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lessons for vaccine development
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Technological advances have allowed for the creation of ever

more complete maps of targets of immune responses in

infectious pathogens. The evidence accumulating from such

recent studies points to a broader range of targets recognized

than previously expected, in terms of both numbers and

characteristics of the targeted antigens. Also, multiple studies

report a substantial variation in the targets recognized in

different human individuals. These findings are not in conflict

with the concept of immunodominance, because there are still

only a few targets recognized compared with the multitude of

potential targets available in a complex pathogen. However,

they raise the question if vaccines, which try to emulate

protective natural immune responses, should elicit an equally

broad range of responses to efficiently convey protection.
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Introduction
Infectious pathogens contain a large number of possible

targets for immune responses, only few of which are

recognized following an immunization or natural infection.

The reasons for the immunodominance of the targets

recognized can be either intrinsic to the targets themselves,

such as differences in their affinity for relevant receptors of

the immune system, or extrinsic, such as competitive

effects that suppress the response against one target in

favor of another. The mechanisms that contribute to

immunodominance have been studied extensively, and

the first excellent handbook on the subject has been

published recently [1�].

Instead of duplicating existing overviews, herein we

will review recent studies aiming to characterize the

full spectrum of immune response targets in infectious

pathogens. Even within this narrow scope, the field of
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immunodominance and related topics is broad. Because

of this, and owing to space constraints, we admittedly

focus only on a subset of all potentially relevant articles, of

subjective and arbitrary interest to us. For this reason,

we apologize in advance for the many important and

outstanding references that are not discussed herein.

Earlier studies that characterized targets of immune

responses typically focused on relatively simple pathogens,

or on a few antigens for which previous knowledge about

their antigenicity existed. Although the latter is a useful

strategy to identify some targets of immune responses, it is

obviously not suited to an exhaustive discovery of all

targets. Technical advances and knowledge of the whole

genomic composition of pathogens have recently made it

possible to study an even broader range of targets with a

manageable experimental effort. Herein, we will review

such studies that were performed in the past two years, and

will reveal a larger than expected breadth of immune

responses in terms of both numbers and characteristics

of the antigens recognized.

The range of targets recognized in a protective natural

immune response provides guidance on what a response

induced through vaccination should look like. Reverse

vaccinology approaches provide similar guidance

by systematically testing antigens for their ability

to provide protection. Likewise, we review some recent

reverse vaccinology studies, and will discuss how

these results and those from mapping natural immune

responses might be combined in the process of vaccine

development.

Mapping T-cell responses in human donors
The top part of Table 1 lists several studies from the past

two years that aimed to identify the majority of targets of

CD8+ and/or CD4+ T-cell responses detected following

viral infections in human donors. In all of these studies, T

cells were taken from an immunized donor and were

presented with fragments of the pathogen that could

thereby be tested for recognition. The actual targets

recognized by T cells are typically peptide epitopes

presented by MHC molecules. Because the number of

unique peptides contained in a complex pathogen easily

exceeds tens of thousands, it is impractical to test all of

them individually for recognition. This is a particular

problem in the case of individual human donors, for which

the sample amounts are limited. In two studies using

smaller viruses — hepatitis C virus (HCV) [2] and dengue

virus (DV) [3] — testing all candidates was nevertheless

achieved by using a two-step approach in which pools of
www.sciencedirect.com
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Table 1

Summary of selected recent studies mapping targets of immune responses in infective pathogens.

Cell type Organism Immunization Pathogen Tested targets CD4 or

CD8

Proteins

recognized/

proteins tested

Epitopes

recognized/

epitopes tested

Refs

T cell Human Spontaneously

resolved

infection

HCV 301 peptides overlapping

the HCV polyprotein

CD4 6/6 89/301 [2]

Acute secondary

infection

DV 260 peptides overlapping 6

proteins

CD4

CD8

6/6 47/260 [3]

Seropositive

donors

HCMV 213 peptide pools

representing all ORFs

CD4 125/213 – [4��]

CD8 107/213 –

Seropositive

donors

HSV-2 48 peptide pools

representing 48/78 ORFs

CD8 48/48 – [5]

Vaccinated

(Dryvax)

VACV Peptides predicted to bind

MHC (in [6], initial screen

with VACV genomic library)

CD8 43/258 63 [6,7�,8]

