
R

P
i

D
a

b

A
R
R
A
A

K
T
P
S
H
R

C

1

d
w
t
h
t
v

d

0
h

Vaccine 31 (2013) 3805– 3810

Contents lists available at SciVerse ScienceDirect

Vaccine

jou rn al hom ep age: www.elsev ier .com/ locat e/vacc ine

eview

roteins  as  T  cell  antigens:  Methods  for  high-throughput
dentification

aniel  Grubaugha,  Jessica  Baker  Flechtnerb,∗,  Darren  E.  Higginsa,∗∗

Department of Microbiology and Immunobiology, Harvard Medical School, 77 Avenue Louis Pasteur, Boston, MA  02115-5701, United States
Genocea Biosciences, Inc., Cambridge Discovery Park, 100 Acorn Park Drive, 5th Floor, Cambridge MA 02142, United States

a  r  t  i  c  l e  i n  f  o

rticle history:
eceived 3 April 2013
eceived in revised form 3 June 2013
ccepted 13 June 2013
vailable online 24 June 2013

eywords:
 cells

a  b  s  t  r  a  c  t

Vaccines  are  the  most  cost-effective  means  of preventing  infectious  diseases  and  have  the potential
to  be used  in a therapeutic  capacity  for  the  treatment  of  numerous  chronic  diseases  and  cancer.  The
majority  of  available  vaccines  function  by  eliciting  antibodies  that  can  neutralize  toxins  or  opsonize  the
pathogen  leading  to  elimination  by professional  phagocytes.  However,  there  are  many  infectious  and  non-
infectious  diseases  for which  there  are  no  available  vaccines  or  the  current  antibody-mediated  vaccines
offer  insufficient  protection.  There  is  emerging  evidence  that successful  protection  for  these  conditions
requires  the stimulation  of  T cell  responses  in addition  to  antibody.  Genome/proteome-wide  screening
rotein antigen
ubunit vaccine
igh-throughput screening
everse vaccinology, MHC

of  pathogens  to  identify  appropriate  antibody  targets  for inclusion  in  vaccines  has  become  widely  used  in
recent  years.  However,  the application  of  high-throughput  proteomic  screening  approaches  to identify  T
cell antigens  has substantially  lagged  behind,  primarily  due  to  the  lack of  methods  to identify  full protein
targets  of  T cell  immunity  across  a broad  human  population.  In this  review,  we  will  discuss  some  of the
significant  advances  that  have  been  made  in  high-throughput  identification  of  T cell  antigens  for  the
development  of  novel  efficacious  vaccines.
© 2013 Elsevier Ltd. All rights reserved.
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. Introduction

Advances in genomics have led to new approaches for vaccine
evelopment. The first organism with a fully sequenced genome
as the pathogen Haemophilus influenzae in 1995 [1]. Since then,

[2]. In Reverse Vaccinology, genomic data is used to predict proteins
that are secreted or expressed on the pathogen surface, which are
plausible targets for protective antibody responses. Based on these
predictions, identified proteins are evaluated in animal models of
disease to test in vitro correlates of immunity or in vivo protection.
he genomes of thousands of strains of disease-causing pathogens
ave been sequenced. A notable translation of genomic information
o yield novel vaccines is Reverse Vaccinology, which has led to new
accines against group B Streptococcus and Neisseria meningitidis

∗ Corresponding author. Tel.: +1 617 876 8191x8203.
∗∗ Corresponding author. Tel.: +1 617 432 4156.

E-mail addresses: jessica.flechtner@genocea.com (J.B. Flechtner),
arren higgins@hms.harvard.edu (D.E. Higgins).

