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Abstract

We report the results of a general protocol that was used to screen the whole genome ofChlamydophila abortus, type strain B577 (formerly
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hlamydia psittaci strain B577), in a mouse pneumonia model. Genetic immunization was used to functionally test the genes ofC. abortus
s vaccines in a mouse challenge system. Nine gene fragments were isolated that conferred protection, with five protecting as e

he live-vaccine positive control. Bioinformatics approaches were unable to reconstruct isolation of these antigens. These results
athogen genomes can be functionally screened for vaccine candidate antigens in a mouse model to reveal new classes of vacc
ntigens that may have therapeutic efficacy across host species, disease manifestations, and delivery platforms.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Subunit vaccines may offer many advantages over con-
entional live or killed formulations. Notably they may be
ignificantly safer. In addition, by eliminating pathogen fac-
ors attenuating the host immune response it may be possible
o create more effective vaccines[1]. The challenge is to find
hich factors in the pathogen should be included in the vac-
ine, particularly with bacterial pathogens carrying 5000 or
ore encoded proteins. There have been many approaches to

his problem ranging from bioinformatic predictions of good
ntigens to immunological selections based on host responses

2–5]. These systems for selecting antigens either assume
nowledge of the basis of the protective immune response or
ave biases in the sorting process. We have been developing

∗ Corresponding author. Tel.: +1 214 648 1415; fax: +1 214 648 1298.
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S.A. Johnston).

technologies that allow us, in as unbiased a way as pos
to conduct complete screens of all of a pathogen’s enc
proteins. We report here the application of these techn
to functionally screen the genome ofChlamydophila abortu
[6] for protective antigens.

In 1995 we introduced the concept of expression lib
immunization (ELI)[7]. This approach to antigen discove
was based on our earlier demonstration of genetic immu
tion [8]. Genetic immunization simplified the immunizat
process by using plasmids encoding foreign proteins a
inoculum. ELI was based on the idea that pools of g
from a given pathogen could be introduced into the test
mal by genetic immunization and then screened for whe
they contained one or more protective antigens by dir
challenging the host with the pathogen. We demonst
that theMycoplasma pulmonisgenome could be fractionat
into pools of∼3000 plasmids and some pools conferred h
levels of protection. Other groups have also now shown
pools representing a portion of different pathogen geno

264-410X/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.

oi:10.1016/j.vaccine.2004.12.013



K. Stemke-Hale et al. / Vaccine 23 (2005) 3016–3025 3017

can confer protection[9–17]. The critical issue is whether
protective pools can be reduced to individual genes and if so,
what types of antigens are protective. Pools are not of prac-
tical value for most vaccine applications so this is a crucial
question relative to the application of ELI.

We choseC. abortusto perform a complete ELI screen.
Intracellular bacteria of the familyChlamydiaceaeare im-
portant pathogens in both humans and animals. In humans,
Chlamydiaceaebacteria are responsible for a wide variety
of diseases, including trachoma-induced blindness, sexually
transmitted disease, community-acquired pneumonia, and
possibly even coronary heart disease[18–23]. In cattle, ubiq-
uitousC. abortusinfections cause infertility and abortion, re-
sulting in a loss of calf and milk production[24,25]. Conven-
tional approaches, such as biochemical purification of abun-
dant or immune-reactive proteins have been used to search
for vaccines againstChlamydiaceae-induced disease. These
approaches have led to candidates with less than optimal re-
sponses, including inconsistent protection in animal models
[26,27] and exacerbation of disease in trachoma field trials
[27]. A leading candidate for a vaccine, the major outer mem-
brane protein (MOMP), has been tested as a genetic vaccine
in several host species with variable and inconclusive results
[28–31].

We have now screened a library of DNA fragments rep-
resenting most if not all of theC. abortusgenome for their
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of the library, 300 clones were sequenced, of which 48 (∼1/6)
were found to contain sequences that encoded in-frame pro-
teins, as predicted. Of these 48 inserts, 3 were non-C. abortus
DNA and matched mammalian DNA, which indicates a small
contamination of genomic DNA from the host BGMK cells.
We also searched the library to make sure that it contained
all regions of MOMP (ompA). Further details on the library
can be supplied on request.

