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Expression library immunization (ELI) is a novel protocol
for the systemic screening of any given genome to identify
potential vaccine candidates. The basic concept of ELI intro-
duced by Barry et al. is simple yet powerful (9) and can be
applied to screen sequenced or unsequenced genomes of in-
fectious agents. In principle, ELI can reduce any pathogen’s
genome in a relatively unbiased way to only a few antigens that
provide protective immune responses. The essential concept in
this approach is to employ the host immune system to select
the best vaccine candidates against a particular disease. The
essence of this approach is that the entire genome of a patho-
gen (bacterial, viral, parasitic, or fungal) can be cloned into
genetic immunization vectors under the control of a eukaryotic
promoter to create a library that would express all the open
reading frames (ORFs) of a pathogen. Purified plasmid DNA
from this library is inoculated into animals, usually in sub-
genomic pools of clones, to induce immune responses against
the cloned antigens. The immunized animals are then chal-
lenged with the pathogenic organism to see which clones in-
duced protective immunity and therefore which pool of anti-
gens should be further deconvoluted to individual protective
antigens. The main advantage of ELI is twofold; it provides a
rapid screening protocol for an entire genome and the readout
of screening is often protection, an end goal for vaccine devel-
opment. In this review, we will focus our discussion on the
technical merits of ELI compared to those of other vaccine
discovery systems directed against infectious diseases. We will
also explain the advantage and limitations of different ELI
protocols and their application to search the genomes of bac-
terial, viral, and eukaryotic parasites. Finally, we will discuss
the future of ELI in light of the current genomic revolution.

Worldwide statistics of infectious disease (46) indicate an
increase in the spreading of infectious agents. The best possi-
ble hope to combat these infections is to develop new vaccines.
Scientists are in a fierce race against these pathogens to reduce
the death toll of nearly 13 million estimated each year from
infectious diseases (33, 91). Among the 578 outbreaks verified
by the WHO between 1998 and 2001, diseases such as cholera,
meningitis, hemorrhagic fever, anthrax, and viral encephalitis
were the most frequently reported (46). In recent years, the
threat of bioterrorism heightened the global health concerns
regarding infectious diseases. With little technological maneu-
vers, virulent strains of infectious agents can be generated in a
common laboratory setting using well-established chemical
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synthesis protocols (e.g., poliomyelitis) (16). Moreover, with
the emergence of several animal pathogens crossing to the
human population (e.g., avian influenza virus and coronavirus)
(36, 82), the need for strategies to control such emerging dis-
eases is greatly heightened.

Vaccines are considered the cornerstone of our defense
against bioweapons and emerging infectious agents (38), a
strategy that is meant to disarm potential biothreats. Annually,
3 million children are saved by vaccination, while 2 million
more are expected to die because of the lack of effective vac-
cines (11). The need for effective vaccines intensified the ef-
forts to screen for novel vaccine candidates that can be readily
available and delivered safely to a large number of afflicted
individuals. For decades, the approach of single-antigen
screening to identify vaccine candidates provided effective vac-
cines; however, the paramount need to combat emerging and
reemerging infectious agents necessitates finding alternative
approaches that screen whole genomes. Fortunately, ELI
promises to fill this gap (9).

With all of the available genetic and recombination technol-
ogies developed in the past 50 years to screen vaccine candi-
dates, we have just started to scratch the surface of the vacci-
nome (all potential vaccine candidates encoded in a given
genome). Historically, vaccine development is a random pro-
cess of discovery (empirical vaccines) where naturally attenu-
ated strains of viruses or bacteria are found to protect humans
after trials in animals (live attenuated vaccines). Classical ex-
amples are the use of cowpox vaccinia to protect against small-
pox in humans (71) and the attenuated strain of Mycobacterium
bovis BCG (bacillus Calmette-Guérin) to protect against tu-
berculosis (20). In most of these cases, an unknown mutation
or mutations occurred during serial passage of the organism
that led to its attenuation. Recent advances in the fields of
bacterial genetics and recombinant DNA technology intro-
duced the concept of “rational” vaccine design, where certain
genes or their products are targeted for deletion. This ap-
proach increased our arsenal of vaccines against diseases such
as cholera and typhoid fever (e.g., Vibrio cholerae CVD103-
HgR and Salmonella enterica serovar Typhi CVD 908htrA,
respectively) (49, 86). A potential problem of live attenuated
vaccines has been shown in vaccinated individuals who become
immunocompromised, as has been reported for human immu-
nodeficiency virus (HIV) patients vaccinated with M. bovis
BCG (18). A safer strategy than using attenuating pathogens is
to design vaccines that include only protective antigens (sub-
unit vaccine). Using this strategy, factors detrimental to the
host (e.g., immunosuppressive elements) could be easily avoided.
Unfortunately, strong adjuvants are needed to construct effec-
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tive subunit vaccines, as was shown in the case of Mycobacte-
rium tuberculosis and other infectious agents (17, 37, 42).