264-410X/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.vaccine.2013.06.046
More recently, it has become possible to screen patient or animal
immune sera against large segments of a pathogen’s proteome to
identify potential protective antigens [3]. Both of these techniques
focus primarily on humoral (antibody-based) immunity. However,
many pathogens and cancers are not controlled by humoral immu-
nity alone. For these diseases, cellular immunity provided by CD4+
and/or CD8+ T cells will likely be a necessary component of any
effective vaccination strategy [4–6]. The lack of known protective
T cell antigens for many diseases or an efficient means to identify
these antigens has been a major obstacle in the development of

dx.doi.org/10.1016/j.vaccine.2013.06.046
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.vaccine.2013.06.046&domain=pdf
mailto:jessica.flechtner@genocea.com
mailto:darren_higgins@hms.harvard.edu
dx.doi.org/10.1016/j.vaccine.2013.06.046
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 cell-based vaccines. T cell antigens are also potential targets for
iagnosis of chronic infections and as biomarkers for understanding
he pathogenesis of infectious and autoimmune diseases [7].

While Enzyme-Linked Immunosorbent Assays (ELISA) and
rotein microarrays can quickly identify antibody specificity, iden-
ifying T cell antigens relies on complex interactions between T cells
nd antigen presenting cells (APCs). Replicating these interactions
n a laboratory has been a time-consuming and expensive process
or several reasons. First, little is known about the characteristics
f protective T cell antigens, so it is impossible to predict what
ight be a good antigen based on pathogen expression or local-

zation. Second, due to Human Leukocyte Antigen (HLA) diversity,
ifferent individuals may  respond to different portions of antigenic
roteins. Thus, the conventional discovery of peptide epitopes may
ot be representative of the antigenic specificities of a broad popu-

ation. Third, for large-genome organisms, the traditional approach
f using overlapping peptides (OLPs) for comprehensive antigen
iscovery across the entire proteome is prohibitive due to both the
ost and the number of patient cells required. Over the past decade,
any different methods have been developed to identify T cell anti-

ens in a high-throughput manner. In this review, we  will cover
ome of these approaches, compare their advantages and disad-
antages, and focus mainly on those methods designed to discover
hole protein antigens that will have broad population coverage

able 1.

. Traditional methods

The most common method for identifying T cell antigen speci-
cities is based on the fact that T cell immunogens are derived from
hort amino acid sequences within each antigenic protein. Libraries
f OLPs whose sequences span the entire protein of interest are syn-
hesized and pulsed onto APCs, either individually or as pools. The
bility of T cells to recognize OLPs is measured by the production
f cytokines after co-culture with OLP-pulsed APCs. Two primary
imitations of this approach are the restriction to specific HLA types
sed for epitope mapping, and the cost and time required to syn-
hesize and screen large peptide libraries. Furthermore, generating
ibraries of OLPs for identifying T cell antigens for cancers or com-
lex pathogens such as bacteria and parasites can be prohibitively
xpensive due to the larger size of the genome/proteome.

The cost of peptide libraries can be reduced, however, by
imiting screening to selected sequences. Algorithms that predict
he likelihood of a peptide to be bound by a major histocompatibil-
ty complex (MHC) molecule based on known specificities of MHC
lleles are readily available to select those OLPs most likely to be
ecognized by T cells. These programs have been reviewed exten-
ively elsewhere [8,9]. The algorithms take the peptide sequence
f proteins and generate a list of likely antigens, greatly reducing
he number of peptides that need to be tested. These algorithms
till require a large number of peptides to be tested, far too many
o explore the full proteomes of large-genome pathogens. In addi-
ion, MHC  binding is only one of many factors that determine
hether a particular peptide is antigenic and use of these algo-

ithms may  cause researchers to overlook antigens containing
ost-translational modifications such as phosphorylation. Conse-
uently, predictive algorithms are limited by their inherent bias
oward epitopes that may  not represent the potential antigens
cross the entire proteome.

One of the first non-biased approaches used to identify T cell
ntigens examined epitopes directly from infected cells [10]. In

his method, peptides are acid-eluted from the MHC  complexes
n the surface of pathogen-infected APCs. This pool of peptides
s then fractionated by high-performance liquid chromatography
HPLC) and the fractions used to pulse additional APCs for a T cell
31 (2013) 3805– 3810

restimulation assay. The antigenic peptide is identified from the
activating fraction by mass spectrometry (MS). Since only a small
amount of any given peptide can be recovered from the surface
of APCs, biologically relevant antigens may  not exist in sufficient
quantities to restimulate T cells or be identified by MS.  However,
as advancements have been made in peptide detection by MS,
many additional antigens are being discovered with this technique,
including several promising vaccine candidates [11].