2.2. Mouse vaccination and pathogen challenge

The DNA pools were tested for protection againstC.
abortususing a well-establishedintranasalmouse challenge
model[32,33]. DNA from the pools was injected into 6-week
old female NIH-Swiss mice in Round 1 and BALB/C mice
for all subsequent rounds. Doses of 50�g library DNA were
delivered intramuscularly to the quadriceps and tibialis ante-
rior muscles. Doses of 2.5�g DNA were delivered to the ear
skin of mice with a gene gun.C. abortusB577 was grown in
BGMK cells and titrated for IFU in BGMK shell vial cover-
slip cultures by enumeration of chlamydial inclusions stained
with FITC-labeled monoclonal antibody against chlamydial
LPS as described[32,33]. For rounds 1 and 2 of ELI, mice
were boosted 9 weeks after the prime inoculation in the same
manner, and for rounds 3 and 4 of ELI the mice were given
an additional boost 5 weeks after the prime. In all cases, mice
w
f ly.
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bility to protect in the mouse pneumonia model. Five g
ragments conferred protection at levels as good as or
er than the live-vaccine control. Four of these five fragm
ere from gene categories not generally predicted to be
ources of vaccine candidates. These results demonstra
whole bacterial genome can be screened for single va

andidates by genetic immunization and that the screen
uces novel candidates.

. Materials and methods

.1. Construction of the library

Genomic DNA of the ruminantC. abortustype strain
577 was physically sheared using a nebulizer (Glas
erra Haute, IN), then size fractioned on a 1.5% TBE aga
el. Fragments between 300 and 700 bp were excise
lectroeluted. Adaptors (top strand 5′: GATCTGGATCCC-
AT, bottom strand 5′: ATCGGGCTCCA) were ligated on

he fragments, then the fragments were cloned into theBglII
ite of pCMVi-UB and transformed into DH5�. The result
ng library consisted of 27 individual pools of 2400–34
lasmids, a total of approximately 82,000 clones, with 6
ontaining inserts. Orientation and frame constraints pr
hat only 1/6 of the plasmids would encode authenticC. abor-
usprotein fragments. Given the approximately 1Mb-gen
ize ofC. abortus, this library represents more than 6 geno
xpression equivalents, defined as the redundancy of au
ic ORFs ligated in-frame with ubiquitin. To gauge the qua
t

-

ere challenged at 13 weeks with a dose of 3× 106 inclusion
orming units (IFU) ofC. abortusadministered intranasal
he positive control group representing protection rece
low dose intranasal inoculation of 3× 104 IFU of the same

ive strain four weeks prior to the high-dose challenge. A
ime of the high-dose challenge,C. abortusDNA from the
ow-dose live vaccine inoculation was not detectable in
ungs. Näıve, unchallenged animals served as unprote
ontrols for disease. Animals were sacrificed 12 days
eceiving the challenge, and lungs were weighed. Lung
ice from round 4 were frozen and stored at−80◦C. An ir-

elevant library pool, composed ofM. tuberculosis, was use
s a negative control for the first experiment (round 1),
on-protectivepoolswere used in subsequent rounds.

.3. Calculation of relative protection

The relative protection score was calculated by assig
he score of 1 to the average lung weight of the vaccin
ositive control and 0 to the average lung weights of the c

enged, unvaccinated control. These points define a line
ected animals with lower lung weight have a higher rela
rotection score. Animals with worse disease than challe
nvaccinated controls will have a negative relative protec
core.

.4. Quantitative PCR

Genomes ofC. abortusB577 in lung tissue were detect
y a fluorescence resonance energy transfer, real time

itative PCR method as described[34].
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3. Results

3.1. Library construction

To create the library of genetic immunization plasmids, ge-
nomic DNA ofC. abortusstrain B577 was physically sheared
and cloned into the genetic immunization vector pCMVi-UB,
which drives transcription using the strong mammalian CMV
promoter[35,36]. TheC. abortussequences are fused to the
murine ubiquitin gene which can enhance cellular immune
responses, presumably by increasing proteasome targeting
for MHC I loading, while still eliciting strong humoral re-
sponses[36]. This vector seemed appropriate for screening
for a Chlamydiaceaevaccine since MHC I-restricted im-
munity appears to mediate protection in the early phase of
chlamydial infection, and MHC II-restricted CD4 T-helper
(Th1) immunity is indispensable for clearance ofChlamydi-
aceae[27,37,38].

