

influenza virus-infected mice. By normalizing the response observed for a particular co-stirnulatory 

molecule or cytokine combination as a fraction of the anti-influenza virus response in the same 

experiment, we can then compare the relative influence of the co-expressed gene products. Figure 

9 depicts such a normalization for our entire set of data at the 50: 1 E:T ratio. A comparable pattern 

emerges when the calculation is carried out for a second sub-plateau lysis point (i.e., 12.5: 1 E:T 

ratio). From the analysis it is clear that the co-linear expression of B7-2, but not B7-1, with NPo 

resulted in a marked enhancement of Cn activity. While the co-injection of plasmids encoding 

either GM-CSF or IL- 12 also elevated the levels of NPo-specific lysis, this effect was only evident 
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Figure 8. Effect of plasmids expressing costlmulabry molecules and cytokines in eom- 
bination on CTL generation. Mice were i-m. injected with either NPolB7-1 alone (A, D), 
or in combination with plasmids encoding GM-CSF. IL-12 (A, D), or the GM-CSFIIL-12 
co-linear construct (B, E). Mice were i.m. immunized with NPo/B7-2, or in combination 
with plasmids encoding GM-CSF, IL-12, or GM-CSFILL-12 (C, F). Splenocytes were 
assayed for NP epitope specifc CTL responses 2 weeks after the first boost (A, B, C) or 2 
weeks after the second boost @, E, F). Each curve represents lysis by CTZ generated from 
spleen cells pooled ftom two mice in each group. The data correspond to a representative 
example of at least two repeat experiments. 
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A Post 1st Boost B Post 2nd Boat 

% Influenza Control Lysis 

Figure 9. Summary of the effects on NP-specific CTL response of costimulatory 
molecuies , and cytokines relative to influenza infection. 
Mice were injected with either lOOyg of the NPo vector alone, or 1OOpg of the plasmid in 
which NPo was co-linear with B7-1 (NPoB7-1) or B7-2 (NPo/B7-2). Each was also CO- 
injected with 100pg of the plasmids encoding GM-CSF, IL- 12, or the GM-CSF/IL- 12 co- 
linear construct in the hind leg muscle on 0, 3, and 6 weeks. Splenocytes were harvested 
2 weeks after the first boost (A) or 2 weeks after the second boost (B) and assayed for 
NP-specific CTL activity. Data normalized with respect to the influenza specific CTL 
response in each assay are depicted for the 50: 1 effector to target ratio. where percent 
influenza control lysis is calculated as (percent specific lysis obtained with splenocytes 
from plasmid immunized mice)/(percent specific lysis obtained with splenocytes from X- 
31-primed mice ) x 100 for each experiment. Each bar represents data obtained from 
spleen cells pooled from two mice in each group . The data correspond to a representative 
example of at least two repeat experiments. 
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after the second boost. However, co-injection of NPo with the plasmid encoding both GM-CSF 

and IL-12 resulted in an earlier, post fmt boost, enhancement of the CTL. response. Thus, 

collectively these results indicate that certain combination of costimulatory molecules and cytokines 

can significantly augment CI'L responses to an otherwise weak plasmid DNA immunogen. In this 

specific instance, the cytokinelco-stimuiatory molecule combination has elevated an otherwise 

background (JT[, response to more than 80% of the lytic response resulting from an active 

influenza virus infection. 

Discussion 

The influenza NP gene encodes a number of ClZ determinants which have been much 

studied as model systems for the generation of class I MHC-restricted responses (2 1). In addition 

to priming for NP specific a by influenza virus infection of mice, it is now possible to induce 

potent NP epitope specific CTL responses by plasmid DNA immunization (22, 23). As 

demonstrated by our results as well, intramuscular immunization with the intact NP gene can be as 

effective as influenza infection at promoting CI'L responses. However, not all non-self genes are 

as potent as the influenza NP at inducing CTL. In fact, we identified by chance a minimally altered 

NP gene (NPo) that had lost its ability to induce epitope specific CTLs when used as a plasmid 

DNA immunogen. In this case, we were able to reverse this loss of CTL imrnunogenicity by 

repairing the mutated nucleotides in the coding sequence (i-e. NPev), clearly indicating that distant 

nonepitope structural features within a non-self gene can have a major influence on its 

irnmunogenicity . 
The mechanism by which this cluster of mutations alters the imrnunogenicity of the NP 

gene as a plasmid immunogen remains a matter of speculation. The impact of the 3 nucleotide 

mutations in the coding region, which result in 3 nonconservative amino acid alterations (F304L, 

N370S and R441G), could be an effect mediated at either the RNA or the protein level. At the level 

of the mRNA, these mutations may have an effect on message stability or translation efficiency, 
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thereby reducing the amount of product available for processing. Alternatively, these 3 amino acid 

changes may prevent proper folding of the NP molecule and target it for inappropriate proteolytic 

degradation. Although the ~ - 2 ~ d  restricted epitope being monitored (aa 147- 155) is remote from 

the region of the mutations, it is still possible that these changes could alter the pathway of 

proteolysis. Because it is still not clear which cells act as the key APCs for the development of a 

CTL response induced by plasmid DNA immunization, the possibility that these mutations might 

disrupt the transfer of expressed protein antigens from their site of synthesis to a specialized APC 

population must also be considered (1). Further experiments are required to clan@ the mechanism 

underlying the deficit in imrnunogenicity of NPo versus NPV. 

Apart from the specific interest in the immunogenic properties of the NP gene, there 

remains the general challenge of how one might convert other minimally or non-immunogenic 

genes into stronger CTL irnrnunogens (assuming they possess appropriate class I epitope 

sequences). For this reason, we have utilized the NPo gene as the model for a non-immunogenic 

epitope containing gene. Our purpose was to determine the extent to which modifying the 

immediate environmental context of antigen presentation might augment the epitope specific CTL 

response. Specifically we examined the co-linear expression of the antigen with the B7- I and B7-2 

co-stirnulatory molecules. As well, the effect of co-injecting plasmids encoding the cytokines GM- 

CSF and IL-12, either alone or in combination, on the net CL response induced was also 

assessed. The general message which emerged from the data was that using these strategies it is 

possible to sigtufcantly increase the CIZ response to an otherwise non-immunogenic antigen. 

Furthermore the results indicate that there is more than one way to achieve this objective. With 

respect to the co-stirnulatory molecules, B7-2, but not B7-1, was able to enhance the Cl'L 

response to NPo when expressed from a co-linear construct with the antigen. The co-hear 

cytokine vector encoding both GM-CSF and IL-12 was also able to provide an early augmentation 

of the CTL response when it was co-injected with the NPo vector. The individual cytokine vectors 

were effective as well, but this was only apparent after the second booster injection. When the co- 

stirnulatory molecules and the cytokines were used in combination with NPo, M e r  
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improvements in the epitope specific CIZ responses were observed. In general, peak responses 

were approximately 80% of the level of specifc lysis seen with influenza-primed mice. clearly 

indicating the potential for these manipulations to profoundly enhance the CK irnmunogenicity of 

a weak antigen such as NPo. 

Xiang and Ertl recently demonstrated that immunization with a rabies glycoprotein- 

encoding vector mixed with a GM-CSF expression plasmid enhanced both the antibody response 

and the T-cell proliferative response to the viral antigen (14). However, C l l  responses were not 

measured. The same enhancement was not observed when they substituted an IFNy vector for the 

GM-CSF plasmid. Earlier, Watanabe et al. demonstrated that mice co-injected with plasmids 

coding for a human kappa light chain and IL-2, enhanced both antibody and delayed type 

hypersensitivity responses to the antigen (24). More recently, Irvine et al. reported that the 

intraperitoneal administration of certain recombinant cytokines (L-2, IL-6, IL-7 or IL- 12), shortly 

after epidermal DNA immunization with a plasmid expressing a model tumor antigen, had a 

beneficial effect on lung metastases in the challenged mice (25). Thus, our results serve to expand 

the potential of plasmid immunization by demonstrating the further benefit to be derived from the 

co-ordinate expression of antigen and defined immunological mediators. 

As outlined above, one of the important unresolved questions with respect to the induction 

of T-cell responses by plasmid immunization is the identification of the key APCs in vivo. 

Because we have demonstrated that the co-expression of NPo and B7-2 from the same vector 

clearly augments the observed CI'L response to the NP CI'L epitope, it seems reasonable to 

conclude that the cells which take up and express the plasmid (whether they be muscle cells or 

professional APC) are directly responsible for presenting the antigen to CIZ precursors. The co- 

expression of B7-2 and antigen may permit muscle cells to become effective APCs. Alternatively, 

this vector may increase the level of B7-2 expression in professional APCs which become 

transfected in vivo, and in this way enhance CT'L, induction. There are indications that both 

dendritic cells (26, 27) and macrophages (26, 28) require upregulation of their co-s timulatory 

molecules to become fully irnrnunostimulatory. 
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As well as the mechanistic insights provided by the comparative analysis outlined above, 

the practical implications of being able to manipulate the magnitude andlor qualitative features of 

the immune response mediated by plasmid immunization may also be considerable. Not all 

antigens are as potent as the viral gene products which have been the major focus of most studies 

to date. Tumor antigens, which may differ from self by as little as single point mutations (29, 30) 

can reasonably be expected to be much less immunogenic. Because CI'L responses to defmed 

tumor antigens are known to be of therapeutic benefit (3 1, 32), this situation represents a clear 

example where the augmentation of in vivo CTL responses to weak, but genetically defmed, CI'L 

determinants could be of significant benefit. A further practical advantage could be a sigruf~cant 

reduction in the amount of plasmid DNA required to be injected for even the strongest antigens to 

invoke a beneficial immune response. This may be particularly important with respect to safety 

concerns about the risk of plasmid DNA integration into genornic DNA, and the induction of anti- 

DNA antibodies (33) 

The most appropriate combination of co-stirnulatory molecules and cytokines for a 

particular plasmid imrnunogen may vary depending on the type of immune response desired. There 

is evidence indicating that the nature of the co-stirnulatory molecule (i.e. 87-1 or B7-2) can 

influence the TH1 versus T,2 balance of the induced response (5). Likewise the presence of certain 

cytokines during the initiation of a T-cell response can have a dramatic impact on the 

immunological direction of a particular response (34). IL-12 is known to promote the development 

of CTL responses and the T, 1 pathway (1 1). whereas IL-4 greatly favors TH2-governed responses 

(35). The hlull extent to which one could use Werent combinations of plasmid encoded co- 

stirnulatory molecules and cytokines to elicit predetermined T-cell or antibody-mediated effector 

functions remains to be established. However, the potential for this type of plasmid immunization 

to provide a more flexible approach to the induction of the desired prophylactic or therapeutic 

immune responses is clear. 
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Chapter 3 

Both Gene Gun and Intramuscular injection of Plasmid DNA 

Induce Cytotoxic T-Lymphocytes via Bone Marrow Derived 

Antigen Presenting Cells 

This chapter was first published essentially in this form in : 

Iwasaki, A., C.A.T. Torres, P.S. Ohashi, H.L. Robinson, and B.H. Barber. 

( 1997) Journal of Immunology 159: 1 1 - 14. 

The experimental work presented in this Chapter was performed by myself except for the following: 
Preparation of the gene gun bullets and gene gun immunization was partly done by C.A.T. Torres as a par& 
of a collaboration with H.L. Robinson's Iaboratory. Expert advice on the creation of the bone marrow 
chimeric mice was provided by P.S. Ohashi. 
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Introduction 

The use of bacteriai expression plasmids as DNA immunogens has the potential to 

revolutionize the induction of both prophylactic and therapeutic immune responses. DNA can be 

administered in two distinctly different ways. One approach is to use a biolistic device (e.g., a gene 

gun) to propel plasmid DNA-coated gold particles into the epidermis (1). Alternatively, plasmid 

DNA can be needle-injected into different tissue sites, with the most common route being 

intramuscular injection into the hind leg quadriceps (2,3). Although each method of immunization 

has demonstrated the potential to generate both antibody and cell-mediated immune responses (4), 

the physical means by which the plasmid is introduced, and the potential set of antigen presenting 

cells (APCs) encountered at each site are quite different. Gene gun-mediated epidermal 

immunization appears to favor TH2 responses (S),  whereas the intramuscular needle injection route 

preferentially promotes THl responses (6). Recent data also indicate that immune responses 

induced by gene gun or needle injection of DNA exhibit a strikingly different dependence on the 

physical integrity of the injection site, further emphasizing the need to identify the APCs operative 

for each route of immunization (7). 

For intramuscular immunization with plasmid DNA, bone marrow derived APCs were 

found to be responsible for the induction of CK responses to the expressed antigen (8, 9). In 

order to identify the APCs responsible for the induction of CTL responses by gene gun inoculation 

of plasmid DNA, we have constructed and immunized a set of bone marrow chimeric mice. The 

measurement of epitope specific CTL responses to the expressed influenza nucleoprotein (NP) 

gene in these chimeric mice has permitted us to establish that, for this biolistic epidermal 

immunization, bone marrow derived cells also represent the key APCs. In addition, using needle 

intramuscular injection of DNA, we have demonstrated that neither the coexpression of antigen 

with a co-stirnulatory molecule ('7-2), nor the expression of cytokines GM-CSF and IL-12, is 

sufficient to induce non-hematopoietic cells to become effective APCs. 
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Materials and Methods 

Peptides and Plasmid DNA 

The H-2~d-restricted peptide NP 147- 155 (TYQRTRALV), and the ~-2~~-res t r ic ted 

peptide NP366-374 (ASNENMETM) from the NP of influenza virus A/PR/8/34 were synthesized 

and purified commercially (Alberta Peptide Institute). The NP gene from A/PR/8/34 (Genbank 

#VOlOS4) was cloned into the p R d W  vector (InVitrogen, San Diego, CA) (pCMV.NP) (10). 

The isolation, by reverse transcciptase PCR amplification, and cloning of co-stimulatory molecules 

and cytokine genes used in the immunization constructs have been previously described ( 10). 

Expression cassettes From the initial vectors, including the CMV promoter and BGH p l y  A signal, 

were transferred to specific sites in the p G C W  vector (5prirnedprime, Boulder, CO) to produce 

an W 7 - 2  co-linear expression vector (generously provided by Dr. Niclas Stiernholm). The co- 

linear GM-CSF/IL- 12 expression vector has been described previously ( 10). Plasmid DNA was 

amplified in the N 109 bacterial strain and purified through large scale plasmid preparations, using 

Wizard Maxi Prep columns (Promega, Madison, WI). 