T cell Mice Infected

C57BL/6 mice

MCMV 170 ORFs in plasmids CD8 27/170 24 [9�]

Infected

C57BL/6 mice

VACV 258 ORFs in plasmids CD8 5/258 5 [10]

Infected

C57BL/6 mice

VACV 2256 peptides predicted to

bind MHC

CD8 43/258 49/2256 [11��]

Antibody Human Vaccinated,

pooled serum

VACV 194 ORFs – 14/194 – [14]

Infected C. trachomatis 156 ORFs – 27/156 – [16]

Rabbit Vaccinated, live

vaccine (EV76)

Y. pestis 149 ORFs – 13/149 – [15]
peptides were first tested, followed by tests of individual

peptides from the pools that were identified as positive

for T-cell recognition. For two larger viruses — human

cytomegalovirus (HCMV) [4��] and herpes simplex

virus (HSV) [5] — peptides were tested and were pooled

by their open reading frame (ORF) of origin, without

an additional deconvolution step. This effectively

maps targets of T-cell responses at the level of individual

ORFs.

Three recent studies have mapped CD8+ T-cell

responses in vaccinia virus (VACV) using samples from

human donors immunized with Dryvax, a small pox

vaccine preparation of live-VACV. The studies differ in

the effector cells used and in their approaches to target

selection, but all map responses to individual peptide

epitopes. One study established cytotoxic T lymphocyte

(CTL) lines through limited dilution cloning [6], which

were tested for recognition of peptides selected based on

the presence of relevant human leukocyte antigen-bind-

ing motifs. A second study tested similarly selected pep-

tides using peripheral-blood mononuclear cells taken

directly ex vivo [7�]. A third study used target cells that

expressed polypeptide fragments from a library of vacci-

nia genomic DNA, which were tested for recognition by

both CTL clones and bulk CTL [8]. Comparing the two
www.sciencedirect.com
types of effector cells used, the authors of this last study

found that bulk cells provide higher throughput in epi-

tope discovery without loss of precision.

The range of targets recognized in these T-cell response

studies in terms of epitopes and their source proteins is

also summarized in Table 1. For the small viruses (HCV

and DV), responses against all proteins examined were

detected in at least one individual. Although this result

might have been expected, a surprisingly broad response

was also detected in the case of larger viruses. For HCMV,

107 of the 213 ORFs tested were found to be recognized

by CD8+ cells and 125 by CD4+ cells. In the HSV study,

all 48 ORFs tested elicited responses in at least one

donor. Even though the ORFs in that study were pre-

selected to include all proteins that are immediate–early

expressed or part of virion particles, only 30 HSV ORFs

were not tested; this means that more than half of all

possible ORFs evoked a response. Similarly, when the

results from the three VACV studies that were performed

in humans are compiled, it is apparent that epitopes from

at least 43 ORFs were recognized. Importantly, for

HCMV and VACV, new ORFs were discovered as being

recognized with nearly every new donor tested. Thus, it is

likely that the currently known set of recognized proteins

for these viruses is not yet complete.
Current Opinion in Immunology 2007, 19:106–110
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T-cell responses in individual human donors
Which and how many targets were recognized by indi-

vidual donors varied dramatically in all studies, with at

least a ten-fold difference between the minimum and

maximum number of targets recognized in any individual.

The highest number of targets recognized was found in

the HSV study [5], in which an individual donor

responded to 46 of the 48 tested ORFs. By contrast,

the reported median numbers of targets recognized per

donor was between 8 and 12 for all studies, which is a

surprisingly narrow range given the diversity of the patho-

gens studied (HCV, DV, HCMV, HSV-2 and VACV) and

experimental approaches utilized.

Only a minority of targets was recognized across multiple

donors. As each donor carries an individual and possibly

unique set of MHC alleles, a divergence of recognized

targets was expected. In addition, the history of each

donor in encountering pathogens is likely to influence the

recognition pattern in these studies. Finally, with the

exception of the Dryvax immunization studies [6,7�,8],

genetic variations in the viral strains infecting each donor

could further individualize the responses in each donor. It

is currently difficult to asses the relative importance of

these factors. However, in the HCMV study [4��] a pair of

identical twins were enrolled, and displayed a remarkably

similar response profile. This indicates that variations in

the genetic background — including but not limited to

the MHC allele composition — might contribute a domi-

nant influence on the level and pattern of immune

responses observed in any given individual.

