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Impact of HLA-B Alleles, Epitope Binding Affinity, Functional
Avidity, and Viral Coinfection on the Immunodominance of
Virus-Specific CTL Responses1

Florian Bihl,* Nicole Frahm,* Loriana Di Giammarino,* John Sidney,† Mina John,‡

Karina Yusim,§ Tonia Woodberry,¶ Kaori Sango,* Hannah S. Hewitt,* Leah Henry,*
Caitlyn H. Linde,* John V. Chisholm III,* Tauheed M. Zaman,� Eunice Pae,# Simon Mallal,‡

Bruce D. Walker,* Alessandro Sette,† Bette T. Korber,§ David Heckerman,** and
Christian Brander2*

Immunodominance is variably used to describe either the most frequently detectable response among tested individuals or the
strongest response within a single individual, yet factors determining either inter- or intraindividual immunodominance are still
poorly understood. More than 90 individuals were tested against 184 HIV- and 92 EBV-derived, previously defined CTL epitopes.
The data show that HLA-B-restricted epitopes were significantly more frequently recognized than HLA-A- or HLA-C-restricted
epitopes. HLA-B-restricted epitopes also induced responses of higher magnitude than did either HLA-A- or HLA-C-restricted
epitopes, although this comparison only reached statistical significance for EBV epitopes. For both viruses, the magnitude and
frequency of recognition were correlated with each other, but not with the epitope binding affinity to the restricting HLA allele.
The presence or absence of HIV coinfection did not impact EBV epitope immunodominance patterns significantly. Peptide titra-
tion studies showed that the magnitude of responses was associated with high functional avidity, requiring low concentration of
cognate peptide to respond in in vitro assays. The data support the important role of HLA-B alleles in antiviral immunity and
afford a better understanding of the factors contributing to inter- and intraindividual immunodominance. The Journal of Im-
munology, 2006, 176: 4094–4101.

T he term “immunodominance” is as widely used as it is
loosely defined. Most commonly, immunodominant B or
T cell responses or Ags are referred to as those that can be

most frequently detected in a group of individuals (frequency of
recognition) or that induce the immune response of greatest mag-
nitude (strength of response) within a single individual (1, 2). For
all practical purposes, it would likely be advantageous to discrim-
inate interindividual from intraindividual immunodominance, be-
cause the first one assesses the frequency of Ag recognition among
a group of individuals expressing a certain HLA allele, whereas the
second determines the relative magnitude among different re-
sponses in a single subject. However, even less clear than the def-
inition of immunodominance are the factors that contribute to in-
ter- or intraindividual dominance.

A number of parameters have been implicated in affecting one
or the other form of immunodominance, including the nature of the
restricting MHC allele (3, 4), efficiency of epitope processing and
translocation into the endoplasmatic reticulum (5), the degree of
sequence variability in epitopes derived from highly variable
pathogens such as HIV (6, 7), and Ag availability by either cross-
presentation of exogenous Ag or processing of intracellular (viral)
proteins (8, 9). Besides these factors, interactions among different
T cell populations and cross-reactivity between “self” and/or
“other” pathogen Ags, as well as the presence of antagonistic
epitopes, may further impact immunodominance patterns (10).

Of note, a previous study by Sette et al. (11) established a bind-
ing affinity threshold that was associated with the vast majority of
known CTL epitopes. Studies in HLA transgenic mice confirmed
the relevance of this threshold, while also indicating some corre-
lation between affinity and the propensity to be immunogenic (12,
13). Furthermore, previous studies in the human system proposed
a relationship between binding affinity and the magnitude and
breadth of responses for variants of a single epitope but did not
examine those relationships over a heterogeneous set of epitopes
(7, 14). Finally, studies in the context of the more complex system
of malaria infection indicate that, provided that a peptide can bind
to a specific HLA molecule, subsequent antigenicity and immu-
nogenicity may not directly correlate with the affinity of epitope
binding per se. However, none of these preceding studies have
directly addressed relationships between affinity and immu-
nodominance systematically, and on a large scale. Thus, although
considerable work has been invested in elucidating the most im-
portant factors determining immunodominance, many studies have
either used a selected range of previously defined epitopes or have
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been limited to single MHC allele and epitope combinations (2, 7).
Yet, a clear understanding of factors responsible for pronounced
immunodominance patterns would greatly benefit vaccine design
and provide deeper insight into mechanisms responsible for shap-
ing pathogen-specific immune responses, as well as help to better
understand as to how the immune system copes with the multitude
of infections and exposures to potential pathogens over the lifetime
of an individual (1, 10).

The present study was conducted to shed some light on the
relevance of multiple factors in determining immunodominant
CTL responses against two human pathogens, EBV and HIV. For
both pathogens, single-epitope or HLA allele-specific immu-
nodominance assessments have been performed in the past; how-
ever, such studies have often been limited to traditionally well-
studied, HLA class I alleles such as HLA-A02 (2, 7, 15).
Relatively little is thus known about immunodominant epitopes
presented on alleles that are infrequent in traditionally well-stud-
ied, Caucasian-dominated cohorts. Similarly, the effects of viral
coinfections and sequence variability, especially for highly vari-
able pathogens such as HIV, are often not considered when deter-
mining immunodominance patterns, and potential differences
among HLA-A-, HLA-B-, and HLA-C-restricted responses have
not been addressed, despite some recent reports that point toward
an important role of HLA-B alleles in mediating the most effective
antiviral immunity (16). In this study, 276 previously defined,
HIV- or EBV-derived CTL epitopes were used to stimulate PBMC
from 135 HIV- and/or EBV-infected, fully HLA-typed individuals
(17). Response patterns were recorded according to the described
restricting HLA allele and compared with the HLA binding affinity
of these epitopes as well as the magnitude and functional avidity of
the responses. Although epitope binding affinity was not by itself
associated with the dominance of responses, the functional avidity
of responses was found to correlate with the magnitude of epitope-
specific ELISPOT reactivity. The data also show a direct associ-
ation between the magnitude and the frequency of epitope-specific
responses and a dominant role of HLA-B alleles in restricting re-
sponses to these two viral pathogens.