Construction of Bone Marrow Chimeric Mice 

Donor female C57BW6 or BALB/c mice (Charles River Laboratories, St. Constant, 

Quebec) were depleted of m a w  T cells by the injection of Ce1Max (Cellco, Germantown, MD) 

derived, concentrated rat antibodies YTS 19 1 (anti-CD4) and YTS 169 (anti-CD8) ( 1 1) on day -3 

and day -1. Bone marrow was collected from the femurs and tibia of donor mice on day 0, and 

complete depletion of T cells in donor mice was confirmed by staining of mesenteric lymph node 

cells with PE-conjugated anti-CD4 and ETTCconjugated anti-CD8 (Becton Dickinson, San Jose, 

CA) on a FACscan flowcytometer. On day 0, female recipient (B6 x BALB/c)Fl mice were 

irradiated with 9.5Gy and then reconstituted with either 2x107 C57BU6 or BALB/c T-cell depleted 

bone marrow cells. 
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Immunization of Mice 

For all intramuscular immunizations, lyophilized closed circular plasmid DNA was 

resuspended in sterile PBS and 100pg of each construct in SO$ injected into a single hind leg 

quadriceps muscle. These mice were boosted with the same dose of DNA after 3 weeks, and CIZs 

assayed 2 weeks after boosting. For gene gun inoculations, Avertin anesthetized chimeric mice 

received 6 non-overlapping abdominal deliveries of 0.1251g of DNA coated onto 0.5mg of gold 

beads (1 micron) using the ~ccell@ gene gun (Auragen, Middleton, WI) at a helium discharge 

pressure of 400-450 psi. Plasmid DNA was coated onto gold particles as described (12). Mice 

were boosted by gene gun inoculation with the same amount of DNA 4 weeks later, and assayed 

for CIZ activity 2 weeks post boost. 

Surface Immunofluorescence Staining 

The extent of bone marrow reconstitution was assessed by staining peripheral blood cells 

from each recipient mouse using a standard staining protocol. The cells were stained with either the 

 anti-^-^^ MAb (ATCC;HB 183) or the anti-L~d MAb (ATCC;HB3), followed by a secondary 

FITCconjugated goat anti-mouse IgG MAb (Sigma, St. Louis, MO). The samples were analyzed 

on a FACscan flow cytometer (Becton Dickinson, San Jose, CA). 

Cytotoxic T Lymphocyte Lysis Assay 

Responder spleen cells from individual or a pool of two mice in each DNA immunized 

group were cultured for 7 days at 5xl06/ml in the presence of 2.5x1061ml F1 spleen cell 

stimulators which had been irradiated and pulsed for 1 h with either the H-;?ISd-restricted epitope, 

NP ( 147- 155) or the H-2~b-restricted epitope, NP (366-374) at 0.1 pg/pI. Cell-mediated 

cytotoxicity was assayed against the murine mastocytoma P8 15 (H-2d) cells pulsed with NP ( 147- 

155), or the murine T cell lymphoma EL-4 (H-2b) cells pulsed with NP (366-374) peptide, after 

they had been labeled by incubation for lh at 37'C with 100pCi of N~' 'cL-o~ Target cells at lo4 
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per well wete incubated for 4h in triplicate at 37OC with serial dilutions of effector cells, and 

specific lysis was assessed using a conventional kr-release assay (1 0). 

Results 

Construction and characterization of bone marrow chimeric mice 

The ~ - 2 ~ 4 f - 2 b x d  and ~ - 2 d + ~ - 2 b x d  bone marrow chimeric mice were constructed by 

injecting T-cell depleted bone marrow from either C57BU6 or BALWc mice into X-irradiated F1 

recipient mice, respectively. Seven weeks after the injection of bone marrow into the irradiated F1 

mice, flow cytometry was performed on peripheral blood samples from each bone marrow 

recipient in order to determine the extent of reconstitution. Flow cytometry with monoclonal 

antibodies specific for the I - ~ d  and E A ~  class [I MHC gene products clearly indicated that the only 

class 11 MHC molecules detectable in the peripheral blood of the chimeric mice were those of the 

donor haplotype (Figure 1 ). Thus the irradiated F 1 recipients were fully reconstituted with the 

injected parental bone marrow. 

Although it is well established that the radioresistant thymic epithelium in a bone marrow 

reconstituted mouse is responsible for mediating positive selection of the T-cell repertoire (1 3- IS), 

we considered it important to establish that T cells in our chimeric mice had indeed been selected on 

both H-2b and H-2d molecules of the F1 recipient. Thus, the CIZ response against a minor 

histocompatibility antigen presented by H-2d on DBAR splenocytes was used, as described 

previously (16), to assess T-cell repertoire reconstitution in the ~ - 2 b +  (~-2bxW2d) mice. As 

indicated in Figure 2 the CTL lysis of the DBM-derived mastocytoma P8 15 by spleen cells from 

the immunized H - 2 b  ( ~ - 2 b x ~ - 2 d )  mice was indistinguishable from the immunized BALB/c (H- 

2d) mice, whereas lysis of the non-specific control cell line EL-4 (H-2b) was minimal in all groups 

(data not shown). These data clearly indicate that the T e l l  repertoire 



Chapter 3 

Figure 1. Anti-class II MHC staining of peripheral blood cells from the bone marrow recon- 
stituted mice. In order to confirm complete reconstitution by donor bone marrow, 7 weeks 
after the bone marrow injection, peripheral blood was collected from ~ 1 ( ~ - 2 ~ x ~ - 2 ~ )  (A), H- 
2b+ (H-2bx~-2d) (B), ~ - 2 ~ +  (~ -2bx~-2d)  (C) and stained for MHC class II molecules, 
l-Ab (top panel) and I - A ~  (bottom panel) with MAb HI3 183 or MAb HI3 3 respectively. The 
FACS profiles depicted here are representative of all the chimeric mice used in this study. 
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E : T Ratio 

Figure 2. CTL lysis of PSIS target cells expressing the DBM2 (H-2*) minor histo- 
compatibility antigen. 
Mice were immunized with 1 . 5 ~  lo7 irradiated DB A/:! splenoc ytes intraperitoneall y. 
I ldays later, splenocytes from immunized mice were harvested and stimulated in vitro 
with DBN2 splenocytes for 7 days. Percent specific lysis was determined in a 4h 
release assay using labeled P815 cells of DBN2 origin. Groups of six immunized 
mice were tested, and representative results from a pool of two mice from each group 
are shown. 
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reconstituted in the irradiated F1 mice by the H-2b bone marrow is able to recognize antigen in the 

context of H-2d. Consequently, the bone marrow haplotype restriction of CTLs generated by 

immunization with plasmid DNA would reflect the source of APCs, and would not be due to the 

defects in the T cell repertoire of the chimeric mice. Thus it was concluded that these chimeric mice 

represent a suitable animal model for assessing the MHC restriction of plasmid DNA-mediated 

CTL priming. 

Bone marrow-derived cells present antigen following gene gun DNA delivery. 

DNA encoding the influenza virus NP was chosen as the model antigen because it contains 

both an H-2~~-restricted epitope NP(366-374), and an H-2~d-restricted epitope NP( 1 47- 1 55). 

Thus, determination of the MHC restriction pattem for the anti-NP CI'L response in the different 

bone marrow chimeric mice allows one to determine whether hematopietic or non-hematopoietic 

APCs were responsible for the activation of precursor CILs. Both sets of chimeric mice were gene 

gun immunized on days 0 and 28 in the abdominal skin with pCh4V.W coated onto gold particles. 

As seen in the CI'L response data at 2 weeks post boost (Figure 3). the MHC restriction pattern for 

the gene gun immunized mice was clearly determined by the haplotype of the bone marrow donor. 

CTLs generated in ~-2b+~-2bxd mice were specific for H-2b, not for H-2d targets, whereas H- 

2d+~-2bxd mice developed C K  specific for H-2d but not for H-2b targets. In the case of the 

F I ( H - ~ ~ x ~ )  mice immunized with pCMV.NP, both specificities were observed. In all cases CTZ 

lysis was antigen-specific, as the lysis of control target cells not pulsed with the appropriate NP 

peptide was minimal at all effector to target ratios (data not shown). 

Bone marrow-derived cells prime CTL following intramuscuiar DNA injection 

The ~ - 2 b + ~ - 2 b x d  and ~-2d+~-2bxd bone marrow chimeric mice were also immunized 

intramuscularly by needle injection with 100pg of pCMV.NP plasmid DNA. Two weeks post- 



Chapter 3 

0 20 40 60 80 100 
E : T Ratio 

Figure 3. Target specificity of CTLs generated in bone marrow chimeric mice epi- 
dermally immunized with pCMV.NP by a gene gun. 
Percent specific lysis was determined using P8 15 (H-2d) pulsed with NP(147-155) (A), or 
EL4 (H-2b) pulsed with NP(366-374) (B) as target cells. As a control vector (pCMV 
backbone only) was also inoculated into FI(H-2bxd) mice. Splenocytes from immunized 
mice were harvested two weeks post boost and stimulated in vitro with either NP (147- 
155)-pulsed (A), or NP (366-374)-pulsed (B) F 1 (H-2bxd) splenocytes for 7 days. Groups 
of three or four immunized mice were tested in each case, and representative results from 
each group are shown. 
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boost, the NP epitope specific ClL restriction pattern was determined. The same pattern of 

specificity seen with the gene gun immunized animals was again observed in mice challenged via 

the intramuscular route (Fig. 4). Thus, ~ -2b+~-2bxd  mice only responded to H-2b restricted 

peptide on EL4 cells, and ~ - 2 ~ + ~ - 2 ~ ~ d  mice only recognized the H-2d specific peptide on P8 15 

cells. 

Co-expression of costimulatory molecules and cytokines fails to convert muscle 

cells into APC. 

We ( 10) and others ( 17-19) have shown that the coexpression of certain co-stirnulatory 

molecules and cytokines can augment the immune response to plasmid DNA immunogens. In an 

effort to determine whether or not this enhancement is a result of "expanding" the set of cells able 

to present antigen under these altered circumstances, we immunized ~ - 2 b + ~ - 2 b ~ d  chimeric mice 

intramuscularly with different co-stirnulatory molecule or cytokine expressing plasmids. In the first 

instance, a plasmid encoding both the NP gene and B7-2 in a co-linear construct was used to 

immunize ~ - 2 b 4 3 - 2 b x ~  mice. Following the same immunization protocol used for the 

pCMV.NP plasmid, it was found that the CTLs generated only recognized the NP epitope in the 

context of H-2b targets and not H-2d (Figure 4). When ~-2b+~-2bxd  mice were immunized with 

a mixture of NP plasmid and second plasmid expressing GM-CSF and IL-12 in tandem (GM- 

CSFIIL-L2), the CTL reactivity pattern was again observed to be restricted to the haplotype of the 

bone marrow derived cells (Figure 4). The lack of any H-2d restricted CT'L response indicates that 

cells of non-hematopoietic origin, such as muscle cells, had not simcantly contributed to the 

activation of precursor C n s .  Gene gun immunization of the bone manow chimeric mice with 

either the W 7 - 2  vector or the combination of NP and GM-CSF/IL-12 vectors also demonstrated 

that bone marrow-derived cells were responsible for the presentation of antigen to CIZ (data not 

shown). 
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Figure 4. The effect of co-expressed B7-2, or GM-CSF in combination with IL-12, 
on NP antigen presentation. H-2hH-2bxd mice were immunized intramuscularly 
with a vector encoding NP and B7-2 in a co-linear fashion, or with a mixture of two 
plasmids, one encoding NP and the other GM-CSFIIL-12. As well, F l  mice and both 
sets of chimeric mice were immunized with pCMV.NP. Percent specific lysis was 
determined using P8 15 (H-2d) pulsed with NP( 147- 155) (A), or EL4 (H-2b) pulsed 
with NP(366-374) (B) as target cells. Splenocytes from immunized mice were harvest- 
ed two weeks post boost and stimulated in vitro with Fl(H-2bxd) splenocytes pulsed 
with either NP(147-155) (A), or NP(366-374) (B) for 7 days. Groups of three to four 
immunized mice were tested in each case, and representative results from each groups 
are shown. 

122 
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Discussion 

Our results clearly demonstrate that for both gene gun epidermal immunization and needle 

intramuscular injection of plasmid DNA, bone marrow derived cells are responsible for the 

presentation of the expressed antigen to precursor CTLs. Whether the relevant APCs acquire 

antigen as a result of direct transfection, or pick up antigen expressed and released by other cells, 

remains to be determined (20). Bone marrow derived cells could be directly transfected in the target 

tissue, or by DNA which travels from the target site via lymph or blood. Direct transfection of 

cutaneous dendritic cells has been reported following both intraderma1 needle injections (2 1)- and 

gene gun inoculation of DNA (22). Visualization of these directly tmnsfected APCs is likely to 

reflect the high frequency of epidermal Langerhans cells in the skin target. The direct transfection 

of APCs by gene gun immunization at the epidermis could account for its remarkable ability to 

achieve immune responses in the presence of very low levels of antigen expression (2,23,24). 

With gene gun immunization, keratinocytes represent the predominant cells which become 

transfected (S), whereas needle injections of plasmid DNA into skeletal muscle principally transfect 

muscle fibers (3). Although in the cutaneous site there are cells of the dendritic lineage (e.g. 

Langerhans cells) which could act as professional APCs (25)- there are far fewer cells of the 

rnacrophagddendritic lineage in skeletal muscle. Direct transfection of resident APCs following 

muscle inoculation of DNA seems less likely because of the low fkquency of bone marrow 

derived cells in skeletal muscle. However, intramuscular inoculations require relatively large 

volumes of saline with respect to a mouse muscle bundle, and the potential egress of DNA- 

containing fluids could result in the transfection of dendritic cells in draining lymphoid tissues. 

Relevant in this regard is the recent observation that removal of a DNA injected muscle bundle as 

little as 10 minutes post injection, fails to diminish the magnitude of the induced immune response 

(7)- 

Our efforts to determine whether or not some of the transfected non-hematopoietic cells in 

muscle might be converted to effective APCs by the co-expression of NP with the co-stirnulatory 
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molecule B7-2 indicated that this did not occur. The cytokine combination of GM-CSF and L- 12 

was chosen for their potent ability to promote the development of APCs (26,27) and activate 

(28). However, their co-expression with NP also failed to convert non-hematopietic cells into 

effective APCs. Although these cytokines have been shown to enhance the magnitude of DNA- 

induced CT'L responses ( 1 4  17), it would appear that this is not achieved by the conversion of 

non-hematopoietic cell into effective APCs. 

Finally, the demonstration that DNA irnrnunogens utilize bone marrow derived cells for 

antigen presentation could represent an important practical consideration with respect to the 

introduction of DNA vaccines. Recognizing that DNA immunization does not convert cells which 

are normally non-APCs into APCs should reduce concerns about inducing autoimmune recognition 

of self antigens in a particular injection target tissue. Furthermore, with the understanding that bone 

marrow-derived APCs are exclusively responsible for presenting antigen to naive CTL, focus 

should now be placed on designing DNA expression vectors for targeting professional APCs. 
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Chapter 4 

Differential Dependence on Target Site Tissue for Gene Gun and 

Intramuscular DNA immunizations 

This chapter was f i t  published essentially in this form in : 

Torres, C.A.T., A. Iwasaki, B.H. Barber., and H.L. Robinson (1997) J o u d  of 

Immunology 158:4529-4532. 

