
Chapter 5 

Protective Immune Responses Elicited 
by Genetic Immunization against Viruses 

5.1. INTRODUCTION 

Viruses as obligatory cellular pathogens have always posed an important challenge in terms 
of generating effective immune responses by vaccination. Viruses enter the organism 
through various routes and infect certain categories of cells, borrowing the host machinery 
in order to replicate the genetic material and to synthesize structural and nonstructural 
proteins. Thus, virus infection leads to a state in which viral products that could be 
perceived as nonselfby the immune system are mostly hidden beyond host cell membranes. 
The immune system evolved to recognize such products in the form of proteins or peptides 
of virus origin, generated through a complex intracellular machinery that samples the 
cytoplasmic milieu in a continuous manner. The evolution of cytotoxic T-cells is thought to 
be directly linked to the evolution of this intracellular sampling system, with its three main 
components: proteasomes, TAP, and MHC Class I molecules, whereas that of B-cells 
parallels the natural variation of viral proteins. Since the metabolic machines of host cell 
and virus are so intimately intermingled, the immune effector mechanisms evolved in such 
a way that either inhibits to various extent or eliminates the cells that are recognized as 
infected. For example, whereas cytokines such as IFN-')' inhibit viral replication, perforin 
released by cytotoxic cells triggers the lysis of target cells. Thus, this type of effector 
mechanism is brought into play whenever T-cells recognize foreign peptides on self-MHC 
molecules. The process of virus recognition by immune cells is more complex and is 
certainly not limited to the self-non-self discriminating ability of T-cells. For example, 
experimental models created by transgenic expression of viral antigens in certain cell types 
revealed that T-cells can, but do not always, react to foreign antigens (Roman et al., 1990; 
Oldstone et al., 1991; Ohashi et al., 1991). Two new elements of the immune system come 
into play at this point: innate immunity and professional APC. The current paradigm is that 
discrimination of nonself and sequestered self-antigens restricted to peripheral organs 
occurs through a process that has as central elements the employment of natural immunity 
and professional APC, namely, that natural immunity has the ability to rapidly detect viral 
infection and signal this state to other immune cells, as well as to produce effectors that 
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limit the infection until the adaptive immunity develops. A subset of signals generated by 
the innate immunity activate professional APC like dendritic cells that upregulate costimu
latory molecules and migrate to local lymphoid organs, where they prime specific T-cells 
(Steinman, 1991). Stimulatory cytokines such as IL-12 and IFN--y, together with costimula
tory molecules expressed by professional APC, such as B7.1 and B7.2, enable the naive 
T-cells to receive a positive signal through TCR. In contrast, TCR engagement in the 
absence of costimulation is thought to induce T-cell anergy (Bretscher and Cohn, 1970; 
Lamb and Feldman, 1984; Quill and Schwartz, 1987). Thus, this mechanism reduces the 
chance that certain self-antigens induce activation of autoreactive T-cells that escape 
thymic negative selection, while assuring a proper response against viruses. However, at 
least two circumstances necessitate supplementary level of regulation for the immune re
sponse. For example, during a local viral infection, there is the possibility that sequestered 
self-antigens are released and presented by professional APC to autoreactive T-cells. 
Besides this bystander mechanism of priming, some viral antigens may cross-react with 
self-antigens, leading to activation of autoreactive T-cells as a direct consequence of virus 
infection. Consequently, peripheral tolerance mechanisms should operate at the stage of 
mature activated and postactivated T-cells, thus allowing the occurrence of antiviral but 
minimizing anti-self responses. Transgenic models such as Fas and Fas-L knockout, IL-2 
defective, and CTLA-4 knockout elegantly illustrated this point (Van Parijs et al., 1996; 
Sadlack et al., 1995; Tivol et al., 1995). It is very likely that the postactivation control of 
T-cells is directly determined by the quantitative level of antigen that is presented by APC, 
together with signals emitted by the innate immunity, namely, that a tremendous decrease 
in antigen level would determine a decline of the T-cell effector population, allowing 
instead the emergence ofT memory cells that depend on the persistence of minute amounts 
of antigen. This is the most probable scenario during a successful response against acute 
viral infections that leads to the elimination of the virions from organism. If the activated 
T-cells are exposed in a continuous manner to a high level of antigen, as in most cases of 
virus-triggered autoimmune responses, T-ce11s are eliminated in a Fas and IL-2 dependent 
manner (Refaeli et al., 1998). Because this process is strictly dependent on TCR engage
ment in an antigen-specific manner, it may fail in certain circumstances, for example, when 
the self-antigen is in limited quantity and present in cells that are physiologically essential. 
For example, in spite of the normally operating mechanisms that maintain peripheral toler
ance, transgenic mice that express viral antigen in periphery develop autoimmune diseases 
when infected with virus (Roman et al., 1990; Oldstone et al., 1991; Ohashi et al., 1991). 
Overall, the immune system has evolved such that the recognition and elimination of 
viruses does not frequently lead to autoimmunity. 

There are two general categories of viruses based on factors related to virus biology 
and immune response. First are viruses that infect in a lytic manner a wide range of host 
cells, leading to acute syndromes. They are usually RNA viruses lacking an advanced 
replication machinery that undergo frequent mutations particularly in the genes encoding 
surface antigens, thus favoring the escape from neutralizing antibodies during subsequent 
infections. The T-cell response that is driven by abortively or productively infected profes
sional APC frequently leads to prompt elimination of the virus. A classical example for this 
group of viruses is the family Orthomyxoviridae, with influenza virus as prototype. The 
second category of viruses is mostly represented by DNA viruses, with large genomes and 
restricted ability to productively infect a wide range of host cells. They frequently establish 
latency and avoid or downregulate the immune response through various and complex 
mechanisms, mediated by proteins encoded in their genome. It is possible that nonclassical 
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pathways of antigen presentation that occur in certain professional APC evolved to deal 
with such viruses that avoid their infection. Examples in this category are viruses such as 
CMV or herpes simplex, which produce proteins that downregulate the expression of Class 
I molecules and, consequently, of epitope presentation to CDS+ T-cells (York et al., 1994; 
Gilbert et al., 1996). It is noteworthy that the immune system has other effectors such as NK 
cells that recognize virally infected cells through other mechanisms (Yokoyama, 1998). 
However, numerous DNA viruses successfully avoid immune-mediated elimination and 
establish chronic infections. Not all viruses can be easily classified in one of these two 
categories. A particular exception to the rule is represented by retroviruses that establish 
chronic infection in lymphoid cells: Whereas latency is associated with integration of the 
reversely transcribed genome, the subsequent productive stage leads to the death of 
lymphocytes and severe immune suppression. Another exception is measles virus, an RNA 
virus that is a member of the family of Paramyxoviridae, which profoundly impairs the 
ability of the host to mount Th1 immune responses during certain stages of infection 
(Grosjean et al., 1997). 

Two major strategies have been previously employed to induce protective immunity 
against viruses. First is inoculation of killed microbes that, in spite of good humoral 
responses, display poor ability to induce protective T-cell responses. In particular, killed 
vaccines do not generate virus-specific CTL that plays crucial roles during recovery from 
infection or protection against reinfection with variant strains. In the same category are 
subunit and peptide-based vaccines. The lower efficiency of these types of vaccines is 
mainly due to the absence of nucleic acids that play adjuvant roles and to a more limited 
number of epitopes. 

Live attenuated vaccines have the advantage of inducing good CTL responses, as well 
as humoral and Th responses. This is due to the fact that attenuated microbes are still 
capable of infecting certain host cells including APC, a process that is followed by the 
generation of peptide-Class I complexes as well as Thl-inducing signals. Significant side 
effects can occur in immune depressed individuals such as children and aged. The process 
of virus attenuation is therefore central to producing such vaccines. 

The continuous search for a new generation of vaccines against viruses is fueled by 
certain factors: (1) the lack of effective vaccines against certain viruses (i.e., retroviruses, 
herpes viruses); (2) the limited performance of licensed vaccines (i.e., influenza virus); 
(3) the potential limited performance or expected side effects of candidate vaccines based 
on conventional strategies (i.e., live-attenuated HIV vaccine; live-attenuated influenza 
virus vaccine). Plasmid-based expression vectors display a few characteristics that have 
made them attractive as a new candidate strategy for designing antiviral vaccines. First, 
DNA vaccines are able to elicit significant CTL responses that are important for recovery 
from viral infections, being superior in this concern over the killed vaccines. The ability of a 
vaccine to trigger both antibodies and CTL is very likely to enhance dramatically its 
protective effects. Furthermore, CTL induction occurs in the absence of vector replication, 
as is usually the case with live attenuated vectors. Sometimes even limited replication of 
attenuated viruses may lead to side effects or serious disease if virulent strains emerge. 
Furthermore, the construction of plasmid-based vaccines should be faster compared to 
generation of attenuated virus strains that usually require multiple cell culture passages. A 
potential advantage of DNA vaccines may be the poor negative interference of preformed 
antibodies that may seriously affect the boosting performance ofT-cell response in the case 
of live, attenuated vaccines, or the immunogenicity of vaccines given to neonates born of 
immune mothers. Another characteristic that makes DNA vaccines good candidates for 
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antiviral vaccines is their ability to trigger Thl responses based on the adjuvant ability of 
unmethylated CpG motifs or immune stimulatory sequences. It is widely thought that 
whereas Thl immunity favors protective cellular responses against viruses, Th2 responses 
are detrimental. Published and emerging studies pinpointed the species-specific, strong 
adjuvant effect of unmethylated CpG motifs, manifested through enhancement of antibody 
response and IFN--y production by specific T-cells primed by simultaneous injection of 
protein antigens (Klinman et al., 1999a). The effects of CpG motifs on natural immunity are 
persistent, thus justifying a certain interest in using these immune stimulatory elements as 
"broad vaccines" that arm the innate response against virulent microbes (Klinman et al., 
1999b ). The characterization of primate-specific immune stimulatory CpG motifs is a sub
ject of interest for multiple groups. Two features of DNA vaccines await further character
ization or improvement: first, potential side effects due to the injection of recombinant 
DNA, namely, mutagenesis or autoimmunity; and second, the modest magnitude of im
mune response requiring multiple boosts, high plasmid doses, or alternative strategies of 
inoculation. 

During the past years, following the demonstration that inoculation of plasmid-based 
expression vectors leads to transgene expression as well as immunity (Tang et al., 1992), 
many studies have addressed the potential of this new vaccination technique to generate 
protective immunity in animal models of virus infection. At the present, immune response 
and/or protection elicited by plasmid-expressing antigens from more than thirty viruses 
have been studied (Table 5.1). For the sake of clarity, we have used the genetic classification 
of viruses in order to approach in a more detailed manner the characterization of immunity 
induced by DNA vaccination. Each section begins with a brief introduction regarding the 
biological and clinical significance of a particular category of viruses, immune responses, 
followed by presentation of DNA vaccination approaches in experimental models and 
conclusions or perspectives in context of alternative immunization strategies. 

5.2. IMMUNE RESPONSES AGAINST RNA VIRUSES ELICITED BY 
GENETIC IMMUNIZATION 

We approach the issue of DNA vaccination against RNA viruses taking into consid
eration the genetic classification of RNA viruses: (1) the single-stranded, negative-sense 
RNA viruses (important pathogens: influenza virus, measles virus, rabies virus, Ebola 
virus); (2) the single-stranded, positive-sense RNA viruses (important pathogens: encepha
litis viruses, hepatitis C and E viruses); (3) the double-stranded RNA viruses (i.e., rota
viruses); and (4) the retroviruses. 