Materials and Methods
Study subjects

Ninety-eight HIV-infected individuals were recruited from a previously
described cohort in the Boston area (18). Fifty-four of these individuals, as
well as 37 HIV-negative subjects, were tested for responses against a set of
EBV-derived CTL epitopes (17, 19). The HIV-infected individuals were
mostly (80%) treated with highly active antiretroviral therapy and pre-
sented with an overall median viral load of 330 copies/ml. There was no
difference in the EBV response rates between the treated and untreated
individuals (data not shown). For all 135 subjects, HLA typing was per-
formed as described previously (18). The study was approved by the re-
spective institutional review boards of all participating hospitals, and all
subjects provided written informed consent before recruitment.

Assessment of CTL responses

PBMC were separated from whole blood and used in direct ex vivo
ELISPOT assays as described (17). The peptide sets used consisted of 184
optimally defined HIV-derived, CTL epitopes included in the 2001 edition
of the Los Alamos National Laboratory HIV Immunology Database CTL
epitope list (20). The set of EBV-derived, CTL epitopes has largely been
described (21) and completed with more recently identified epitopes and
consisted of 92 reportedly HLA class I-restricted CTL epitopes (17). Cells
were incubated overnight with single peptides, and ELISPOT plates were
developed using Mabtech reagents detecting IFN-� production by epitope-
specific cells. The resulting number of spots was counted using the AID
ELISPOT Reader Unit (Autoimmun Diagnostika), and results were ex-
pressed as spot-forming cells (SFC)3 per million input cells. Thresholds for

positive responses were determined as at least 5 spots (50 SFC/106) per
well and responses exceeding “three times mean of negative wells” and
“mean of negative wells plus three SDs.”

Peptide titration assays to determine functional avidity

The functional avidity of responses was assessed by performing limiting
peptide dilutions and determining the peptide concentration required to
induce half-maximal responses in in vitro assays (22–24). Peptides were
added in serial 10-fold dilutions ranging from 100 �g/ml to 10 pg/ml to
ELISPOT plates and incubated with freshly isolated PBMC for 16 h. Half-
maximal stimulatory Ag doses (SD50) were determined as the peptide con-
centration needed to achieve a half-maximal number of spots in the
ELISPOT.

Epitope binding to alleles in the HLA-A02, HLA-A03, HLA-B07,
and HLA-B58 supertypes

A previously described HLA binding assay was used to determine binding
affinities of all 276 peptides to a total of 16 alleles in the HLA-A02, HLA-
A03, HLA-B07, and HLA-B58 supertypes (25, 26). The assay is based on
the inhibition of binding of a radiolabeled standard probe peptide to de-
tergent solubilized HLA class I molecules by the test peptide(s). Briefly,
1–10 nM radiolabeled probe peptide was coincubated for 2 days at room
temperature with varying amounts of test peptide and fixed amount of class
I molecules, in the presence of 1 mM �2-microglobulin and protease in-
hibitors (25). The concentration of each peptide resulting in 50% inhibition
of the binding of the radiolabeled index peptide was calculated and is
reported as IC50 (nM).

Statistical analyses

Statistical analysis was done using GraphPad Prism version 3.0 for Macin-
tosh, Excel (Microsoft), and custom C�� code. Results are generally pre-
sented as median values. Statistical analyses included Spearman test for
correlations and Mann-Whitney U, Fisher’s exact, Wilcoxon matched-pairs
signed-ranks test, and �2 for comparisons among HLA-A, HLA-B, and
HLA-C allele-restricted responses. The correlation analyses were per-
formed using a corrected allele frequency, weighted to reflect the alleles’
frequency in the tested cohort. In particular, the corrected frequency was
taken to be the posterior mean of a � distribution given a prior with em-
pirical mean equal to the uncorrected mean allele frequency in the tested
cohort and a sample size equal to two (results were not sensitive to sample
size).

Results
HLA-B restricts frequently targeted CTL epitopes in HIV and
EBV

To identify dominant CTL epitopes in HIV and EBV and to in-
vestigate whether HLA-A, HLA-B, and HLA-C alleles restrict
equally strong and frequent responses, a set of 276 previously de-
scribed HIV- and EBV-restricted CTL epitopes was tested in 135
subjects (17). Of the 135 subjects, 98 individuals were HIV in-
fected and were tested against 184 HIV-derived, optimally defined
CTL epitopes listed in the Los Alamos National Laboratory HIV
Immunology Database (20). Ninety-one individuals were EBV in-
fected and tested against a panel of 92 CTL epitopes (17, 19). Of
these 91 EBV-infected subjects, 54 individuals were coinfected
with HIV and tested against both sets of peptides. For all epitopes,
the fraction of epitope responders, among the individuals who ex-
pressed the described restricting HLA class I allele was recorded
and compared for epitopes derived from HIV or EBV and epitopes
restricted by either HLA-A, HLA-B, or HLA-C alleles.