C.A.T. Torres performed the surgical ablation and the antibody studies. I performed the CIL analysis 
following surgical ablation. 
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Introduction 

The role of DNA transfected cells in initiating immune responses is pmdy understood. 

Following DNA immunizations, the most frequently transfected cells are the predominant cell type 

at the site of inoculation. Following i-m. needle injections of DNA, muscle cells are the 

predominant transfected celts ( I ) ,  whereas following gene gun bombardment of skin, keratinocytes 

are the predominant transfected cells (2). Recent studies using parent-into-FI bone marrow- 

reconstituted mice have shown that a responses are initiated by bone marrow-derived APC 

following both i.m and gene gun inoculations of DNA (3-5). Thus, responses appear to be raised 

by transfected muscle cells or keratnocytes serving as factories of antigen for professional APC 

andfor by the direct transfection of professional bone marrow-derived APC (6). 

To begin to evaluate the role of the target site in DNA-raised immune responses, we 

investigated the temporal requirement for the target site for raising antibody and CTL. Experiments 

addressing antibody responses were done with plasmids expressing membrane-bound (influenza 

hemagglutinin (HI)), secreted (human growth hormone (hGH)), and intracellular (influenza 

nucleoprotein (NP)) antigens. These different antigen forms were included to determine how the 

cellular localization of an antigen might affect the potential factory function of msfected cells. 

Experiments addressing CTL responses were done with the intracellular NP antigen. 
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Materials and Methods 

Plasmids 

Antigenexpressing plasmids included: pJW4303/Hl that expresses influenza AIPW8134 

H1 (7); pWRG1602 that expresses hGH (8); and pCMV/NP that expresses influenza A/PR/8/34 

NP (9). The full length NP gene was cloned into pRc/CMV (Invitrogen, San Diego, CA). The NP 

construct was sequenced by the dideoxy-mediated chain termination method using a T7 sequencing 

kit (Pharmacia, Piscataway, NJ) and confirmed to encode A/PR/8/34 NP protein (GenBank 

accession No. V0 1084). Plasmids pJW4303 and pCMV that did not have antigenencoding inserts 

were used as control DNAs. pJW4303/H1, pWRG1602, and pJW4303 were grown in KE3 101 

and purified using Qiagen Giga Kits (Chatsworth, CA). pCMV/NP and pCMV were grown in 

MI09 and purif~ed using Wizard Maxiprep columns (Promega, Madison, WI). The integrity of 

plasmid DNA and absence of Escherichia coli DNA or RNA were checked by agarose gel 

electrophoresis, and DNA concentrations were determined by OD at 260 nm. 

Immunizations and Surgical Ablations 

Six- to eight-week-old female BALB/c mice (Taconic Farms, Germantown, NY) were used 

in accordance with institutionally approved protocols. Gene gun immunizations were delivered to 

shaved dorsal skin of ketamine/xylazine-anesthetized mice using the Accell gene gun (Geniva, 

Middleton, WL) at a helium discharge pressure of 400 to 450 psi. Three nonoverlapping shots of 

0.5 rng of 2.6 micron- gold beads coated with 1 pg of plasmid DNA (8) were delivered to marked 

target areas through a 6-nun-diameter opening in a parafildaluminurn foil template. At various 

times, the marked sites were biopsied using an 8-mrn punch (Acuderm, Fort Lauderdale, FL) and 

the wounds sutured. The success of ablation was monitored by testing for hGH expression in 

adjacent skin at 24 h postinoculation (see below). Intramuscular injections were given with a 28- 

gauge needle to deliver 100 pg of plasmid DNA in 50 pl of normal saline to the surgically exposed 

left straight femoral muscle. The straight femoral muscle was ablated by teasing the muscle bundle 
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from adjacent muscle bundles using sharp curved forceps and then using scissors to cut at the 

muscle origin and insertion sites. Care was taken to maintain the integrity of the epimysium 

encompassing the straight femoral muscle. The success of muscle ablations was verified in 

preliminary experiments by visually monitoring for leakage of coinjected 0.004% trypan blue. For 

intact controls, the straight femoral muscle was surgically exposed and teased from other muscle 

bundles to mimic inflammatory responses due to surgery. Wounds were sutured and the mice 

monitored for infection and problems with mobility for the first 2 wk following surgery. 

ELISAs 

Expression of hGH in skin was quantitated by homogenizing skin biopsies in 2 ml of 0.5% 

Triton X-100 in PBS with 1X protease inhibitor mixture (Boehringer Mannheim, Indianapolis, IN) 

using a Polytron homogenizer (Tekmar, Cincinnati, OH). Homogenates were clarified by 

microcentrifugation, stored at -70°C, and assayed using a commercially available hGH ELISA kit 

(Boehringer). This assay was sufficiently sensitive to detect hGH expression in transfected skin 

but not in transfected muscle. Levels of serum IgG specific for H1 or NP were quantitated using 

96-well ELISA plates coated with 200 hemagglutination units of purified influenza AIPR/8/34 

(kindly provided by Dr. R. Webster, St. Jude Children's Research Center, Memphis, TN) per well 

and standard curves generated from an A/PW8/34-specific mouse serum (for HI) or known 

amounts of purified mouse IgG captured by goat anti-mouse Ig (for NP, heavy and light chain 

specific; Southern Biotechnology, Birmingham, AL) (10). ELISAs for hGH-specific IgG used 

purified hGH (Sigma Chemical Co., St. Louis, MO) for coating plates and known amounts of 

purified mouse IgG captured by goat anti-mouse Ig (heavy and light chain specific) as standards 

(8). 

CTL assays 

Responder spleen cells from pools of two mice were cultured for 7 days at 5 X lo6 celldd 

in the presence of 2.5 X lo6 stimulator splenocytes that had been irradiated and pulsed for 1 h with 
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the H-2~~-restricted epitope, A/PFU8/34 NP147-155 (TYQRTRALV) (Alberta Peptide Institute, 

Alberta, Canada) (1 1) at 0.1 pg/j~I. Cells were cultured at 37OC in 5% C 4  in RPMI 1640 medium 

supplemented with 10% FCS, penicillin (100 U/d), streptomycin (100 mghl), and 2 rnM L- 

glutamine. Cellmediated cytotoxicity was assayed against P8L5 (H-2d) cells pulsed with NP147- 

155 peptide and labeled with 100 pCi of " ~ r  Na2CI04 (Amersharn, Oakville, Ontario, Canada). 

Target cells at 104 per well were incubated for 4 h in triplicate at 37OC with twofold serial dilutions 

of effector cells (from 100: 1 to 6.25: 1). Plates were then spun briefly in a bench-top centrifuge and 

50 pl of supernatant removed for counting in a Topcount scintillation counter (Canberra-Packard, 

Mississauga, Canada). Maximum and spontaneous release were determined from wells that 

contained either 2% Triton-X 100 or medium alone, respectively. Specific lysis was calculated as 

(experimental " ~ r  release - spontaneous ' ' ~ r  release)/(maximum release - spontaneous 'C r 

release) X 100%. 

Results 

Muscle and skin target sites proved to have different temporal roles in initiating 

antibody and CTL responses. 

Ablation of the muscle target within 1 to 10 min of injection failed to diminish the antibody 

response from that of mice with intact target sites (Fig. 1). The muscle target tissue was not 

required for raising antibody to membrane-bound H 1 (Fig. I A), secreted hGH (Fig. 1 B), or 

intracellular NP (Fig. 1C). Ablation of the muscle target sites did not affect the longevity of 

antibody responses to H 1 or hGH, with both of these responses maintained at maximal levels for 

the duration of the experiment (up to LO mo; data not shown). 

In contrast with the results with muscle ablations, the integrity of the skin target was 

required for 3 or more days to induce maximal antibody responses (Fig. 2). Ablation of the skin 

target before 24 h either completely abrogated or severely limited antibody responses, whereas 

ablations at 3 days postimmunization gave responses that were approaching those in mice with 
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Figure 1. DNA-raised Ab responses are independent of the muscle target. Mice were 
immunized i-m. with plasmid DNA expressing H1 (A), hGH (B), or NP (C), and target 
sites were surgically excised at the indicated times. Ag-specific serum IgG levels were 
determined by ELISA at 12 wk post immunization. The number of mice with detectable 
Ab within each group are given as responders/total. Data are the means f SEM of Ag- 
specific IgG in the responder mice. Similar results were obtained in two independent 
experiments. Sera from control vector-immunized mice had no detectable antigen- 
specific IgG (data not shown). 
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Figure 2. DNA-raised Ab responses are dependent of the skin target. Mice were gene gun 
immunized with plasmid DNA expressing H1 (A), hGH (B), or NP (C), and target sites 
were surgically excised at the indicated times. Ag-specific serum IgG levels were deter- 
mined by ELISA. The number of mice with detectable Ab within each group are given as 
responderdtotal. Data are the means + SEM of Ag-specific IgG in the responder mice. 
Similar results were obtained in two independent experiments. Sera from control vector- 
immunized mice had no detectable antigen-specific IgG (data not shown). D, Time course 
of hGH expression at the skin target site was determined by Ag capture ELISA. Data are 
represented as the mean for three targets sites f SEM. 
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intact target sites (Fig. 2A). For ablations from 1 min up to 24 h, both the frequency of responding 

mice (40%) and the level of initiated responses (- 10-2096 of the intact response) were similar for 

all ablation times (data not shown). This suggests that in some mice, a portion of the response was 

similar to the muscle response in being target site independent. Ablations of the skin target site did 

not affect the longevity of antibody raised in responding mice (data not shown). The temporal 

requirement for intact skin target sites for the bulk of the antibody response correlated with the 

temporal expression of antigen in the skin (Fig. 2D). hGH expression at the skin target was just 

beginning at 8 h postbombardment, peaked at 24 h postinoculation, and was largely lost by 3 days 

postinoculation. This time course of antigen expression is consistent with the sloughmg of gene 

gun-bombarded keratinocytes with the normal shedding of the mouse epidermis. 

CTL responses showed the same general target site dependence as the antibody responses 

(Fig. 3). Following i.m. immunization with the Wencoding plasmid, comparable levels of CI'L 

lysis were observed in LO-minute-ablated and intact mice (Fig. 3A). In contrast, following gene 

gun immunizations, Cn responses were not observed when target sites were ablated at 24 h, but 

were observed in two of three experiments when the ablation was conducted at 3 days 

postimmunization (Fig. 3B). 

Discussion 

One of the enigmas of DNA-based immunizations has been how low levels of antigen 

expression induce strong immune responses. Since most antigen expression occurs at the target 

site, a tacit assumption has been that the target site will be important in raising the response, with 

transfected cells either directly presenting antigen or serving as factories of antigen (6). The 

induction of CTZ by both i.m. and gene gun DNA immunizations depends on antigen presentation 

by bone marrowderived cells (5). This dependence rules out tmnsfected muscle cells or 

keratinocytes serving as AFC. In this study, we demonstrate that needle-injected muscle tissue is 

not critical to raised responses, whereas gene gun-bombarded skin is central to the raised response. 
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Figure 3. CTL responses are dependent on the skin but not the muscle target site. Mice 
were immunized with plasmid DNA expressing NP or with control DNA (CMV) either 
by i.m. (A) or gene gun (B) inoculations, and target sites were ablated at the indicated 
times. CTL assays with unpulsed targets showed no detectable lysis (data not shown). 
Data are for three pools of two spleens each and are represented as the mean f SEM. 
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The importance of skin but not skeletal muscle cells to DNA-raised responses may reflect the much 

more highly developed immune surveillance function of skin than muscle (12). Approximateiy 5% 

of the cells in the epidermis are bone marrowderived Langerhans cells (LC). These dendritic cells 

are specialized for the initiation of immune responses by taking up foreign antigen that appears in 

the skin and then migrating to and presenting the foreign antigen in draining lymph nodes ( 13). In 

addition, keratinocytes, the predominant transfected cell type in the skin, are specialized for 

enhancing the immune surveillance hnction of LC (14). In response to the appearance of a 

microbe or injury, keratinocytes secrete cytokines such as granulocytelmacrophage-CSF, IL- 1, and 

TNF-alpha These cytokines upregulate the expression on LC of adhesion molecules and MHC 

class I1 and stimulate LC migration to lymph nodes ( 13). Thus, DNA inoculations into skin can 

result in direct transfection of professional APC (the resident LC) as well as the transfection of 

antigen factories (keratinocytes) capable of recruiting and enhancing the function of LCs. The 

temporal role of the skin target correlated with temporal antigen expression at the target site (Fig. 2. 

A-D, and Fig. 3B). This could reflect the time course of keratinocytes serving as antigen factories, 

the time it takes directly transfected LC to migrate out of skin, or both. At least some role for 

directly transfected LC is suggested by the appearance of DNA-expressing dendritic cells in 

draining lymph nodes within 24 h of gene gun bombardment (15). 

[n contrast to skin, muscle is not specialized to function in immune surveillance. Thus. 

lower frequencies of resident dendritic cells or the low ability of transfected skeletal muscle to 

support the recruitment and activation of APCs may account for muscle playing a minimal role in 

DNA-based immunizations. The apparent rapid movement of DNA or DNA-transfected cells out of 

injected muscle implies that the immunostimulatory events that raise antibody and CIZ take place 

in distal tissue. These events could be initiated by h e  DNA, by transfected hemopoietic cells in 

circulating blood, or by DNA being carried From the muscle injection site in blood or lymph. 

Indeed, plasmid DNA has been detected in plasma and in association with blood cells for several 

hours following i.m. inoculations (16). The rapid egress of free DNA from muscle would be 

supported by the delivery of DNA in saline injections into extmcellular spaces, as well as the 
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hydrostatic pressure that results from injection of 50 @ of saline into a mouse muscle bundle. The 

independence of antibody and CTL responses from the muscle target could also reflect incomplete 

ablation of the muscle target We consider this unlikely for the following reasons: the succws of 

i.m. injections is easily monitored by the swelling of the injected muscle bundle; the injected 

bundle is a physically discrete unit encompassed by an epimysium that supports the buildup of 

hydrostatic pressure; the straight femoral muscle bundle can be precisely ablated because of its 

easily identified origin and insertion sites; and maximal responses are observed in all ablated 

animals. 

The much smaller portion of the DNA-raised response that appears to move rapidly out of 

skin would be consistent with some gold particles lodging in extracellular spaces, occasional direct 

transfection of Mtcking blood cells, or incomplete ablation of some target sites. Of these 

possibilities, we favor rapid movement of a portion of the DNA as free DNA from the site. Rapid 

movement of a portion of a skin response has also been observed using gene gun deliveries of 

DNA to the mouse ear (S. Johnston and M. Barry, personal communication). 