5.2.1. Negative-Sense, Single-Stranded RNA Viruses 

This category of RNA viruses contains important human and animal pathogens. 
Members of the family of Orthomyxoviridae, such as influenza virus, or Paramyxoviridae, 
such as measles, parainfluenza, mumps and respiratory syncytial virus, are responsible for 
common illnesses throughout the world. Usually, these infections are transmitted via 
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Table 5 .I. Experimental Models for Genetic Immunization against Viral Infectious Diseases 

RNA viruses 

DNA viruses 

Subviral agents 

Single-stranged and negative sense 
Orthomyxoviridae 
Paramyxoviridae 

Rhabdoviridae 

Arenaviridae 
Filoviridae 

Single-stranded and positive sense 
Flaviviridae 

Picornaviridae 

Coronaviridae 
Unclassifiedh 

Double-stranded 
Reoviridae 

Retroviruses 
Retroviridae 

Hepadnaviridae 

Herpesviridae 

Papovaviridae 

Influenza virus 
Measles virus 
Newcastle disease virus" 
Sendai virus" 
Bovine RSV" 
Rabies virus 
Infectious hematopoietic necrosis virus" 
LCMV 
Ebola virus 

Hepatitis C virus 
St. Louis encephalitis virus 
Dengue virus 
Tick -borne encephalitis virus" 
Japanese encephalitis virus" 
Russian spring to summer encephalitis virus 
Bovine viral diarrhea virus" 
Encephalomyocarditis virus" 
Foot-and-mouth disease virus" 
Infectious bronchitis virus*" 
Hepatitis E virus 

Rotaviruses 

HIV 
SIV* 
FIV* 
HTLV 
Cas-Br-M murine leukemia virus 
HBV 
Duck HBV" 
Bovine herpes virus" 
Herpex simplex virus 
Cytomegalovirus 
Pseudorabies" 
Papilloma virus 
Prions 

"Presently not associated with human disease but pathogenic for certain species. 
•Formerly classified in the family of Caliciviridae. 
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aerosols, have acute evolution, are self-limited, and do not lead to life-threatening diseases. 
However, some populations such as infants and aged individuals, are prone to develop 
serious syndromes and, in certain conditions, lethal complications. Other families that 
contain important animal pathogens are the Rhabdoviridae, Filoviridae, Bunyaviridae, and 
Arenaviridae. Occasionally, transmission to humans of viruses that are members of these 
families, such as rabies, Marburg, Ebola, or Hantaan virus, is followed by dramatic clinical 
syndromes and even epidemics associated with high morbidity and mortality. Thus, in 
general, the development of effective vaccines against single-stranded RNA viruses of 
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negative sense has threefold importance, according to the pathogen that is addressed: (1) It 
may prevent epidemics (i.e., influenza virus); (2) it protects animals against widespread 
zoonotic infections (i.e., rabies virus); and (3) it protects humans against rare but lethal 
infections due to accidental exposure to animal viruses (i.e., Ebola virus, rabies virus). 

5.2.1.1. Genetic Immunization against Influenza Virus 

Influenza virus continues to represent a serious health problem throughout the world. 
The segmented RNA genome of influenza virus allows an exquisite mechanism of genera
tion of new strains that avoid or delay immune recognition by virtue of antigen variation. 
Animal reservoirs such as pigs and birds are sources of influenza virus strains that can 
exchange gene segments with. human adapted strains during coinfection of the same 
organism, leading to shift variants of the original strains. Usually, the emergent shift 
variants that are able to infect humans carry new envelope genes of a distinct subtype, 
avoiding the immune recognition by preformed antibodies. Most frequently, internal 
proteins are highly conserved, assuring recognition and virus elimination by CTL. How
ever, since new shift variants bear modified B-cell and Th epitopes, the human population is 
highly susceptible to infection and the accompanying respiratory disease. The ability of 
influenza virus to propagate via aerosols enhances the probability of pandemics due to shift 
variants. In rare instances, the emergence of new strains with unusually high virulence leads 
to increased morbidity and mortality, the first segment of population affected being young 
and aged humans. 

Since orthomyxoviruses and, in general, the RNA viruses lack advanced genetic 
proofreading mechanisms, the rate of point mutations is relatively high, on the order of 
w-4 . This facilitates selection of new drift variants that bear mutated B-cell epitopes and 
are responsible for endemic perpetuation. The pneumonia that accompanies influenza virus 
infection is dependent on the virulence of that particular strain and on both the kinetics and 
magnitude of the immune response. For example, highly virulent strains with increased 
ability of replication in a wider range of host cells lead to a more rapid virus spread and host 
cell destruction. The kinetics and magnitude of immune response directly depend on the 
frequency of specific B- and T-cell precursors as well as their type. For example, T-cell 
memory subsets are thought to comprise expanded populations of T-cells, independent of 
antigen-persistence, as well as T-cells dependent on continuous antigen stimulation. 
Whereas the first type ofT-cells resemble the naive population, the second type is endowed 
with higher ability to respond to antigens, including lower activation threshold and faster 
differentiation to effector cells. Since the T-cell compartment plays a crucial role in the 
response against influenza viruses by allowing the induction of neutralizing antibodies as 
well as contributing directly to the formation of CTL and cytokine-producing cells, an 
important component of anti-influenza vaccines should be the T-cell epitopes. T-cell 
epitopes, especially CTL epitopes, are important from another point of view: Whereas the 
major Class I restricted epitopes are encoded by internal proteins and are therefore 
conserved among different subtypes, the neutralizing B-ee!! epitopes, as well as dominant 
Th epitopes, are expressed by hemagglutinin (HA) and neuraminidase (NA), and are 
therefore subject to drift and shift variation. Consequently, anti-influenza vaccines that do 
not elicit CTL memory have limited protectivity against certain strains or close variants. 
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This is indeed the case with the killed influenza vaccine or subunit vaccine that require 
periodic administration in anticipatory manner. Importantly, even in the absence of B-cell 
responses, the T-cell immunity is able to mediate protective responses to influenza virus 
(Bot et al., 1996b). In spite ofthe fact that T-cell immunity by itself is not able to prevent 
the infection, which is the attribute of preformed neutralizing antibodies, it limits the virus 
replication and mediates its elimination. Thus, vaccines that induce memory CTL, as well 
as Th and B-cells, display increased protection against homologous virus. Also, and more 
importantly, they show enhanced protection against drift and shift variants that may lead to 
decreased morbidity and mortality, circumventing the obvious limitation of prediction 
accuracy as well as the natural drift variation during pandemics. These are among the most 
important reasons for promoting the study of DNA and live attenuated vaccines as immuni
zation strategies against influenza virus, alternative to conventional killed or subunit 
vaccmes. 

The first published study on DNA immunization in influenza virus (Ulmer et al., 1993) 
was important in two ways. First, it was the first report that showed protection ability in an 
infectious model of a vaccine prototype entirely based on DNA. Second, the expression 
vector encoded nucleoprotein (NP) of influenza virus that primed CTL immunity against a 
heterologous strain. Subsequent studies confirmed the generation of CTL as well as 
antibody immunity following intramuscular inoculation of plasmid DNA expressing NP 
(Yankauckas et al., 1993; Montgomery et al., 1993). Furthermore, it was shown that protec
tion in mice is mediated by CDS+ T-cells and the immunity persists at least 1 year 
postvaccination (Yankauckas et al., 1993). Subsequent studies showed that CTL priming 
followed NP delivery in mice by alternative strategies: administration of Semliki Forest 
virus based RNA vaccine (Zhou et al., 1994); and intradermal or gene-gun immunization 
with plasmids expressing NP (Raz et al., 1994; Pertmer et al., 1995). These studies showed 
that the dermal route seems to be roughly ten times more effective based on the dose
response profile in generating protective immune responses following DNA inoculation. 

Subsequent studies employing DNA immunization with plasmids expressing NP of 
influenza virus were used to answer important questions regarding this vaccination strategy 
(Table 5.2). Thus, is was shown that different means of plasmid delivery lead to nonidenti
cal Th profiles. Whereas intramuscular inoculation of DNA leads to Th1 responses, 
intradermal administration leads to mixed Thlffh2 responses (Pertmer et al., 1996). More 
recent studies addressed the mechanism of CTL priming in mice inoculated with plasmids 
expressing NP: Independent groups showed that bone-marrow-derived cells are crucial for 
priming NP-specific CTL (Corr et al., 1996; Fu et al., 1997b). An NP-expressing plasmid 
was used for the first time to demonstrate that neonatal immunization with DNA induces 
protective responses against a virus (Bot et al., 1996a). In an effort to address the role of 
dominant CTL epitopes in the protection conferred by plasmids expressing NP, novel 
immunorecessive CTL epitopes were defined by mutating anchor residues of a major Class 
I epitope (Fu et al., 1997a). Recently, DNA immunization ofiFN-'Y deficient mice revealed 
a protective role for this cytokine during the recall response against influenza virus (Bot et 
al., 1998b). All these studies underlined the versatility of the NP-based experimental system 
in addressing a large spectrum of fundamental questions. 

Parallel with the studies addressing immune responses to plasmids expressing NP, 
there was tremendous interest in describing the immune response following administration 
of DNA-based expression vectors encoding HA of influenza virus. First attempts to 
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Table 5.2. Immune Responses and Protection against Infection Subsequent 
to Genetic Immunization with Plasmids Expressing Influenza Virus Antigens 

Species 

Mice 

Chickens 
Ferrets 

Nonhuman primates 

Pigs 

ND, not determined. 

Antigen 

Nucleoprotein 

Hemagglutinin 

Plasmid mixture 
(HA + NP) 

Hemagglutinin 
Hemagglutinin 
Plasmid mixture 

(MI + HA + NP) 
Plasmid mixture 

(MI + HA + NP) 
HA + NP 

Immunity 

Abs, CTL 
Abs, Th 
Abs 
Abs, Th 
Abs, Th, CTL 

Abs 
Abs 
Abs 

Abs 

Abs 

Protection Reference 

Yes Ulmer et al., 1993 
ND Pertmer et al., 1996 
Yes Montgomery et al., 1993 
ND Feltquate et al., 1997 
Yes Bot et al., 1998a 

Yes Robinson et al., 1993 
Yes Donnelly et al., 1995 
Yes Donnelly et al., 1995 

ND Donnelly et al., 1995 

Yes Macklin et al., 1998 

immunize with plasmids expressing HA were carried out in chickens, using an antigen from 
an H7 avian strain (Robinson et al., 1993; Fynan et al., 1993b). The intramuscular immuni
zation was followed by induction of small antibody titers but significant protection after 
infectious challenge with the homologous strain. The proof of concept regarding effective
ness of plasm ids expressing HA was simultaneously obtained in mice (Montgomery et al., 
1993). A subsequent study showed that protective immunity against homologous challenge 
in the avian experimental system can be obtained by delivering the plasmid intra
muscularly, intravenously, intratracheally or intradermally, by gene-gun (Fynan et al., 
1993b). Gene-gun-based inoculation of plasmid expressing HA into chickens, led to B-cell 
memory cells that persisted for over a year in the spleen and bone marrow (Justewicz and 
Webster, 1996). More recently, it was shown in avian (Kodihalli et al., 1997) as well as 
mouse models (Bot et al., 1997a) that genetic immunization with HA induces protective 
immunity against drift variants. The mechanism of protection most likely involves the 
priming of Th cells against major Class II epitopes as well as antibodies against few 
conserved B-cell epitopes. However, as expected, HA immunization constantly failed to 
prime protective responses against shift variants. Intramuscular inoculation of HA plasmid 
was shown to induce a Th1-biased response (Deck et al., 1997; Bot et al., 1997b). In 
contrast, gene-gun inoculation in the skin or muscle of HA-expressing plasmid was 
followed by responses characterized by a Th2 profile (Feltquate et al., 1997). 

Compared to live virus immunization, DNA immunization with HA-expressing plas
mids leads to lower antibody titers (Boyle et al., 1996; Bot et al., 1997b). However, the 
efficacy of HA-expressing plasmids compared to the killed virus seems to be equal or 
superior, particularly in newborn mice (Deck et al., 1997; Antohi et al., 1998). Furthermore, 
although NP has the advantage of generating cross-reactive immunity against shift variants, 
HA-expressing plasmids were found to give higher protective levels (Robinson et al., 1997; 
Macklin et al., 1998). Besides questions related to the immunogenicity of HA-based DNA 
vaccination in newborns (Antohi et al., 1998; Bot et al., 1999), we have employed studies 
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aimed at characterizing the responsiveness of aged mice (Radu et al., 1999). Despite the 
well-documented defective response of aged organisms to conventional influenza virus 
vaccines, DNA vaccination with HA of 2-year-old mice resulted in protective immunity, 
similar to the DNA vaccination of young mice. Not taking into account the advent of gene
gun delivery, there have been attempts to improve the effectiveness of DNA vaccines 
against influenza virus in three ways: (1) mucosal administration of DNA based on the 
assumption that a local immune response is more effective (Banet al., 1997; Macklin et al., 
1998); (2) coadministration of HA-expressing plasmid with a plasmid encoding IL-6 as 
costimulatory cytokine (Larsen et al., 1998); and (3) coadministration of plasmid
expressing HA and internal proteins (Donnelly et al., 1995, 1997; Bot et al., 1998a). The 
latter strategy was shown to induce significant responses in nonhuman primates as well as 
to protect against heterologous challenge in ferrets (Donnelly et al., 1995). A DNA-based 
prototype vaccine eliciting HA-specific neutralizing antibodies, as well as CTL against Ml 
and NP proteins, was found to be more effective than the licensed vaccine, against chal
lenge with a drift variant, and as effective against homologous virus (Donnelly et al., 1997). 