Recently, genetic immunization became a leading technol-
ogy for screening potential vaccine candidates against both
human and animal diseases which can eventually be used as
subunit vaccines (35, 92). Genetic vaccines have several advan-
tages over traditional methods. Like any subunit vaccine, only
the antigen or antigens that produce an effective immune re-
sponse are included, which could reduce any unintended re-
sponses. However, since the inoculating agent is DNA, the
purification and handling of the genetic vaccines are simpler
than those for traditional vaccines. The purification of any
genetic vaccine can be standardized with any lot completely
sequenced and therefore completely known. Additionally,
there is no need for a “cold chain” to keep the gene vaccine
viable, which is not true for live attenuated vaccines (8, 30).
Finally, the mode of entry of genetic vaccines via direct cell
delivery mimics the natural infection process, where pathogens
can enter the host cells but without the potential for unwanted
replication that has been seen with live attenuated vaccines.
Even better, the delivery of a very small amount of a vaccine
(nearly 100 ng) can elicit a strong protective immune response
(8).

Plasmid DNA-expressing antigens encoded in pathogen ge-
nomes were successful in inducing humoral and cell-mediated
immunity in laboratory and large animals as well as nonhuman
primates (51). In animals, by employing various genetic immu-
nization protocols, protective immunity was obtained against
bacterial (e.g., M. tuberculosis) (53, 63), viral (e.g., influenza)
(29), and parasitic (e.g., malaria and leishmania) (44) infesta-
tion. Even when combined infections of multiple pathogens
were used in a challenge, genetic immunization proved to be a
very effective strategy to combat the infection (89). Detailed
analysis of genetic immunization indicated that it can induce
both cellular and humoral immune responses in neonate ani-
mals with mixed Th1/Th2 responses, an advantage over poly-
saccharide subunit vaccines (12, 39). Additionally, the type of
immune responses generated by genetic immunization can be
manipulated towards either cellular or humoral responses or
even combined responses when needed (see below). A discus-
sion on the details of the immunological basis of genetic im-
munization, and in particular ELI, was recently reviewed by
Barry et al. (7) and will be discussed briefly in the subsequent
sections.

In several animals (e.g., mice, fowl, and fish), genetic immu-
nizations proved to be successful against several diseases (5, 6).
Unfortunately, such success was not matched in primates. In
experiments conducted on primates and humans, genetic im-
munization induced low levels of antibodies, and large doses of
DNA were needed to elicit suitable immune responses (21, 41,
94). We proposed to call the inability of genetic immunization
to induce sufficient immune responses in primates the “simian
barrier” (80). More recently (45), a reliable and effective cy-
totoxic-T-lymphocyte response in nonhuman primates was
generated by including genetic adjuvants such as interleukin-2
(IL-2), IL-4, and gamma interferon (IFN-y) with the use of
lower doses of gene vaccines directed against HIV. Addition-
ally, a regimen of priming with a gene vaccine followed by
subunit vaccine boosting (93) could circumvent the “simian
barrier” by stimulating both Th1l and Th2 immune responses.
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Introducing improvements on the genetic immunization vec-
tors (by including a robust promoter sequence, for example)
could also overcome the “simian barrier.”

SPECIAL CONSIDERATIONS BEFORE CHOOSING
AN ELI PROTOCOL

Because of time, effort, and the large number of animals
associated with ELI protocols, key aspects of the experimental
approach are necessary to examine before deciding on a par-
ticular ELI protocol. Considerations related to the library con-
struction, library deconvolution, and animal screening need to
be examined carefully. In the following section, we will discuss
key aspects of ELI and provide alternative solutions to short-
comings, when possible.

Animal models. First and foremost, the presence of a suit-
able animal model to screen vaccine candidates in a high-
throughput format is important for the success of any ELI
protocol. Problems associated with the model readout for pro-
tection (e.g., only minor differences in organ colonization) will
require a greater number of animals to discern differences
between the experimental groups. Also, in diseases where the
readout of protection is dependent on changes in organ pa-
thology, it will be difficult to generate quantitative measures
that can be evenly applied in a high-throughput format that is
required to distinguish between vaccine pools. Such readouts
can be applied for small genomes (e.g., viruses) or when semi-
quantitative measures of lesion severity in tissues are developed.

Traditionally, the best possible choice for a disease protec-
tion model would be the natural host. For some diseases, this
is feasible, as has been demonstrated by Moore et al. with
Mycoplasma hyopneumoniae (61), but for most diseases, this is
not a practical solution. Because of the expense and availability
of reagents to analyze the outcome of animal infections, it is
not surprising that most of the bacterial and parasitic genomes
are screened in mice, a salient laboratory animal model. De-
spite the difference in the genetic background of inbred mice,
mice infected with different human and animal pathogens can
consistently reproduce important aspects of infectious diseases
(15). In one ELI experiment, a mouse model was used to
screen Chlamydophila abortus, and the final set of antigens was
tested in the natural host, dairy cows. The vaccine delivered
either as a genetic vaccine or as protein provided partial pro-
tection from the natural herd-induced chlamydial infections (79).