Our data clearly demonstrate that the longevity of DNA-raised antibody responses is not 

dependent on long term antigen expression at the target site. The presence of the muscle site was 

irrelevant to the response (Fig. I),  and the skin target site had largely sloughed within 3 days (Fig. 

2D). Thus, the longevity of responses appears to be determined by events that are taking place 

outside of the target site. These could include prolonged DNA expression in lymphoid tissue 

and/or immunologic events, such as antigen-antibody depots, that are important to the maintenance 

of responses. 

Our data also demonstrate that the form of an antigen does not affect the temporal role of 

muscle. Secretion of the hGH antigen had been anticipated to result in transfected muscle serving 

as  an antigen factory for antibody responses. However, intact antigen-secreting muscle did not 

enhance antibody responses to hGH (Fig. 1 B). In contrast to the findings in muscle, a potential 

factory function for transfected keratinocytes is suggested by the correlation between the temporal 

dependence of immune responses on transfected skin and the time come of antigen expression in 
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the skin (Figs. 2 and 3B). Lymphoid cells that had been transfected at the target site or in lymphoid 

organs could also hction as antigen factories following either skin or muscle deliveries of DNA. 

Additional experiments will be necessary to clarify potential factory functions of keratinocytes and 

lymphoid cells and how these are affected by different forms of DNA-expressed antigen. 
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Introduction 

With the recent identification of a number of class I MHC restricted tumor associated 

antigens (TAA) from various tumor types (1, 2), several methods for the in vivo induction of 

tumor specific C T L  responses have been examined Among these are immunization with synthetic 

peptides (3), recombinant proteins (4)- whole tumor cells altered to secrete or present 

imrnunostimuiatory factors (3, injection of autologous dendritic cells modified ex vivo to express 

appropriate TAA (6), and administration of recombinant viruses encoding specific TAAs (7,8). 

DNA-based immunization strategies offer a number of advantages over the methods cited 

above and need to be more extensively investigated in the context of inducing anti-tumor immunity. 

Specifically, DNA imrnunogens are relatively easy to produce and purify in large quantity. They do 

not require establishing cultures of tumor cells or antigen presenting cells (APC) ex vivo, and they 

offer a non-infwtious means of inducing strong CT'L responses. Recently, considerable progress 

has been made in elucidating the mechanism of CTL induction by plasmid immunization (9- 1 I), as 

well as a better understanding of the means by which such responses may be enhanced (12-14). 

In order to assess the potential of plasmid DNA to generate anti-tumor immunity against a 

minimally-altered model tumor bearing a known CTL determinant, we developed a model system 

in which a defined 9 amino acid epitope from the nucleoprotein (NP) of influenza virus is used as a 

surrogate TAA. This was achieved by transfecting the D B M  derived mastmytoma, P8 15, with a 

minigene encoding the H-2~~-restricted epitope from influenza nucleoprotein NP ( 147- 153, 

creating P81S-NPep cell line. Since most TAAs derived from naturally occurring tumors differ 

from self by only a limited number of amino acid mutations (IS), the immune system must be able 

to recognize and destroy tumors bearing a single altered-self C T L  determinant. Thus, utilizing a 

defined antigenic epitope as the surrogate TAA allowed us to develop a stringent assessment of 

anti-tumor recognition induced by plasmid DNA immunization. 

Here we show that i.m. immunization with an influenza NP-expressing plasmid induced 

H - ~ K ~  restricted, NP(147-155) specific, CD8+ CTL responses in DBAR mice, that were 
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sufficiently strong to protect these mice from subsequent challenge with a tumor cell Line 

expressing only the antigenic NP epitope. Moreover, rejection of these P8 15-NPep tumor cells 

conferred cross-protection against subsequent challenge with the unmodified parental tumor P8 15. 

Materials and Methods 

Animals and Cell Lines 

6-8 week old female DBAR (H-2*) and BALB/c (H-2d) mice were obtained from Charles 

River Laboratories (St. Constant, Quebec) and housed in the Division of Comparative Medicine at 

the University of Toronto. AU procedures with animals were carried out in accordance with 

institutionally approved protocols. P8 15 is a DBAR ~-2~)-derived mastocytoma obtained from 

ATCC (TB64). P8 IS-NPep is a cell line transfected with a minigene encoding the K~-restricted 

epitope of influenza viral nucleoprotein, NP( 147- 155), preceded by a methionine initiation codon 

(MTYQRTRALV). P8 IS-CMV is a cell line obtained from transfection of P8 15 with pCMV vector 

backbone. P8 15 cells were cultured in RPMI- 1640 medium, supplemented with 10% fetal calf 

serum (Immunocorp, Montreal, Que.), 100U/d penicillin (GibcoBRL, Grand Island, NY), 

100pgIrnl streptomycin (GibcoBRL) and 2mM L-glutamine (GibcoBRL). P815-NPep and P815- 

CMV cells were maintained in the above media supplemented with Geneticin (GibcoBRL) at 

600pg/ml. 

Peptides and Plasmid DNA 

The H-2~~-restricted peptide NP(147- 155) (TYQRTRALV) from the NP of influenza virus 

A/PR/8/34 was synthesized and purified commercially (Alberta Peptide Institute). The NP gene 

from AmR/8/34 (Genbank #V01084) was cloned into the pRc/CMV vector (InVitrogen, San 

Diego, CA) as described ( 13). The minigene encoding the K*-restricted peptide NP(147- 155) 

preceded by a rnethionine (MTYQRTRALV), containing a Kozak sequence immediately 5' of the 

initiation codon was generated by annealing of a pair of complementary oligonucleotides; (forward) 
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5' A~CCGCCATGAC?TATCAGAGGACAAGAGCT~GWAATAAT3', and (reverse) 

5' CTAGA'iTATTAAACAAGA~~GTC~CTGATMGTCATGGCGGA3'. These 

oligonucleotides contained Hind III and Xba I restriction digest sites at the 5' and 3' ends 

respectively to facilitate cloning into the pRc/CMV vector digested with Hind El and Xba I. The 

plasmid DNA was arnplifed in the JM 1 09 bacterial strain and purified through large scale plasmid 

preparations, using W i d  Maxi Prep columns (Promega, Madison, WI), with a characteristic 

yield of 2.5-3.0 mg/L of bacterial culture. 

Immunization and Tumor Challenge 

D B M  or BALBlc mice were immunized with lOqrg of lyophilized closed circular plasmid 

DNA resuspended in 50p.l sterile PBS injected into a single hind leg quadriceps muscle. These 

mice were boosted with the same dose of DNA after 3 weeks. Two weeks after boosting, DBAn 

mice were challenged with 1 o4 tumor cells, either PI3 15-NPep or P8 15-CMV intraperitoneally 

(i.p.). Tumor formation was monitored daily and moribund mice were euthanized for ethical 

reasons after pronounced ascites formation. Mice that were tumor-free after challenge with P8 15- 

NPep for at least 70 days were rechallenged with lo4 non-TAA expressing P8 15 parental tumor 

cells i.p., and were monitored for ascites formation. Statistical signififance (p value) of the 

difference in survival patterns among groups was obtained by performing Logrank (Mantel-Cox) 

tests using Statview@ program (Abacus Concepts Inc., Berkeley, CA). 

Cytotoxic T Lymphocyte Lysis Assay 

Responder spleen cells from individual or a pool of two mice in each DNA immunized 

group were cultured for 7 days at 5x 10~1ml in the presence of 2.5x10~/rnl syngeneic spleen cell 

stimuiators which had been irradiated and pulsed for lh with the EL2~~-restricted epitope NP( 147- 

155) at O.lpg/pl. CIZs specific for NP(147- 155) used in the target lysis experiments were 

obtained from splenocytes of influenza infected mice, which were restimulated in vitro as above. 

Cell-mediated cytotoxicity was assayed against the P8 15 cells pulsed with NP(147- 155) peptide, 



Chapter 5 

or P8 15 msfectants, which had been labeled by incubation for 1h at 37'C with 1OOpCi of 

N ~ ' c ~ o , .  Target cells at lo4 per well were incubated for 4h in triplicate at 37OC with seriai 

dilutions of effector cells. Maximum and spontaneous release was determined from wells 

containing 2% Triton-X I OO or medium alone, respectively. Specific lysis was calculated as 

(experimental " ~ r  release - spontaneous ' ' ~ r  release) I (maximum " ~ r  release - spontaneous " ~ r  

release) x 1 00 %. 

In Vivo Depletion of T Cell Subsets 

DBAn mice immunized i-m. with pCMV/NP on day 0 and day 21 were started on an in 

vivo depletion regime from day 33. Mice were injected i.p. with either concentrated rat hybridoma 

antibodies YTS 191 (anti-CD4) or YTS 169 (anti-CD8) (16) at day 33 and day 35, and the complete 

depletion of either subset was conf i red  on day 36 (at the time of tumor challenge) by flow 

cytometric analysis of lymph node cells using PE-conjugated anti-CD4 and FITCconjugated anti- 

CD8 (Becton Dickinson, San Jose, CA) (data not shown). Mice were continuously treated with the 

depleting antibodies at three-day intervals until the death of the animal. 

Results 

P815 transfectant expressing MHC class I-restricted NP epitope is as tumorigenic 

as the vector-transfected PSIS. 

To generate a model tumor which expresses a minimal class I epitope as the TAA, a 

mastocytoma cell line of DBAn origin, P815, was transfected with the pCMV/NPep vector 

encoding the H-ZK~ restricted NP(147-155) epitope. As a control, P8 15 cells were also transfected 

with pCMV vector backbone and G418 resistant clones were selected Several drug-resistant 

clones for the NP epitope transfectant were screened for their ability to form target structures which 

are be recognized and killed by influenza NP(147-155)-specific C E s .  The P81S-NPep 

transfectant was recognized and lysed by NP(147-155)-specific CTLs as well as the peptide-pulsed 

147 
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Figure 1. PSl5 transfected with the minigene, pCMV/NPep, form a target 
structure recognized by NP(147-155)-specific CTLs. 
DBA/2 derived mastocytoma cell line, P8 15, was stably transfected with 
pCMV/NPep, or pCMV vector backbone, and neomycin resistant clones were 
selected. Transfectants labeled with Nas'Cr04 and were incubated with effector 
CTLs specific for NP(147- 155), derived from splenocytes of mice previously 
infected with influenza virus, for 4 hours. P8 15 cells pulsed with NP(147- 155) 
peptide was also included as a positive control for target cell lysis. Epitope specific 
lysis of the transfectant was obtained for different effector to target (E:T) ratios. 
The data correspond to a representative example of three repeated experiments. 
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P8 15 target, whereas the pChN vector-transfected P8 15 cells were not (Fig. 1). Upon 

confirmation of the CTL-recognizable expression of NP( 147- 155) epitope by P8 1 5-NPep 

transfectant, the in vivo tumorigenicity of the P8 15-NPep was compared to that of the P8 15-CMV 

vector-transfected control (Fig. 2). The survival cunres of naive DBAn mice injected with lo4 

P8 15-NPep and P8 15CMV transfectants were indistinguishable, indicating that the expression of 

a single foreign epitope by the tumor failed to induce a protective immune response. 

Intramuscular immunization of DBN2 mice with the full-length NP construct, but 

not the CTL epitope minigene, generates a strong anti-NP CTL response in vivo. 

In order to determine whether a CIZ response can be generated in mice by immunization 

with the minigene construct, pCMVNPep, or the vector encoding the full-length NP, pCMV/NP, 

BALBfc mice were immunized i.m. with 1OOpg of pCMVMPep, pCMV/NP, or vector control 

pCMV DNA on day 0 and day 2 1. Two weeks after the booster injection, mice were sacrificed and 

splenocytes were incubated for seven days with stimulator cells. Cultured effector cells were 

assayed for cytotoxic activity against the P8 15 target pulsed with the Kd-restricted peptide NP(147- 

1 55). Mice immunized with pCMV/NP generated NP( 147- 155)-specific CTL response comparable 

to influenza virus infected mice, whereas the cytotoxic activity from mice immunized with the 

minigene construct or the vector backbone pCMV was minimal (Fig. 3A). Lysis of P8 1 5 cells in 

the absence of the NP(147-155) peptide was below 10% at the highest effector to target ratio of 

100:l in every group (data not shown), indicating that the cytotoxicity was specific for the 

NP( 147- 155) epitope. Thus. despite its ability to form a target structure recognizable by NP(147- 

155)-specific a, the minigene vector injected i.m failed to induce CTLs in vivo. On the other 

hand, a strong CTL response was generated upon i.m. injection with the pCMVMP full-length NP 

construct. The CTLs generated in this manner were as capable of in vitro PI  15-NPep tumor target 

lysis as those generated by influenza infection (data not shown). 

There are known minor histocompatibility antigen differences between B A W c  and DBAR 

strains ( 17). Since P8 15 originated in the Dl3 An strain, in vivo immunization and tumor challenge 
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Days Post Tumour Challenge 

Figure 2. Expression of the class I MHC-restricted NP epitope by P815 does not lead 
to immune rejection of PSIS-NPep tumor cek. 
Naive DBN2 mice were injected with 104 live P815-NPep or P815-CMV cells i.p. and 
followed for development of ascites. The data correspond to representative survival curves 
of two repeated experiments using five mice per group. 
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Figure 3. Intramuscular immunization with full-length NP gene, but not with the 
minigene, induces NP(147-155)-specific CTL response. 
BALBk mice (A) or DM12 mice (B) were immunized i.m. with lOOpg of indicated 
plasmid DNA construct on days 0 and 2 1. Mice infected with influenza strain X-3 1 
were used as a positive control. Two weeks after the booster injection, mice were sac- 
rificed and splenocytes were collected for in vitro incubation with stimulator cells. 
Percent specific lysis was measured after a 4 hour incubation of Nas1Cr04 labeled, 
NP( 147- 155) peptide-pulsed P8 15 target cells at different E:T ratios. The data corre- 
spond to a representative example of two repeated experiments. 
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are best performed in the DBAf2 strain to avoid complications arising from minor 

histocompatibility antigen differences which may contribute to tumor rejection. Thus, confirming 

that a CTL response could also be generated in DBAn mice by i.m. immunization with pCMV/NP 

was important. DBAn mice were immunized with 1Wpg of pCMV/NP, or pCMV vector 

backbone on day 0 and day 2 1. Two weeks after the booster injection, mice were sacrificed and 

splenocytes were incubated for seven days with stimulator cells. Cytotoxic lysis of P815 cells 

pulsed with NP(147-155) peptide by CTLs generated in DBM mice was detellTLined (Fig. 3B). 

As seen in BALB/c mice. i.m. immunization of DBAR mice with pCMV/NP also generated a 

strong CIZ response in viva 

DBA/2 mice immunized with pCMV/NP are protected from tumor challenge with 

PSIS-NPep cells. 