For both peptide sets, complete lists of cohort-wide, interindi-
vidual immunodominance patterns and numbers of tested subjects
expressing the specific HLA class I allele are included in supple-
mentary Table I4, providing an unprecedented assessment of in-
terindividual epitope dominance for the known CTL epitopes de-
rived from these two pathogens. Among all 184 HIV epitopes, 35

3 Abbreviation used in this paper: SFC, spot-forming cell. 4 The online version of this article contains supplemental material.
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(19%) were recognized at frequencies �50%, with 5 epitopes tar-
geted by 100% of the subjects expressing the appropriate restrict-
ing allele, including epitopes presented by HLA-A25, HLA-B07,
HLA-B*1501, and HLA-B57. Similarly, 19 EBV epitopes (21%)
were targeted by at least half of the individuals who expressed the
appropriate HLA class I allele. Although none of these epitopes
reached 100% frequency of recognition, two HLA-B08-restricted
epitopes were each targeted by 90% of the individuals expressing
HLA-B08 (see supplementary Table Ib). Interestingly, among the
54 HIV and EBV epitopes with recognition frequencies �50%,
significantly more peptides were HLA-B restricted than HLA-A
restricted (34 vs 18, p � 0.016), despite the fact that overall, an
essentially identical number of HLA-A- and HLA-B-restricted
epitopes were tested (130 HLA-A restricted, 132 HLA-B
restricted).

In contrast to EBV, HIV is characterized by a highly variable
genome, which may affect the response rates to HIV CTL epitopes
due to sequence differences between the autologous infecting virus
and the test peptide sequence (2). To assess whether this could
alter the present analyses, the frequency of recognition for all HIV-
derived CTL epitopes was compared with the average entropy, a
measure of viral diversity among HIV clade B sequences in the
region of the CTL epitope (27). There was no difference among the
median entropies for HLA-A-, HLA-B-, or HLA-C-restricted HIV
CTL epitopes, indicating that restricting elements of all three loci
present conserved as well as more variable epitopes (data not
shown). However, there was an overall negative correlation ( p �
0.03) between the entropy and the frequency of recognition, indi-
cating that epitopes located in more variable parts of the viral
genome are either intrinsically less immunogenic in vivo or that
response rates against more variable epitopes are potentially un-
derestimated due to differences between peptide test set and au-
tologous virus sequences (7, 18, 28).

Overall, the data showed a wide range of frequency of recog-
nition for both HIV- and EBV-derived CTL epitopes presented by
HLA-A, HLA-B, and HLA-C. Interestingly, for both viruses,
HLA-B-restricted epitopes were more frequently targeted than
HLA-A- or HLA-C-restricted epitopes, although data included in
Fig. 1 do not provide strong visual support for this conclusion.
However, it is important to note that, because the various HLA
alleles were present at different frequencies in the tested cohort,
observed frequencies of recognition had, for statistical analyses, to

be adjusted for allele frequencies. When adjusting the data in Fig.
1 for allele frequencies, a significantly stronger dominance pattern
for HLA-B-restricted epitopes vs non-B-restricted epitopes was
evident ( p � 0.00012). In turn, HLA-A-restricted epitopes scored
significantly less frequently than did the non-A-restricted epitopes
( p � 0.00005), whereas HLA-C-restricted epitopes did not differ
significantly from non-C-restricted epitopes ( p � 0.64). A break-
down by virus showed significance of these comparisons for EBV-
derived epitopes (A vs non-A, p � 0.00013; B vs non-B, p �
0.00024), whereas the association did not reach statistical signif-
icance for HIV epitopes (A vs non-A, p � 0.048; and B vs non-B,
p � 0.066). Responses to HIV- and EBV-derived, HLA-A-, HLA-
B-, or HLA-C-restricted epitopes also were analyzed on an indi-
vidual subject basis. To this end, for each individual, the number
of “expected” responses (i.e., the number of epitopes with known
restrictions by the alleles expressed by the individual tested (19))
was separately compared with the number of detected responses
against HLA-A-, HLA-B-, and HLA-C-restricted epitopes. The ra-
tios of expected to detected responses was then compared for all
individuals among HLA-A-, HLA-B-, and HLA-C-restricted
epitopes. These analyses showed again that, overall, subjects rec-
ognized a significantly higher proportion of the HLA-B-restricted
epitopes than HLA-A- ( p � 0.000014) or HLA-C-restricted
epitopes ( p � 0.00197, Wilcoxon Matched-Pairs Signed-Ranks
Test; data not shown). These findings are in line with reports that
show HLA-B restriction for especially frequent responses such as
HLA-B27- and HLA-B57-restricted responses to HIV epitopes
and HLA-B08 for EBV epitopes (23, 29–31) and confirm some of
our recent findings in larger HIV cohorts where HLA-B-restricted
responses were found to dominate the antiviral immune responses
(16, 22, 32, 33).