3.2. Vaccination and challenge

The library was divided into 27 pools, each containing
approximately 3000 plasmids, and injected into mice. This
library represented approximately six genome equivalents. In
the first round of screening, groups of four outbred, 6-week
old, NIH-Swiss mice were immunized both intramuscularly
( un.
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the chlamydial lung burdens of the mice were also deter-
mined. Lung weights are very consistent among inbred mice
within the age group used for this study, and any change in
lung weight can be accurately quantified. In our hands, lung
weight increase was a more accurate measure of protection
than lung IFUs which showed higher inter- and intra-group
variance, although the IFUs correlated with lung weight, such
that live vaccinated mice with maximum protection (low lung
weights) typically carried about 103–104 IFU. The diseased
animals (high lung weights) carried about 104–106 IFU. De-
termination of chlamydial genomes per lung by quantitative
PCR showed the same trend as IFU.

Mice in the positive control, live-vaccine group were com-
pletely protected from disease and had lung-weight increases
of 10–30% compared to naı̈ve, unchallenged controls. Lungs
of the protected, positive control mice did not show any gross
lung lesions, and examination revealed no interstitial infil-
trates but did reveal prominent peribronchiolar lymphocytic
cuffs, probably a sign of protective immune stimulation (data
not shown). The lung weights were transformed to relative
protection scores in a linear equation (see Section2).The
system used to deconvolute the sub-libraries into individ-
ual gene candidates is depicted inFig. 1. In round 1, each
sub-library consists of approximately 3000 different clones.
Fourteen of the 27 plasmid sub-library pools inoculated into
mice conferred protection as compared to non-immunized
m ris-
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i.m.) by needle injection and epidermally with a gene g
e used both delivery methods because some have a

hat i.m. injections favor the development of Th1 cell
ponses whereas gun-delivered skin inoculations favor
esponses[39]. The mice were boosted once (for round
nd 2) or twice (for rounds 3 and 4), then challenged w
ose of 3× 106 inclusion forming units (IFU) ofC. abortus
dministered intranasally. High levels of protection aga
hlamydial infection have been achieved through prio
ection with low doses of live pathogen delivered muc
lly [40]. Therefore the positive control group, which rep
ents complete protection, received an intranasally adm
ered vaccine consisting of a low dose (3× 104 IFU) of live
hallenge material 4 weeks prior to experimental challe
äıve unchallenged animals served as unprotected co

or maximum disease. The animals were sacrificed 12
fter receiving the challenge infection, since disease inte
n day 12 after infection is well correlated with the chro

nfection outcome.
An important aspect of the ELI approach is that the

ect readout for protection is disease, not immune corre
his is particularly relevant to developing aChlamydiacea
accine since neither the mechanisms ofChlamydiaceae-
nduced disease nor the requirements for a protective

une response are well understood[26,27]. We scored di
ectly for disease, and its prevention, by using the q
ifiable disease-dependent parameter of lung weight[32,33].
aximum disease resulted in a 2.5-fold average increa

ung weight on day 12 after challenge compared to nı̈ve
nchallenged animals. As an indirect measure of dis
ice (Fig. 2). The approximately 40,000 colonies comp
ng these 14 libraries were individually picked and organ
nto a 2D array to derive the sub-library DNA inocula for
econd round of screening. The colonies from each row
nd column (24) were pooled and plasmid DNA was prep

rom them. Each row and column represented a sub-lib
f 1700 colonies and each matrix intersection containe
olonies (Fig. 1).