In spite of the continuous accumulation of information regarding safety and immuno
genicity of DNA-based vaccines in preclinical models, the transition to clinical trials may 
pose a few problems, particularly regarding the case of influenza virus: First, the risk/ 
benefit ratio may not yet be favorable for a rapid implementation of plasmid vaccines 
against influenza virus; second, the design of human clinical trials should take into account 
the noise level due to previous natural exposure to virus; and third, the delivery strategy and 
formulation should minimize the quantity of administered DNA while optimizing the 
response. 

5.2.1.2. Genetic Immunization against Paramyxoviridae 

Members of this family are grouped in two subfamilies, Paramyxovirinae and Pneu
movirinae, based on morphological criteria, genome organization, and biological role of 
the proteins. Paramyxovirinae contain three genera, depending on the presence of hemag
glutinin and neuraminidase: Paramyxovirus, Rubulavirus, and Morbilivirus. In each genus 
of Paramyxovirinae there are important human pathogens that affect especially infants and 
children. 

Parainfluenza viruses (genus Paramyxovirus), which are very heterogenous from an 
immunological point of view, are responsible for 30-40% of all acute respiratory infections 
in infants and children. However, the clinical syndromes associated with parainfluenza 
infection are usually mild. The protective immunity is thought to comprise IgA local 
antibodies that do not usually persist more than three months postinfection, allowing for 
reinfections with similar or different strains. Sendai virus, the mouse parainfluenza virus 
Type I, is widely used as an experimental model for studying the immune response to this 
category of viruses. 

Mumps virus, a member of the genus Rubulavirus, displays tropism for salivary 
glands and epithelioid cells, leading to a common and self-limited childhood disease. Virus
specific IgG antibodies are thought to provide lifelong protection, although reinfections 
may occur. Active vaccination is recommended for all children at fifteen months of age 
and is provided by one of the components in the currently employed trivalent vaccine 



60 CHAPTER 5 

(against mumps, measles, and rubella). This live attenuated vaccine obtained by tissue 
culture passage provides protection from disease but does not prevent infection, due to the 
suboptimal antibody titers that are elicited. Newcastle disease virus is a member of the 
genus Rubulavirus and is a known avian pathogen. 

The most prominent human pathogen of the genus Morbilivirus is measles virus, 
which leads to a childhood infection manifested by affliction of respiratory tract, lymphoid 
system, skin, and sometimes the central nervous system. There are two particularities of 
measles virus: First, following the binding to CD46 antigen on professional APC, measles 
induces acute immune depression associated with Th2-type cytokines, leading to increased 
susceptibility to secondary but sometimes lethal infections (Grosjean et al., 1997); second, 
in rare circumstances, defective measles virus persists a long time in the central nervous 
system, leading to a severe syndrome called subacute sclerosing panencephalitis. In spite 
of the availability of a live attenuated vaccine that markedly diminished the incidence of 
measles infection in developed countries, measles remains an important health problem in 
developing countries, due especially to the associated immune depression that predispose 
infected children to secondary infections. The live vaccine elicits effective immunity by 
inducing antibody titers that persist more than 18 years in most of the recipients. However, 
since the response in 5% of the vaccinated children is suboptimal, a boost at ages of 4-6 
years is recommended. Cellular immunity is probably involved in the recovery from 
primary infection and may confer resistance at the port of entry. 

Pneumovirinae, composed of a single genus, the Pneumoviruses, differ from Para
myxovirinae regarding both the number of proteins and the attachment protein. They con
tain a prominent human pathogen, namely, respiratory syncytial virus, which is a leading 
cause of severe respiratory infections in newborns and infants. Vaccination against respira
tory syncytial virus poses an important challenge, since even natural infection does not 
confer protective immunity. Moreover, there is some evidence that immune pathology may 
participate in the disease. The role of cellular immunity is still poorly understood. In spite of 
the occurrence of secretory and serum antibody responses, as well as cellular immunity, 
reinfection is still possible. Based on the empirical observation that the magnitude of 
disease upon reinfection is lower when secretory antibody titers are higher, there are 
attempts to generate vaccines. Ongoing effort is aimed at generating attenuated virus strains 
by introducing mutations in genes responsible for virulence, using reverse genetics. The 
same genus contains viruses that affect other species in a related manner, for example, the 
bovine respiratory syncytial virus. 

Regarding the viruses from the family Paramyxoviridae, DNA vaccination efforts at 
preclinical levels focused mostly on immunization against measles virus (Table 5.3). One 
driving force behind the creation of a new vaccine against measles virus is the low 
availability of the licensed live, attenuated vaccine in countries that cannot afford proper 
cold-chains. An early study attempted to generate protective immunity against measles 
virus by DNA immunization of mice with a plasmid-encoding NP. However, in spite of 
the significant titers of NP-specific IgG antibodies generated by DNA immunization, no 
significant protection against a mouse-adapted measles virus strain was noted (Fooks et al., 
1996). Another study showed the induction of specific antibodies as well as CTL after 
mouse immunization with plasm ids expressing HA or NP of measles virus (Cardoso et al., 
1996). The immunogenicity of DNA vaccines in terms of neutralizing antibodies was soon 
extended to the fusion glycoprotein of measles virus (Yang et al., 1997). More importantly, 
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Table 5.3. Immune Response against Plasmids Expressing Antigens of Paramyxoviridae 

Virus Antigen Species Immunity Reference 

Measles virus NP Mice Abs Fooks et al., 1996 
NP or HA Mice Abs or CTL Cardoso et al., 1996 
HA or fusion Mice and rabbits Abs Yang et al., 1997 

glycoprotein 
Newcastle disease F protein Chicken Abs Sakaguchi et al., 1996 

virus 
Bovine respiratory G protein Calves Protective" Schrijver et al., 1997 

syncytial virus 
Sendai virus NP Mice Abs, Th, and CTL Martinez et al., 1997 

•Read out by assessing protective ability of immunization against infectious challenge. 

this study showed that rabbits immunized with plasmids expressing HA or fusion proteins 
developed significant titers of virus-neutralizing antibodies. A recent report described the 
profile ofTh cells induced in mice by vaccination with a plasmid-expressing HA of measles 
virus, at various stages during ontogeny (Martinez et al., 1997). There were attempts to 
induce local immunity by mucosal administration of a plasmid-expressing measles HA. 
Thus, intranasal or buccal administration of plasmid induced significant systemic CTL 
activity (Etchart et al., 1997). 

A vaccine against Newcastle disease virus has potential veterinary implications. One 
study demonstrated that immunization of one-week-old chickens with plasmid expressing 
the F protein of Newcastle disease virus led to antibody induction and a degree of protection 
that was evident only two months later (Sakaguchi et al., 1996). However, interestingly, 
only the linear plasmid was immunogenic and the immune response was increased by a 
formulation containing Lipofectin, a substance that facilitates transfection. 

Another vaccine of veterinary use is that against bovine respiratory syncytial virus 
(BRSV). A recent study aiming to characterize the protective efficiency of a plasmid
expressing G protein of BRSV showed that whereas DNA immunization significantly 
lowered the virus shedding after challenge of calves with BRSV, the degree of protection 
was lower than that afforded by a live recombinant vaccine (Schrijver et al., 1997). This 
report may be considered a prelude to future studies that will probably address the problem 
of effective immunization against human respiratory syncytial virus, from the point of view 
of DNA vaccination. 

The experimental model of Sendai virus, albeit of low practical significance, was 
employed to answer some general questions regarding DNA immunization. First, a study 
addressed the dependency of immune response generated by a plasmid expressing NP of 
Sendai virus, on the age of inoculation. It was shown that DNA vaccination of mice with 
NP can induce CTL, antibodies, and Th cells even if applied during the earliest stages of 
postnatal development (Martinez et al., 1997). A more recent study confirmed the immuno
genicity of DNA vaccination with NP of Sendai virus and demonstrated a significant 
protection against lethal challenge (Chen et al., 1998). This study suggested that there are 
no apparent differences between CTL generated by DNA immunization or nasal infection 
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with Sendai virus, regarding the precursor frequency and the fine specificity for dominant 
and subdominant epitopes. 

5.2.1.3. Genetic Immunization against Other Single-Stranded RNA Viruses 
of Negative Sense 

Rhabdoviruses are probably the most widespread viruses in nature, infecting plants as 
well as invertebrate and vertebrate species. Rabies virus (Lyssavirus genus) infects wild 
carnivores and occasionally dogs, cats, cattle, and humans. Since the clinical syndrome 
associated with rabies infection is frequently dramatic, with affliction of central nervous 
system and increased lethality, effective vaccination against this particular pathogen is 
important especially in the individuals that may come.in contact with the virus. The 
correlation between virus-specific lgG antibodies and protection is known. However, virus 
exposure usually requires passive administration of immune globulin, since active immuni
zation with the rabies virus vaccine grown in human cells is limited to risk categories. 

The rabies virus was among the first microbes studied from the point of view of 
immunogenicity and protection ability of DNA vaccines (Table 5.4). An early study 
showed the induction of cellular and humoral responses after immunization of mice with a 
plasmid expressing the rabies virus glycoprotein (Xiang et al., 1994). Furthermore, the 
same study reported that DNA vaccination was protective against challenge with rabies 
virus. A second report from the same group showed that the immunity after DNA immuni
zation was long-lasting and side effects such as tolerance or autoimmunity were not 
apparent (Xiang et al., 1995a). An independent group recently reported similar results that 
confirm the immunogenicity and protection ability of plasmid vaccines expressing the 
rabies virus glycoprotein (Ray et al., 1997). As a new element, intradermal inoculation of 
plasmid was at least ten times more effective than intramuscular administration, based on 
the dose-effect relationship (Ray et al., 1997). Taking advantage of the rabies virus experi
mental model, Xiang and Ertl (1995b) were among the first to demonstrate that coinocula
tion of plasm ids expressing virus antigens and cytokines augments the immune responses. 
Thus, whereas coinoculation of plasmids expressing rabies glycoprotein and GM-CSF led 

Table 5.4. Genetic Immunization against Viruses 
from the Families of Rhabdoviridae, Arenaviridae, and Filoviridae 

Virus (Family) 

Rabies virus 
(Rhabdoviridae) 

Infectious 
hematopoietic 
necrosis virus 
(Rhabdoviridae) 

LCMV (Arenaviridae) 

Ebola virus (Filiviridae) 

Antigen Species 

GP Mice 

GP or GP + NP Rainbow trout 

NP or GP Mice 

NP or GP Guinea pig 

Immunity 

Abs, Th, CTL 

Abs 

Abs, CTL 

Abs, T-cells 

Reference 

Xiang et al., 1994 

Anderson et al., 1996a 

Yokoyama et al., 1995 
Martins et al., 1995 
Zarozinski et al., I 995 
Xu et al., 1998 
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to enhanced T- and B-cell immunity, coadministration of a plasmid expressing IFN--y un
expectedly resulted in a decrease of the immune response. 

Another member of the family of Rhabdoviruses is the infectious hematopoietic 
necrosis virus that infects fish and sometimes causes important economical problems. The 
study of gene expression and immunogenicity of plasmids in fish led to remarkable results, 
showing that inoculation of the firefly luciferase gene under fish or virus promoters into the 
skeletal muscle of rainbow trout led to local protein expression for at least three months 
(Anderson et al., 1996b). The initial early promoter of CMV was more effective than fish 
promoters in driving the gene expression. Furthermore, inoculation of plasmids that 
express the glycoprotein and nucleoprotein of infectious hematopoietic necrosis virus led to 
antibody responses and, importantly, to protection of fish against virus challenge (Ander
son et al., 1996a). 