HLA-B alleles restrict stronger responses than HLA-A or
HLA-C alleles

To address whether epitopes restricted by HLA-A, HLA-B, or
HLA-C alleles differed not only in their interindividual dominance
(frequency of recognition), but also in their intraindividual domi-
nance patterns, the magnitude of all responses, expressed as Ag-
specific cells per million PBMC, were compared among HLA-A-,
HLA-B-, and HLA-C-restricted epitopes. Similar to the frequency
analyses, HLA-B-restricted epitopes showed stronger responses
than did non-B-restricted epitopes ( p � 0.0053), whereas HLA-A

FIGURE 1. HLA-A-, HLA-B-, and HLA-C-re-
stricted CTL epitopes differ in the frequency of recog-
nition and magnitude of responses: Previously defined
epitopes in HIV and EBV were tested in 98 and 91 sub-
jects, respectively, and epitope-specific frequency of
recognition among individuals expressing the described
HLA allele was determined for HLA-A-, HLA-B-, and
HLA-C-restricted epitopes derived from HIV (A) and
EBV (B). The median magnitude of responses was cal-
culated for all epitopes targeted at least once in the co-
hort and compared among HLA-A-, HLA-B-, and HLA-
C-restricted epitopes and between HIV (C) and EBV
(D) epitopes. Mann-Whitney U analysis was performed
to compare epitopes restricted by the different loci.
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restricted responses were weaker than non-HLA-A restricted re-
sponses ( p � 0.028; Fig. 1, C and D). Because these data suggest
that the frequency of recognition was associated with the magni-
tude of responses, allele-adjusted frequencies and median epitope-
specific magnitudes were compared directly with each other. Al-
though data in Fig. 2 show the direct, unadjusted values for
frequency of recognition and magnitude of responses, the statisti-
cal analyses used a rank-order statistical approach using weight-
adjusted frequency and magnitude values to accommodate differ-
ences in the HLA allele frequencies in the tested cohort. The
analyses showed a significant direct association between intra- and
interindividual immunodominance when HIV- and EBV-derived
epitopes were analyzed separately (HIV, p � 0.0031; EBV, p �
0.001) or together ( p � 2.5 � 10�6). Given the small number of

epitopes for some alleles and differences in allele representation in
the cohort, data are presented in a total analyses rather than in
single allele-specific analyses, which, in some cases, showed sta-
tistical significance that withstood correction for multiple compar-
ison (data not shown and Fig. 2). Thus, and although the scattering
of data points in Fig. 2 is considerable, the present data demon-
strate a statistically significant association between the magnitude
of responses and their frequency of recognition. To rule out that
this association was due to weaker responses falling more fre-
quently under the detection limit than stronger responses, the anal-
yses were repeated by using a higher ELISPOT cutoff and by lim-
iting the analysis to the top 20% of epitopes (ranked by
magnitude). Regardless of this correction, the analysis still yielded
statistically significant associations even considering a much
smaller data set (data not shown).

HLA binding affinity is not associated with immunodominance

To address whether intra- and interindividual immunodominance
were associated with epitope binding to the restricting HLA class
I molecule, binding affinities for 87 HIV- and 48 EBV-derived
epitopes restricted by a total of 16 different alleles were compared
with magnitude and the frequency of epitope-specific responses.
Binding data were generated for HLA-A and HLA-B alleles as
described in Materials and Methods and did not show significant
differences between HIV and EBV epitopes (data not shown), in-
dicating that both viruses yield CTL epitopes of comparable bind-
ing affinities. Analyzing the frequency of recognition and the me-
dian magnitude of all 135 epitopes for which binding data were
available, no significant association was observed between binding
affinity and magnitude or the frequency of recognition (Fig. 3, A
and B). Among the 135 epitopes tested for binding, 41 did not
show strong binding (IC50 � 500 nM) to their described, restrict-
ing allele. Although this could potentially indicate wrongly as-
signed HLA restriction alleles (34), there are numerous examples
of well-defined and frequently targeted epitopes with binding af-
finities �500 nM (2, 7, 14). In fact, when looking at epitopes with
IC50 � 500 or � 500 nM, there was no significant enrichment of
rarely (�5%) or never-targeted epitopes in the group of epitopes
with IC50 � 500 nM. In addition, focusing on the 94 good binders
only, the results showed again that there was no significant asso-
ciation between binding and the frequency of recognition or the
magnitude of responses (all p � 0.3).

Furthermore, to assess whether potential peptide binding com-
petition to the same presenting HLA class I allele could affect
immunodominance patterns (2), the HLA-A02 and HLA-B07
epitopes were analyzed separately, because these were the two
HLA-A and HLA-B alleles with the most described epitopes avail-
able. The comparison of the binding affinities of the 43 HLA-A02-
restricted epitopes did not reveal any association between binding
and either the frequency of recognition, or the median magnitude
of epitope-specific responses ( p � 0.38 and p � 0.33, respec-
tively). Similarly, no associations between these parameters and
epitope binding affinity were found for the 20 HLA-B07-restricted
epitopes ( p � 0.34 and p � 0.47, respectively). As before, the
analyses were repeated by including only those epitopes that
showed good HLA binding (IC50 � 500 nM) to HLA-A02 or
HLA-B07, respectively; again, the results did not change (all p �
0.3). These data are in line with the absence of an overall associ-
ation between epitope binding and dominance and indicate that
immunodominance patterns among epitopes presented by the same
allele are not dictated by epitope binding alone.

The relationship between binding affinities and immunodomi-
nance was further analyzed for EBV-derived epitopes encoded by
lytic or latent Ags. The rationale for this analysis was that high

FIGURE 2. Correlation between magnitude of responses and frequency
of recognition: The frequency of epitope recognition among individuals
expressing the described, restricting HLA allele and the median magnitude
of responses among the epitope responders were compared for HIV
epitopes (a), EBV (b) epitopes and for both viruses together (c). Spearman
correlations were performed using adjusted allele frequencies as described
in Materials and Methods.
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viral loads in acute EBV infection may theoretically drive re-
sponses of low avidity against highly expressed lytic Ags, whereas
limited Ag availability in chronic infection may preferentially
maintain high avidity responses against latent Ags expressed dur-
ing the later stages of infection (19). No difference in the median
binding affinities between lytic cycle (n � 18) and latent cycle
(n � 30) epitopes was observed, indicating that lytic and latent
EBV proteins contain epitopes of comparable binding affinities.
Furthermore, there was no association between the magnitude of
EBV lytic or latent Ag-specific responses and epitope binding af-
finity (data not shown). A comparison between lytic and latent
epitope binding affinity and the frequency of recognition was not
performed as previous work has shown a gradual shift from lytic
to latent Ag-specific responses between acute and chronic stages of
EBV infection would have biased such an analysis (19, 31).