3. Whole-Protein methods

The goal of protein-based methods for T cell antigen discovery
is the ability to rapidly and cost-effectively screen all, or a major
fraction of the proteome of interest to identify key immunogens.
All of the screens described below are focused on T cell responses.
That is, the initial screen for antigens uses T cell stimulation, not
MHC  binding, as the readout for positive hits [7]. Generally, T cells
from an exposed individual, either a human patient or an experi-
mentally infected animal, are added to APCs capable of presenting
a library of candidate antigens. If the natural exposure primed a T
cell response against a particular candidate antigen, the APCs pre-
senting that antigen will restimulate their cognate T cells in vitro.
This restimulation is most commonly identified by measurement
of secreted factors of activated T cells such as interferon (IFN)-�
or interleukin (IL)-17 using ELISA, Enzyme-Linked Immunosorbent
Spot (ELISpot), or intracellular cytokine staining. This approach has
the advantage of more closely mimicking natural T cell presenta-
tion than peptide-based pulsing, since the candidate proteins are
delivered into the endogenous processing pathways of the APCs.

The major advantage of protein-based over peptide-based
screens is that they are quicker and simpler. A single protein may
contain many predicted peptide epitopes based on algorithms,
but only a fraction or potentially none of them may be antigenic.
Furthermore, subunit vaccines that are applicable across a broad
population are often more dependent on the protein antigens than
specific epitopes. Therefore, a protein-based screening approach
can greatly simplify the number of targets a screen needs to encom-
pass to adequately cover a pathogen’s proteome. Traditionally,
whole protein screens have used a variety of methods to limit the
size of the library being screened. Many groups have focused CD4+ T
cell antigen screens on proteins that are also targets of the humoral
immune response. This is done partially because of the principle of
linked recognition, where an antigenic epitope for CD4+ T cells must
be physically associated with an antibody epitope to generate a
response [12]. If T cells and antibodies are found to be directed to the
same antigens, a subunit vaccine containing these antigens could
prime a multifactorial response to the pathogen. For intracellular
bacterial pathogens and eukaryotic parasites, CD8+ T cell screens
will often focus on proteins that are secreted by the pathogen. Such
proteins are presumed to be more accessible to the APC’s cytosolic
MHC class I processing pathway than a protein retained within the
pathogen’s cytoplasm [13]. The end result is that while protein-
based approaches can quickly identify T cell antigens, they still tend
to result in some pre-selection or limited screening of predicted
antigens.

One key concern for protein-based screens is the source of T cells
used in the restimulation assay. If the screen is being performed
using T cells isolated from animal models at the peak of infection,
it may  only be possible to screen the library using purified primary
T cells. However, if the study is addressing a memory phenotype
or using T cells isolated from patient blood samples, there may be

insufficient quantities of primary T cells to screen the entire library.
In this case, the T cells must be expanded. One common method for
T cell expansion is to stimulate the T cells with immobilized anti-
CD3 antibody and soluble cytokines. This method will expand all T
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Table 1
Methods for high-throughput identification of T cell antigens.

Method Vector Antigen Presentation Suitable for Advantages Disadvantages Disease/Infection References in this paper

Overlapping peptides NA Exogenous loading Class I and II No peptide mapping
requirement

Slow, expensive, may not
reflect natural antigen
processing, limited HLA

Many NA

Peptide prediction
algorithms

NA Exogenous loading Class I and II No peptide mapping
requirement

Guesswork; peptide
binding does not
necessarily equate to
protective immunity

Many 8,9

Peptide elution and mass
spectrometry

NA Pathogen-infected APC Class I and II Preserves natural antigen
processing, directly
identifies peptide antigens