Technologies available to design humanized or transgenic
mice could also be used to provide specific aspects of an in-
fection that could not be produced in intact mice (27). Hu-
manized or transgenic mice could provide good models for
vaccine screening. For most pathogens, the mouse model is
used as a first screen for the library pools before fewer num-
bers of plasmids are selected for testing in a more expensive or
sophisticated animal model. Needless to say, genetic immuni-
zations were successful in protecting different animals when
tested in a challenge system, indicating the suitability to screen
ELI in animal models other than mice, as reviewed previously
by van den Hurk et al. (92). Finally, it is always necessary to
screen an ELI library for the particular disease phenotype or
form that is targeted for vaccine development. Use of the
appropriate route of infection and parameters that mimic the
disease condition in the target host will maximize the chances
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to identify protective vaccine candidates (35). In some of the
ELI experiments, readouts other than animal protection are
employed. This is especially necessary when a suitable labora-
tory animal model is not available or feasible, such as for
hepatitis viruses and HIV, respectively. In these cases, care
must be taken to choose a readout that is immunologically
relevant to the discase, if that is known. Immune correlates
such as cytokine levels, antibody response, and cell prolifera-
tion assays have been used to identify potential vaccine candi-
dates (1, 85).

Vector design and delivery. The choice of a vector for library
construction in an ELI screen is very important, since vector
design can skew the immune response to either Thl- or Th2-
dependent responses. If a more humoral response is desired,
the gene fragments are often fused to a secretory leader se-
quence (e.g., tissue plasminogen activator [TPA]) so as to
direct the antigen out of the cell. Alternatively, if a cellular
response is desired, gene fragments are often fused to the
mouse ubiquitin gene so as to direct the potential antigen to
the proteasome for degradation and major histocompatibility
complex (MHC) class I loading (83). Other vector modifica-
tions to improve ELI performance included gene fusion to
HSP (heat shock protein sequence), monocyte chemotactic
protein 3, and cytotoxic-T-lymphocyte antigen 4 and fusion to
dendritic cell-targeting moieties (40, 67). The choice of a suit-
able targeting strategy depends on the assumption of which
type of immune response is necessary for a vaccine to be
protective, although researchers have shown that a cellular
response can sometimes be generated with a secretory leader
sequence and that antibodies can be raised against a target
even if fused to ubiquitin (83). In most cases, the desired
immune response is known, but in some cases, both types of
immune response are required.

Molecular targeting is usually a term that refers to targeting
antigens to specific cellular compartments for appropriate pro-
cessing or to using cytokine adjuvants to improve the immune
responses following vaccination. An example of molecular tar-
geting is to fuse bacterial antigens (e.g., mycobacterial ESAT-6
or MPT-64) to TPA signal sequences to elicit higher levels of
both cellular and humoral responses (50). Additionally, using
ubiquitin sequence in the DNA constructs of several mycobac-
terial antigens in a DNA “cocktail” of TPA constructs gener-
ated protective immune responses in mice against an aerosol
challenge with the virulent strain of M. fuberculosis (24). So far,
molecular adjuvants (e.g., granulocyte-macrophage colony-
stimulating factor or IL-12) are not widely used to augment the
immune responses generated by ELI. Nonetheless, a higher
level of protection against different disease models such as
tuberculosis (26, 56), malaria, and HIV (31, 72) was reported
when cytokines were coadministered with single- or multiple-
gene vaccines. Whether the inclusion of cytokines in ELI
screening will improve the overall performance of ELI or not
remains to be determined.

Another key step in ELI screening is the efficient delivery of
plasmid DNA to elicit the desired immune responses. In one
study that examined the route of vaccination on the elicited
immune responses, immunization of horses via skin and mu-
cosal injection of plasmid DNA encoding the hemagglutinin
antigen of equine influenza provided protective responses su-
perior to only skin immunization (54). Additionally, intrader-
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mal gene gun delivery of vaccines resulted in predominantly
immunoglobulin G2 (IgG2) antibody responses even when
small doses of hemagglutinin-encoding plasmids were used,
while intramuscular immunization against the same antigen in
mice raised a predominantly IgG1 isotype (69). In another
report, intramuscular gene expression of influenza nucleopro-
tein antigen was sufficient to elicit protective cellular immunity
against influenza (90). It is noteworthy that gene gun immuni-
zation induced superior immune responses to the same anti-
gens compared to intradermal or intramuscular injections (10).
Taken together, deciding on the appropriate vector design
combined with a suitable delivery protocol can affect the out-
come of ELI screening. In our hands, we found that plasmid
DNA delivery via gene gun combined with intramuscular in-
jection is a safe choice to elicit protective immunity against
pathogens, regardless of their preference of immune responses
(89).