EBV response patterns are not significantly altered by HIV
coinfection

Because a fraction of the individuals tested for EBV-specific re-
sponses were HIV coinfected, the data allowed to investigate
whether HIV coinfection could cause shifts in the EBV response
patterns (35). All HIV-infected subjects also were EBV infected
and likely acquired HIV after EBV, given that EBV infection most
frequently occurs before adolescence. Thus, all HIV-positive in-
dividuals were considered chronically EBV infected; which also
was the case for all HIV-negative individuals included here (19).
The magnitude of EBV epitope-specific responses did not differ
between the HIV-positive and the HIV-negative subjects ( p � 0.1;
data not shown), indicating that HIV infection did not drive more
robust EBV responses or, alternatively, that the HIV-infected sub-
jects were not significantly immune compromised in their EBV-
specific immunity. When the overall frequencies of recognition of
EBV epitopes were compared between the 54 HIV-positive and
the 37 HIV-negative subjects, no significant direct correlation was
observed, suggesting that some epitope response rates could be
different between the two groups. Subsequent detailed analysis in-
deed identified two HLA-A02-restricted epitopes that were less
frequently targeted in the HIV-positive, compared with the HIV-
negative group (epitope FLYALALL in LMP2, p � 0.015; and
epitope YVLDHLIVV in BRLF1, p � 0.017). However, the sta-

tistical significance was lost after correction for multiple compar-
isons. These data indicate that, although some fluctuations of re-
sponse rates between HIV-infected and HIV-negative individuals
may be observed, the number of individuals tested would likely
need to be considerably increased to document potential statisti-
cally significant shifts in the response patterns of single epitopes
upon HIV infection. Nevertheless, the data are in line with murine
studies that show reduced memory responses to an initial viral
infection upon infection with a heterologous second virus and pro-
vide some candidate epitopes on which to test this observation in
the human setting (36).

Functional avidity is associated with magnitude of response but
not with epitope binding affinity

Because HLA binding affinity alone does likely not reflect the
affinity at which the TCR on the epitope-specific T cell interacts
with the HLA/peptide complex (3), the functional avidity of HIV-
specific responses was compared with peptide binding as well as
magnitude and frequency of recognition. Functional avidity was
determined by using serial peptide concentrations and defining the
SD50 as the peptide concentration yielding half-maximal counts in
ELISPOT assays (22, 24). Thus, these assays provide a measure of
the overall avidity by which the epitope-specific T cells interact
with cells presenting the cognate epitope. Given that peptide sta-
bility, epitope binding to HLA molecules, CD8 dependence, TCR
density, and likely a number of other factors contribute to variable
degrees to the overall functional avidity, this does not directly
reflect the affinity by which the TCR on epitope-specific CTL in-
teracts with the HLA/peptide complex (24, 37, 38). In order not to
bias the analysis toward frequently targeted epitopes, and thus gen-
erally toward epitopes of higher magnitude (see above, Fig. 2),
epitopes presented on less frequent alleles and emerging as sub-
dominant responses were included as well. Thus, 21 HLA-A-, 19
HLA-B-, and five HLA-C-restricted epitopes were tested in the
context of 22 different HLA alleles, with a total of 70 SD50 de-
termined (Fig. 4). Overall, no differences in the SD50 for HLA-A-,
HLA-B-, and HLA-C-restricted epitopes were observed (Fig. 4A).
Similarly, when SD50 were compared with the epitope binding
affinity, no associations became evident (Fig. 4B). However, a sta-
tistically significant association between SD50 and the magnitude

FIGURE 3. Epitope binding does
not correlate with magnitude of re-
sponse or frequency of recognition:
Epitope binding affinities for 87 HIV
epitopes and 48 EBV-derived epitopes
were compared with frequency of rec-
ognition (A and B) or the median mag-
nitude of response (C and D). Spear-
man correlations were performed using
adjusted allele frequencies as described
in Materials and Methods.
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of response was observed ( p � 0.028; Fig. 4C). The association
with the magnitude of response was not observed anymore when
the epitope HLA-binding data was factored in and compared as the
product of avidity and peptide binding affinities (data not shown,
p � 0.23). Together, the data indicate that binding affinity alone
does not determine the functional avidity of epitope recognition,
and that the overall avidity with which CTL and APC interact may
play an important role in defining the magnitude of responses (38).