T-cell responses in mice
One advantage of studying immune responses to experi-

mental infections in inbred strains of mice is the large

supply of T cells, which overcomes the limiting amount of

sample available from individual human donors. Table 1

lists three recent studies that have attempted to map

the entire T-cell response against a viral pathogen and

have deconvoluted the targets of these responses to the

peptide level.

Munks et al. [9�] tested target cells transfected with

plasmids encoding predicted ORFs of the murine cyto-

megalovirus (MCMV) for recognition by T cells from

immunized mice. Of the 170 predicted MCMV ORFs,

responses were detected against 27. For 18 of these,

responses could be further mapped to 24 individual

peptide epitopes, which accounted for most (�85%) of

the MCMV-specific response. In a study using a similar

ORF expression library to screen for VACV epitopes, only

5 epitopes were identified out of the 258 studied [10].

However, these only accounted for about 40% of the

VACV-specific response. In a consequent study [11��],
2256 VACV-derived peptides, which were predicted to

bind murine MHC class I H-2b molecules with high

affinity, were tested for recognition by T cells from
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VACV-infected mice. This resulted in the discovery of

an additional 44 epitopes that, in combination with the

original 5, accounted for 95% of the VACV-specific

response. These studies demonstrate that it is now pos-

sible to account for the majority of T-cell response targets

in inbred mice for complex viral pathogens.

Mapping targets of B-cell responses
When mapping the targets of B-cell responses, one major

hurdle is the fact that many antibodies bind to conforma-

tional epitopes (i.e. amino acids in a protein sequence that

are brought together in the three-dimensional protein

fold but are disparate in its linear sequence). To map

such epitopes, it is important to test proteins in their

native conformation. One recently developed approach

that allows for high-throughput screening of targets while

maintaining a reasonable degree of native conformation is

the use of microarrays spotted with viral proteins

(reviewed in [12]). Three such studies are listed at the

bottom of Table 1.

Davies et al. [13�] studied antibody responses to VACV in

a set of 194 proteins. 14 proteins were recognized by

antibodies from vaccinated humans, and an additional 13

antigens were recognized by non-immunized individuals.

The latter are thought to be recognized by cross-reactive

antibodies specific for other environmental antigens. The

study further compared the results obtained using human

sera with sera from VACV-infected mice and macaques.

11 of the antigens specifically recognized by immunized

humans are also recognized in mice and macaques, which

is a remarkable level of agreement between species.

Antibodies against one of these proteins were subse-

quently shown to provide protection against lethal

challenges with VACV in mice [14].

Li et al. [15] identified antibody targets recognized follow-

ing vaccination of rabbits with the Yersinia pestis live

vaccine EV76. They found that 50 out of 149 proteins

are recognized, 37 of which also show cross-reactivity with

pre-immunized sera. Several of the newly identified targets

elicited equal or stronger responses than the previously

identified V antigen. Sharma et al. [16] used an array of 156

ORFs, which were selected as a representative sampling of

the Chlamydia trachomatis genome. Screening sera of 15

women that were urogenitally infected with C. trachomatis
gave a broad range of responses targeting between 2 and 18

proteins. 7 ORFs were recognized by antibodies from more

than half of the donors, which makes them more frequently

recognized than the major outer membrane protein

(MOMP) antigen, which was previously considered to

be the immunodominant antigen.

Characteristics of antigens recognized by
natural immune responses
It is commonly assumed that certain characteristics of

an antigen, such as its function or expression kinetics,
www.sciencedirect.com
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influence its recognition by immune responses. When

examining the ORFs recognized in the studies compiled

in Table 1, it becomes apparent that such a correlation

cannot be absolute: ORFs from all functional categories,

times of expression and cellular localizations are found to

evoke responses, in some cases for both antibody and

T-cell responses. Because of the large number of targets

recognized, this is not surprising. Thus, it might be more

meaningful to correlate the frequency with which

responses are detected with characteristics of the ORFs

recognized.

For T-cell responses, one important correlate with ORF

recognition is the size of the ORF [4��,5,7�,11��]. It is

indicated that the higher the number of peptides encoded

by an ORF, the more likely it is that one of them will be

recognized. Accordingly, it is important to control for the

number of peptides encoded in a class of ORFs when

analyzing if recognition of this class is more or less

frequent than that of other ORFs. After taking this into

account, several studies found more frequent responses to

proteins that are expressed early in the infection cycle

[4��,7�,9�,11��]. Also, two studies [3,4��] found a positive

correlation between inter-strain conservancy of amino

acid sequences and their frequency of recognition. It

makes intuitive sense that the targets that are preferred

for immune responses are those that are expressed early in

an infection and those that are conserved between strains.