May  not identify less
abundant antigens

Many 10,11

Purified protein NA APC uptake and endosomal
processing

Class II only Protein library can also be
used for B cell antigen
screening

Requires protein
purification

C. trachomatis, Vaccinia, A.
marginale

24–26

Bacteria expressing antigen E. coli APC uptake and endosomal
processing

Class II only Does not require protein
purification

Random library requires
deconvolution

M.  tuberculosis, Vaccinia 27,28

Transfected cDNA library Lentivirus APC transfection and
proteosomal processing

Class I only cDNA library relatively
simple to prepare

Difficult to gauge
expression of antigens
among APC clones

C. trachomatis, Vaccinia 20–22

ORFeome transfection Lentivirus APC transfection and
proteosomal processing

Class I only Ordered library does not
require deconvolution

Not all potential antigens
can be expressed in
transfected APCs

Vaccinia 16

Synthetic minigene library mRNA Electroporation into B cells,
proteosomal processing

Class I only Well-suited to screen
variants

Pooled antigens must be
deconvoluted

Type 1 Diabetes 23

Expression Library
Immunization (ELI)

DNA/VSV Mammalian expression,
APC uptake, endosomal or
proteosomal processing

Class I and II Identifies protective
antigens

Requires extensive in vivo
work, low throughput

Cowpox, T. cruzi, M.  bovis,
melanoma

41–46

T  Cell Antigen Discovery
(T-CAD)

NA APC uptake and endosomal
processing

Class I and II Simple, colorimetric
readout of T cell activation

Requires fusion of T cells to
hybridomas and protein
purification

F. tularensis, prostate
cancer

17,30–32

Combined ORFeome
transfection and purified
protein screens

pDEST103 APC transfection and
proteosomal or endosomal
processing

Class I and II Enhanced sensitivity using
CD137 sorting

Shares disadvantages with
Purified Protein and
ORFeome Transfection
methods; artificial APCs
limit HLA types

HSV-1 15

AnTigen Lead Acquisition
System (ATLASTM)

E. coli/cLLO APC uptake, endosomal or
proteosomal processing

Class I and II Can use primary T cells as
input; simple to screen for
either class I or class II
antigens, high throughput

Requires extensive cloning HSV-2, S. pneumoniae, C.
trachomatis,

36–40



3 ccine 

c
t
l
A
p
t
s
b
i

t
a
d
fi
a
q
C
t
s
p
i
c
m

4

m
m
f
t
A
b
i
e
i
a
e
t
e

l
t
T
t
b
t
t
a
r
e
o
t
f
l
t

h
l
i
t
i
A
k
p

808 D. Grubaugh et al. / Va

ells non-specifically, preserving the antigen specificities present in
he original isolate [14]. However, the expanded pool will include a
arge number of T cells that do not react to the pathogen of interest.
n alternative is to incubate the T cells with APCs that have been
ulsed with the particular pathogen [15]. The APCs should present
he majority of the potential antigens from the pathogen and will
timulate pathogen-specific T cell expansion. However, the possi-
ility still exists that the in vitro system does not accurately reflect

n vivo antigen presentation.
While knowing which proteins are antigenic is the first step

oward designing an effective subunit vaccine, diagnostic tools
nd further research often rely on knowing the specific antigenic
eterminant(s). To identify antigenic epitopes within an identi-
ed protein antigen, OLPs in combination with peptide prediction
lgorithms can be used [16]. Alternatively, some groups have subse-
uently used antigenic library expression clones to produce genetic
-terminal truncations of the antigens of interest [17,18]. These C-
erminal truncations are then expressed in the same manner as the
creening library and used to pulse APCs. A T cell line specific for the
rotein antigen of interest is added, and the T cell stimulation assay

s repeated. The C-terminal truncations that elicit a T cell response
ontain the epitope of interest. The exact peptide epitope is then
apped using a small number of OLPs.

. Methods suitable for MHC  class I-restricted antigens

Since antigen processing for presentation by MHC  class I
olecules takes place in the cytosol of APCs, protein-based screens
ust first deliver any candidate antigens to this compartment

or antigen processing to occur. One common way to accomplish
his is to express candidate antigens recombinantly within the
PCs, either by transformation with a viral expression vector or
y transfecting the cell with nucleic acid encoding the protein of

nterest. However, not all candidate CD8+ T cell antigens can be
ffectively expressed by mammalian cells. To overcome this lim-
tation, other means, such as bacterial toxins, cross-presentation,
nd virus-like particles have been investigated to deliver protein
xpressed exogenously into the APC cytosol [19]. While most of
hese efforts have focused on vaccine delivery, some have been
xtended to antigen discovery.