Discussion
The present study compared the impact of HLA-allele usage, func-
tional avidity, HLA binding affinity, and viral coinfection on the
interand intraindividual immunodominance of CTL responses
against HIV- and EBV-derived, HLA class I-restricted epitopes.
These data show that magnitude and frequency of recognition, the
two major aspects of immunodominance, are related to each other,
and that functional avidity, reflecting TCR avidity to HLA/peptide
complexes, is a more important determinant for the magnitude of
responses than the peptide binding affinity to HLA molecules. The
studies also reveal that, overall, HLA-B alleles are more frequently
inducing detectable responses than either HLA-A or HLA-C al-
leles, and that these responses are generally of greater magnitude
than responses restricted by molecules of the HLA-A or HLA-C
loci. These findings are in line with a recent report indicating that
HLA-B-restricted CTL responses carry the bulk of the immune

response against HIV (16). The data presented here strongly sug-
gest that this phenomenon may be expanded to other viral infec-
tions, because EBV-derived epitopes were also found to induce
more frequent and stronger responses when presented on HLA-B
than on HLA-A or HLA-C alleles. The importance of HLA-B al-
leles has also been documented recently in influenza infection,
where HLA-B08-restricted responses dominated the antiviral im-
mune response (39). Moreover, this is in agreement with the ob-
servation that HLA-B alleles, more so than HLA-A and HLA-C
alleles, have been associated with slower HIV disease progression,
and further supports the notion that the HLA-B locus evolved un-
der strong selective pressure (16, 33). However, as shown in a
recent study from our laboratory on HLA-B*1503-restricted CTL
responses, dominant responses are not necessarily the ones medi-
ating immune control, and a better understanding of immunodomi-
nance patterns may allow for the further discrimination of bene-
ficial from less favorable responses for inclusion in vaccine design
(32, 33).

An improved understanding of immunodominance patterns also
may be helpful to identify more or less immunogenic variants of
the same epitope, especially when studying viral pathogens with a
high sequence diversity. For instance, a recent study on HLA-
A*0201-restricted responses in individuals followed from acute
HIV infection showed that among two common epitope sequence
variants in HIV Vpr, only one was able to induce responses in vivo

FIGURE 4. Functional avidity,
but not HLA binding, is associated
with magnitude of recognition: The
functional avidity, defined as the pep-
tide concentration required to achieve
half-maximal reactivity (SFC/106

PBMC) in ELISPOT assays was de-
termined for 46 different HIV
epitopes, partially tested multiple
times as indicated in the table (left).
Functional avidities in HLA-A-,
HLA-B-, and HLA-C-restricted
epitopes were compared among each
other (A), to epitope binding affinities
(B), or to magnitude of responses (C).
A–C contain all 70 data points,
whereas the table reflects median
magnitudes and SD50 in cases where
multiple individuals were tested for
the same epitope.
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(7). In this case, epitope binding to the restricting HLA allele was
diminished for the less immunogenic variant, suggesting that
epitope binding may contribute to its reduced immunogenicity.
Although this is in line with earlier reports, the present study did
not find a direct association between HLA binding and either fre-
quency of recognition or magnitude of responses (2, 29). Rather,
the magnitude of responses was directly associated with the func-
tional avidity, indicating that the affinity with which the TCR of
the epitope-specific T cell interact with the HLA/peptide complex
has a more pronounced impact on the magnitude of responses than
epitope binding alone or the relative surface expression of proteins
encoded by the HLA-A, HLA-B, or HLA-C loci, which also might
impact the magnitude of responses (3, 40). However, this obser-
vation does not diminish the potential important role of epitope
binding, as illustrated in the above HIV Vpr example, where re-
duced binding corresponded to a lack of in vivo immunogenicity.
It is thus conceivable that epitope binding may be a crucial factor
for the de novo induction of the response, whereas subsequent
selection of high-avidity TCR populations are then determining its
magnitude (3). This also would be in agreement with the finding
that epitope binding affinity is a useful parameter for epitope pre-
diction approaches, which has allowed for the identification of
novel CTL epitopes in essentially all closely studied viruses (41–
44). In the present study, initial comparisons between epitope
binding and magnitude and frequency of responses were repeated
by limiting the analysis to only those epitopes which showed
strong binding to their described, restricting HLA class I allele.
These control analyses were performed to account for the possi-
bility that some of the epitopes tested here can be presented on
more than one allele leading to epitope-specific responses to occur
on additional HLA restriction elements expressed by the same sub-
ject and that some of the described HLA restrictions may be er-
roneous (34, 45, 46). However, these analyses showed no associ-
ation between epitope binding affinity and the frequency or
magnitude of responses; again suggesting that epitope binding is
not predictive of the strength and frequency of the detected re-
sponses. This is of special relevance for epitopes that have been
derived by epitope prediction approaches and which may have
yielded Ag sequences with limited relevance for antiviral defense.
However, rare recognition and poor binding were not restricted to
those alleles that have frequently been used in epitope prediction
approaches and included HLA-B-restricted epitopes that were
never targeted in the tested cohort.

The direct correlation between the magnitude of responses and
the frequency of recognition initially raised concerns that less fre-
quent responses scored less often because they would more fre-
quently fall under the detection limit of the ELISPOT assays that
were used. However, limiting this analysis to the 20% of epitopes
with the highest magnitude of response did not change the out-
come, reflecting the fact that 90% of all median magnitudes of
responses were �100 SFC/106 PBMC and thus well above cutoff.
Furthermore, it is important to note that the screening ELISPOT
assays were performed with likely saturating peptide concentra-
tions, so that weaker responses were not missed due to their re-
duced functional avidity. Together, although these considerations
cannot conclusively rule out that some weaker responses did in-
deed get lost in our screenings, they strongly support the notion
that the magnitude of responses is directly associated with the
frequency of recognition.