.3. Reduction to single clones

In round 2 each row and column DNA was used to va
ate a group of five mice that were challenged as desc

or round 1. Seven rows and eight columns were score
rotection-positive sub-libraries (Fig. 1, and data not shown
he designated 41 intersections contained a total of
olonies. These colonies were re-arrayed in a secon
rid, with 24 rows and 36 columns containing four to fi
olonies at each intersection (Fig. 1, round 3). Again, DNA
as prepared from the colonies comprising each row
olumn. After inoculation of the DNA and subsequent c
enge with the pathogen, three rows and three columns
cored as positive. Data on the libraries for round 3 are s
n Fig. 2.

Using the third round data, plasmids at each interse
f protective rows and columns were sequenced (46
ids from nine intersections) in order to eliminate those

ikely to encode protective antigens. Only those ubiqu
used gene fragments that encoded peptides longer th
mino acids were tested as single clones in the round 4
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lenge. Fourteen plasmids met this criterion. Additional test
groups included a pool of all 14 plasmids, a pool of the 32
plasmids encoding proteins fewer than 50 amino acids, and
the positive and negative controls for protection. The results
are presented inFig. 3.

3.4. Analysis of protection level

Of the 14 individually tested clones, CP #1 through CP
#9 had positive relative protection scores (Fig. 3). Three of
the clones (CP #1–3) elicited protection that was statistically
higher than the unvaccinated control, which has high vari-
ance, and five clones were significantly more protective than
the genes encoding fewer than 50 amino acids (CP #1–5 and 7,
p-value of less than 0.05 when comparing lung weights). CP
#1 was more protective than the live-vaccine, positive control.
Since some of the intersections of round 3 contained more
than one plasmid it was expected that some plasmids would
not confer protection, as was the case for CP #10 and 11. In-
terestingly, CP #12–14 appear to condition increased disease

F
p
n

severity. The pool of all 14 plasmids, including the negative
effectors, conferred protection that was better than the posi-
tive control but not better than CP #1. The pool of plasmids
encoding proteins fewer than 50 amino acids conferred no
significant protection (Fig. 3). Chlamydial loads were also
determined for each group (Fig. 3). While the chlamydial
loads generally tracked with protection and the most pro-
tective genes were significantly lower than in unvaccinated
controls (p< 0.05 in the Mann–WhitneyU-test for genes CP
#1, 2, 4–7, 9, 10), the organism load, unlike lung weight, did
not allow for clear distinction among these 10 genes. The se-
quences of these 14C. abortusgene fragments are available
through our website (http://cbi.swmed.edu/).

3.5. Validation of the ELI approach

Having individual protective genes allowed us to test
some specific aspects of the deconvolution process. First,
we asked whether individual genes could confer the pro-
tection we observed in the libraries. Protective clone CP
#4 was diluted 1/2000 in a non-protectivesublibrary pool
of clones. As observed inFig. 4, this CP #4-spiked subli-
brary conferred protection. Another informative observation
was that clone CP #11 was the only ORF (of a length long
enough to suggest it is expressed) present in a protective
round 3 pool, yet it did not confer protection when deliv-
e vi-
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ig. 1. Flowchart of the library deconvolution. Each round consisted of
reparation of DNA samples, vaccination of mice, challenge and determi-
ation of the relative protection in each group.
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red separately (Fig. 3). However, when the complex en
onment was reconstituted by spiking CP #11 into a n
rotective pool, with an independent mixture of clones,
ool was now able to confer protection (Fig. 4). These re
ults indicate that components of the ELI libraries can
unologically interact. At least in this case the interac
as non-specific, presumably T cell help, since two in
endent pools both transformed CP #11 into a prote
lone.

.6. Informatic comparison of genes selected

The sequences of the 14 selectedC. abortusfragments
ere compared to genomic databases and toC. pneumonia

41]. The results are depicted inFig. 5. Three comparison
re noteworthy. First, six of the nine genes conferring

ection are not outer membrane proteins (clone CP #9
ypothetical protein and not likely to be an outer memb
rotein). It is generally believed that membrane bound o
reted proteins would produce the best protective anti
gainst chlamydial infections[42]. However, the most pro

ective clone, CP #1, is a fragment of a DNA polymeras
ubunit. Interestingly, the second and third most prote
lones (CP #2 and 3) were independent derivatives from
f the three subunits of an amido-transferase.