Some of the first protein-based antigen screens used random
ibraries of pathogen cDNA [20] or genomic fragments [21] stably
ransfected into pools of APCs that were incubated with a clonal

 cell line. Pools that activated the T cell line were used for fur-
her study. From these pools, antigens of interest were identified
y performing limiting dilution of the APCs and sequencing clones
hat activated the T cell line. This method has allowed researchers
o identify CD8+ T cell antigens from Chlamydia trachomatis [20,22]
nd vaccinia virus [21]. However, the major drawback of using a
andom library is that the genomic coverage is unknown, and high-
xpressing antigens may  be identified repeatedly at the expense
f lower-expressing antigens. Furthermore, the random nature of
he transfected pools requires that the library be large to ensure
ull coverage of the pathogen’s potential antigenic sequences. Such
arge libraries require sizeable numbers of T cells and are extremely
ime-consuming to screen.

To resolve some of these issues, Bennick, Yewdell and colleagues
ave employed an ordered library of APCs each transfected with a

entiviral vector expressing a single protein from the pathogen of
nterest [16]. While an ordered library is more cumbersome and
ime-intensive to generate than other approaches described here,

t can be more easily used to query mixed populations of T cells.
lso, the specific proteins included in the expression library are
nown, allowing researchers to know the extent of the pathogen’s
roteome covered by the library. One disadvantage with this
31 (2013) 3805– 3810

system is that it can be difficult to evaluate the level of expression
of the candidate antigens between different APC clones.

Researchers in the Stone laboratory have developed a system
for identifying CD8+ T cell antigens using an ordered library of syn-
thetic minigenes. The researchers chose 186 ORFs likely to encode
autoimmune antigens and synthesized 33-codon DNA minigenes
that covered all of the predicted proteins with 10 codon overlaps
between minigenes. PCR was  used to add a T7 promoter, Kozak
sequence and polyadenyl sequence to each minigene, which were
then pooled into groups of 10 and in vitro transcribed to produce
mRNA. The mRNA pools were electroporated into B cells to use
as APCs in a T cell activation assay. This method has the advan-
tage of being able to quickly and relatively cheaply synthesize the
library, saving time and effort over an ORF cloning approach. Due
to the ease of synthesis, the library could also be used to exam-
ine a number of common variants of each gene included in the
analysis, a distinct advantage for researchers looking for tumor- or
autoimmunity-related antigens [23].

5. Methods suitable for MHC  class II-restricted antigens

Since MHC  class II processing takes place in the late endo-
some, whole proteins can be queried for their ability to stimulate
T cells by simply adding them to phagocytic APCs. Most methods
for identifying CD4+ T cell antigens involve recombinant expres-
sion and purification of proteins to be added to APCs. A group from
Novartis recently used this technique to test a panel of 79 C. tracho-
matis proteins purified from recombinant Escherichia coli (E. coli) for
CD4+ T cell antigens. From this panel, 21 proteins stimulated IFN-�
responses from CD4+ T cells, of which 16 proved to be novel T cell
antigens [24]. The disadvantage of this technique is that it requires
the production and purification of each screened protein, which is
expensive, time-consuming, and limits the number of proteins that
can be evaluated.

Some research groups have had success combining recombi-
nant protein screening with high-throughput protein production
using in vitro transcription and translation (IVTT). This process can
express a wider range of proteins than E. coli and reduces some of
the cost burden, allowing for larger protein libraries. CD4+ T cell
epitopes from patients vaccinated against vaccinia virus [25] and
cows vaccinated with preparations from Anaplasma marginale [26]
have been discovered using IVTT-produced libraries of 200 and 50
different proteins, respectively.