The family Arenaviridae contains human pathogens such as Lassa, Junin, Machupo, 
and Guanarito viruses that often cause fatal infections. The spread from rodents probably 
occurs via aerosols. Infection generates antibodies and memory T-cells that effectively 
protect against reinfections. Based on this observation, a live attenuated vaccine against 
Junin virus has been obtained and successfully tested. In the case ofLassa fever, transfer of 
antibodies obtained from late-convalescent humans protect laboratory animals against 
disease. Lymphocytic choriomeningitis virus (LCMV), a member of the Arenaviridae 
family, has been studied for more than a half a century in infected mice. Cellular-mediated 
immunity plays an important role in the recovery from LCMV infection of laboratory 
animals. Accidental LCMV transmission to humans may cause from very mild flu-like 
symptoms to severe disease associated with meningitis. Although studies are still scarce 
regarding DNA vaccination against arenaviruses that are significant pathogens for humans, 
immunization against LCMV was very thoroughly investigated (Table 5.4). Early reports 
showed the immunogenicity in terms of antibodies and CTL of plasmids expressing viral 
glycoprotein or nucleoprotein of LCMV (Yokoyama et al., 1995; Zarozinski et al., 1995). 
Furthermore, plasmid vaccination allowed significant protection against subsequent chal
lenge with LCMV. Another study explored the ability of DNA immunization with a 
plasmid-expressing nucleoprotein of LCMV to confer protection against virus strains of 
LCMV that infect mice in a persistent manner (Martins et al., 1995). In spite of the fact 
that a significant percentage of the immunized mice displayed reduced titers and eventual 
clearance of virus, the immune responses were not detectable before infection, suggesting 
that DNA immunization is weaker compared to live virus immunization. In an effort to 
improve the immunogenicity of DNA immunization with NP of LCMV, it was more 
recently shown that fusing the NP gene to an ubiquitin motif enhanced the generation of 
Class I epitope complexes an·d thus the CTL response (Rodriguez et al., 1997). The study of 
DNA immunization of mice with plasmids expressing NP of LCMV led to two other 
important observations: First, DNA inoculation is generally followed by a significant but 
localized inflammatory response (Yokoyama et al., 1997); second, the priming of CTL by 
neonatal DNA vaccination is not necessarily inhibited by maternal antibodies (Hassett et 
al., 1997). 

The family Filoviridae contains two extremely virulent viruses that cause lethal 
infections in humans, namely, Marburg and Ebola virus. These viruses only accidentally 
infect human hosts and rapidly lead to widespread organ damage associated with external 
and internal bleeding due to intravascular disseminated coagulation. There is ongoing effort 
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in delineating the mechanisms of protective immunity against these viruses and designing 
effective vaccines for high-risk individuals. Recently, a study carried out in guinea pigs 
showed that plasmids expressing viral nucleoprotein or glycoprotein ofEbola virus elicited 
significant titers of antibodies (Xu et al., 1998). Furthermore, the immunized animals were 
protected against challenge in a manner dependent on the glycoprotein-specific humoral 
and cellular response. 

5.2.2. Genetic Vaccination against Single-Stranded RNA Viruses of Positive Sense 

This category of RNA viruses contains important human pathogens: encephalitis 
viruses (Flaviviruses), hepatitis viruses (hepatitis C and E viruses), and viruses from the 
family of Picornaviridae. 

5.2.2.1. Genetic Immunization against Flaviviridae 

The family Flaviviridae contains two genera: Flavivirus and Pestivirus. The first 
genus contains human and animal pathogens, and the second contains animal pathogens. 
Besides these two genera, hepatitis C virus (unnamed genus), an important human patho
gen, is part of the family Flaviviridae. Flaviviruses, like dengue viruses, St. Louis encepha
litis virus, tick-borne encephalitis viruses, and Japanese encephalitis virus, are transmitted 
between vertebrates by insect vectors. The cytolytic replication of encephalitis viruses in 
the local lymph nodes may be followed in certain circumstances by central nervous system 
invasion, replication in neurons and glial cells, and severe associated inflammation. 
Pestiviruses (i.e., Bovine viral, diarrhea virus) infect only animals, are transmitted by direct 
or indirect contact, and lead to mucosal replication and associated disease. Hepatitis C 
virus, a human pathogen that is transmitted via blood or bodily secretions, is responsible for 
acute as well as chronic hepatic infectious disease. 

In spite of the wide spectrum of antibodies generated following infection with a 
particular flavivirus, only certain epitopes on E protein may confer protection. Conse
quently, acquired immunity does not mediate heterologous protection. However, cellular 
immunity, together with antibody-mediated cellular cytotoxicity directed against NS-1, 
may help during the recovery phase. Killed vaccines are available against Japanese enceph
alitis and tick-borne encephalitis in endemic regions. In the case of yellow fever, there is a 
highly effective live-attenuated vaccine (strain 17D). One of the major targets for the 
development of vaccines is dengue fever: Both live attenuated and recombinant subunit 
vaccines are explored in laboratories. No vaccine is available in the case of St. Louis 
encephalitis, although the disease is being addressed by controlling the vector. 

Because of the clinical implications, the effectiveness of genetic immunization against 
hepatitis C virus generated an increased interest. Another factor that complicates the 
development of vaccines is the high variability of the envelope epitopes, focusing the 
immunization efforts to internal proteins. Finally, predicting the protective ability of 
vaccines against hepatitis C virus is a difficult task, since the only reliable experimental 
model is the chimpanzee. Early studies reported the immunogenicity of plasmids express
ing the core antigen (Lagging et al., 1995) or nucleocapsid (Major et al., 1995), when 
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Virus 

Hepatitis C virus" 

St. Louis encephalitis 
virush 

Dengue virush 
Tick-borne encephalitis 

vi rush 

Japanese encephalitis 
virush 

Bovine viral diarrhea 
vi ruse 

•U nnamed genus. 
"Genus Flavivirus. 
'"Genus Pestivirus. 

Table 5.5. Genetic Immunization against Flaviviridae 

Antigen Species Immunity 

Core protein Mice Abs, Th, CTL 

Nucleocapside Mice Abs 
E2 glycoprotein Mice Abs 
E I, E2, and core protein Mice Abs, CTL 
prM/E Mice Abs 

PreM and E protein Mice Abs 
Nonstructural proteins Mice Protective 

immunity 
prM and E proteins Mice Abs 
prM + E or NS1 Mice Abs 

proteins 
gp53 (E2) Mice Abs 

References 

Lagging et al., 1995 
Chen et al., 1995 
Major et al., 1995 
Tedeschi et al., 1997 
Saito et al., 1997 
Phillpotts et al., 1996 

Kochel et al., 1997 
Mitrofanova et al., 1997 

Schmaljohn et al., 1997 
Lin et al., 1998 

Harpin et al., 1997 

inoculated into mice (Table 5.5). However, whereas the core antigen-expressing plasmid 
generated antibodies, Th and CTL, the nucleocapsid was immunogenic only when adminis
tered as a fused construct with hepatitis B virus antigens. A subsequent report confirmed the 
strong CTL response to the core antigen when administrated in the form of DNA vaccine, 
using an in vivo tumor challenge strategy (Tokushige et al., 1996). Further work focused on 
testing plasmids that express envelope antigens. Thus, mouse immunization with a plasmid 
encoding the E3 protein led to antibody priming (Tedeschi et al., 1997). However, the fine 
specificity of these antibodies excluded the hypervariable region that is thought to carry 
protective epitopes. 

A subsequent study, while confirming the immunogenicity of envelope antigens, 
underlined a dominant role for the core protein in generating CTL immunity by DNA 
immunization (Saito et al., 1997). A recent study attempted manipulation of the immune 
response to a plasmid expressing the core antigen by coadministration of cytokine
expressing plasmids (Geissler et al., 1997a). Thus, while IL-2 and GM-CSF significantly 
increased the humoral and cellular responses, IL-4 displayed a suppressor effect on CTL 
generation. Since a significant drawback of experimental analysis of protection afforded by 
DNA vaccination against HCV is the lack of small animal models of infection, recently, an 
HLA-A2.1-transgenic mouse model has been developed (Arichi et al., 2000). DNA vac
cination with the core antigen of such transgenic mice bearing the aforementioned human 
HLA allele resulted in long-lasting CTL immunity, able to mediate significant but not 
sterile protection against a recombinant vaccinia virus expressing the core antigen of HCV. 

A few studies explored the possibility of inducing immunity against tick-borne 
encephalitis viruses by DNA immunization. A carefully designed study demonstrated that 
gene-gun immunization of mice with plasmids expressing the prM and E antigens of two 
different strains of tick-borne flavivirus, namely, Russian spring-summer encephalitis or 
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Central European encephalitis virus, generated protective humoral immunity against ho
mologous and heterologous challenge (Schmaljohn et al., 1997). Another study demon
strated the protective ability of plasmids expressing nonstructural proteins of tick-borne 
encephalitis viruses when inoculated into BALB/c mice (Mitrofanova et al., 1997). 

A recent report describes the immunogenicity of plasmids expressing structural or 
nonstructural antigens of Japanese encephalitis virus, that is, a mosquito-borne ftavivirus 
(Lin et al., 1998). When inoculated into mice, plasmids expressing prM and E proteins 
induced neutralizing antibodies that afforded a certain level of protection. Surprisingly, a 
plasmid that expressed the nonstructural protein NS1 conferred significant protection 
against challenge that was associated with antibody-dependent cellular cytotoxicity. 

Another study showed that immunization of young mice with a plasmid expressing the 
prMIE protein of St. Louis encephalitis virus, mounted specific antibodies and were protected 
against virus challenge (Phillpotts et al., 1996). One report examined the generation of 
immune responses against dengue virus by genetic immunization of mice (Kochel et al., 
1997). Intradermal immunization with plasmids expressing preM or E proteins of dengue 
Type-2 virus was followed by induction of in vitro neutralizing antibodies. Finally, another 
report addressed the generation of immunity by genetic vaccination against an animal patho
gen that was recently classified in this family, namely, bovine viral diarrhea virus (BVDV). 
Inoculation into mice of a plasmid expressing the major glycoprotein (E2) of BVDV 
induced cross-reactive antibodies against multiple virus strains (Harpin et al., 1997). 

5.2.2.2. Genetic Immunization against Other Single-Stranded RNA Viruses 
of Positive Sense 

An important family of RNA viruses with extensive pathogenic implications for the 
human population is Picornaviridae. Usually, these viruses that replicate in the epithelial 
cells of the nasopharynx and digestive tract lead to inapparent or mild disease, but 
occasionally replication in lymphatic nodes is followed by viremia and infection of the 
central nervous system or other internal organs. Genus Enterovirus contains the polio
viruses, Coxsackie viruses, echoviruses, and new enteroviruses that are implicated in 
various syndromes such as meningitis, encephalitis, enteritis, and respiratory and skin 
infections. Genus Rhinovirus contains agents that are responsible for mild, common upper 
respiratory infections, and rarely, lower respiratory infections, in neonates. Genus Hepato
virus includes a single agent, namely, hepatitis A virus. Other genera include important 
animal pathogens: Cardiovirus (encephalomiocarditis virus) and Aphtovirus (foot-and
mouth disease viruses). Immunity comprises neutralizing IgA and IgG antibodies as well as 
cellular response. However, protection from infection is mediated by strain-specific neu
tralizing antibodies. Effective vaccines are available only in the case of poliovirus (killed or 
live attenuated vaccine). 

An original attempt to create a DNA vaccine against foot-and-mouth disease, a well
characterized veterinary problem, comprised the generation of plasmid-based vectors that 
encompassed the microbial genome (Ward et al., 1997) (Table 5.6). Cell transfection or in 
vivo inoculation of such vectors led to production of virus particles endowed with low 
replication ability. Administration of such plasmids to pigs was followed by generation of 
neutralizing antibodies and slight protection against virus challenge. Thus, direct manipula-
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Table 5.6. Immune Response against Plasmids Expressing Antigens 
of Single-Stranded RNA Viruses of Positive Sense 

Virus (Family) Antigen Species Immunity 

Picornaviridae 
Encephalomyocarditis virus VPI Mice Abs 
Foot-and-mouth disease virus All antigens (genome- Pigs Abs 

length) Mice 
Coronaviridae 
Infectious bronchitis virus Nucleocapsid Chicken CTL 

Unclassified" 
Hepatitis E. virus ORF-2 structural protein Mice Abs 

"Previously classified in the family of Caliciviridae. 

Reference 

Sin et al., 1997 
Ward et al., 1997 

Seo et al., 1997 

He et al., 1997 
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tion of the genome of positive-sense RNA viruses at the level of DNA may prove a power
ful and rapid means to obtain attenuated vaccines. 

Another report examined the response of mice inoculated with a plasmid expressing 
the VPI antigen of encephalomyocarditis virus (Sin et al., 1997). The immunization was 
followed by induction of antibodies and protection against virus challenge, enhanced by 
coadministration of a plasmid expressing GM-CSF. 

The family Coronaviridae contains two genera: Coronaviruses, responsible for the 
common cold in humans and respiratory infections in animals (infectious bronchitis virus), 
for which no vaccines are available; and Torovirus, which contains agents responsible for 
poorly described respiratory and enteric infections in humans and animals. 