Library size and genome coverage. Another consideration
for ELI design is the suitable size of the genomic library to
evaluate most of the encoded antigens. The number of clones
in the library can vary depending on the desired insert length,
the desired coverage level, the size of the genome, and the type
of ELI method chosen (random versus directed) (see below).
For a modest-size bacterial genome of ~2 Mb with an average
1-kb ORF size, 2,000 vaccine candidates need to be assayed for
their potential protection. Previously, both dose and route of
immunization were shown to direct the elicited immune re-
sponse to a specific arm of the immune system (34). With the
increase of genome size targeted for ELI screening, there will
definitely be an increase in the number of plasmids encoding
antigens which need deconvolution (7). For example, for eu-
karyotic parasites (such as Plasmodium spp.), an ELI screen
using only encoded antigens could be more appropriate than a
typical random ELI (rELI) protocol. Unfortunately, in most
cases, the exact pool dose and size needed to identify protec-
tive plasmids could not be completely predicted and need to be
estimated empirically. To test for the appropriate pool dose
and size in the animal model of choice, it is recommended to
do a dose-response curve using a known antigen, if available,
and dilute it in a pool of 50 to 100 plasmids with an equimolar
amount of plasmid DNA. Usually, mice can tolerate up to 2 pg
or 50 pg of plasmid DNA with untoward reactions when gene
gun or intramuscular injections are used, respectively (34). The
ability to induce protection from this pool usually implies the
suitability of both the dose and number of plasmids used to
inoculate animals. A similar approach can be applied to test
the reproducibility of detecting vaccine candidates using a par-
ticular model system.

MAIN APPROACHES FOR ELI

Although ELI can be applied to both infectious and nonin-
fectious diseases such as cancer, we will focus our discussion on
ELI screening for vaccines against infectious agents. In the
following section, we will discuss the various approaches for
conducting ELI screening supported by examples from pub-
lished work on bacterial, viral, and parasitic infections. Several
steps of rELI, directed ELI (dELI), and cDNA-directed ELI
(cDELI) protocols are shared and will be discussed only in the
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FIG. 1. An outline of ELI protocol. The entire genome of a patho-
gen is fractioned into small fragments before cloning into a mamma-
lian expression vector creating a library that would express all the
ORFs of a pathogen. Groups of animals can be immunized with sep-
arate plasmid pools followed by a pathogen challenge using a suitable
route of infection. Plasmids from a protected mouse group(s) will be
further divided into smaller pools and retested in other mice groups to
identify single protective antigens.

rELI section. The rest of the steps will be discussed to delin-
eate the differences and feasibility of each approach.

(i) rELI protocol. The concept for rELI is to randomly shear
genomic DNA and to clone the fragments into an appropriate
mammalian expression vector. Use of genomic DNA as start-
ing material further enhances the unbiased approach for which
ELI was created; no assumptions are made as to what is or is
not an open reading frame. Additionally, all genes in the ge-
nome are expressed in approximately the same ratio through-
out the library (Fig. 1). In the following sections, we will de-
scribe the necessary steps to use rELI in the search for vaccine
targets.

(a) Library construction. In a typical rELI, each library will
contain at most one-sixth of its plasmids encoding in-frame
ORFs (assuming equal cloning of evenly digested genomic
DNA). Accordingly, to cover 100% of each genome, six librar-
ies of at least 1.2 X 10* plasmids/library (2,000 X 6 reading
frames) need to be generated. In the original publication of
ELI screening a genome of ~1,000 genes, nine pools of ran-
dom genomic libraries of Mycoplasma pulmonis with ~27,000
plasmids were screened in mouse groups. Each of the random
libraries was fused in frame with human growth hormone se-
quences to direct the encoded antigens for extracellular secre-
tion and the production of humoral immune responses. Each
fused ORF was represented in three libraries to ensure full
genome expression in each reading frame. Full protection
against subsequent challenge with the virulent strain of M.
pulmonis was achieved in two out of the nine libraries. On the
other hand, six other libraries of M. pulmonis gave different
levels of protection, indicating differences in the library com-
position and hence the ability to generate protective immunity.
Higher numbers of libraries and clones per library were used

INFECT. IMMUN.

when the genomes of Leishmania major (66) and Plasmodium
chabaudi were screened in mice tissues with peptides encoding
an average of 25 amino acids/peptide (77). Unfortunately, with
the increase of library complexity, more cycles of deconvulsion
are required to identify single antigens. For example, to screen
the genome of L. major, three rounds of screening in mice were
employed to reduce the library complexity from 10° to 10°
clones to select a protective genomic library (66). However,
when the dELI approach is employed, the library complexity
can be greatly reduced because of the cloning of individual
ORFs in separate plasmids.