Having established that an influenza NP-specific (Jn response was fully generated by two 

weeks post boost, DBAR mice were challenged with 10' live P8 15-NPep tumor cells (Fig. 4A). 

Mice immunized with pCMV/NP, but not those immunized with the control pCMV vector, were 

protected from the tumor challenge (p=0.0006). The protection conferred by pCMV/NP 

immunization was comparable or even slightly better than that afforded by influenza vims 

infection. However, repeated experiments showed that the difference between the protection seen 

in pCMV/NP immunized mice and influenza infected mice was not statistically sigrufcant (data not 

shown). At this tumor challenge dose, 100% of naive animals developed ascites by day 25 (data 

not shown). The protection conferred by pCMV/NP immunization was seen to be specific for the 

surrogate TAA, NP( 147- 1 55), since tumor challenge with the control vector pCMV-transfected 

P815 resulted in tumor formation in aU mice by day 25 (Fig. 4B). Thus, immunization with 

plasmid DNA generates a beneficial anti-tumor immune response specific for the surrogate TAA. 
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Figure 4. Immunization with pCMVN? confers protection against challenge 
with 104 P8 15-NPep tumor. 
DBN2 mice were immunized and boosted with pCMV/NP, pCMV DNA. Two 
weeks post boost, mice were challenged with either (A) I@ P8 15-NPep cells or 
(B) 104 P8 15-CMV i.p. and followed for development of tumor. DBM2 mice 
which recovered from infection with influenza virus were also challenged with 
104 P815-NPep cells as a positive control (A). The number in parentheses indi- 
cate the number of mice per group. The data correspond to cumulative survival 
curves for a representative example of two repeat experiments. 
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CDS+ cells are responsible for the protective anti-tumor response in vivo. 

In order to determine the nature of the effector cells responsible for the protective anti- 

tumor response seen in mice immunized with pCMV/NP, DBAn mice previously immunized and 

boosted with pCMV/NP were subjected to an in vivo T-cell depletion regime with antibodies 

against either CD4 or CD8. Antibodies were injected i.p. at three day intervals two weeks after the 

booster immunization with plasmid DNA. Mice were then challenged with tumor cells after 

complete depletion of either of these T cell subsets; with depletion being confirmed in each case by 

FACS analysis of the lymph node cells (data not shown). Depletion of CD8' T cell subsets greatly 

reduced the tumor blocking activity generated by pCMV/NP immunization (p=0.0066), whereas 

the anti-tumor activities in CD4+-depleted mice did not differ significantly from untreated mice 

(p=0.94) (Fig. 5). Thus, the effector cells responsible for the tumor blocking activity are CD8+ T 

cells. 

Mice that survived tumor challenge with PSIS-NPep cells are protected from 

subsequent challenge with the unmodified parental P815 tumor cells. 

To examine the extent of anti-tumor immunity generated in the pCMV/NP primed mice 

challenged with P8 1 5-NPep, the survivor mice were rechallenged with 10'' live P8 15 parental 

tumor cells lacking NP epitope expression. DBAn mice previously immunized with either 

pCMV/NP DNA or influenza virus, that survived PI IS-NPep tumor challenge for more than 70 

days, were rechallenged with 1 o4 live P8 15 parental tumor cells. When compared to the group 

immunized with pCMV/NP which had never encountered P81S-NPep tumor, the group of 

pCMV/NP-immunized mice that survived tumor challenge with P8 15-NPep were protected against 

parental P815 tumor (Fig. 6). Similar results were seen with mice previously infected with 

influenza virus (Fig. 6). Thus, the immunological events involved in the rejection of PUS-NPep 

appear to establish cross-protective immunity against endogenous tumor antigen(s) on unmodified 

P8 15 cells. 
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Figure 5. CD8+ cells are responsible for the protective anti-tumor response in vivo. 
DBA/2 mice were immunized with pCMV/NP DNA on days 0 and 2 1. Mice were start- 
ed on a depletion regime with antibody against either CD4 or CD8 molecules from day 
33. Mice not treated with the antibody were used as controls. Upon complete depletion 
of either T cell subset, mice were challenged with 104 P815-Wep cells and followed 
for tumor development. The number in parentheses indicate the number of mice per 
group* 
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Figure 6. Protective immunity against the parental PSI5 in mice that 
survived previous tumor challenge with PSIS-NPep. 
One group of mice had rejected P8 15-NPep after immunization with 
pCMV/NP (c), and the other group had rejected P8 15-NPep after irnrnu- 
nization with influenza virus (x). Mice which were tumor free for at least 
70 days after a prior challenge with P8 15-NPep were rechallenged with 
LO4 parental P815 cells, and were followed for ascites formation. As 
controls, mice which were immunized with pCMVMP (4 or influenza 
virus (@) but had not been previously challenged with P8 15-NPep cells 
were also injected i.p. with 104 P8 15 cells. The number in parentheses 
indicate the number of mice per group. 
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Discussion 

The present study demonstrates that i.m. immunization with plasmid DNA encoding the 

full-length influenza NP gene generates a potent CD8' CI'L response against tumor ceUs 

expressing the minimal non-self class I MHC-restricted epitope, NP(147-155). The anti-tumor 

response generated by plasmid DNA immunization with pCMV/NP was comparable to that elicited 

by influenza infection. Moreover, the immune recognition and destruction of TAA-expressing 

tumor cells results in subsequent rejection of the parental tumor lacking the TAA expression. 

Unlike recognition of tumor cells bearing surrogate intact protein TAAs, the immune 

recognition of P8 15-NPep was restricted to a single class I MHC binding peptide. Thus the P8 15- 

NPep model more closely mimics the situation of naturally occurring tumors in which the TAAs 

arise from point mutations leading to the expression of a novel Cn recognizable epitope. 

Examples of these unique tumor-specific antigens include a mutated cornexin 37 of 3LL lung 

carcinoma ( 18), an altered intronic sequence translated from incompletely spliced mRNA in human 

melanoma ( 19)' mutated ribosomal protein L9 on a UV-induced tumor (20), activated p2 1 ras 

oncogene product (21, 22). and various mutated tumor suppressor gene p53 products (23, 24). 

Thus far, the only demonstration of a DNA immunization-mediated induction of protective, 

epitope-specific anti-tumor immune response comes from the study of a mutated human p53 

epi tope-transfected into P8 1 5 (25). 

Although plasmid DNA encoding the intact NP gene, not the class I epitope minigene, 

generated protective immunity, CTL induction with a minigene coding for single epitopes may be 

preferred when the target is altered "self'. Induction of a potent immune response against non- 

mutated, intact self proteins expressed in tumor cells necessarily raise concerns about unwanted 

autoimmune destruction of normal tissues. Even though autoimmune responses have not been 

reported in limited studies utilizing plasmid DNA encoding various self TAAs in animal models 

(26-30), in human clinical trials with melanoma patients undergoing cytokine based 

imrnunotherapy, cases of vitiligo were observed (31-33). Thus immune destruction of the 

melanoma cells appeared to have an impact on normal melanocytes bearing the same differentiation 
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antigen, since nearly all the immunogenic antigens of human melanomas are non-mutated 

differentiation antigens ( 15). In an effort to avoid the induction of autoimmunity by immunization 

with DNA encoding an intact self protein, one study of epitope targeted CI'L induction by DNA 

immunization with a minigene construct encoding a defined epitope has been reported (25). In our 

hands, i.m. immunization with pCMV/NPep construct encoding the NP( 14% 155) epitope 

preceded by a methionine did not give rise to (;TL induction in vivo. The lack of CTL induction in 

vivo may have been due to the requirement of CW' T-help for proper activation of CTLs (34). 

Targeting the MHC class I epitope directly to the ER by ER-insertion signal sequence may also 

enhance the irnmunogenicity of this rninigene ((25). M. McMillan, personal communication). 

Studies addressing alternative means of inducing NP epitope-specific CI'L responses using 

rninigene constructs are currently underway. 

Plasmid DNA immunization has been examined as an anti-tumor agent in several tumor 

models in mice, utilizing TAAs such as fbgalactosidase (35), HIV-1 glycoprotein (36), carcino- 

embryonic antigen (CEA) (37)- B-cell lymphoma idiotype (27, 38), MUC l (30), and an epitope 

derived from mutated p53 (25). Future studies must be extended to assess the eficacy of the 

plasmid DNA approach in human tumors. The TAAs identified on human cancers include viral 

antigens, mutated self proteins, tissue-specific differen tiation antigens such as MART- I ,  

tyrosinase, gp100, or tumor antigens shared by different tumors such as MAGEs, BAGE, and 

GAGE (reviewed in (I)). We show here that plasmid DNA encoding a viral antigen, in our case 

NP of influenza virus, can be used to elicit an effective immune response against the tumor 

expressing a single class I MHC-restricted viral epitope. This result suggests that plasmid DNA 

irnrnunogens encoding a viral antigen may be useful in the treatment of tumors such as human 

papilloma virus-associated ovarian cancer (39), human T cell leukemia virus-induced adult T-ceII 

leukemia (40), or Epstein-Barr virus associated lymphomas (4 l), provided that the tumors express 

at least one epitope of the viral antigens in the appropriate context of the patient's class I MHC 

molecules. 
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The mechanism of the immunological protection that we observed against parental tumor 

after the rejection of the epitopeexpressing tumor is unknown. Our results demonstrate that an 

epitopedependent tumor rejection event mediated by CD8' CTL promotes the ''spreading" of 

protective immunity to other tumor antigens endogenous to P8 15. A similar cross-protection has 

been previously reported in mice immunized with the turn- P8 15 variants which expressed tumor 

rejection antigens not present in the parental P8 15 (42). The tumor rejection antigens endogenous 

to P815 may be one of the several antigens identlf~ed by analysis of P8 15 antigen loss variants 

(43). The PIA gene, which encodes for two tumor rejection antigens, P815A and P815B, was 

shown to be identical to the equivalent gene found in normal DM/;! cells, but the gene product is 

expressed at a high level in the tumor and not on normal tissues (44, 45). The recognition and 

killing of P8 15-NPep by NP( 147- 155)-specific CK may have caused the release of endogenous 

tumor antigens in a fonn recognizable by professional APCs; possibly in a complex with heat 

shock proteins which have been shown to chaperone tumor antigenic peptides to phagocytes such 

as macrophages (46). In this way, exogenous tumor antigens may be delivered to professional 

APCs for effective presentation on class I MHC molecules (47). 

In conclusion, plasmid DNA immunization offers important new possibilities with respect 

to cancer therapy, particularly in terms of blocking relapse from minimal residual disease or 

rnicrometastases. The ever increasing ability to extract relevant DNA sequence information frorn 

tumor biopsy samples (48) augments the potential to construct individual-specific DNA 

irnmunogens with the capacity to induce tumor specific CTL responses. The expectation that such 

immunogens can be constructed in a timely manner for each patient, and administered safely, 

without the risks of infection associated with modified viral vaccines, or the need for strong 

adjuvants, argues for an intensive investigation of plasmid DNA immunization as a new approach 

to tumor irnrnunotherapy . 
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I. Overview 

Since the Fall of 1993 when I began my Ph-D. project, a number of important advances 

have been made in our understanding of plasrnid DNA as a vaccine agent. When the first 

demonstration of protective immune induction by plasrnid DNA was reported in 1993 (I) ,  the 

commentary to the article read: "Muscle cells allow foreign viral DNA in, make protein, and then 

display protein pieces on their surface, spawning legions of killer T celis (2)." As illustrated by this 

quote, it was generally believed that muscle cells were directly involved in the priming events (3). 

This notion was supported by the demonstration that injection of saline-DNA into skeletal muscle, 

but not other tissues (brain, liver, spleen, uterus, kidney, stomach and lung), resulted in the 

expression of the encoded antigen at the injection site (4). Among the DNA vaccinologists at that 

time, considerable efforts were put into developing muscle-specific expression vectors in the hope 

of creating better DNA imrnunogens. However, the focus of the field has now shifted. With the 

demonstration by us (Chapter 3) and others (5) that bone mamow-derived professional APCs are 

exclusively responsible for providing the activation signals to CTLp following DNA immunization, 

the emphasis is now on creating expression vectors for targeting professional APCs. 

Another important advance in DNA vaccinology made during this time was the 

identification of several means of modulating the immune responses generated by plasmid DNA 

immunogens. First, the chamc terization of the immunomodulatory aspects of bacterial DNA has 

opened the way for manipulating the immune responses generated by altering the presence of 

specific CpG motifs on the vaccine plasmids (6). Secondly, the recognition that the routes of DNA 

administration influence the TH responses generated by the same plasmid not only implied distinct 

mechanisms operating for different routes of DNA injection, but also pointed to ways of generating 

the desired TH response for the particular disease in question (7). Thirdly, the effects of a number 

of cytokine genes and costimulator genes co-injected with the antigen vector on the induced 

immune responses were assessed. For example, co-immunization with the GM-CSF gene was 

shown to increase antigen-specific antibody and TH cell proliferation (8, 9), while the IL-12 gene 
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co-injection resulted in the enhancement of antigen-specific CTL responses (Chapter 2 and (9)). 

Meanwhile, co-expression of the B7-2 costirndator, but not B7-1, was found to enhance the 

antigen-specific CTL responses (Chapter 2 and (10, 1 1)). 

Over and above the progress made in the understanding of the mechanism underlying the 

DNA-mediated immune induction, further advancements in the application of this strategy have 

been brought forward in animal models for a wide range of human diseases. In addition to the 

progress reviewed in the Introduction to this thesis, the experimental results presented in Chapters 

2 to 5 of this thesis have made a sigruficant contribution to the field of DNA vaccines. In order to 

place the importance of these fmdings in perspective, I will summarize and discuss each of the 

major results presented in these Chapters. With a particular emphasis placed on our current 

understanding that bone marrow-derived APCs are exclusively responsible for CTL priming 

following DNA immunization, I will reinterpret some of the experimental findings presented 

above. In the following section, a detailed discussion and separate models for how injected DNA 

may result in immune induction by i.m. and gene gun delivery routes will be provided. At the end 

of this Chapter, I will put forth possible future directions to be taken with this work which may 

hrther our understanding of the DNA vaccines, and facilitate the application of this powerful new 

vaccine strategy to human diseases in both prophylactic and therapeutic settings. 
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11. Summary and discussion of experimental results 

Co-expression of the costimulatory molecule B7-2, but not B7-1, enhanced the 

CTL response against a suboptimal antigen. 