Overall, the present data provide an extensive immunodomi-
nance analysis of previously described, HIV- and EBV-derived
CTL epitopes, demonstrating that inter- and intraindividual dom-
inance are closely linked and that HLA-B-restricted CTL epitopes
are targeted more frequently and with higher magnitudes than non-

B-restricted CTL targets. These associations were statistically
highly significant for EBV but failed to reach statistical signifi-
cance for the HIV epitopes. Although previously published data
from our lab (16) strongly support an important role of HLA-B in
the response to HIV as well, the weaker associations seen in this
study may have resulted from viral adaptation to epitopes re-
stricted by some of the most frequent alleles in the cohort (32).
Nevertheless, the data also show that the magnitude of responses
was more closely linked to the functional avidity of the response
than to the affinity with which the epitope binds its restricting HLA
allele, suggesting that TCR interactions with the epitope/MHC
complex have a profound effect on the strength of responses. Fi-
nally, the observation that HLA-B alleles restrict a significant por-
tion of the antiviral CTL response to EBV, HIV (this study and
Ref. 16), as well as influenza virus (39), highlights the importance
of this most diverse HLA class I locus in host defense and provides
valuable guidance for future vaccine design, where immunodomi-
nance patterns will need to be considered (47, 48).

Disclosures
The authors have no financial conflict of interest.

References
1. Sette, A., and J. Fikes. 2003. Epitope-based vaccines: an update on epitope iden-

tification, vaccine design and delivery. Curr. Opin. Immunol. 15: 461–470.
2. Brander, C., K. E. Hartman, A. K. Trocha, N. G. Jones, R. P. Johnson, B. Korber,

P. Wentworth, S. P. Buchbinder, S. Wolinsky, B. D. Walker, and S. A. Kalams.
1998. Lack of strong immune selection pressure by the immunodominant, HLA-
A*0201 restricted CTL response in chronic HIV-1 infection. J. Clin. Invest. 101:
2559–2566.

3. Messaoudi I, J. A. Guevara Patino, R. Dyall, J. LeMaoult, and
J. Nikolich-Zugich. 2002. Direct link between mhc polymorphism, T cell avidity,
and diversity in immune defense. Science 298: 1797–1780.

4. Day, C. L., A. K. Shea, M. A. Altfeld, D. P. Olson, S. P. Buchbinder, F. M. Hecht,
E. S. Rosenberg, B. D. Walker, and S. A. Kalams. 2001. Relative dominance of
epitope-specific cytotoxic T-lymphocyte responses in human immunodeficiency
virus type 1-infected persons with shared HLA alleles. J. Virol. 75: 6279–6291.

5. Chen, W., C. C. Norbury, Y. Cho, J. W. Yewdell, and J. R. Bennink. 2001.
Immunoproteasomes shape immunodominance hierarchies of antiviral CD8� T
cells at the levels of T cell repertoire and presentation of viral antigens. J. Exp.
Med. 193: 1319–1326.

6. Brander, C., and Y. Riviere. 2002. Early and late cytotoxic T lymphocyte re-
sponses in HIV infection. AIDS 16: S97–S103.

7. Altfeld, M., T. M. Allen, E. T. Kalife, N. Frahm, M. M. Addo, B. R. Mothe,
A. Rathod, L. L. Reyor, J. Harlow, X. G. Yu, et al. 2005. The majority of
currently circulating human immunodeficiency virus type 1 clade B viruses fail
to prime cytotoxic T-lymphocyte responses against an otherwise immunodomi-
nant HLA-A2-restricted epitope: implications for vaccine design. J. Virol. 79:
5000–5005.

8. Chen, W., K. Pang, K. A. Masterman, G. Kennedy, S. Basta, N. Dimopoulos,
F. Hornung, M. Smyth, J. R. Bennink, and J. W. Yewdell. 2004. Reversal in the
immunodominance hierarchy in secondary CD8� T cell responses to influenza A
virus: roles for cross-presentation and lysis-independent immunodomination.
J. Immunol. 173: 5021–5027.

9. Probst, H. C., K. Tschannen, A. Gallimore, M. Martinic, M. Basler, T. Dumrese,
E. Y. Jones, and M. F. van den Broek. 2003. Immunodominance of an antiviral
cytotoxic T cell response is shaped by the kinetics of viral protein expression.
J. Immunol. 171: 5415–5422.

10. Welsh, R. M., L. K. Selin, and E. Szomolanyi-Tsuda. 2004. Immunological mem-
ory to viral infections. Annu. Rev. Immunol. 22: 711–743.

11. Sette, A., A. Vitiello, B. Reherman, P. Fowler, R. Nayersina, W. M. Kast,
C. J. Melief, C. Oseroff, L. Yuan, J. Ruppert, et al. 1994. The relationship be-
tween class I binding affinity and immunogenicity of potential cytotoxic T cell
epitopes. J. Immunol. 153: 5586–5592.

12. Wentworth, P. A., A. Vitiello, J. Sidney, E. Keogh, R. W. Chesnut, H. Grey, and
A. Sette. 1996. Differences and similarities in the A2.1-restricted cytotoxic T cell
repertoire in humans and human leukocyte antigen-transgenic mice. Eur. J. Im-
munol. 26: 97–101.

13. Alexander, J., C. Oseroff, J. Sidney, P. Wentworth, E. Keogh, G. Hermanson,
F. V. Chisari, R. T. Kubo, H. M. Grey, and A. Sette. 1997. Derivation of HLA-
A11/Kb transgenic mice: functional CTL repertoire and recognition of human
A11-restricted CTL epitopes. J. Immunol. 159: 4753–4761.

14. Boggiano, C., R. Moya, C. Pinilla, F. Bihl, C. Brander, J. Sidney, A. Sette, and
S. E. Blondelle. 2005. Discovery and characterization of highly immunogenic and
broadly recognized mimics of the HIV-1 CTL epitope Gag77–85. Eur. J. Immu-
nol. 35: 1428–1437.