Second, secreted or outer membrane proteins are no
ssarily protective. While one clone, CP #4, is a fragm
f a previously sequencedC. abortusouter membrane pro

ein OMP90A[42,43]that does confer protection, three ot
utative outer membrane protein fragments (CP #10–12

http://cbi.swmed.edu/
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Fig. 2. Results of protection assays in rounds 1 and 3. Protection was scored as lung weight relative to the average of the vaccinated, maximum protection
positive control (vaccinated, relative protection score = 1) and the non-vaccinated, challenged, maximum disease negative control (challenged = 0). There is
a limit to the value that can be obtained with this readout, since no mouse can have a lower score than the naı̈ve, unchallenged animals. The unchallenged
näıve group consistently had lung weights slightly lower than the best protected positive controls (live vaccinated) due to the peribronchiolar accumulation of
lymphatic cells in these animals. In rounds 2 and 3 the pools of plasmids from columns in the two-dimensional (2D) arrays are assigned numbers and the rows
assigned letters. The solid bars indicate pools that were designated as protective and entered into the subsequent round.
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Fig. 3. Results of protection assays of individual gene fragments in round
4. Groups 1–14 are individual plasmids withC. abortusinserts encoding
in-frame peptides of more than 50 amino acids. The numbers of each indi-
vidual gene fragment tested correspond to the numbers inFig. 4. The pool
>50AA consists of all plasmids 1–14. Pool <50AA is the DNA of all 32
plasmids from Round 3 with predicted ORFs of fewer than 50 amino acids.
(A) Relative protection scores (±S.D.) and (B)C. abortusB577 genomes
per lung (±S.D.).

vide little or no protection. In fact, fragment CP #12, a frag-
ment of theC. abortus98 kDa putative outer membrane pro-
tein[43], appears to enhance disease, as does a second surface
exposed protein fragment, CP #13 (protein translocase). The
implication is that using the criterion of surface exposure or
secretion is not sufficient to predict a vaccine candidate and
that certain members in this class may be disease enhancing.
Note that the isolation of a previously demonstrated protec-
tive antigen, CP #4, by this screen argues for the validity of
this screening method.

Third, this protocol can differentiate parts of the same
gene that have opposite effects on protection. Clones CP #6
and 13 are non-overlapping sections of a gene predicted to
encode a protein translocase. Yet clone CP #6 is protective
while CP #13 is disease enhancing. This implies that libraries

Fig. 4. Protection data from DNA pools. RD1 pool #6 is a non-protective
pool from round 1. To test whether a single protective gene could be detected
in a negative pool, 25 ng of either CP #4 or CP #11 were added to 50�g of
RD1 pool #6.

based on fragmentation of genes may reveal antigens that
would not have been evident from using whole genes, which
is consistent with previous findings[36].

3.7. Retrospective informatic comparison

With the first completion of an ELI screen, we can ask if the
same genes could have been arrived at more simply, namely
by informatic approaches. In one sense the answer is no, since
protective secreted and outer membrane proteins could not be
distinguished[3]. However, we wanted to know if other in-
formatic approaches could have predicted the same genes.
After completion of this work, the genome sequence of the
C. caviaegenome sequence became available. This genome
is the closest of all knownChlamydiaceaegenome sequences
to C. abortusB577, and was used to make sequence-based
predictions[44]. We divided the 14 selected genes into three
classes, protective, neutral and adverse, and applied avail-
able algorithms for predicting immune responses to them.
The question was whether any would show a significant dif-
ference between these three classes. We tested algorithms
predicting (1) density of peptides binding the MHC I of
BALB/C mice [45], (2) density of peptides binding to the
MHC II of BALB/C mice [45], (3) density of antigenic pep-
tides (hydrophobicity)[46], and (4) density of coiled pep-
t ted
s
T sed
s score
l ere
a non-
p ta not
s

ides[47]. Only the density of coiled peptides demonstra
ignificant differences between the three classes (Table 1).
his description generally correlates with water expo
urfaces, so not surprisingly the membrane proteins
ow by this criterion. However, none of these criteria w
ble to significantly separate the protective clones from
rotective starting from the whole genome sequence (da
hown).
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Fig. 5. Summary of characterization of the single gene fragments of round 4. The relative protection score of eachC. abortus(CP) gene fragment is provided
along with the designation of the gene inC. pneumoniaethat has the highest similarity (C. pneumoniaehomolog). In two cases, gene fragments CP #4 and 12,
theC. abortusgene could be identified. On the right is a linear map showing the location in each gene of the fragment that conferred protection (shaded).