To generate a representative genomic DNA (gDNA) for
library construction, researchers have taken different ap-
proaches to fractionate the gDNA into “clonable” fragments.
In some cases, the gDNA is sonicated or nebulized followed by
a fill-in reaction or adaptor ligation to facilitate subsequent
cloning into a mammalian expression vector. Depending on
the expected gene size in a genome, fragmented gDNA could
undergo size selection before cloning. In other cases, the
gDNA is digested with suitable restriction enzyme before liga-
tion into a set of vectors that will allow fusions in all three
reading frames. In most of the experiments where genomic
DNA is used as starting material for ELI, the pCMV vector (or
one of its derivative) is employed, similar to the process re-
ported in the original publication describing ELI (9). In this
vector, antigen-encoding sequences are inserted between the
mouse cytomegalovirus promoter and the human growth hor-
mone terminator sequences. In some reports, the pcDNA3.1
vector (Invitrogen) has been used successfully, especially when
cDNA was used as starting material for ELI. A major differ-
ence between the two vector systems is the presence of a
simian virus 40 origin of replication in the pcDNA3.1, which
could be an undesired feature once a final vaccine is tested in
a mammalian host.

(b) Library deconvolution. Once constructed, the ELI librar-
ies need to be screened in animals using pools of plasmids in a
process termed “library deconvolution.” This process involves
the screening of successively smaller pools of clones in animals
to identify clones that induce protective immunity. Employing
such a protocol will reduce the complexity of the library and
eventually identify clones that provide protective immunity.
Most of the genome tested so far in an ELI protocol (Table 1)
employed an initial large pool or set of pools. This is because
the task of deconvoluting the protective pool is often compli-
cated. For those projects that attempted to find the protective
clone, two different methods were used for systematic screen-
ing of the library. The first approach is to split the protective
pool into smaller subpools, with no overlapping clones in each
pool. In another approach, the protective pools can be ar-
ranged in a matrix to reduce the number of animals used in the
challenge trials (79). In the matrix screening, all of the clones
from the protective pools should be picked into 96-well plates
and arrayed into a virtual two-dimensional grid. By this pooling
method, each clone is located in two unique pools, correspond-
ing to one in each of the axes. When two intersecting pools of
the matrix are protective, a single clone could be rapidly iden-
tified as the protective antigen. This approach can be expanded
to a three-dimensional grid, which reduces the number of
challenge rounds even more.
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TABLE 1. List of microbial systems where ELI was applied
Pathogen Animal model Outcome Genome size/library size Library type Reference
Eukaryotic parasites
Coccidioides immitis Mouse Reduced to single clone 29 Mb/10 pools of 80 genes cDELI 43
Ixodes scapularis Mouse Reduction to defined pools 2,100 Mb cDELI 2
L. donovani Mouse Reduced to sequenced pools ~34 Mb/15 pools of 2,000 clones c¢DELI 58
L. major Mouse Partial decovolution 50 Mb/3 pools with 10° clones rELI 66
each
P. chabaudi adami Mouse Reduction from 3,000 to 616  25-30 Mb/10 pools of 3,000 rELI 77
clones clones
P. chabaudi adami Mouse Test different fusion vectors ~ 25-30 Mb/3 large pools of 30,000 rELI 67
clones
Taenia crassiceps Mouse Partial protection 8,000 clones cDELI 55
Toxoplamsa gondii Mouse Partial protection 65 Mb/1 large library rELI 32
Trypanosoma cruzi Mouse Test immune correlate 40 Mb/1 large library pool rELI 1
Bacteria
B. abortus Mouse Partial protection 3 Mb/1 library with 20,000 clones rELI 48
C. abortus Mouse Reduced to single clone 1.1 Mb rELI 79
C. ruminantim (Ehrlichia ~ Mouse Partial protection 1.57 Mb/22 pools with 3,000 rELI 14
ruminantium) clones each
M. hyopneumoniae Pig Used a new in-frame cloning 0.9Mb rELI 61
vector
M. pulmonis Mouse Complete protection 1 Mb/3,000 clones rELI 9
Piscirickettsia salmonis Coho salmon  Partial protection Unkonwn/22,000-28,000 clones rELI 60
Viruses
HIV-1 Mouse Complete protection 9.7 kb/32 clones dELI 74
HIV-2 Baboon Partial protection 9.7 kb/38 clones dELI 52
SIve Macaque Partial protection 9 kbp/rELI vs dELI libraries rELI and dDELI 85

@ SIV, simian immunodeficiency virus.

(c) Identification of vaccine candidates. The result of each
screening round of ELI pools in animals is protection. In some
cases, protection can be manifested as a reduction in pathogen
count such as in the mouse model of Mycoplasma pneumonia
(9) or Cowdria ruminantium (14). In another system, a reduc-
tion of mortality rate or elongation of the survival time is the
assay readout (13, 60). Once a protective pool with a fairly
small number of plasmids is identified, the encoded DNA is
usually sequenced to allow more detailed analysis of the pro-
tective antigens. At this stage, clones containing noncoding
sequences or with clear reasons that prevent their expression
(e.g., the presence of a stop codon at the 5" end of the insert)
are excluded from further analysis. Of those trials that refined
the pool to a single gene, many did not cover the entire ge-
nome (43). At this point, there is a trade-off between pooling
plasmids and testing them as single antigens. If the plasmid
pool is too large, a potential antigen may be at too a low a level
to confer protection; however, a library of subpools that are
too small may miss antigenic fragments. An advantage of the
ELI approach is that a set of vaccine candidates is discovered
often; if one proves ineffective or partially protective, a com-
bination of antigens can be employed instead.