Inoculation of chickens with a plasmid expressing the nucleocapsid protein of infec
tious bronchitis virus (IBV) led to induction of CTL responses that were cross-reactive 
against multiple virus strains (Seo et al., 1997). The authors took advantage of this 
experimental setup in order to characterize IBV-specific CTL epitopes in chickens. 

The hepatitis E virus, previously classified as a member of caliciviridae, displays 
particularities that resulted in its placement in a separate, unclassified taxon. It infects 
humans and is transmitted via the fecal-oral route. Large epidemics in developing coun
tries are associated with significant morbidity and mortality in pregnant women. 

A single study showed that inoculation of a plasmid expressing ORF-2 structural pro
tein of hepatitis E virus into BALB/c mice was followed by induction of specific antibodies, 
as revealed by ELISA and Western Blot (He et al., 1997) (Table 5.6). 

5.2.3. Genetic Immunization against Rotaviruses 

Rotaviruses, a genus of the family Reoviridae, consist of double-stranded RNA 
viruses. Besides rotaviruses that are important human pathogens, the family Reoviridae 
contains other genera, among them the Reoviruses and Orbiviruses that are responsible 
for heterogenous, poorly characterized syndromes, or febrile encephalitis conditions, re
spectively. 

Rotaviruses are classified according to antigenic specificity into groups, subgroups 
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and serotypes. Group A and B rota viruses are responsible for enteric disease in infants and 
children, associated with diarrhea, vomiting, and fever. The underlying mechanism is 
represented by lytic replication in mucosal cells of the proximal small intestine. Transmis
sion occurs via fecal-oral route and is increased in developing countries. Severe dehydra
tion due to rotavirus-induced diarrhea may lead to serious morbidity and mortality in the 
young segment of the population. Worldwide, rotavirus infection of infants and children 
poses a tremendous medical challenge, since it causes from 30% to 50% of all cases of 
severe childhood diarrhea. Interestingly, rota viruses from other serologic groups are cause 
of similar syndromes in animals: groups C and E (pigs), group D (fowl), and group F 
(birds). Based on the correlation between antibody titers and the gravity of disease, it is cur
rently thought that serum and secretory antibodies bear neutralizing ability in a serotype
specific manner. Vaccines based on <,tttenuated strains of rota virus are under development. 

Because of the numerous clinical implications, the evaluation of DNA vaccines 
against rotaviruses in preclinical models has been a subject of investigation. The first 
reports described the humoral (Herrmann et al., 1996a) and CTL responses (Herrmann et 
al., 1996b) following DNA immunization of mice with plasmids expressing VP4, VP6, or 
VP7 proteins of rota virus. Whereas DNA immunization with VP4 and VP7led to induction 
of virus-neutralizing antibodies, all antigens primed significant CTL immunity. Inter
estingly, any of the three plasmids tested conferred significant protection in mice against 
rotavirus challenge, as assessed by reduction of virus titers. A subsequent study showed 
that the protection was limited to homologous challenge and that secretory IgA might have 
been responsible for it (Chen et al., 1997). The highest titers of secretory IgA antibodies 
were found in mice immunized with a plasmid expressing VP6. This protein is a good 
candidate for a subunit vaccine, since it encompasses cross-reactive epitopes. However, a 
study carried out by an independent group showed that in spite of presence of IgG 
antibodies after DNA immunization of mice with VP6, no IgA titers or protection against 
infectious challenge were evident (Choi et al., 1997). Thus, raising effective immunity 
against rotaviruses by DNA immunization requires answers to two questions: What is the 
mechanism of protective immunity against rotaviruses? Which are the cross-reactive 
epitopes that have the ability to confer protection? 

5.2.4. Genetic Immunization against Retroviruses 

The family Retroviridae is characterized by its peculiar mechanism of replication that 
involves reverse transcription of viral RNA into linear, double-stranded DNA that oligo
merizes, circularizes, and integrates into host genome. Transcription of the resulting DNA 
insert produces a few species of mRNA as well as full-length viral RNA. An mRNA 
spanning the whole genome results in polypeptides that, upon cleavage, lead to structural 
proteins, protease, reverse transcriptase, and integrase. Other mRNA species lead, by 
translation, to regulatory proteins. A few genes are relatively common in all retroviruses: 
env encodes two envelope proteins, gag encodes up to six nonglycosylated proteins, pro 
encodes the protease, and pol encodes the reverse transcriptase and integrase. Endogenous 
proviruses are ancient retroviruses that, inserted into genome, lost one or a few elements 
crucial for replication, leading to vertical transmission. The pathology induced by retro-
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viruses results from the fact that insertion into host DNA may induce cell transformation 
due to inactivation of antioncogenes. Alternatively, some retroviruses may express their 
own oncogenes. Extensive virus replication leads to host cell lysis and/or syncytial forma
tion that result in loss of function at the level of cell populations. There are at least four 
mechanisms that act to a different extent under different circumstances and are responsible 
for the remarkable ability of retroviruses to escape from immune responses: Certain 
retroviruses (such as HIV and HTLV) infect and replicate in T-cells, leading to immuno
deficiency; the reverse transcription introduces mutations that, under immune selection, 
lead to variants that are not recognized by memory T-cells or antibodies; certain virus 
proteins directly inhibit the immune function; and, finally, virus integration associated with 
reduced or no transcription leads to virus persistence in a stealthy manner and vertical 
transmission to daughter cells. 

Two genera are particularly important regarding human pathology. Genus Lentivirus 
includes human immunodeficiency viruses (HIV) I and 2 that cause the acquired immune 
deficiency syndrome, a global health threat due to lack of effective treatment and fatal 
outcome. The disease is thought to be the consequence of T-ce11 deficiency that leads to 
severe infections and malignancies. Regarding the immunity, it is still uncertain if a 
completely protective response can be elicited. Ongoing studies address potential effective 
immune responses consequent to natural exposure. First, they are based on a few observa
tions that humans exposed to HIV display specific antibodies but no infectious virus. There 
is laboratory evidence that env-specific antibodies exert neutralizing activity, although their 
in vivo role is still controversial. Second, virus-specific CTL may play a role not only by 
killing the infected cells, but also indirectly, by producing certain poorly known cytokines 
that suppress the virus replication. Consequently, the present paradigm is that an eventual 
protective response requires broad humoral as weB as cellular immunity. Candidate recom
binant subunit or live attenuated vaccines (in the form of recombinant retroviruses such as 
SIV) are being developed and are undergoing preclinical and clinical trials. However, each 
of these two strategies has drawbacks: Recombinant subunit vaccines do not elicit signifi
cant CTL, whereas live attenuated viruses may still pose serious infectious hazards. For 
example, attenuated SIV vaccines based on mutated Nef, a gene that is considered essential 
for virus replication, cause disease when injected into young monkeys. 

HIV is the most extensively studied virus regarding immunization via DNA-based 
vectors (Table 5.7). Initial attempts were carried out to generate immune responses in mice 
inoculated with plasmids expressing envelope protein of HIV-1. Thus, administration of a 
plasmid expressing gpl60 was followed by induction of antibodies endowed with in vitro 
neutralizing ability, as well as specific T-cells that proliferated upon in vitro stimulation 
(Wang et al., 1993a). The proof of concept regarding the immunogenicity of gpl60-
expressing plasmid was soon extended to nonhuman primates (Wang et al., 1993a). Further
more, it was shown that plasmid inoculation of nonhuman primates was fo11owed by 
induction of neutralizing antibodies against the homologous laboratory strain. Subsequent 
studies defined more precisely the immunity induced by DNA vaccination of mice with 
envelope-derived antigens. Thus, it was shown that administration of envelope-expressing 
plasmids induces, besides antibodies, specific CTL as weB as Th cells (Fu11er and Haynes, 
1994; Lu et al., 1995; Wang et al., 1995). Various strains of mice responded to a similar 
extent regarding the antibody production upon DNA immunization with env-expressing 
plasmid (Ishii et al., 1997b). A comparison between the immunogenicity of plasmid DNA 
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Table 5.7. Immune Response to Plasmids Expressing HIV Antigens 

Species 

Rodents 

Rabbit 

Monkeys 

Humans 

Antigen 

Env (gp 160) 
Env (gp 120) 
Gaglp24 together with env 
Rev; env 
Nef 
Nef; Rev; Tat; p37; evn 
Env-2 
Env (gp-120) 
Allogeneic MHC 
Env 

Env 
Env 

Rev; env (gp 120) 
Gag, env 
Env; Rev; gag-pol 
Nef, Rev, Tat 

Env, Rev 

•Study carried out in mice and guinea pigs. 

Immune response 

Abs, Th 
Abs, CTL, Th 
Abs, CTL 
Abs, Th, CTL 
CTL 
Abs, Th 
Abs, Th 
Abs, CTL 
Abs, CTL 
Abs 

Abs 
Abs, CTL, Th 

Abs, Th 
Abs 
Abs, CTI.., Th 
CTL 
Abs, Th 
Abs, CTL, Th 

hStudies showing protection against infectious challenge. 

Reference 

Wang et al., 1993 
Fuller and Haynes, 1994 
Lu et al., 1995 
Shiver et al., 1996 
Asakura et al., 1996 
Hinkula et al., 1997a, 1997b 
Agadjanyan et al., 1997 
Barnett et al., 1997• 
DeJa Cruz et al., 1999 
Okuda et al., 1997 
Richmond et al., 1997 
Wang et al., 1993b 
Wang et al., 1995 
Lekutis et al., 1997 
Shiver et al., 1997 
Shiver et al., 1996 
Fuller et al., 1996 
Boyer et al., 1996, 1997a, 1997J>b 
Calaruta et al., 1998 
Calaruta et al., 1999 
MacGregor et al., 1998 
Boyer et al., 1999 

expressing gp120 and the recombinant protein obtained in baculovirus infected cells and 
formulated in various adjuvants showed that whereas the titers of antibodies elicited by 
DNA immunization were lower, the specificity profile resembled the one following natural 
infection in humans (Peet et al., 1997). Another study showed for the first time the induction 
of neutralizing antibodies and CTL that wet:e active against diverse HIV-1 isolates, follow
ing the inoculation in nonhuman primates of a plasmid expressing gp160 (Wang et al., 
1995). A subsequent study showed in vivo protection of nonhuman primates conferred by a 
plasmid-expressing envelope protein against challenge with a SIV tmV-env recombinant 
virus (Boyer et al., 1996). Independent groups confirmed the immunogenicity of plasmids 
expressing envelope protein administered in nonhuman primates by intramuscular injection 
(Shiver et al., 1996; Liu et al., 1996) or gene-gun immunization (Fuller et al., 1996). 

Subsequent to the demonstration that plasmids expressing envelope protein are immu
nogenic, many groups focused their research on the characterization of the immune 
responses to internal or regulatory proteins, in an effort to improve the cellular immune 
response thought to be essential for both cross-reactivity as well as potency of the vaccine. 
Thus, it was shown that inoculation of plasmids expressing Rev, Nef, or Tat into mice is 
followed by induction of CTL and Th cells (Shiver et al., 1996; Asakura et al., 1996; Hin
kula et al., 1997a). In parallel, there was a continuous interest in improving the immuno
genicity of DNA-based vaccines against HIV in both rodents and nonhuman primates. One 
obvious strategy that fit well with the paradigm that protective immunity against HIV 
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requires a broad humoral and cellular immune response was to coinoculate plasmids that 
express different HIV proteins. Thus, it was demonstrated that inoculation in mice of com
binations of plasmids expressing the regulatory proteins Tat, Rev, and Nef, together with 
the structural proteins env and gag, led to broad immunity in terms of antibodies and CTL, 
without detectable negative interference among antigens (Hinkula et al., 1997a, 1997b). 
This principle, applied in a small preclinical trial in chimpanzees, showed protection 
against heterologous challenge with a particular HIV-1 strain following immunization with 
plasmids expressing env, rev, and gag/pol (Boyer et al., 1997b ). Interestingly, inoculation of 
HIV-infected chimpanzees with a plasmid expressing both env and Rev of the HIV-lMN 
isolate led to the decrease of virus load to background levels (Boyer et al., 1997a). This 
particular result raised expectancies regarding a potential role for DNA immunization as 
therapeutic vaccine in HIV-infected individuals (Ugen et al., 1997a). The principle of 
multiantigenic vaccines was even extended to antigens from different viruses; thus, immu
nization of mice and rhesus monkeys with a plasmid expressing an HIV epitope fused with 
hepatitis B surface antigen resulted in a broad immunity against both microbes (Le Borgne 
et al., 1998). 