As an alternative to purified proteins, libraries of E. coli clones
containing expression vectors with genomic DNA fragments or
cDNA constructs from the pathogen of interest have been used
for screening. The E. coli clones are taken up by phagocytic APCs
and lysed. Subsequently, bacterial contents enter the MHC  class II
processing pathway, and the APCs are screened for their ability to
stimulate pathogen-specific T cells. This method has been used to
identify antigens from Mycobacterium tuberculosis [27] and vaccinia
virus [28]. Since this approach does not require protein purifica-
tion, the library can be built and screened much more affordably
than a protein library. One disadvantage of this technique is the
reliance on random expression libraries, which makes deconvo-
lution of antigenic specificities from a polyclonal T cell population
difficult.

6. Methods suitable for both MHC  class I and class
II-restricted antigens
To identify both MHC  class I and class II-restricted epitopes from
vaccinia and Herpes simplex viruses, David Koelle and colleagues
combined an ORFeome transfection method with purified protein
screening. A library of pathogen ORFs was  generated, which was
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hen used both to transfect APCs to discover CD8+ T cell antigens,
nd produce purified protein by IVTT to discover CD4+ T cell anti-
ens [15]. This method also incorporated an additional strategy
or discovering T cell antigens from infected patients. Instead of
creening primary T lymphocytes, peripheral blood mononuclear
ells (PBMC) were first stimulated in vitro with killed virus, then
D137+, CD8+ and CD4+ cells were purified and expanded using
nti-CD3. Since CD137 is a marker of recently activated T cells [29],
he expanded polyclonal pool has improved sensitivity when used
n the restimulation assay. The CD137-enriched pool was able to
dentify T cell antigens that would have been missed had unsorted
BMCs been used. Rather than isolating APCs from peripheral blood,
he combined approach uses Cos-7 cells transfected with HLA cDNA
solated from the patient being screened [15]. These artificial APCs
void the need to differentiate APCs from each patient’s periph-
ral blood sample and also allow examination of a single HLA allele
t a time when screening the library, saving time on downstream
haracterization of each identified antigen.

Researchers in the Frelinger laboratory have identified sev-
ral CD4+ and CD8+ T cell antigens from Francisella tularensis and
rostate cancer [17,30,31] using a system called T-CAD (T-Cell Anti-
en Detection) [32]. This system uses a library of purified proteins
onjugated to beads and added to APCs. The beads facilitate antigen
ptake by APCs and increase antigen presentation through the MHC
lass II processing pathway. The bead conjugation also facilitates
ross-presentation, where proteins from the endosome are loaded
nto MHC  class I molecules, allowing T-CAD to discover CD8+ as
ell as CD4+ T cell antigens. Instead of using primary or expanded T

ells to screen the library, T cells from immunized animals are fused
o the BWZ.36/CD8+ immortalized T cell line. BWZ.36/CD8+ cells
ontain a copy of the E. coli lacZ gene fused to a NFAT-dependent
romoter. Thus, the resulting hybridomas will produce the enzyme
-galactosidase upon recognizing their cognate antigen. The level
f �-galactosidase activity induced by each candidate antigen is
hen quickly measured with a colorimetric assay [33]. Screening
ith hybridomas has the advantage of generating robust, clonal T

ell lines that can be used for further study of antigens. Since T-CAD
an discover both CD4+ and CD8+ T cell antigens, any antigen iden-
ified must be assayed for presentation on MHC  class II−/− APCs to
etermine MHC  restriction [30].

Genocea Biosciences has developed a technology that uses an
rdered proteomic library from the pathogen of interest, but does
ot require the purification of recombinant proteins. Rather, E. coli
ells expressing the protein to be screened are fixed and then added
irectly to phagocytic APCs. The APCs lyse phagocytosed E. coli cells
nd process and present the antigens expressed within the bacte-
ia. Pathogen-specific CD4+ T cells isolated from humans (or any
pecies) can be added to the pulsed APCs and restimulation mea-
ured. To specifically identify CD8+ T cell antigens, the APCs are
ulsed with an E. coli library co-expressing a modified version of the