(d) Challenges of rELIL. In the rELI approach, many rounds
of screening are often necessary to completely deconvolute a
protective pool. This deconvolution also assumes that a single
gene is responsible for the protection seen in a library pool. If
two proteins can act synergistically to provide protection, ei-
ther by forming a complex, one providing T-cell help for the
other, or by invoking multiple protective responses, then sub-
sequent dividing into subpools will reduce or eliminate a pro-

tective response. This effect has been reported previously by
Almazan et al. (2) and Melby et al. (58), where subpools were
less protective than the larger pool. Another concern is that
the library may contain genes that make the disease worse or
that somehow interfere with the protection readout. In some
cases, researchers have reported that some of the pools have
had a negative effect on protection, even over a mock-vacci-
nated control (2). In other cases, no negative effects are seen
(74); the difference will always be pathogen and model specific.
Nonetheless, in an attempt to boost the immune responses
generated by genomic libraries of ELI, a live attenuated strain
of Neisseria meningitidis was inoculated after DNA immuniza-
tion (95). In this experiment, 9 out of 10 sublibraries induced
bactericidal activity against a challenge with Neisseria, reflect-
ing the ability of DNA genomic libraries to prime the immune
system.

Another challenge for the rELI genomic library approach is
that only ~1/6 of the clones will be in the correct reading frame
and one-third of the clones will be able to be used for a cDELI
library. The number of in-frame gene fragments can be even
less if the pathogen contains introns or large noncoding re-
gions. For example, when a 20,000-clone genomic library of
Brucella abortus was screened in BALB/c mice, only a slight
reduction in bacterial load (<0.5 log) in the spleens of immu-
nized mice was obtained despite the significant induction of
both humoral (higher IgG1/Ig2a ratio) and cellular (high levels
of IFN-vy) responses in immunized mice (48). Sequence anal-
ysis of the B. abortus library that was used indicated that only
6.5% of the clones were actually encoding antigens instead of
random insertion in six reading frames that could encode up to
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17% of antigens. This decline could explain the low level of
antigen representation and protection when this library was
screened in mice. However, if library design included a vector
that enhances in-frame cloning, the library can be more com-
plete and much smaller. One such vector that has been de-
signed for this purpose was described previously by Rombel et
al., where a promoterless green fluorescent protein sequence
was cloned downstream of multiple cloning sites (70). Moore
et al. designed a different vector with a very similar purpose
(61). In this vector, a His tag fusion was used to identify clones
expressing recombinant protein.

(i) dELI. With the increases made in genomic sequencing,
one can screen only the ORFs encoded in a pathogen. In a
typical dELI protocol, all ORFs predicted in a genome are
amplified by PCR and cloned to a mammalian expression vec-
tor such as the one used for random ELI. In launching such
efforts, investigators need to be comfortable with high-
throughput protocols for PCR amplification, cloning, and plas-
mid purifications. Once PCR products are amplified, ampli-
cons can be cloned either by using standard molecular biology
techniques or by various restriction-free cloning systems (uni-
versal cloning) (76). In universal cloning, no purification or
quantification of amplified fragments is necessary before liga-
tion to the target plasmid. To further increase the speed at
which individual genes can be tested, the requirement of clon-
ing each gene can be replaced by employing linear expression
element (LEE) technology (84). This approach is based on the
fact that any ORF flanked with a mammalian promoter and
terminator can be expressed to elicit immune responses fol-
lowing genetic immunization, a feature that is exploited to
facilitate vaccine design (84). In addition to speeding up the
process, LEE constructs eliminates cloning biases that are in-
variably introduced in a standard directed library approach.
Nonetheless, when ORFs are >1.5 kb, the process of con-
structing LEE could become tedious unless arbitrary decisions
are made to restrict the size of the PCR product. Regardless of
whether LEEs or full plasmids are used in dELI, the rest of
library screening is very similar to the deconvolution process
applied for rELI. During the deconvolution stage of dELI,
pools of plasmids can be easily identified and a single antigen
can be produced, which further speeds up the characterization
of vaccine candidates.

So far, the only reports employing the dELI approach are
those using small viral genomes such as HIV and simian im-
mune deficiency virus. In one report, Sykes and Johnston gen-
erated an HIV-1 dELI library that contained 32 overlapping
~550-bp fragments and that covered all of the open reading
frames (83). The library, although complete and encoding all
of the viral genome, did not cause infection in mice. However,
diverse cellular and humoral immune responses were ob-
served. Using this library, specific CD8*-T-cell responses were
not altered in mice even in the presence of strong immuno-
dominant antigens of HIV such as gag, nef, and pol (74). In a
subsequent report, the performance of a reengineered
genomic library of HIV-1 (fused with ubiquitin sequence) in-
duced a diverse, multivalent CD8*-T-cell response superior to
any comparable immunization with individual antigens such as
Gag or Pol proteins (73).