An interesting approach to raise immunity against HIV virions has been recently 
investigated (Dela Cruz et al., 1999). It consists of immunization against allogeneic 
histocompatibility leukocyte antigens (HLA), based on previous studies that showed the 
presence of "donor" MHC molecules in the envelope of infectious virions. DNA vaccina
tion with foreign MHC Class I and IT molecules in a mouse model resulted in antibody 
responses and CTL responses directed to MHC epitopes. Antibodies induced by such 
MHC-based vaccines (either conventional or DNA vaccine) may bind to infectious virions, 
thus protecting against infection in a manner dependent on the titer at mucosal surfaces and 
recognition of shared epitopes. 

Alternative strategies were employed to enhance or modulate the immune response to 
plasmids expressing HIV antigens. Earlier studies showed that whereas intramuscular 
injection of plasmids expressing env led to Th1 responses (Shiver et al., 1997), gene-gun 
immunization or intradermal injection, although more effective from a dose-response 
point of view, induced more Th2-biased responses (Fuller and Haynes, 1994). One way to 
increase or modulate the cellular responses after DNA immunization with plasmids encod
ing HIV antigens was to coadminister cytokines or costimulatory molecules. For example, 
repeated gene-gun-mediated codelivery of plasmids expressing gp120 and IL-2, IL-7, or 
IL-12 led to enhancement of Th1 and suppressed Th2 responses (Prayaga et al., 1997). 
Intradermal inoculation of Nef-expressing plasmid, together with a plasmid expressing 
GM-CSF, increased the antibody and Th response to Nef (Svanholm et al., 1997). Two 
different groups reported enhanced CTL and Thl immunity following coinoculation of 
plasmids expressing HIV antigens and IL-12 (Tsuji et al., 1997b; Kim et al., 1997a). An 
extensive study addressing the effect of various cytokine-expressing plasmids on the 
immune responses generated by inoculation of HIV antigen-expressing DNA vectors was 
recently published (Kim et al., 1998). The humoral response was increased by coinocula
tion of IL-4-, IL-5-, IL-10-, IL-2-, and IL-lS-expressing plasmids. The Th proliferation was 
increased following coinoculation of IL-2 or TNF-a genes. The CTL response was en
hanced following coinoculation ofTNF-a and IL-15 genes. Furthermore, coinoculation of 
CD86- and IL-12-expressing plasmids significantly enhanced the CTL immunity primed by 
DNA-based HIV vaccine (Kim et al., 1997a), presumably by providing critical costimula-
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tion for CTL precursors. Independent work established that whereas B7.2-expressing 
plasmid enhanced CTL responses to env- or rev-expressing vectors, B7.1 did not (Tsuji et 
al., 1997c). The study suggested that the increase of CTL response was mediated by direct 
B7.2-CD28 interaction, since it was inhibited by CTLA-4Ig. Another recent study showed 
that coinoculation of plasmids expressing env/rev and TCA3 cytokine was followed by 
enhanced CTL and Thl responses associated with increased local inflammation at the site 
of inoculation (Tsuji et al., 1997a). Altogether, these studies indicate that a promising means 
to enhance the protective ability of plasmids expressing HIV antigens is by coadministra
tion of cytokines and costimulatory molecules. 

Another avenue employed to enhance the immunogenicity of plasmids expressing 
HIV antigens consisted in formulation of DNA in various adjuvants. Adjuvants such as 
man nan-coated liposomes (Toda et al., 1997), monophosphoryllipid A (Sasaki et al., 1997), 
cationic liposomes (Ishii et al., 1997a) or Ubenimex (Sasaki et al., 1998b) increased the 
T-cell responses and, in some circumstances, the humoral responses primed by env- and 
rev-expressing plasmids. However, the mechanism associated with the enhanced response 
in the presence of such lipid-based adjuvants is still controversial, since it did not neces
sarily lead to increased in vivo transfection (Sasaki et al., 1997). One possibility may be the 
direct effect of adjuvants on professional APC. At least in the case of mannan-coated lipid 
vesicles, the mechanism may involve preferential mannose-receptor-mediated uptake by 
professional APC-like dendritic cells. 

Alternative routes of vaccine administration against HIV, like mucosal immunization, 
raised tremendous interest, since immunity at the port of entry can play important protec
tive roles. Intranasal administration in mice of a plasmid expressing gpl60 and rev was 
followed by induction of local antibody response and systemic humoral and cellular 
immunity (Okada et al., 1997; Asakura et al., 1997). Addition of plasmids that express IL-12 
or GM-CSF significantly enhanced the induction of CTL (Okada et al., 1997). The observa
tion that mucosal immunization with DNA vaccines against HIV is immunogenic was 
extended to plasmids expressing regulatory proteins (Hinkula et al., 1997a), or to alterna
tive delivery sites, namely, vaginal mucosa (Wang et al., 1997a). A recently published 
comparison between the immunogenicity of muscular versus mucosal administration of 
plasmids showed similar T-cell immunity but a higher IgA response in the case of mucosal 
immunization (Sasaki et al., 1998b). Furthermore, there is some interest in enhancing the 
mucosal immunity by formulating the plasmids in lipid-based adjuvants (Okada et al., 
1997; Sasaki et al., 1998b). 

Other ways to increase the immunogenicity ofplasmids expressing HIV antigens were 
recently reported. Replacing certain codons of wild-type gpl20 with sequences from highly 
expressed human genes led to increased expression and immunogenicity of DNA vaccine 
(Andre et al., 1998). Another study showed that by redirecting a secreted HIV antigen to 
cytoplasm, the induction of CTL was enhanced (Tobery et al., 1997). 

Advantages of DNA immunization such as Thl and CTL response can be combined 
with advantages of protein immunization such as higher antibody titers. A few reports 
showed significant immune responses after immunization with DNA boosted by various 
HIV proteins (Fuller et al., 1997a; Barnett et al., 1997; Okuda et al., 1997). More recently, it 
was shown that a combination regimen comprising DNA priming followed by boost with 
recombinant fowl pox virus resulted in significant containment of infection with immuno
deficiency virus in rhesus macaques (Robinson et al., 1999). 
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Based on preclinical results, recent clinical trials with DNA vaccines against HIV 
have been started. The first two clinical trials employed HIV-positive individuals and were 
aimed at assessing the safety and immunogenicity of plasmid cocktails expressing Nef, Rev 
and Tat (Calarota et al., 1998), or env and Rev (MacGregor et al., 1998). Generally, the 
inoculation of plasmids was well tolerated. Furthermore, the results suggested that inocula
tion of plasmids expressing regulatory proteins boosted the CTL response (Calarota et al., 
1998). Inoculation of structural genes was shown to increase the level of antibodies as 
well as to boost CTL and Th immunity in a dose-related manner (MacGregor et al., 1998). 
There has been no evidence until now that plasmid immunization in these HIV-infected 
individuals led to a significant decrease of viral titers. In these lines, DNA vaccination of 
asymptomatic-infected individuals with constructs bearing Nef, Rev, or Tat did not reduce 
by itself the viral load, despite the detectable, long-lasting T-cell response (Calarota et al., 
1999). A follow-up with highly active antiretroviral treatment (HAART regimen) in these 
patients contributed to de novo induction of HIV-specific CTL, probably due to an improve
ment of CD4 +-assisted T-cell help. Another recent clinical study on nine asymptomatic
infected individuals showed strong correlation between the T-cell response triggered and 
dose of DNA vaccine bearing env and Rev elements (Boyer et al., 1999). The induction of 
specific CTL was somewhat disappointing, but in the group immunized three times with 
300 ~g of plasmid/inoculation, the antigen-specific T-cell proliferation and the serum 
levels of MIP-1a, a chemokine thought to activate dendritic cells, were enhanced. These 
preliminary results set the stage for future clinical trials, including those in noninfected 
individuals. 

Genus Lentivirus includes a few related viruses that infect various species of non
human primates (simian immunodeficiency viruses) as well as other species (feline immu
nodeficiency virus, bovine immunodeficiency virus), leading to similar immune deficiency 
syndromes eventually associated with autoimmunity and tumors. An unnamed genus 
includes human T-celllymphotropic virus (HTLV) viruses that infect the T-cells, leading to 
adult T-cellleukemia by inducing tax-mediated cell transformation. Rarely, HTLV infec
tion leads to tropical spastic paraparesis, which is a poorly understood neurological disease. 

Different genera contain animal pathogens that cause leukemias, lymphomas, sar
comas, or carcinomas: murine leukemia viruses, feline leukemia and sarcoma viruses 
(genus unnamed, mammalian and reptilian Type C retroviruses); Rous sarcoma virus, avian 
leukosis viruses (genus unnamed, avian Type C retroviruses); mouse mammary tumor virus 
(Type D retroviruses); and genus Spumavirus, with poorly known disease association. 

Some groups studied the response of DNA vaccines against simian immunodeficiency 
virus (SIV) as a model for immunization against HIV (Table 5.8). This model has an 
advantage in that it affords the evaluation of protection against SIV in their natural hosts, 
namely, nonhuman primates. Immunization of rhesus monkeys with plasmids expressing 
env and gag of a SIV isolate generated Class I restricted CTL responses (Yasutomi et a!., 
1996). Rhesus macaques immunized with plasmids expressing various SIV proteins 
mounted transient humoral but more persistent cellular responses (Lu et al., 1996). How
ever, DNA vaccination did not prevent persistent infection or decrease of CD4 + T-cell 
number after intravenous challenge with SIV (Lu et al., 1996). Similar results were obtained 
by gene-gun vaccination of rhesus monkeys with plasmids expressing envelope proteins 
(Fuller et al., 1997b ), except that a transient protective effect was more evident in this study. 
Interestingly, the protective effect, consisting in decreased viral loads and enhanced num-
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Table 5.8. Immune Response to Plasmids Expressing Antigens of Retroviruses 

Virus Antigen Species Immunity Reference 

Simian immunodeficiency virus Env Monkeys Abs, CTL Lu et al., 1996 
Env, gag Monkeys Abs, CTL Yasutomi et al., 1996 
Env, gag Mice Abs Indraccolo et al., 1998 

Feline immunodeficiency virus Full-length genome Cats Abs Rigby et al., 1997 
gpl20; p!O Cats Abs Cuisinier et al., 1997 

Human T lymphotropic virus Env Mice Abs Grange et al., 1997 
Env Rats CTL Kazanji et al., 1997 

Cas-Br-M murine leukemia virus Full-length genome; Mice CTL Sarzotti et al., 1997 
env 

ber of CD4+ T-cells, did not correlate with the antibody titers, underlining the role of 
cellular immunity. 

Regarding DNA immunization against HTLV-1, recent studies show that inoculation 
of mice or rats with plasmids encoding env and Rev primed B-cell and CTL responses 
(Kazanji et al., 1997; Grange et al., 1997; Agadjanyan et al., 1998). The humoral responses 
were suboptimal, but after boost with proteins or recombinant viruses, the antibody titers 
were significantly enhanced. No data are available yet in nonhuman primate models. 

A few attempts were made to induce immunity against other animal retroviruses by 
DNA immunization. Whereas the inoculation in cats of a plasmid-expressing gp120 of 
feline immunodeficiency virus (FIV) was followed by induction of antibodies, the slight 
protective effect against FIV challenge noted in some of the vaccinated cats did not 
correlate well with their titer (Cuisinier et al., 1997). Expression of viral proteins following 
DNA immunization was elegantly illustrated by successful infection with FIV consequent 
to inoculation of a plasmid encompassing the entire virus genome (Rigby et al., 1997). In a 
different experimental model, namely, Cas-Br-M murine leukemia virus, inoculation of 
plasmids expressing virus antigens was followed by induction of protective CTL even at 
the earliest stages of life (Sarzotti et al., 1997). 

Thus, a lot of studies have already demonstrated that genetic vaccination with plas
mids expressing retrovirus antigens is immunogenic, with the cellular response usually 
being more prominent than the humoral one (Tables 5.7 and 5.8). These studies facilitated 
the transition to clinical trials with DNA-based vaccines against HIV. However, studies 
reporting protective immunity are still rare, a situation that has stimulated the research for 
overall improvement of the efficacy of DNA vaccines. 