Table 1
Correlation between level of protection and coiled peptide density

C. pneumoniahomolog Position ELI result Density of coiled peptide (Number aa/100 aa)

DNA pol III Gamma and Tau (CP #1) 258–406 Protective 30
Glu-tRNA Gln Amidotransferase (CP #2) 25–65 Protective 32
Glu-tRNA Gln Amidotransferase (CP #3) 390–491 Protective 30
C. abortusOMP 90A (CP #4) 600–725 Protective 17
Transglycolase/transpeptidase (CP #5) 432–583 Protective 39

Average± standard error 30± 4.0

Protein translocase (CP #6) 712–969 Neutral 13
Outer membrane lipoprotein (CP #7) 192–267 Neutral 21
Oliogopeptidae (CP #8) 252–385 Neutral 23
Hypothetical protein (CP #9) 78–222 Neutral 0
Putative outer membrane protein (CP #10) 27–185 Neutral 26

Average± standard error 17± 5.2

Putative outer membrane protein (CP #11) 68–264 Negative 19
C. abortus98 kDa putative outer membrane protein (CP #12) 672–833 Negative 9.3
Protein translocase (CP #13) 195–426 Negative 9.5
Succinate dehydrogenase (CP #14) 26–211 Negative 11

Average± standard error 12± 2.7

4. Discussion

We have demonstrated that the total genome of the
pathogen,C. abortus, can be screened in the mouse infec-
tion model for individual vaccine candidates in a relatively
unbiased format. This is the first report of resolving genomic
ELI libraries to single genes. Five gene fragments were ca-
pable of conferring as much protection as the gold standard,

a live-vaccine. There was no propensity for outer membrane
proteins to be isolated, in contrast to common prediction. Sur-
prisingly, household genes provided the best protection. Dif-
ferent fragments of the same gene could confer either protec-
tion or exacerbation of disease symptoms. In fact, three of the
14 individual genes tested actually conferred more suscepti-
bility to the disease. Of several bioinformatics algorithms that
were tested retrospectively, only one could distinguish signif-
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icant differences between the protective and non-protective
groups and none could do so even in combinations from the
whole genome.

The fact that high levels of protection were mediated by
housekeeping genes presumably not exposed on the chlamy-
dial surface can be rationalized if we consider the require-
ment of MHC II-restricted Th1 immunity for clearance of
Chlamydiaceae[27,37,38]. The peptide fragments of these
chlamydial proteins would have the opportunity to bind to
the MHC II complex and be recognized by the immune sys-
tem in this context. We chose to screen the genome with a
library of fragments intended to favor partial gene clones.
This decision was based on the often greater number of epi-
topes found to be reactive when genes are split, and also the
dominant role of MHC II presentation in chlamydial protec-
tion over humoral-based immunity. We were more interested
in optimizing the screen for identifying cell-based immunity
than concerned about missing any conformational antibody
determinant.