An advantage of dELI over rELI is the reduction in com-
plexity of the genomic library. Instead of screening thousands
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of clones containing noncoding sequences in rELI, only pre-
dicted ORFs can be screened with a smaller number of animal
groups. Use of the dELI protocol decreases the number of
plasmids in the library, which increases the concentration of
any one gene in a pool and increases the likelihood of identi-
fying protective antigens. Some antigens may still not function
even at this higher dose, especially if they have the incompat-
ible codon bias needed for mammalian expression. This can
often be overcome by altering the codon bias; however, this
can be cost prohibitive on a large scale. Finally, when a defined
library is used, known toxins or previously identified vaccine
candidates that can affect library screening in animals can be
excluded. Nonetheless, even the dELI protocol was not able to
cross the “simian barrier” that was discussed above. In ba-
boons, a genomic library of HIV-2 virus generated CD8"-T-
cell responses; however, no difference in viral loads between
control and vaccinated animals was found (52). As suggested in
this report, this lack of protective immunity against HIV could
be attributed to the shortcomings of the genetic immunization
protocol itself instead of the ELI approach.

(iii) cDELI. Another ELI protocol that is a hybrid of both
rELI and dELI termed cDELI, takes advantage of a well-
established technology of cDNA cloning. In this protocol,
cDNA is used rather than genomic DNA or PCR products as
the starting material for ELI (55). Such an approach is useful
if the noncoding regions in the pathogen are substantial, as is
the case for parasitic and fungal pathogens (2), or if a partic-
ular life cycle is being targeted for vaccine development. For
example, in malaria and leishmaniasis, employing ELI is chal-
lenging because the large size of parasite genomes (=10 Mb)
(4) requires a high number of plasmid pools to obtain sufficient
genome coverage. Also, the coding density of parasitic ge-
nomes is very low compared to that of bacterial pathogens,
which complicates the design of genomic libraries.

So far, several groups have adopted cDELI to identify vac-
cine candidates against parasitic infestation. With small
genomic library pools of only 30,000 clones, a reasonable pro-
tection level (up to 50%) was achieved when mice were chal-
lenged with a virulent strain of P. chabaudi adami (67, 77).
Specific T-cell and humoral immune responses were demon-
strated in vaccinated mice. A similar approach for genomic
library immunization was also successful when applied against
L. major (66), demonstrating the ability of cDELI to discover
vaccines against complex parasites with multiple life cycles. In
other infestations, a cDNA library was constructed from the
amastigote stage of Leishmania donovani that was divided into
15 smaller sublibraries with 2,000 clones each (57). In three
rounds of testing, they found a group of clones that decreased
parasite burden in the spleen and liver and had an increase in
IFN-y production. In their second round, they screened two of
the protective pools for protein expression to reduce the num-
ber of clones tested in round 3. Under these circumstances,
much lower numbers of plasmids were screened in mice and
resulted in the identification of plasmid pools that yielded a
significant reduction in parasite levels (55, 57).

THE FUTURE OF ELI IN VACCINE DISCOVERY

Different protocols of ELI have been implemented in viral,
bacterial, and parasitic diseases with varying degrees of suc-
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FIG. 2. Microarrays and vaccine development. Gene lists generated from different analyses of microarray hybridizations (such as hierarchical
clustering) will be individually cloned into a mammalian expression system before further screening in an ELI protocol as outlined in Fig. 1.

cess. Because of the nature of ELI and its simple design,
several variations of the main concept of library screening can
be easily envisioned to select vaccine candidates. A key step
that needs to be addressed to ensure the application of ELI to
different microbial systems is to improve antigen expression in
a mammalian host. For example, a change in the codon opti-
mization to replace rare codons in microbial transcripts to
match mammalian codon usage can have a dramatic effect on
the overall performance of genetic immunization (25, 64). As
we explained previously, coadministration of cytokines and the
use of robust promoter sequences in genetic immunization
could be adopted for ELI. Although these changes are not
related to the ELI protocol itself, the whole ELI screen can
benefit from such modifications.

We also envision that the ELI deconvolution protocol can be
combined with or adopted to different vaccine discovery sys-
tems. As an example of combining ELI with other technolo-
gies, a genomic expression library of Helicobacter pylori was
first screened for immunogenic antigens using a Western blot-
ting protocol employing sera collected from infected humans
or rabbits (47). A relatively large number of clones (n = 114)
were identified as immunogenic in this preliminary step of
library characterization. Only pools of immunogenic antigens
were further screened in primates to identify protective vac-
cines. In another example using an M. tuberculosis genomic
library expressed in Escherichia coli, only antigens recognized
by rabbit antiserum directed against M. tuberculosis were fur-
ther tested in a murine challenge system as vaccine candidates
(28). Another modification of the main theme of ELI is to

enrich the plasmid library for antigens that trigger a desired
immune response before screening in animals. Again, this
strategy was applied to M. tuberculosis, where the genomic
library was screened for eliciting T-cell activation, a key factor
in controlling tuberculosis (75). Two novel vaccine candidates
(mtb10 and mtb41) were identified in this screen. In the fol-
lowing section, we will discuss the potential of combining ELI
screening with other technologies that could eventually lead to
an improvement in the overall performance of ELI as a plat-
form technology for vaccine discovery.