5.3. IMMUNE RESPONSES AGAINST DNA VIRUSES ELICITED 
BY GENETIC IMMUNIZATION 

DNA viruses have elicited considerable interest from the point of view of genetic 
immunization, due to reasons that are dependent on the targeted virus. Thus, in spite of the 
existence of a recombinant subunit vaccine against hepatitis B virus, there is tremendous 
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effort going on toward the development of a DNA-based vaccine against this important 
human pathogen. This is particularly due to the putative advantages in terms of efficacy 
afforded by genetic immunization, as well as to reduced costs. In contrast, the effort to 
develop DNA-based vaccines against herpesviruses and papillomaviruses is based on both 
their importance for human pathology and the lack of effective vaccines. 

5.3.1. Genetic Vaccination against Hepadnaviridae 

The family Hepadnaviridae contains two genera: Orthohepadnavirus (including the 
human pathogen hepatitis B virus, as well as viruses that infect other mammals) and 
Avihepadnavirus (including duck hepatitis virus). 

Hepatitis B virus, a major human pathogen, is widely distributed throughout the 
world, particularly in Southeast Asia, where between 8% and 20% of the population carry 
the virus and 70-95% have been previously exposed to it. It causes an acute inflammatory 
disease of the liver that is followed in approximately 10% of infected individuals by chronic 
infection. About 25% of individuals with chronic infection develop a serious syndrome, 
chronic active hepatitis, that leads to liver fibrosis and failure. The virus is transmitted via 
blood or body fluids and actively replicates in hepatocytes. It is thought that part of the 
pathology associated with active and chronic hepatitis is due to immune-mediated cell 
destruction. The hepatitis B virus is an enveloped virus with a circular, mainly double
stranded DNA genome that is associated with an endogenous DNA-dependent DNA 
polymerase. Interestingly, the replication of hepatitis B virus involves an RNA intermedi
ate that is reverse-transcribed by the virus polymerase. The envelop proteins are of three 
antigenically distinct species: S-proteins, M-proteins, and L-proteins. The defective virus 
particles associated with HBsAg are mainly composed of S-proteins. The core is mainly 
composed of HBcAg. Another antigen that is shed in soluble form is HBeAg, bearing 
diagnostic significance. During acute infection, both humoral and cell-mediated responses 
are elicited against the three major antigens: HBsAg, HBcAg, and HBeAg. However, only 
the antibody response against HBsAg is thought to protect against acute infection. Based on 
this empirical observation, two successive generations of vaccines were previously devel
oped: HBsAg in the form of particles purified from the blood of carriers and, more recently, 
a recombinant HBsAg vaccine obtained in yeast. These vaccines are endowed with low 
ability to induce cellular responses, particularly CTL. Since an effective cellular immunity 
mediates the recovery from acute infection, potential vaccines that stimulate CTL re
sponses are of interest. Even more importantly, enhancing cellular immunity in chronic 
carriers may lead to elimination of virus. However, there is a fine balance between positive 
and negative consequences of boosting the cellular immunity in chronic carriers, since a 
suboptimal response may only exacerbate the disease but not clear the virus. 

Together with genetic immunization against influenza virus (Ulmer et al., 1993) and 
HIV (Wang et al., 1993b ), HBV was one of the first experimental models that was addressed 
from this point of view (Davis et al., 1993a) (Table 5.9). Inoculation of a plasmid
expressing HBsAg into regenerating muscles of mice was followed by antigen production 
and secretion, as well as priming of antibodies in all the immunized animals (Davis et al., 
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Table 5.9. Immune Response Raised by Plasmids Expressing Hepatitis B Virus Antigens 

Virus strain Antigen Species Immunity Reference 

Hepatitis B virus Envelope proteins Mice Abs Davis et al., 1993 
Michel eta!., 1995 
Major et a!., 1995 

Envelope proteins Mice CTL Davis et al., 1995 
Schirmbeck et al., 1995 

Core proteins Mice Abs, CTL Kuhrober eta!., 1997 
Envelope proteins Monkeys Abs Davis et a!., 1996 
Envelope or core proteins Mice Abs, Th, CTL Geissler et a!., 1997b 

Kuhrober et a!., 1997 
Envelope proteins Monkeys Abs, CTL Le Borgne et a!., 1998 
HBs Ag Humans Abs Tacket et a!., 1999 

Duck hepatitis B Pre-S/S or S envelope protein Ducks Abs Triyatni et a!., 1998 
virus 

1993a). A subsequent study pinpointed the beneficial role regarding immunogenicity, of 
delivering the DNA into regenerating muscles by needles or jet injection (Davis et al., 
1994). The observation regarding immunogenicity of HBsAg-expressing plasmids was 
soon extended to the other envelope proteins (Michel et al., 1995). Furthermore, this study 
suggested a similarity concerning the fine specificity of antibodies induced by genetic 
immunization with envelope antigen and those noted in infected humans. Another study 
advanced the hypothesis that upon in vivo production following DNA immunization, 
surface antigen assembles into defective particles that are immunogenic (Mancini et al., 
1996a). Subsequent studies established that DNA vaccination with plasmids expressing 
HBsAg primed significant Class I restricted CTL responses that were evident even in low 
responder strains of mice (Davis et al., 1995; Schirmbeck et al., 1995). Based on the 
detection of virus antigen in circulation, it was speculated that CTL priming following 
DNA immunization occurs via a nonclassical exogenous pathway (Davis et al., 1995). The 
effectiveness of antibody and CTL priming by genetic immunization with HBsAg greatly 
depended on the vector, the most effective regulatory element being the initial, early 
promoter of CMV (Bohm et al., 1996). An important advance was made when it was 
demonstrated that plasmid-based intramuscular immunization with the major and middle 
envelope proteins induced specific antibodies in chimpanzees (Davis et al., 1996). The 
response was dose-dependent and predominantly consisted ofigG1 isotypes. Interestingly, 
in a subsequent study (Prince et al., 1997), a similar observation was made in infant 
chimpanzees. This study showed that two infant chimps immunized with a plasmid
expressing surface antigen not only developed antibodies but were also protected against 
HBV challenge, as assessed by the lack of HBsAg and core-specific antibodies. Finally, a 
recent study carried out in rhesus macaques showed that plasmids expressing HBV enve
lope antigens elicited both antibody and CTL responses (Le Gorgne et al., 1998). Further
more, inoculation of a plasmid expressing a chimeric HBV IHIV antigen induced immunity 
against both viruses in that species of nonhuman primates. 
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Of particular importance is the potential ability of DNA vaccination to facilitate the 
clearance of virus in chronically infected individuals, since the recombinant vaccine is 
ineffective in this concern. This aspect was initially studied in transgenic mice that express 
envelope antigen in hepatocytes, that is released in circulation, as a model of chronic 
infection with HBV (Mancini et al., 1996b). Interestingly and somewhat unexpectedly 
relative to the paradigm of tolerance to self-antigens, transgenic mice immunized with 
DNA-expressing HBsAg not only mounted humoral responses but also displayed a signifi
cant reduction in the circulating antigen as well as specific RNA message in hepatocytes, 
without evidence for hepatic toxicity. A subsequent study suggested that use of adjuvants or 
cytokines may increase the ability of DNA vaccination to overcome nonresponsiveness due 
to chronic persistence of HBV antigens (Davis et al., 1997). 

Other groups focused their efforts toward the design of vectors expressing internal 
antigens and characterizing the immune response in animal models. An early study showed 
that inoculation of a plasmid expressing the core antigen into mice determined a humoral 
and CTL response (Kuhrober et al., 1997). An interesting subsequent study showed that 
mice immunized with plasmids expressing either the intracellular (HBcAg) or secreted 
(HBeAg) form of the core antigen, mounted CTL responses in two distinct haplotypes 
(Kuhrober et al., 1997). An independent group confirmed the immunogenicity in terms of 
antibodies and CTL, of plasmids expressing envelope and nucleocapsid proteins (Geissler 
et al., 1997a). Plasmids expressing internal antigens may prove useful especially as a 
component of therapeutic vaccines in chronically infected individuals. 

Clinical trials regarding DNA vaccination against HBV were recently started by a few 
different groups. Some data were released on a Phase I safety/immune response study 
comprising DNA vaccination by gene-gun of seven healthy volunteers, with the HBs anti
gen (Tacket et al., 1999). Despite the fact that the vaccine was well tolerated, this prelimi
nary report showed only a very modest effect regarding the humoral response. However, 
the studied protocol comprised only two administrations at submicron doses, so that up
coming data are expected to broaden our knowledge concerning the relationship between 
the dose, route, and regimen of vaccination, and the magnitude of immune response. 

A recent report described the immunogenicity of plasmids expressing the pre-S/S or S 
proteins of duck hepatitis B virus (Triyatni et al., 1998). This study showed that in spite of 
the fact that both plasmids induced high antibody titers in Pekin ducks, the neutralization 
efficiency and mechanism was dependent on immunogen. The precursor (pre-S/S) was 
unexpectedly endowed with lower ability to induce antibodies that neutralized the virus in a 
rapid manner, pinpointing the importance of carefully designing the expressed component 
of DNA-based vaccines. 

5.3.2. Genetic Vaccination against Herpesviridae 

Herpesviruses have a complex structure: an envelope,.tegument, nucleocapsid, and a 
core associated with the linear, double-stranded DNA genome. Virions have approximately 
30 different structural proteins and their genome expresses a similar number of nonstruc-
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tural proteins. Following cell infection, transcription and translation are regulated in a 
cascading manner, controlled by key proteins. Immediate early genes encode factors that 
turn on early genes involved in the replication of viral DNA. Late genes are mostly 
translated into structural proteins. Herpesviruses are responsible for heterogenous syn
dromes following transmission by contact. Most of the infections are lifelong and, in 
certain cases, lead to neoplasia. 

The herpesviruses are classified into three subfamilies: Alphaherpesvirinae, Beta
herpesvirinae, and Gammaherpesvirinae. In the subfamily Alphaherpesvirinae, there are 
three important human pathogens: human herpesviruses 1 and 2 (from genus Simplexvirus) 
and varicella-zoster virus (genus Varicellovirus). The subfamily Betaherpesvirinae con
tains human cytomegalovirus and human herpesviruses 6A, 6B, and 7, responsible for a 
pediatric syndrome manifested by rash and fever. The subfamily Gammaherpesvirinae 
includes Epstein-Barr virus, responsible for an acute infectious disease (mononucleosis) 
and, in certain cases, B-cell lymphomas. 

Herpes simplex viruses 1 and 2 infect the epithelial cells at the port of entry, producing 
a characteristic vesicular lesion. Following local replication, the virus ascends the local 
sensory nerves to the corresponding dorsal root ganglia, where it establishes latency. Dur
ing reactivation, the virus spreads distally to generate vesicular lesions on skin or mucosa. 
The infection is very serious in immune-compromised hosts. Candidate subunit and live 
attenuated vaccines are in development phase. 

Varicella-zoster virus (VZV) is responsible for a common childhood infectious syn
drome manifested by a characteristic rash and fever. In adults, the reactivation of latent 
virus leads to shingles, a vesicular rash with dermatomal distribution. A live attenuated 
vaccine against VZV has recently been licensed. 

Cytomegalovirus (CMV) is responsible for a serious syndrome in congenitally in
fected neonates. In immune-competent individuals, the primary infection leads to mono
nucleosis. In immune-deficient individuals, infection with cytomegalovirus often leads to 
life-threatening, generalized infection. Vaccines against CMV are in the developmental 
stage. 

A tremendous number of herpesviruses are responsible for animal diseases. Most 
often, they have very narrow host ranges. For example, bovine herpesviruses and pseudo
-rabies virus are included in the subfamily Alphaherpesvirinae. They are responsible for 
characteristic diseases in bovines (mamillitis, skin disease, rhinotracheitis) or pigs (Aujes
zky's disease), respectively. 

A plasmid expressing the giV protein of bovine herpes virus 1 was among the first 
DNA vaccine prototypes_ tested in preclinical models (Cox et al., 1993). Inoculation of mice 
with giV-expressing plasmids resulted in specific antibody response. Furthermore, cattle 
injected with the same plasmid displayed protective antibodies as well as decreased virus 
titers after infectious challenge. This preliminary report was followed by other, numerous 
reports regarding DNA vaccination against herpes simplex virus types 1 and 2, cytomegalo
virus, and pseudorabies (Table 5.10). 