Given that costimulatory molecules B7- 1 and B7-2 were reported to activate antigen- 

specific T cells in a similar manner in v i m  (12-16), one of the most surprising results presented in 

Chapter 2 is the ability of B7-2, but not B7-1, to enhance antigen-specific CIL response. This 

unexpected finding was supported by other reports in which co-injection of the B7-2 gene, but not 

the B7-1 gene, with DNA encoding viral antigens enhanced the CI'L responses (10, 11). In 

addition, the data from Chapter 3 indicate that the immunostimulatory effects of co-linearly 

expressed B7-2 are mediated by professional APCs, and not muscle cells. Taken together, these 

results lead to the following questions; I )  how does the tmnsfection of professional APCs with 

87-2 gene enhance the priming capability of these cells since they are known to constitutively 

express 87-2, and 2) how does B7-2, but not B7- 1, preferentially enhance the priming capability 

of transfected APCs? The clues to the fmt question may be found in the level and the timing of B7- 

2 expression by transfected APCs. In other words, compared to the B7-2 expression level on 

immature APCs, transfated APCs may express B7-2 at a much higher level following DNA 

injection. To illustrate this point, DCs freshly derived from the spleen or the epidermis express 

very low levels of B7-2, about 20 to 60 fold lower than activated DCs (17). Since the DNA 

expression occurs as early as 8 hours post injection (18), vectordriven B7-2 expression may 

quickly reach the level comparable to that expressed by mature APCs such that naive T 

lymphocytes can be activated promptly. It is dso possible that the surface expressed 87-2 

molecules may deliver an activation signal to immature transfected APCs, allowing them to become 

mature effective APCs rapidly following DNA injection. 

Possible explanations for the second question of how the co-expressed B7-2, but not the 

B7- I, preferentially enhances CT'L priming may lie in the difference in the physiological functions 

of B7- 1 and B7-2. Normally, a low level of B7-2 is constitutively expressed by professional 
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APCs, and upon activation, expression of B7-2 is elevated, followed by that of 87- 1 ( 17, 19-2 1). 

Since the temporal expression patterns of B7-2 and B7-1 correlate closely with the T-cell 

expression of CD28 and CTLA-4, respectively, binding by the B7-1 molecule of the inhibitory 

receptor GIZA-4 are thought to transduce negative signals within T cells during the course of an 

immune response (22-26). Thus, costimulators that are pEsent on APCs early after antigen 

exposure (i.e.. B7-2) may serve to activate T cells, whereas those expressed later on (i.e., B7-1) 

may function to down-regulate the T cell response. B7-I and B7-2 may do so by activating 

differential signaling pathways through stereochemically distinct binding to their ligands CD28 and 

CTLA-4. First, evidence indicates that although B7- 1 and B7-2 bind to CTLA-4 with similar 

avidities, binding determinants of -4 are likely to differ for B7-1 and B7-2. Linsley et aL 

showed that a mutation in the conserved MYPPPY motif of -4 completely inhibited binding 

to B7-2, while maintaining signifcant binding to B7-1 (27). Second, although no differences in 

signaling pathways by ligation of CD28 by B7-I or B7-2 have been reported thus far, it has been 

shown that engagement of CD28 by a n t i 0 2 8  antibody results in the activation of different sets of 

down-stream signaling molecules than those activated exclusively by B7-1. Nunbs et al. have 

shown that ligation of CD28 by a monoclonal antibody, but not by B7-1, stimulated a Ras- 

dependent pathway leading to phosphorylation of ERK2 and Raf-1 (28). Similarly, it is 

conceivable that ligation of CD28 by B7-1 and B7-2 may initiate different second messengers in 

activated T cells. Third, the ligation of CD28 by B7- 1 or 87-2 may stimulate different signaling 

pathways due to the difference in duration of ligand engagement. In support of this, Linsley et al. 

have shown that B7-2 has higher 'off rate for CD28 than does B7-1 (27). With respect to the data 

presented in Chapter 2, B7-2 expressed by transfected professional APCs may have activated naive 

CTLs by the engagement of CD28 molecules for an appropriate duration, whereas B7-1 may have 

ligated CD28 for a longer time period which may have led to the inactivation of naive CTLs. 

Engagement of the B7-1 and B7-2 molecules may dso deliver distinct sets of signals within 

the APCs. Stimulation of i m a m  APCs via B7-2 may allow further activation of the APCs, 

whereas engagement of 87-1 molecules on immature APCs may deliver an "off" signal. In support 
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of this theory, one study showed that transgenic expression of B7-1 in B cells resulted in a down- 

regulation of Tdependent antibody responses (26). The authors suggested that one of the possible 

explanations of this effm may be that the ligation of B7-1 molecules on immature B cells 

transduced an inhibitory signal within B cells. In our study (Chapter 2), the temporally unregulated 

expression of B7-I by immature APCs may have transduced an "off' signal which inhibited 

Further maturation of these APCs. Until further studies to determine the precise effects of the 

engagement of B7-2 or B7- I on immature APCs, these suggestions remain speculative. 

Cytokine combination of IL-12 and GM-CSF induced an early CTL response 

whereas EL-12 or GM-CSF given separately enhanced CTL induction only after 

the second boost. 

The data in Chapter 2 also demonstrate that the cytokine combination IL-12 and GM-CSF 

allow early (TL induction against suboptimal antigen (NPo). The synergistic effects of these 

cytokines most likely results from the activation of both APCs and C n p  by GM-CSF ( 19. 29-3 1) 

and IL- 12 (32-35)- respectively. A similar synergistic effect of the cytokine combination GM-CSF 

+ IL-12 in CTL induction has been reported in a peptide-based immunization strategy (36). Either 

GM-CSF or IL- 12 can also independently enhance the antigen-specific CTZ response (Chapter 2). 

However, this phenomenon required a second boost, indicating that the stimulation of only one of 

the cellular subsets, APCs or CTLp, is not as efficient in priming a CfL response as both 

cytokines in combination. Kim et al. (9) reported that co-injection of three DNA constructs 

encoding the two subunits of IL-12, p35 and p a ,  and an HIV viral antigen resulted in the 

enhancement of antigen-specific CTL responses after the fust boost. Moreover, they did not 

observe the increase in the CI'L response by co-injecting the GM-CSF gene. The differences 

observed between our study and theirs may be due to the time course, method and the dose of the 

DNA used for immunization in these studies. In our study, mice were immunized with 1OOpg each 

of DNA constructs at 0, 3, and 6 weeks, whereas in their study, mice were first treated with a 

'facilitator' bupivicane and 2 days later injected with 50pg each of DNA imrnunogens at 0 and 2 
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weeks. The use of the anesthetic bupivicane. intended to cause muscle necrosis and repair prior to 

the injection of DNA, may have altered the pattern of blood cell circulation. Also, the CIL activity 

was assayed only after the fmt boost in the study by Kim et al. (9). Perhaps, the effect of GM- 

CSF in the CTL, response would have been detected had their study been extended. 

The expression of the costimulatory molecule B7-2 or cytokines E-12 + GM-CSF 

by non-bone marrow derived cells failed to convert them into APCs. 

One of the major constraints on the possibility that transfected cells such as muscle cells 

and keratinocytes could directly present antigen to T cells is the lack of costimulatory activity of 

these non-hemopoietic cells. By providing the concomitant expression of B7-2 and antigen, Kim 

et al. have proposed that these non-hemopoietic cells may be converted to APCs ( 1 1 ). Whether or 

not transfection of muscle cells with B7-2 was sufficient to enable them to serve as APCs was a 

much debated issue. Hyam Levitsky wrote in his Nature Biotechnology commentary on the article 

by Kim et al. (1 1) that "Fortunately, a fairly straight forward experiment ... should soon resolve 

this debate" and then went on to propose an experiment which would enable the determination of 

whether B7-2 transfected muscle cells are capable of direct priming. The experiment he advanced 

turned out to be the exact experiment we had already conducted (presented in Chapter 3) and which 

was published later that same month in the Journal of Immunology. Our results in Chapter 3 

clearly indicate that non-bone marrow derived cells cannot be converted to APCs for naive CTLs. 

The expression of B7-2 and the antigen by muscle or skin cells may not be relevant to naive T cell 

activation since naive lymphocytes do not circulate in peripheral tissues. In support of this, Harlan 

et al. showed that mice doubly transgenic for the pancreas-restricted expression of B7-1 and the 

LCMV glycoprotein (GP) do not spontaneously succumb to diabetes (37). However, induction of 

an inflammatory response by a local expression of TNFa led to the development of diabetes in 

these mice (38), presumably due to recruitment of professional APCs leading to proper T cell 

activation in the regional lymph nodes. Thus, although autoreactive T cells circulate in such mice, 

providing tissue parenchymal cells with the costimulatory molecule required for T cell activation 
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and a peripherally expressed antigen is not sufficient to convert the pancreatic cells into APCs for 

naive T lymphocytes. Similarly, in our study (Chapter 3), the expression of B7-2 and antigen by 

muscle or skin non-hemopoietic cells was not relevant with respect to the presentation of the 

antigen (NP) to naive lymphocytes. 

Immunization with DNA encoding a tumor associated antigen results in CD8+ T 

cell-mediated protection of mice from challenge with minimal epitope-expressing 

tumor. 

In an effort to examine the application of DNA immunization to the generation of anti-tumor 

immunity, Chapter 5 describes a model system in which a defined 9 amino acid epitope from NP is 

used as a surrogate TAA. This study differs from other tumor models used with DNA vaccination 

strategies in that a minimally immunogenic 9 amino acid peptide (NP 147- 1 55) restricted to the ICd 

molecule instead of a full length viral protein was used as the distinguishing feature of this tumor. 

CD8' (JIZs induced by i.m. immunization with the NP gene were able to block tumor growth in 

these mice in an epitope-specific manner. Of particular interest was the observation that immunity 

generated by the rejection of the NPep' tumor also conferred protection from challenge with 

unmanipulated parental P8 15 cells, indicating that anti-tumor immunity has "spread" from NP 147- 

155 to other endogenous epitopes in P8 15 cells. In support of this finding, the antigen-specific 

immune rejection of certain tumors has also been shown by others to result in the generation of 

immunity against alternative antigens present in the tumor cells (39). How does the recognition and 

destruction by CTLs of live tumor cells result in immune responses to other endogenous tumor 

antigens? Presumably, the dying tumor cell debris are taken up by professional APCs and 

endogenous antigens are then presented to naive T lymphocytes in the draining lymph nodes. 

However, given that immunization with irradiated NPep-P815 cells was not sufficient to elicit an 

effective immune response to the parental P8 15 cells in naive animals (unpublished observation), 

the active CI'L-mediated destruction of live tumor cells seems to be required to alert the immune 

system of the "danger signal (40)" necessary for immune induction. The molecular basis for the 
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danger signal provided by CIZ lysis of tumor cells is unknown. The inflammatory cytokine, 

IFNy, released by activated ClTs is a good candidate for a danger signal since it is a potent 

activator of professional APCs. Another possibility is that active lysis of tumor cells may result in 

the release of antigens in a form which is particularly suitable for uptake and presentation by 

APCs. Such antigen transfer from dying tumor cells might, for example, involve hsps which could 

act as chaperones for tumor antigens. Srivastava and colleagues have demonstrated that hsp- 

coupled antigenic fragments elicit potent anti-tumor CTL in vivo (41) induced by macrophages 

internalizing the hsps to an appropriate compartment for presentation on class I MHC (42). 

Identification and characterization of danger signals of this sort deserve further investigation, since 

it will further both the general understanding of the immune system as well as potentially promote 

the development of effective cancer vaccines. 

Ill. Mechanism of DNA-mediated Immune Induction 

As discussed in the Introduction, there are three possible mechanisms for CIL priming by 

DNA immunization. Naive CTLs may be 1) activated directly by the transfected non-hemopoietic 

cells such as muscle or skin cells, 2) activated by the professional APCs acquiring antigens from 

antigen-producing non-hernopietic cells (antigen factories), or 3) activated by the directly 

transfected APCs. A number of studies were performed in an attempt to determine which one of 

these mechanisms may operate during immune induction by DNA immunization. Since different 

combinations of these mechanisms appear to be utilized via needle i.m. injection and gene gun 

inoculation routes, discussion of the different facets of DNAderived antigen presentation will be 

divided into separate sections below. At the end of each section, I will provide a plausible model 

for the events leading to immune induction for each DNA injection route. 

1 )  Intramuscular Immunization 

Mechanism I :  Antigen presentation b y  transjiected muscle cells. 
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Since skeletal muscle was identified as the predominant cell type with respect to antigen 

expression following DNA immunization (4)- it was initially believed that muscle cells play a direct 

role in presentation of antigen to naive CTLs (3). However, the following studies have now ruled 

out the involvement of muscle cells in directly priming CIZs. First, an eartier indication that bone 

marrow derived cells participated in the immune induction by plasmid DNA came from a study by 

Doe et a1.(43). Severe combined immunodeficiency (SCID) mice of either the H-2b or H-2d 

haplotype were reconstituted with hemopoietic cells from immunocompetent F 1 (H-2bxd) mice and 

were immunized with plasmid DNA. In this study. F1 splenocytes were used as the source for T 

cells whereas F1 bone marrow cells were used as the source for APCs. Since the SCID mice lack 

functional lymphocytes but contain APCs of the bone marrow origin (either H-2b or ~ - 2 ~ ) ~  the cell 

types responsible for presenting the antigen to CIZ can be elucidated by assessing the MHC 

restriction pattern of the CTL induced in the SCID mice reconstituted with the F1 cells. To 

investigate whether professional APCs of the bone marrow origin were involved in Cn priming, 

SCID mice were reconstituted with F1 splenocytes (T cells) in combination with FI  bone marrow 

cells (APCs). If the non-hernopoietic cells such as muscle cells of the host exclusively present 

antigen, the (TL response generated in such FI  (bone marrow + splenocytes) into parent SCID 

chimera should be restricted only to the parent MHC haplotype. On the contrary, CIZs generated 

in the reconstituted mice were found to be specific for both the H-2b and H-2d haplotypes, 

demonstrating that the bone marrow cells participate in class I MHC presentation of DNA encoded 

antigens following ism. immunization. However, since the F1 restriction pattern observed here 

may also involve the muscle cells in priming, this study did not definitively determine the exclusive 

role of bone marrow cells in antigen presentation. 

Unequivocal demonstration of the exclusive role of bone marrowderived cells in 

presenting the antigenic epitopes to CIZp has come separately from our laboratory (Chapter 3) and 

Corr et aL(5). Both groups demonstrated that when parent+F1 bone marrow chimera were 

immunized i.m. with the DNA encoding the NP of influenza, the CTL responses generated were 

specific only for the peptide presented by the MHC class I haplotype of the bone marrow donor, 
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and not that of the host. More recently. Fu et al. demonstrated a similar dependence on bone 

marrow-derived cells in CIL induction using a diffemnt set of parent+Fl chimera (44). Thus, 

these studies have ruled out the first proposed mechanism of CTL priming, namely, that the 

antigen presentation is mediated directly by transfected myocytes (mechanism 1) (Figure I). 