Expression microarrays and ELI. A considerable hurdle for
ELI technology in vaccine discovery is the size of the genome
to be screened and the number of plasmid pools that should be
constructed. One way to reduce the complexity of the ELI
library of plasmids is to use transcriptional profiling to screen
only genes responsible for establishing an infection to discover
vaccine candidates (Fig. 2). The idea behind this approach is
that differentially expressed genes during infection could con-
stitute important targets for vaccine development. Fortunately,
with the advancement of transcriptional profiling techniques
(such as real-time PCR and DNA microarrays), we can obtain
a comprehensive profile of microbial systems on a genome-
wide level. We and others have used DNA microarrays to
profile pathogens of significant importance to humans and
animals during natural or experimental infection (59, 65, 68,
78, 88). In all of these experiments, mixing of the host RNA
with pathogen transcripts constituted a major hurdle against
obtaining an accurate estimate of the pathogen transcript lev-
els. In some cases, pathogens were directly isolated for mi-
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croarray analysis using infected samples where they were
present in abundance with little contamination from the host
tissues (65, 68). In other cases, total RNA of the host and
pathogen were extracted and only pathogen transcripts were
successfully labeled using a set of genome-directed primers
(87). The second logical progression for such in vivo analysis is
to screen differentially expressed genes for diagnostic antigens
and vaccine candidates. In particular, groups of genes of un-
known function or those with a specific transcription profile
can be screened using the high-throughput format of dELI.

Bioinformatics and ELL. Combining the screening power of
ELI with bioinformatics could identify novel vaccine candi-
dates that could not be predicted using normal biological
screening protocols (96). For example, bioinformatics analysis
of the sequence of the Bacillus anthracis plasmid encoding 143
OREFs for potential virulence and pathogenesis genes was suc-
cessful in predicting only 11 candidates for further analysis (3).
If such an approach is used on a genome-wide level, dELI
would be a realistic approach for systematic screening of vac-
cines against pathogens with larger genomes (e.g., parasites
and fungi). Additionally, by comparing microbial sequences on
a genome-wide level, we can exclude genes such as housekeep-
ing genes or genes that are too similar to the host, but we can
include genes that encode protective epitopes against multiple
pathogens, especially if they are closely related (19). Alterna-
tively, we can include genes that are predicted to encode sur-
face-exposed proteins or putative virulence factors. This type
of approach, termed “reverse vaccinology,” has been used to
find vaccine candidates for a variety of different pathogens,
including meningococcus, B. anthracis, Chlamydia pneumoniae,
Streptococcus pyogenes, M. tuberculosis, and pneumococcus (re-
viewed by Mora et al. [62]). This technology relies even more
on user input to determine what would make a good vaccine.
One disadvantage of this type of approach is that sometimes
the immunodominant region of a protein is not the one that is
best for raising neutralizing antibodies. Another disadvantage
is the possibility of missing unknown genes that could be pro-
tective antigens. In these circumstances, various sets of genes
that are suspected to not be protective could be tested sepa-
rately from the rest of the pools.

Another bioinformatics approach for vaccine discovery de-
pends on predicting epitope binding to MHC molecules on the
host antigen-presenting cells. The approach uses extensive ex-
perimental knowledge and computer prediction algorithms to
find which peptides in a pathogen would have the greatest
affinity and would therefore elicit the best immune response
(22, 23). These methods make it possible to test possible pep-
tides for affinity to known HLA polymorphisms in silico. Other
algorithms have been developed to find “promiscuous”
epitopes that can bind to multiple HLA genotypes. In the
former approach, vaccine candidates were targeted to certain
populations, while in the latter approach, vaccines were devel-
oped to benefit a wide group of the population. However,
genetic variations in either the host or the pathogen popula-
tions can limit the effectiveness of these epitopes as vaccines.
While this approach primarily helps to define the cytotoxic-T-
lymphocyte epitopes, there is a component of class II-re-
stricted T-cell epitopes that could be included by other predic-
tion software (e.g., TEPITOPE) (81). Unfortunately, most of
these predictions are done on mouse MHC and not on human
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MHC alleles. The type of immune response that can be pre-
dicted with epitope MHC matching programs is primarily lim-
ited to cellular immune responses. Once all of these epitopes
are identified, an ELI protocol should be able to identify vac-
cine candidates. In these experiments, ELI will provide a plat-
form for rapid testing of vaccine candidates.

Generally, to make safer and more-effective vaccines, we
need to find an array of protective antigens for a given patho-
gen. In vaccinology, ELI protocols have a good chance to
contribute tremendously to the discovery of novel antigens that
can serve as vaccines. The ELI technology allows us the rapid
discovery of vaccines against an individual pathogen or even a
group of pathogens. To this end, by combining ELI with
genomic technologies, we will be able to completely define the
vaccinome of any pathogen.
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