An early study showed that DNA vaccination of mice with a plasmid expressing the 
glycoprotein B (gB) of HSV-1 induced protective immunity in a zosteriform murine model 
(Manickan et al., 1995). The protection was apparently mediated by CD4 + T-cells, as 
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Table 5.10. Immune Response against Plasmids Expressing Herpes Virus Antigens 

Virus Antigen Species Immunity Reference 

Bovine herpesvirus giV Mice, cattle Abs Cox et al., 1993 
Herpes simplex virus HSV-1 
I and 2 ICP27; gB Mice CTL" Rouse et a!., 1994 

gB Mice Abs, Th Manickan eta!., 1995 
gD Mice Abs Ghiasi et al., 1995 

HSV-2 
gB, gD Mice, guinea Abs McClements et al., 1996 

pigs Kriesel et a!., 1996 
Bourne et al., 1996 

gB, gD Mice Abs, T-cells Manning et a!., 1997 
Pachuk et a!., 1998 

Pseudorabies gD Pigs Abs Monteil et al., 1996 
Cytomegalovirus Human CMV 

pp65 Mice Abs Pande et al., 1995 
Mouse CMV 

pp89 Mice CTL Gonzales Armas et al., 1996 

•In vitro only. 

revealed by adoptive transfer experiments. The level of neutralizing antibodies was low and 
the overall Th profile was switched toward Th1 immunity. Specific CDS+ T-cells were not 
readily detectable. However, a previously published report by the same group showed that 
macrophages or dendritic cells in vitro pulsed under different conditions with plasmids 
expressing gB or ICP27 proteins of HSV-1 were able to induce specific CTL from naive 
precursors (Rouse et al., 1994). Interestingly, in contrast to dendritic cells, the macrophages 
were able to prime CTL after being pulsed with DNA devoid of cationic lipid. A recent 
report compared the abilities of in vitro transfected dendritic cells and macrophages to 
induce protective immunity against HSV-1 when injected into muscles of mice (Manickan 
et al., 1997a). The results showed that only transfected dendritic cells could induce 
protective immunity, pinpointing the potential importance of these cells in the priming of 
immunity subsequent to DNA vaccination. The same group took advantage of their experi
mental model to address another important point regarding DNA vaccination, namely, the 
immunogenicity of plasmids in neonates, in the presence or absence of maternal antibodies 
(Manickan et al., 1997b and Chapter 9). 

Another study investigated the effectiveness of a different HSV-1 antigen, namely, gD. 
In spite of the detectable titer of specific antibodies, there was no detectable T-cell 
immunity primed by a plasmid-expressing gD (Ghiasi et al,. 1995). Furthermore, although 
it was significantly protective against infectious challenge in a mouse model, the level of 
protection was low. Since the recombinant gD protein affords a higher level of protection in 
the same model, it was concluded that DNA vaccination is a suboptimal method of 
immunization. An interesting, recently published study described the immunogenicity and 
protection ability of a gB-expressing plasmid when administered intranasally (Kuklin et al., 
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1997). This study showed that mucosal administration of DNA led to significant lgA 
responses associated with systemic T-cell immunity. However, surprisingly, intramuscular 
immunization was at least as efficient as the intranasal route in inducing protective anti
bodies at distal mucosal sites (Kuklin et al., 1997). Overall, these results indicating 
moderate immune responses following DNA vaccination against HSV-1 are likely to fuel 
new studies aimed at optimizing the efficiency of genetic immunization. Thus, a more 
recent report described a Sindbis virus-based vector expressing gB of HSV-1 that primed 
antibodies and T-cell immunity in mice, with increased dose-related efficiency as compared 
to plasmid DNA (Hariharan et al., 1998). 

Another herpesvirus studied from the point of view of genetic immunization was 
HSV-2, mostly responsible for the genital herpes. An early report described the ability of 
two plasmids expressing gD or gB antigens of HSV-2 to induce humoral response and 
protection of mice against lethal challenge (McClements et al., 1996). The observation was 
extended by the same study to guinea pigs. Independently, another group reported that a 
plasmid expressing gD2 of HSV-2 induced significant antibody response as well as protec
tion against disease elicited by virus infection, particularly when the plasmid was coinocu
lated with D3 vitamin (Kriesel et al., 1996). Another report extended this observation to 
guinea pigs and, most importantly, showed that DNA vaccination protected against not 
only primary disease but also recurrent disease (Bourne et al., 1996). Similar conclusions 
were subsequently reported by another group that pinpointed the beneficial effect of 
coadministrating plasmids that express gD and gB of HSV-2 (McClements et al., 1997). A 
recent study characterized in more detail the cellular response to gO-expressing plasmid 
inoculated in mice (Pachuk et al., 1998). Interestingly, another study, aimed at assessing the 
efficiency of different forms of vaccines against HSV-2, found that delivery of gB and gD 
antigens by adena-associated virus led to increased humoral responses compared to 
plasmid-based or recombinant protein immunization (Manning et al., 1997). Probably, the 
viral vector mediates more effectively the cellular internalization of vaccine, leading to 
increased antigen expression. 

Few reports described the immunogenicity of plasmids expressing CMV antigens. 
One study showed that plasmids expressing pp65 of the human CMV, a tegument protein, 
induced humoral response when inoculated into mice (Pande et al., 1995). A more recent 
study examined the response of BALB/c mice to a plasmid expressing protein, pp89, of 
murine CMV, known to express protective epitopes (Gonzales Armas et al., 1996). In spite 
of the low levels of specific antibodies elicited by DNA immunization, the significant CTL 
response very probably was responsible for the decreased virus titers in the immunized 
mice. 

Pseudorabies, a virus with certain veterinary importance, was approached by two 
groups from the point of view of DNA immunization. In a study among the first to approach 
the issue of neonatal DNA immunization, piglets immunized at Day 1 and boosted at Day 
42 after birth with a plasmid expressing gD protein of pseudorabies showed moderate 
antibody responses that were insufficient to protect against infectious challenge (Monteil et 
al., 1996). Interestingly, piglets immunized with DNA born from immune dams failed to 
mount antibody responses in that study. However, in a more recent study, the delivery of gD 
antigen by a replication-defective adenovirus vector circumvented the inhibition of im
mune response by maternal antibodies (Le Potier et al., 1997). An independent study 
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showed that DNA vaccination of pigs against pseudorabies confers protection against the 
disease caused by virus replication (Gerdts et al., 1997). 

5.3.3. Genetic Vaccination against Papillomavirus 

The family Papovaviridae contains two genera: Papillomavirus and Polyomavirus. 
The genome is double-stranded DNA that may persist in an integrated form in infected cells 
in the case of polyomaviruses, or in episomal form in the case of papilloma viruses. Where
as polyomaviruses are associated with rare urinary and central nervous system diseases, 
particularly in immune-compromised subjects, papillomaviruses are significantly associ
ated with premalignant and malignant lesions of epithelial origin (warts, papillomas, 
carcinomas). Often, the virus DNA is integrated in the genome of malignant cells. Papil
lomaviruses have a narrow host range. Interestingly, different papillomaviruses cause 
distinct lesions. Notably, human papillomaviruses 16 and 18 are significantly associated 
with premalignant and malignant genital lesions. Various strains of papillomavirus cause 
benign lesions of the skin and mucosa in other species, such as rabbits, dogs, and cows. The 
immunity against papilloma viruses is poorly understood, although it is thought that cellular 
immunity plays an important role in the remission of papillomas. Antibodies against 
conformational epitopes on capsid proteins assembled in viral particles are thought to exert 
protection against virus infection. 

An early report examined the immune response of animals to a plasmid expressing the 
Ll capsid protein in a cottontail rabbit papillomavirus model (Donnelly et al., 1996). The 
authors found that immunized rabbits mounted significant titers of neutralizing antibodies 
that mediated protection against virus challenge. An independent study confirmed this 
observation subsequent to employing gene-gun-mediated delivery of Ll-expressing plas
mid in the same experimental model (Sundaram et al., 1997). Again, the protection of 
immunized animals against formation of papilloma subsequent to infection was significant. 

5.4. IMMUNE RESPONSE TRIGGERED BY DNA IMMUNIZATION AGAINST 
NONCONVENTIONAL VIRUSES 

Nonconventional viruses, or prions, are small infectious particles of proteic structure 
that lack nucleic acids. They are transmissible among certain species and induce fatal 
neurological diseases: kuru, Creutzfeldt-Jakob disease in humans and scrapie in animals. 
Interestingly, prion infection is associated with posttranslational modification of a host 
protein Prpc to a pathogenic isoform, Prpsc. Prion-associated diseases are induced by two 
mechanisms: horizontal transmission among individuals of a species (e.g., cannibalism or 
iatrogenesis), or mutations that affect Prpc and are transmitted vertically. The immune 
response against prions is virtually unknown. The immune system seems to be tolerant to 
Prpc, so that Prpc-deficient mice were excellent tools for investigating the immunity against 
Prpc, but more importantly, for obtaining antibody reagents that can be used in research and 
clinics. Mice deficient in PrPc were immunized with plasmids expressing different human 
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prion proteins (Krasemann et al., 1996). The immunized knockout mice mounted vigorous 
polyclonal responses against the human isoforms of prion protein. In contrast, the PrPc+ 
wild-type mice were not responsive. Antibodies raised by genetic immunization of 
Prpc-f- mice with plasmids expressing human Prpc were mostly directed to the octapep
tide repeat region, rather than to the neurotoxic domain or GPI anchor. Such PrPc-specific 
reagents were invaluable for the recent advances in this field, such as characterization of 
Prpc expression in nervous and nonnervous tissues (Mabbott et al., 1998). 

5.5. CONCLUSIONS AND PERSPECTIVES 

By now, a tremendous number of viruses have been explored in preclinical models 
from the perspective of genetic immunization. The most intensively investigated viruses 
are either pathogens with large human circulation, such as influenza virus, herpes simplex 
viruses, and hepatitis B virus, or pathogens that are responsible for lethal syndromes in 
humans, such as HIV. From a different point of view, three main reasons justified the 
research and development of prototype DNA vaccines in these cases: first, the lack of 
effective vaccines (HIV, herpes viruses); second, the limited efficacy of currently available 
vaccines (influenza virus and hepatitis B virus, particularly in chronic carriers); and third, 
the increased cost of production and/or distribution of licensed vaccines (hepatitis B virus). 

Regarding the immunogenicity, plasmids expressing antigens from virtually all vi
ruses that were investigated from the perspective of genetic immunization elicited humoral 
and/or cellular responses. The most effective routes of delivery regarding the dose-effect 
relationship were intradermally by gene-gun and, to a lesser extent, intramuscularly. As a 
rule, the effectiveness ofT-cell priming was higher than that of B-cell priming, as revealed 
by studies that addressed this aspect. Generally, the magnitudes of the immune responses 
were similar or lower compared to those elicited by live viruses. However, an obvious 
advantage of DNA immunization is the broad response elicited that spanned CTL, Th, and 
humoral immunity in the absence of vector replication. 

Studying the protection afforded by DNA immunization against viruses in preclinical 
models proved to be a serious challenge for the groups involved in the field. The reasons 
were twofold: First, the response elicited by plasmids was not always appropriate from a 
qualitative point of view; and second, the magnitude of immune responses was not always 
sufficient. These aspects were more recently addressed in a conjugated effort of the scien
tific community to improve the protection ability of DNA vaccines in rodent and nonhuman 
primate models. For example, intradermal administration of plasmids, particularly by gene
gun, was shown to improve the dose-effect profiles. Coadministration of plasmids express
ing different antigens, or antigens and cytokines, was another means to improve the efficacy 
of DNA-based vaccines. Administration of DNA vaccines via alternative routes and 
adjuvant formulation provides still other avenues that are being actively explored. Still, it 
might be the case that other vectors that bear antigen genes endowed with higher ability to 
transfect cells in vivo, but devoid of replication as we11 as antigenicity, may be a better 
solution for the future. 

Two previous stages in the research and development of genetic vaccines against the 
aforementioned viruses that are the most important for human pathology were essentially 
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completed or wiii be soon completed: a first stage that allowed the demonstration of the 
proof of concept, namely, immunogenicity and protective ability in rodent models; and a 
second stage that demonstrated immunogenicity, protection ability, and safety of DNA 
vaccines in nonhuman primate models. Based on these results in preclinical trials, clinical 
trials with DNA vaccines against major virus pathogens have already begun or will begin in 
the near future. In the case of HIV, where community pressure is so intense, the results of 
the first two clinical trials carried out in infected individuals, assessing immunogenicity and 
safety, are already available. In spite of the good safety profile showed by these Phase I 
trials, DNA vaccines have not displayed excellent immunogenicity, fueling continuous 
research at preclinical level for their improvement. However, the clinical data do not yet 
allow a statistically significant analysis in terms of protection, and the results of the 
upcoming clinical trials are expected with great interest. 