isteriolysin O (LLO) protein from Listeria monocytogenes. LLO is a
ore-forming cytolysin with specificity for the phagosome [34,35].
he modified LLO protein used in the screen (cLLO) lacks a secretion
ignal and is confined to the E. coli cytoplasm. When the APC lyses
he phagocytosed E. coli, cLLO is released along with the antigen
f interest. cLLO perforates the phagosomal membrane and allows
he antigen to enter the MHC  class I processing pathway in the APC
ytosol [36]. A major strength of this technology is that T cell anti-
en identification can be performed using diverse human subjects
n the context of their natural exposure. There is no requirement
or the generation of cell lines or for deconvolution of pools of
ntigens. This approach, termed ATLASTM (AnTigen Lead Acqui-

ition System), has been used successfully to discover CD8+ and
D4+ T cell antigens from C. trachomatis and Herpes Simplex Virus
ype-2 [37,38] and CD4+ antigens from Streptococcus pneumoniae
39,40].
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CD4+ and CD8+ T cell antigens from organisms including cow-
pox virus [41], Trypansoma cruzi [42], and Mycobacterium bovis [43]
have been discovered using Expression Library Immunization (ELI).
ELI has been reviewed in depth elsewhere [44,45], but the basic
process is to generate a library of expression plasmids that encode
the candidate proteins. This can be done using a cDNA library,
sheared genomic DNA, or cloned ORFs. Plasmid pools are then used
as DNA vaccines to immunize animals and then challenge with the
pathogen of interest. Pools that induce protection are then decon-
voluted to identify the most protective antigens. From a vaccine
development standpoint, ELI has advantages in that it only identi-
fies protective antigens that are amenable to vaccination. However,
ELI has the disadvantage of requiring multiple expensive and time-
consuming in vivo studies to identify the antigens, and for this
reason, is not applicable to identification of antigens from humans.
Vile and colleagues have updated the ELI approach to identify new
CD4+ Th17 antigens from melanoma. The researchers isolated cDNA
from a human melanoma cell line and used the cDNA to produce a
vesicular stomatitis virus expression library. Mice injected with the
B16 mouse melanoma line were then vaccinated with this library,
curing the mice of melanoma. The researchers then isolated three
viral clones capable of inducing IL-17 when used to infect cultures
of splenocytes and lymph node cells obtained from mice previously
injected with the B16 melanoma. While vaccination with any one
of these clones individually failed to cure mice, combining the three
clones into a single inoculum resulted in 60% of mice being cured
of melanoma [46]. Thus, screening with viral clones allowed the
researchers to find protective antigens that would not normally be
discovered by ELI.

7. Conclusions

Whole protein T cell antigen screens have the potential to ben-
efit basic research on host-pathogen interactions. The lists of T
cell antigens that result from these screens can be used to gen-
erate tools such as MHC  tetramers that can be used to probe the
specific adaptive immune response to the pathogen. For some
pathogens, namely vaccinia virus and C. trachomatis, many of the
high-throughput approaches discussed in this review have been
performed in multiple patients and animal models. This wealth of
data, perhaps when combined with future experiments, may  reveal
underlying principles that define what proteins are effective T cell
antigens. However, these principles may  be pathogen-specific; cer-
tain proteins may  not be available to the MHC  processing pathways
due to pathogen lifestyle or immune evasion mechanisms. Alterna-
tively, T cell antigenicity may  reflect regions of the protein sequence
that are excluded from the T cell repertoire due to thymic selection.
In either case, this information could be used to improve the next
generation of antigen prediction software. If T cell antigens could
be more accurately predicted using computer algorithms, the time
investment and cost of antigen discovery would be reduced even
further.

Most importantly, whole protein screening techniques are
greatly increasing the pace of T cell antigen discovery for complex
pathogens and cancer, and may  ultimately bring the application
of genome-based vaccinology approaches to the development of T
cell vaccines to fruition. Already some of these techniques are being
used to screen large numbers of patients with a single disease. These
studies may  be able to define T cell antigens that correlate with
immunity or lighter disease burdens, and perhaps serve as the basis
for new vaccines. Simple, inexpensive antigen discovery screens

could also provide new opportunities in personalized medicine.
Since the T cell antigens recognized by one person are very differ-
ent than those recognized by another, low-cost high speed antigen
screens could be used to characterize the T cell response of a
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articular patient to a chronic disease such as cancer or autoimmu-
ity. Immune therapies for these diseases could be tailored based
n the specific antigen response.
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