The above studies did not determine which of the remaining two possibilities plays a key 

role in CTL priming, namely whether the professional APCs acquire antigen from transfected cells 

(mechanism 2) or whether they become directly transfected to activate naive CI'Ls (mechanism 3). 

For the i.m. injection route, mechanism 2 can be further divided to distinguish the anatomical sites 

serving as the "antigen factory" (Figure 1). Muscle cells, since they are the predominant cells 

transfeted by i.m. DNA injection, can be reasonably expected to serve as antigen producers 

(mechanism 2a). However, we cannot rule out the possibility of non-hemopoietic cells far from the 

injection site also acting as an antigen factory (mechanism 2b: see Figure 2). Mechanisms 2% 2b 

and 3 may not be mutually exclusive and could be occurring simultaneously. Although a d e f ~ t i v e  

answer as to what extent these mechanisms play a role in ClL priming is still lacking, current 

evidence supports a role for both mechanisms 2 and 3. 

Mechanism 2a: Transfected muscle injection site as antigen factory. 

Although the role of muscle cells in directly presenting antigenic peptides to naive T cells 

has been ruled out, they may still serve as producers of the antigens necessary for priming by the 

bone marrow-derived APCs (Figure 1). In support of this concept, Ulmer et al. reported a study 

which suggested that antigen producing muscle cells alone are sufficient for the induction of Cn, 

response in vivo (45). Transplantation into mice (H-2') of a syngeneic myoblast cell line C2C12 

(H-25 stably transfected in vitro with the influenza NP gene was sufficient for the generation of 
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(1) Direct priming by transfected 
muscle cells 

Muscle Cell \ 

(2a) Antigen transfer model 

/ Muscle Cell \ 

Figure 1. Schematic diagram of CTL priming events near the i m .  DNA injection 
site. 
Direct priming by transfected muscle cells are shown not to occur (mechanism 1). 
Antigen produced by muscle cells may be transfered to the neighbouring APCs 
(mechanism 2a). However, muscle injection site as antigen factory is not necessary 
for immune induction, but may be sufficient in CTL prirmng . 
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NP-specific C L  response. In this case, the NP gene was stably integrated into the genome of 

C2C 12 cells and thus no free plasmid DNA was available to transfect the cells of the recipient 

mice. These data indicated that expression alone of the antigen by muscle cells was sufficient for 

immune induction, and that direct transfection of professional AeCs is not an absolute requirement 

for the induction of an immune response. Furthermore, i.p. injection of Wexpressing C2C 12 (H- 

2k) cells into F1 hybrid mice (H-27 generated C '  specific for NP peptides restricted by both d 

and k haplotypes. This result clearly indicated that presentation of the antigenic peptide was 

mediated at least in part by transfer of antigen from the transplanted muscle cells to APCs of the 

recipient mice. However, their model of transfected myoblast cell line injected im. or i.p. may not 

accurately model what happens when naked DNA is injected im.. Specifically, the i.m. or i.p. 

injected C2C12 cells are likely to be transported to the draining lymph nodes where they will be 

taken up by professional APCs. In the case of i.m. injection with naked DNA, in vivo transfected 

myocytes, being part of the musculature and thus presumably constrained in mobility, would not 

migrate to the lymph node in a similar manner. Therefore, although injection of the in vitro 

transfected myoblast cell line may be sufficient in generating immunity when they are the only cells 

exposed to the DNA, this system may not represent the physiologically relevant priming events 

following i.m. DNA immunization. 

On the other hand, evidence suggesting that the transfected muscle site may play little role 

in the immune induction, is presented in Chapter 4. Here, we demonstrated that retention of an 

intact muscle injection site is not required for the induction of antibody or CTL 

responses to the piasmid DNA encoded antigens. Surgical ablation of the injected muscle 

bundle as early as one minute after injection has no effect on the subsequent DNA-mediated 

immune responses induced in the ablated mice. These data clearly indicate that any antigen factory 

which may be created at the muscle injection site is not essential for the induction of an immune 

response. That is, antigen production by the transfected muscle cells is not required when DNA is 

injected i.m., and the key priming events may take place in areas remote from the injection site 

such as the lymph node or the spleen. When a relatively large volume of DNA (50p.l) is injected 
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into mouse muscle, a major portion of the DNA is likely to rapidly exit the injection site via blood 

or lymph due to the interstitial fluid pressure build-up. Indeed, plasmid DNA has been found to be 

associated with blood cells 4 hours after i.m. inoculation (46). Thus, the functionally important 

transfection event may occur at these secondary lymphoid organs following i-m. injection. In the 

following sections, I will propose models to describe DNA-mediated priming events within the 

secondary lymphoid organs with (mechanism 2b) or without (mechanism 3) the involvement of 

non-hemopoietic cells. 

Mechanism 2b : Nun-hemopoietic cells remote from the injection site as antigen factory 

The possibility of non-hemopoietic cells far From muscle injection site functioning as an 

antigen factory cannot be excluded. Free plasmid DNA may travel to secondary lymphoid tissues 

and transfect non-hemopoietic cells, which may then serve as an antigen factory (Figure 2). It is 

also possible that DNA may be transported to a non-lymphoid organ and transfect cells which 

produce antigen to be transferred to professional APCs. Indeed, i.v. injected liposome- 

encapsulated plasmid DNA was found in large quantities in the liver, spleen, lung, and muscle 24 

hours post injection (47). Thus far, no data has been reported which would allow us to dissect this 

aspect of DNA immunization any further. 

Mechanism 3: Antigen presentation by truns$ected APCs 

Key priming events may occur by direct transfection of professional APCs either in the 

draining lymph nodes or spleen (Figure 2). The indication that directly transfected professional 

APCs are capable of priming CL responses is derived from the data in Chapters 2 and 3. Since 

only bone marrowderived cells prime (3TLs (even in the presence of co-expressed B7-2), the Cm. 

enhancing-effect of the B7-2 gene co-linearly expressed with NPo (Chapter 2) can only be 

explained by the involvement of directly transfected APCs in the activation of CTLs upon i.m. 

immunization. 

On the other hand, there is evidence that direct transfection of professional APCs is not an 

absolute requirement for the induction of a ClL response upon i.m. DNA injection. In a study by 



Chapter 6 

intramuscular / 
i n j e c t i o n 4  \ 
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Antigen transfer model 

(3) Direct transfection model 1 
Figure 2. Schematic representation of CTL priming events folIowing i.m. DNA 
injection. 
DNA injected i.m. may reach the local lymph node via the afferent lymphatics, or 
the spleen via the blood stream. Once inside these secondary lymphoid organs, plas- 
mid DNA may be taken up by non-hemopoietic cells and the antigen transfered to 
the professional APCs (mechanism 2b). Alternatively, plasmid may be taken up by 
professional APCs directly, and the antigen is synthesized within the APCs to be 
presented to CTLp (Mechanism 3). 
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Doe et al., S C l D  (H-2b) mice engrafted with F1 (H-2b*) immunocompetent bone marrow cells 21 

days after i.m. immunization with DNA were capable of generating CI'L responses of equal 

magnitude to those engrafted one day before the immunization (43). Since the in vivo half-life of 

DNA formulated in cationic lipids in the blood is reported to be less than 5 minutes (47), 

extracellular naked DNA capable of transfecting donor cells is presumably eliminated by day 2 1. 

Hence it may be deduced that the only way in which the transferred bone marrow derived APCs 

could activate CTL was to take up protein antigen released by the host cells. These studies suggest 

that although antigen presentation by directly msfected APCs appears to occur, expression of 

antigen by non-bone marrow cells can also be sufficient for the induction of immune responses. 

Taking the abovementioned results into consideration, I would like to advance the 

following model for im. DNA immunization. Following injection of plasmid DNA into muscle, 

some of the DNA is taken up by the muscle cells. Most of the DNA which exits the muscle tissue 

would be degraded by nucleases, while the rest of the DNA reaches the spleen or the draining 

lymph nodes. It has been demonstrated that large molecules such as proteins injected into various 

tissues normally enter the lymph, while smaller molecules such as amino acids can enter the blood 

capillaries directly from the tissues (48). Given that plasrnid DNA, even when supercoiled, is 

expected to be above the threshold for direct access to blood vessels from muscle interstitiurn, most 

of the injected DNA is likely to be drained into the regional lymph nodes. However, since ablation 

of muscle injection site I minute after DNA delivery did not affect the immunological outcome, 

rapid movement of the injected DNA away from the muscle site might also occur. Such fast 

translocation of the DNA immunogen seems possible only if injected DNA directly entered the 

bloodstream. Consistent with this, in rare cases, direct entry of large proteins from the interstitial 

space to blood has been demonstrated (49). Thus, the antigen required for immune induction 

appears to be produced by both local muscle cells and cells elsewhere, including hernopietic and 

non-hemopoietic populations, and they may all contribute to T cell activation by professional 

APCs. Hence, elimination of one of these antigen factories would not greatly affect the outcome of 

the DNA induced immunity. 
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This provokes the question: why is i.m. injection of saline-DNA generally much more 

efficient in generating immune responses compared to i.v. or i.p. routes? It is possible that the 

structure of the musculature somehow allows the injected DNA to be translocated into an 

appropriate site at an optimum rate compared to when DNA is injected i.v. or i.p.. It is also 

possible that the muscle site may be scarce in nucleases compared to the blood or the peritoneum, 

allowing undegraded DNA immunogen to reach the necessary lymphoid organs for immune 

induction. These possibilities remain speculative until the fate of i-m. injected DNA is W e r  

characterized . 

2)  Gene Gun Immunization 

Compared to needle injection of saline-DNA, gene gun mediated bombardment of DNA- 

coated gold particles may utilize a completely different process leading to immune induction. First, 

the target tissue for gene gun bombardment is the skin epidermis. Cells in the epidermis such as 

keratinocytes (50) and Langerhans cells (LC) (5 I )  are known to be directly transfected by the gold- 

coupled DNA. Second, it is unlikely that enough free plasmid DNA would be liberated from the 

gold particles and travel to remote lymphoid organs to transfect the cells within these organs. 

Although DNA coated onto gold beads is rapidly solubilized in aqueous media, with greater than 

95% of the DNA dissociating from the beads in less than 3 minutes, the gene expression is almost 

always restricted to the cells with gold particles (5 1 ) .  This implies that the liberated extracellular 

DNA may be rapidly degraded. Once within the cytoplasm of inoculated cells, DNA comes off the 

gold particles and then enters the nucleus, where episomal expression of the antigen occurs. Third, 

gold beads themselves may potentially influence the induced immune response. Injection of large 

amounts of gold compounds is known to cause an autoimmune syndrome characterized by a TH2 

response in rats (52). Also, gold compounds widely used for the treatment of chronic arthritis 

patients often result in cutaneous dermatitis characterized by eosinohpilia (53). 

T cell activation following gene gun inoculation of plasmid DNA may take the following 

forms. First, non-hemopoietic cells of the skin such as the keratinocytes, where most of the 
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antigen expression is detected, may directly activate naive T cells (mechanism 1) (Figure 3). 

Second, antigen produced by keratinocytes may be transferred to professional APCs such as LC in 

the epidermis to be camed into the draining lymph node for Cn activation (mechanism 2) (Figure 

4). Finally, directly transfected LC of the skin may migrate to the draining lymph nodes, and 

intracellularly synthesized antigen is presented on class I MHC to naive CD8+ T cells (mechanism 

3) (Figure 4). Some clues as to the extent to which these different mechanisms may play a role in 

C L  induction have been gained over the last few years; the most definitive of which is the 

elimination of mechanism 1 by the work fiom our laboratory (Chapter 3). In the following section, 

I will discuss evidence for each of the mechanisms and conclude with a plausible model for 

immune induction by gene gun mediated DNA delivery. 

Mechanism I : Antigen presentation by directly transf cted kerutinocytes. 

In an effort to decipher the role in CTL priming of the transfected keratinocytes, we have 

analyzed the presentation of DNA-coded antigen in parent into F1 bone marrow chimeric mice 

following gene gun immunization. Considering that upon exposure to IFNy in vitro, keratinocytes 

have been shown to provide costimulatory signals and are induced to express class I1 MHC (54), it 

was conceivable for gene gun bombarded keratinocyfes to become 'non-professional' APCs in 

v i v a  However, the data in Chapter 3 clearly demonstrated that keratinocytes, even when co- 

msfected with B7-2, do not stimulate antigen specific Cn. This effectively ruled out the 

possibility that non-hemopoietic skin cells such as the keratinocyte might serve as 'non- 

professional' APCs (mechanism 1) (Figure 3). This finding is consistent with the notion that T cell 

priming occurs in the secondary lymphoid organs, and that transfected keratinocytes with no 

migratory capacity to the lymph node do not activate <JIZs because they are physically excluded 

from encounter with naive lymphocytes. Experimental evidence indicates that the key priming 

events following gene gun immunization may be mediated by either the APCs acquiring antigen 
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(1) Direct priming of CIZ by transfected 
keratinoc ytes 

Figure 3. Direct priming of CTL by transfected keratinocytes does not occur. 
Skin keratinocytes directly transfected by DNA-coated gold particles do not present 
antigen to naive CTL precursors (mechanism 1). 
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From the producing keratinocytes (mechanism 2) andfor the direaly msfected APCs (mechanism 

3) as described below. 

Mechanism 2: Antigen tranrfer from keratinocytes to professional APCs. 

It has been suggested that the keratinocytes at the skin injection site may act as an antigen 

producing factory necessary for providing antigen to the professional AFCs (Figure 4). Indeed, 

predominant expression of the DNAencoded antigen has been reported to take place within the 

keratinocyte population (50). In Chapter 4 we show that surgical removal of the skin 

injection site as late as 72 hoors after gene gun bombardment results in 

diminished antibody and CTL responses. Given that at the site of injection, the peak 

expression of injected DNA occurs at 24 hours and wanes by 72 hours (Chapter 4), this data 

implicates the potential importance of keratinocytes as an antigen producing factory, capable of 

delivering the antigen to LCs for immune induction. The LC of the skin are equipped with 

phagocytic machinery designed to survey the skin environment for foreign materials. It is 

conceivable that these specialized cells acquire antigens secreted from the neighboring 

keratinocytes, but the relative importance of this pathway compared to antigen presentation by 

directly transfected LCs is yet to be determined. 

Mechanism 3: Antigen presentation by directly fransfected APCs 

For gene gun-mediated DNA delivery, directly transfected LCs may migrate from the skin 

inoculation site to the draining lymph node where they then induce Cn responses (Figure 4). The 

presence of directly transfected LCs in gene gun bombarded skin was first demonstrated by 

Condon et al. (51). Gene gun bombarded gold particles were detected in the cytoplasm of skin- 

resident LCs, which subsequently migrated to the draining lymph nodes within 24 hours. Whether 

these directly transfected DCs in the draining lymph node having migrated from the injection site 

play a major role in CTL, activation requires further investigation. 
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Gene gun bombardment 

Keratinocytes 

Antigen transfer to LC \ 

/ (2) Antigen transfer model I \ 

(3) Direct transfection model / 

/ 
Lymph node 

Figure 4. Schematic representation of mechanisms for gene gun mediated CTL 
priming. 
LCs in the skin acquire antigen either by transfer from neighboring keratinocytes 
(mechanism 2) or by direct transfection (mechanism 3). These LCs migrate to the draining 
lymph node and activate C n p .  