Expression library immunization (ELI) enables compre-
hensive genomic analysis of protective genes. The pro-
cess demonstrated here should be readily applicable to any
pathogen for which a suitable model exists. The major limi-
tation is the size of the libraries needed if the genome is made
of randomly sheared DNA. However, now that the genomes
of many pathogens have been sequenced, the ELI process
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produce surface proteins amongC. pneumoniaeORFs, 141
of which were then tested[5]. The surface location of 28 of
these antigens was confirmed from their ability to stimulate
Chlamydiaceae-surface binding antibodies. While informa-
tive, these bioinformatics-based approaches have limitations,
since as yet there are no criteria for accurately predicting
what constitutes a good vaccine candidate. ELI as an unbi-
ased and comprehensive approach may afford the databases
on which to create better predictive algorithms.Finally, a crit-
ical question for identifying vaccine candidates using a model
system is whether the candidates will be useful in the rele-
vant host. As a first step towards answering this question,
a preliminary vaccination experiment withC. abortusB577
was performed in cattle, the natural and economically im-
portant host[49]. To increase the probability that the cor-
rect antigenic epitope was included in the vaccine, we used
the 5 most protective full-length genes and each was codon-
optimized for mammals[50,51]. Five heifers were vaccinated
with this pool. Six heifers were vaccinated with an Alum-Quil
A based vaccine containing 50�g of each of the affinity-
purified protein fragments for these genes. Twelve control
heifers were vaccinated with a pool of plasmids express-
ing unrelatedSalmonella typhimuriumgenes. All groups re-
ceived a booster vaccination. The protocol for this challenge
system has been described[52]. Six of the twelve control
heifers became pregnant (50% fertility), while the genetic
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ynthesize the ORFs reduces the complexity of the lib
20-fold compared to the technology described herein.
evelopment of linear expression element (LEE) tech
gy now obviates the need for cloning, making the crea
f libraries much faster[48]. ELI can be done by direct
CR-amplifying or chemically synthesizing all the gene
pathogen, adding mammalian promoter- and termin

ncoding DNA fragments to create LEEs, and directly
inistering them in pools to the test animal via genetic
unization. The process described in this paper took

wo years to complete. With the technological improvem
escribed above, the process takes one year or less (KS
npublished results).

Since the 1995 description of ELI, several groups h
eported creating genomic libraries that conferred pro
ion [9,10,12–17]. Recently, a fraction of a fungal pathoge
enome,Coccidioides immitis, was reduced to a single pr

ective gene by ELI[11]. In this case,∼15% of the genom
as surveyed using cDNA rather than genomic DNA.
ene isolated encodes a protein of unknown function
ay be surface exposed. Other high-throughput appro

o vaccine discovery have been reported. Two notewo
tudies have used bioinformatics to identify proteins
hould protect. In one study, in silico genomics was u
o select 570 possible group B meningococcal vaccine c
ates[4]. For technical reasons only a subset of these O
ere cloned, expressed as recombinant proteins, purifie

ested, yielding 25 candidates that stimulated bactericida
ibodies in mice. In another study, informatics was use
,

accine group had 4/5 (80% fertility) pregnant animals,
he protein vaccine group had 5/6 (83% fertility) pregn
nimals. Thus, 9 out of 11 animals in both vaccine gro
ere pregnant (82% fertility). This corresponds very w
ith typical data of bovine herds with and without fertil
roblems. Thep-value for the pooled vaccines is 0.122 t
accination is effective to improveChlamydophila-induced
eduction of fertility. In contrast to the screen in the mo
odel, all heifers had previously been exposed to chlamy
nd experienced low-level herd infection[53]. This study is
reliminary but required to justify a larger field trial, whi

t has. We present these results to underscore the notio
roducts of this ELI screen can be protective in the rele
ost.

In summary, we have demonstrated that an unbia
unctional genomic search for bacterial vaccine candid
n vivo is feasible and produces vaccine candidates
ould not have been predicted by contemporary knowle
ased approaches. Particularly with the current impr
ents in the protocol, ELI should be applicable to
athogen.
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Appendix A

A.1. Data deposition

The following accession numbers are valid for swis-
sprot (http://us.expasy.org/sprot/sprot-retrieve-list.html):

CP4 #1 Q823S5
CP4 #2 Q823W7
CP4 #3 Q823W6
CP4 #4 Q822Q5
CP4 #5 Q823N4
CP4 #6 Q821L5
CP4 #7 Q823C2
CP4 #8 Q822N8
CP4 #9 Q824V4
CP4 #10 Q823X2
CP4 #11 Q823X2
CP4 #12 Q823W9
CP4 #13 Q821L5
CP4 #14 Q821H1
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