For antibody responses, the majority of recognized

antigens characterized in [13�] were structural proteins,

more than half of which were envelope proteins.

However, antigens that are not part of the envelope also

elicited strong responses. As the authors state, the con-

tribution of these antibodies to protection remains to be

determined. For both Y. pestis and C. trachomatis, several

of the ORFs eliciting strong antibody responses have not

yet been assigned a function. For this reason, these are

targets of high interest for further studies by immunol-

ogists and bacteriologists alike. This highlights how

mapping of immune responses can also contribute to a

better basic understanding of biology of the particular

pathogen under examination.

Reverse vaccinology
Mapping immune responses following infection charac-

terizes targets of natural immune responses. From

a vaccine development perspective, it should be

emphasized that the main goal is to induce a protective

immune response, not necessary one that mimics natural

immune responses. Testing this directly is the goal of the

reverse vaccinology approach, which uses genomic

information regarding pathogens to systematically screen

their components for protective efficacy. This is typically

done by immunizing mice with individual proteins and

testing their ability to elicit protective antibodies, as

reviewed in [17,18�].
www.sciencedirect.com
In [19], Giuliani et al. describe the use of a combination

vaccine consisting of five meningococcus antigens for-

mulated in aluminum hydroxide, each previously found

to elicit protective responses using a reverse vaccinology

approach [20,21]. The antibodies elicited in mice by the

combined vaccine reacted with 66 out of 85 clinical

isolates of meningococcus serogroup B. Using the same

vaccine, antigens adjuvanted by aluminum hydroxide

combined with CpG oligonulcleotides, oil-in-water

emulsion MF59 or complete Freund’s adjuvant led to

increased reactivities of 92%, 94% and 98%, respectively

(which serves as a reminder of the important role of

adjuvants in effective vaccine design).

The response induced by the combination of five anti-

gens is broader than that elicited by each individual

antigen. Importantly, it is also broader than that of pre-

viously developed vaccines based on biochemically

extracted mixtures of proteins from outer membrane

vesicles of meningococcus serogroup B, which elicited

responses against 17–18 of the 85 clinical isolates. One

explanation for the relatively low cross-strain protection

provided by bacterium-extracted outer membrane vesi-

cles is the presence of proteins in the extracted vesicles

that are unlikely to be found on the bacterial surface and

therefore might ‘distract’ the immune system [22].

Another explanation is that such extracts focus the

response on immunodominant antigens such as PorA,

which is highly variable between strains and elicits a

strong but strain-specific response.

Conclusions
In summary, the immune response mapping studies

assembled in this review show that the targets of natural

immune responses have a broader distribution than pre-

viously appreciated. At the same time, a smaller subset of

targets is recognized more frequently than others. This

suggests that a binary classification into recognized

and non-recognized targets is less appropriate than a

classification into more- and less-frequently recognized

targets, the former corresponding to immunodominant

antigens.

Vaccine design based on reverse vaccinology approaches

has shown that combining multiple antigens in a vaccine

provides broader protection against different strains of a

pathogen than individual antigens. This finding is easily

explained by variations in the antigens between different

strains of the same pathogens. This also provides an

example of why vaccines associated with extreme immu-

nodominance and focusing responses on a single target

might not be desirable. However, it is unclear if vaccine-

induced responses need to have the same breadth of targets

as natural responses. To answer this question, future

studies might need to systematically evaluate the role of

targets in natural immune responses by testing their ability

to contribute to protection following immunization or by
Current Opinion in Immunology 2007, 19:106–110
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correlating response patterns in individuals with their

disease outcomes.

As high-throughput immune response mapping techni-

ques generate an ever larger amount of data, it becomes

increasingly cumbersome to assemble and compare their

results. This raises the need to centrally store and make

accessible this data, which is the goal of the immune

epitope database [23] and other related online resources.

We believe that, in the future, such bioinformatics

resources will play an important role in the generation

of scientific hypothesis and in the selection of biological

and immunological targets for experimental testing.
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