Chapter 6 

An indication that directly transfected APCs may be involved in CI'L priming came from a 

study by Ciemik et al. (55). They demonstrated that gene gun inoculation with minigenes 

encoding class I MHC restricted T cell epitopes resulted in efficient induction of Cn. The 

rninigenes encoded either cytoplasmically expressed or ER-targeted CTL epitopes which are not 

likely to be secreted and transferred to another cell for class I MHC presentation. In other words, if 

extracellular antigen transfer from non-hemopoietic cells to APCs were the dominant mechanism 

for C T L  priming, minigenes would not be expected to induce strong (3TL responses. Thus, the 

results from this minigene experiment suggests the dominance of directly transfected APCs in 

immune induction. 

Another piece of experimental evidence for the key role played by the transfected APCs in 

CTL priming is seen in mice immunized with the B7-2/NPo construct. When we gene gun 

inoculated BALB/c (H-2d) mice with the co-linear expression vector B7-2/NPo, a strong CI'L 

against the ICd-restricted peptide was induced (unpublished result). Furthermore, there was a 

requirement for B7-2 to be expressed in the same cell which presented the NPo antigen, because 

mice immunized with overlapping shots of gold particles separately coated with either a B7-2 or an 

NPo single gene expression plasmid did not generate a (JIZ response. According to the antigen 

transfer model (mechanism 2). B7-2 transfected LC in the epidermis would acquire NPo antigen 

produced by the neighboring transfected cells, and thus overlapping shots of B7-2 and NPo genes 

should also generate a comparable CTL response. Taken together, these results suggest that, 1) 

directly transfected APCs dominate antigen presentation, and, 2) antigen transfer from non-APCs 

to LC in the skin injection site, if it did occur, was not sufficient for CIZ priming. 

Finally. the data presented in Chapter 4 indicating that surgical removal of the skin injection 

site after gene gun bombardment results in diminished immune responses may also be viewed as 

supportive with respect to the role of transfected LCs in priming. Specifically, LCs may need to be 

given enough time to migrate to the draining lymph node, and the ablation of the skin site up to 72 

hours after injection may remove the population of LCs capable of priming at the draining lymph 

nodes (mechanism 3). The kinetics of LC migration following epicutaneous exposure to a 
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sensitizing antigen Rhodamin B was studied by van Wilsem et al. (56). This study showed that 

Rhodarnin-bearing DCs were observed in the lymph node suspensions as early as 6 h after 

application, and a peak increase was seen between 16 to 48 h. Interestingly, surgical removal of 

the epidermis 24 h after Rhodamin B application led to a substantial decrease of incoming 

Rhodarnin-bearing cells in the draining lymph nodes. This indicates that in spite of the massive 

efflux of LC from the epidermis within the first 16 hours, there still is a considerable migration of 

antigen-bearing cells over the following days. Taking this data into consideration with our findings 

in Chapter 4, it can be deduced that the surgical removal of the skin injection site 24-72 h after gene 

gun bombardment most likely resulted in the removal of the antigen bearing LC capable of priming 

after migration to the draining lymph node. 

With the experimental evidence provided above, I propose to speculate on the following 

mechanism of gene gun mediated immune induction. Following gene gun delivery of plasmid 

DNA coated onto gold particles, both epidermal LC and keratinocytes are directly transfected. 

Occasionally a small portion of the injected DNAcoated gold particles might transfect M ~ c k i n g  

blood cells which may travel to the spleen to generate immune responses. Rapid movement of a 

portion of DNA has been observed during gene gun DNA delivery to mouse ears (S.A. Johnston, 

personal communication). In the epidermis, antigen production by both keratinocytes and LCs 

occurs, peaking between 24-48 h. Within 3-5 days, gene gun transfected keratinocytes are 

sloughed off as part of the normal shedding of the epidermis. Meanwhile, antigen-bearing LC 

begin to migrate around 16 h after gene gun inoculation and may continue to migrate to the regional 

lymph nodes for at least 10 days. The LC may acquire antigen by either direct transfection or by 

antigen-transfer from the nearby keratinocytes. During their migration, LCs acquire a mature 

phenotype and become DCs capable of presenting the antigenic peptides to naive T cells within the 

paracortex of the draining lymph nodes. Although the relative contribution to the immune induction 

by directly transfected LCs and LCs loaded with keratinocyte-derived antigen has not yet been 
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determined, directly transfected APCs would seem to be sufficient to mediate immune induction 

following gene gun immunization. 

IV. Future Directions 

The work presented in this thesis represents several distinct approaches taken in the field of 

DNA vaccination. In Chapter 2, several means of enhancing C l l  response by the use of DNA 

encoding irnmunostimulatory molecules were assessed. With the myriad of cytokines and 

costimulatory molecules characterized to date, it is now possible to direct the immune response 

induced by DNA immunization with various combinations of these molecules. For example, the 

use of cytokines and costimulatory molecules that favor a T, 1 response may be more advantageous 

for preventing infectious diseases, cancer, and allergic diseases, whereas those that lead to a TH2 

phenotype may be more suited to the treatment of autoimmune disease. In addition to cytokines and 

costimulators, the route of DNA delivery (57-59) and the presence of the CpG motifs (60) are also 

known to influence the type of immune responses induced by plasmid immunization. Thus, the 

most appropriate combination of these factors must be determined for the orchestration of a desired 

immunological outcome. 

Although great advances have been made in the understanding of the mechanisms involved 

in DNA-mediated immune induction, there are still many fundamental questions remaining to be 

addressed. Studies reported by us (Chapter 3) and others have ruled out the direct presentation to 

naive CTLs by muscle cells and skin keratinocytes. We must determine precisely how the 

professional APCs acquire the antigen and present it to naive lymphocytes. The sequence of events 

which lead to presentation of the antigen in the secondary lymphoid organs must also be 

characterized. In an effort to determine the sites of antigen presentation, the presence of specific 

peptide + MHC class I complex could possibly be detected in situ using the method recently 

developed by Porgador et a1.(61). In order to determine the number and distribution of CD8+ T 

cell ligand (peptide + MHC class I), they describe a method for eliciting and identifying 

monoclonal antibodies specific for a particular peptide + MHC class I combination. Such 
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antibodies can be used to identify antigen complexes with a limit of detection approaching that of T 

cells. Using this approach, monoclonal antibodies to the NP147- 155 peptide in the context of the 

ICd molecule could be obtained. Cross sections of the lymph nodes and spleen foilowing 

immunization with the NP gene could then be stained with such antibodies. The location and the 

identity of cells capable of presenting the antigenic peptide to CIZ could further be characterized by 

double staining with labeled antibodies against cell specific surface markers for DC and 

macrophages. Most probably, these APCs should be found in the T cell rich regions of the lymph 

nodes and the spleen in close contact with T lymphocytes. 

Although we are beginning to understand the macroscopic view of how the injected DNA 

may induce immune responses, such as the cell types involved and the anatomical location of 

antigen production and priming, Fundamental questions regarding the molecular mechanism stiU 

remain to be answered. The most fhndamental of which is how does saline-DNA transfect cells in 

vivo at dl? In vitro transfection of cell lines or freshly isolated cells is virtually impossible unaided 

by electroporation, lipofection or chemical treatment. Administration in to muscle of plasmid DNA 

remarkably transfects muscle and skin cells at the injection site, as well as traffi~cking blood cells 

which can be detected in the spleen and kidney after 24 h. Certain cell types may be particularly 

well suited to take up extracellular plasmid DNA. Muscle cells, for example, possess structural 

features that may facilitate exogenous DNA uptake such as the sarcolernma and transverse tubule 

system which contains extracellular fluid and penetrates deep into the muscle cells (18). Bone 

marrow-derived cells may also possess surface receptors which facilitate DNA uptake and allow its 

expression. In fact, a possible role for APCs in uptake and expression of foreign DNA has been 

suggested to reflect a physiological process against virus infection (62). DNA released by dying 

cells after infection may be routinely taken up and expressed by professional APCs for the 

induction of CTL responses against MKC class I determinants of the pathogens. This would 

ensure that CTL responses be raised against viruses which do not infect professional APCs and 

thus avoid the MHC class I antigen processing pathway. Although such antigen presentation 

following uptake of exogenous DNA by professional APCs has not yet been demonstrated, 
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characterization of this process at the molecular level may reveal a completely new way of immune 

generation which operates during virus infection, and at the same time add insights into the 

mechanism of DNA vaccination, 

Another pivotal question with regard to DNA vaccines is how the protein antigen produced 

by non-hemopoietic cells may be transferred to professional APCs for presentation on MHC class 

I. Similar cross-priming phenomena have been described in which antigens produced by non- 

APCs are presented to a in the context of MHC class I molecules present only on the 

professional APCs. Huang et al. showed that such cross-priming occurs following immunization 

with tumor cells transfected with a model antigen (63). Further, this pathway was shown to be 

TAP-dependent since bone marrow chimeras with TAP -/- bone marrow grafted into TAP +/+ 
recipients immunized with the NP-transfected tumor cells failed to prime ClZ specific for the 

epitope presented by the MHC molecules of the donor cells (64). During cross-priming, and in the 

case of DNA vaccination. the dying transfected cells may release antigen in the form capable of 

entering the class I processing pathway of the APCs. Phagocytic APCs such as macrophages and 

tissue resident DCs routinely ingest debris from dying cells. Simple release of the protein antigen 

by transfected non-hernopietic cells into the environment may not account for the efficient immune 

induction seen in DNA vaccines for two reasons. First, i.m. injection of recombinant NP protein 

does not induce CI'L responses (65). Second, mice which have been primed by protein NP in 

CFA in order to generate high titer anti-NP antibodies, are equally susceptible to Cn induction by 

NP plasmid DNA immunization as those with no circulating anti-NP antibodies (Ming and Barber, 

unpublished observation). If simple release of the intact protein antigen to APCs was the 

predominant mechanism for CTL priming, the high titer anti-NP antibody could reasonably be 

expected to interfere with the transfer. 

One intriguing possibility for the mechanism of antigen transfer from non-hemopoietic cells 

to APCs involves a class of chaperone proteins collectively known as hsps. It has been shown that 

hsps isolated from tumor cells or transfected cells possess associated antigenic peptides, usually 

much longer than optimal class I binding peptides (15 to 30 amino acids long (4 I)), which can 
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confer immunity against the antigenexpressing cells by a macrophage and CD8' T cell dependent 

manner (66). Once internalized by the macrophages, the hsps transport the bound peptide to the 

TAP-dependent class I MHC processing pathway (42). These hsp-pulsed macrophages are capable 

of inducing potent class I MHC-restricted CTL responses in vivo. In DNA immunized animals, 

the release of antigen may take the form of hspbound peptides. In order to test this hypothesis, 

one may treat mice immunized with DNA with hspblocking antibody and monitor the CTL 

responses generated in these mice compared to irrdevmt antibody treated group. Conversely, to 

test the positive effects of hsp chaperoning of antigens, one may immunize mice with a bicistronic 

vector containing both the antigen gene and the hsp genes and compare the CIZ responses 

generated in this group to that i m m h d  with antigen gene alone. An enhancement of a 
induction may be attributed to the role of hsps as a chaperone for DNAcoded antigen to 

professional APCs. 

Finally, the possibility that DNA immunization might be used as a tumor therapeutic agent 

deserves thorough investigation. The current cancer therapy for solid tumors consists mainly of 

adjuvant chemotherapy and radiotherapy following surgical tumor removal. These therapeutic 

methods are non-curative, and are usually associated with severe side effects and higher than 

desired rates of relapse. Thus, non-toxic immune-specific means of treating human cancers to 

block relapse from minimal residual disease or micrometastases are urgently needed. DNA 

vaccination may offer a safe and specific means of generating active immunity against cancer. With 

the ever increasing ability to extract relevant DNA sequence information from tumor biopsy 

samples (67), the potential to construct individual-specific DNA immunogens (with the capacity to 

induce tumor specific CIZ responses) is within realistic reach. Clinical trials must assess whether 

such immune responses can be elicited by DNA vaccines in the immunosuppressed cancer patients. 

To do so, DNA vaccines may need to incorporate more irnrnunostimulatory factors such as 

cytokines and costimulatory molecules, as well as higher numbers of CpG motifs to boost NK, 

macrophage, and B cell responses. As was observed in Chapter 5, rejection of the antigen- 

expressing tumor by the induction of immunity against the antigen expressed by the tumor resulted 
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in the rejection of the parental tumor which lacked the antigen. The implication of this finding is 

that a systemic tumor-specific immunity can be generated by mobilizing the preexisting immune 

responses towards a small number of tumor cells. Indeed, an approach based on a similar principle 

has been tried with superficial bladder tumor. In the hope of making the tumor a target of attack by 

preexisting immunity, intravesical instillation of superficial bladder tumor with BCG has been 

performed on a number of patients with this disease. Unfortunately, this therapeutic approach has 

been plagued by the severe side effects associated with the Live BCG used to modify the tumor 

cells (68). Intratumoral injection of naked DNA encoding a strong memory antigen such as 

antigens of the Measles virus or the Polio virus to which most people have strong immunity may 

circumvent the problems associated with infectious agents. This relatively safe treatment offers 

hope for immune clearance of the original tumor cells disseminated throughout the body of the 

patients, and deserves careful investigation. 

In summary, the DNA vaccination approach holds great potential for the manipulation of 

immune responses against various infectious and non-infectious diseases. With the overwhelming 

evidence demonstrating the success of DNA immunization strategies in relevant animal models, 

there is a rapidly increasing need to prove similar efficacy in human clinical trials. As the world 

approaches the year 2000, a number of virulent new infectious agents are being added to the 

existing list of pathogens which have considerable negative impact on human health and the 

economy. Another challenge we face is the emergence of multi-drug resistant strains of bacteria 

which have developed due to the inappropriate use of antibiotics. Unless new antibiotics against 

these bacteria are developed quickly, human-kind must face a renewed fear of bacterial diseases 

that was prevalent before the discovery of penicillin. DNA vaccines may be ideal tools to combat 

these emerging infectious agents since they can be designed for any pathogens with known nucleic 

acid sequences. With the ability to manipulate the type of immune responses, DNA vaccines also 

hold great promise in the treatment of allergy, autoimmune diseases, and cancer. It is my sincere 

hope that this powerful strategy will be used to prevent, treat and cure a number of human diseases 

in the near future. 
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