15. Ogg, G. S., X. Jin, S. Bonhoeffer, P. R. Dunbar, M. A. Nowak, S. Monard,
J. P. Segal, Y. Cao, S. L. Rowland-Jones, V. Cerundolo, et al. 1998. Quantitation

4100 IMMUNODOMINANCE AMONG VIRAL CTL EPITOPES

 by guest on M
ay 20, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


of HIV-1-specific cytotoxic T lymphocytes and plasma load of viral RNA. Sci-
ence 279: 2103–2106.

16. Kiepiela, P., A. J. Leslie, I. Honeyborne, D. Ramduth, C. Thobakgale, S. Chetty,
P. Rathnavalu, C. Moore, K. J. Pfafferott, L. Hilton, et al. 2004. Coevolutionary
influences of HIV and HLA: the dominant role of HLA-B. Nature 432: 769–774.

17. Bihl, F. K., E. Loggi, J. V. Chisholm III, H. S. Hewitt, L. M. Henry, C. Linde,
T. J. Suscovich, J. T. Wong, N. Frahm, P. Andreone, and C. Brander. 2005.
Simultaneous assessment of cytotoxic T lymphocyte responses against multiple
viral infections by combined usage of optimal epitope matrices, anti-CD3 mAb
T-cell expansion and “RecycleSpot”. J Transl. Med. 3: 20.

18. Frahm, N., B. T. Korber, C. M. Adams, J. J. Szinger, R. Draenert, M. M. Addo,
M. E. Feeney, K. Yusim, K. Sango, N. V. Brown, et al. 2004. Consistent cyto-
toxic-T-lymphocyte targeting of immunodominant regions in human immunode-
ficiency virus across multiple ethnicities. J. Virol. 78: 2187–2200.

19. Woodberry, T., L. Henry, T. Suscovich, J. K. Davis, N. Frahm, B. Walker,
D. T. Scadden, F. Z. Wang, and C. Brander. 2005. Differential targeting and shifts
in the immunodominance of EBV specific CD8 and CD4 T cell responses from
acute to persistent infection. J. Infect. Dis.. 192:1513–1524.

20. Frahm, N., P. Goulder, and C. Brander. 2002. Total assessment of HIV specific
CTL responses: epitope clustering, processing preferences and the impact of HIV
sequence heterogeneity. In HIV Molecular Immunology Database.
C. B. B. Korber, B. Walker, R. Koup, J. Moore, B. Haynes, and G. Meyers, eds.
Los Alamos National Laboratory: Theoretical Biology and Biophysics, Los
Alamos, NM.

21. Rickinson, A. B., and D. J. Moss. 1997. Human cytotoxic T lymphocyte re-
sponses to Epstein-Barr virus infection. Annu. Rev. Immunol. 15: 405–431.

22. Frahm, N., S. Adams, P. Kiepiela, C. H. Linde, H. S. Hewitt, M. Lichterfeld,
K. Sango, N. V. Brown, E. Pae, A. G. Wurcel, et al. 2005. HLA-B63 presents
HLA-B57/B58-restricted cytotoxic T-lymphocyte epitopes and is associated with
low human immunodeficiency virus load. J. Virol. 79: 10218–10225.

23. Woodberry, T., T. J. Suscovich, L. M. Henry, M. August, M. T. Waring, A. Kaur,
C. Hess, J. L. Kutok, J. C. Aster, F. Wang, et al. 2005. aEb7 (CD103) expression
identifies a highly active, tonsil-resident effector-memory CTL population. J. Im-
munol.. 175: 4355–4362.

24. Trautmann, L., M. Rimbert, K. Echasserieau, X. Saulquin, B. Neveu, J. Dechanet,
V. Cerundolo, and M. Bonneville. 2005. Selection of T cell clones expressing
high-affinity public TCRs within Human cytomegalovirus-specific CD8 T cell
responses. J. Immunol. 175: 6123–6132.

25. Sidney, J., S. Southwood, and A. Sette. 2005. Classification of A1- and A24-
supertype molecules by analysis of their MHC-peptide binding repertoires. Im-
munogenetics 1–16.

26. Sette, A., and J. Sidney. 1999. Nine major HLA class I supertypes account for the
vast preponderance of HLA-A and -B polymorphism. Immunogenetics 50:
201–212.

27. Yusim, K., C. Kesmir, B. Gaschen, M. M. Addo, M. Altfeld, S. Brunak,
A. Chigaev, V. Detours, and B. T. Korber. 2002. Clustering patterns of cytotoxic
T-lymphocyte epitopes in human immunodeficiency virus type 1 (HIV-1) pro-
teins reveal imprints of immune evasion on HIV-1 global variation. J. Virol. 76:
8757–8768.

28. Gaschen, B., J. Taylor, K. Yusim, B. Foley, F. Gao, D. Lang, V. Novitsky,
B. Haynes, B. H. Hahn, T. Bhattacharya, and B. Korber. 2002. Diversity con-
siderations in HIV-1 vaccine selection. Science 296: 2354–2360.

29. Leslie, A. J., K. J. Pfafferott, P. Chetty, R. Draenert, M. M. Addo, M. Feeney,
Y. Tang, E. C. Holmes, T. Allen, J. G. Prado, et al. 2004. HIV evolution: CTL
escape mutation and reversion after transmission. Nat. Med. 10: 282–289.

30. Goulder, P. J., C. Brander, Y. Tang, C. Tremblay, R. A. Colbert, M. M. Addo,
E. S. Rosenberg, T. Nguyen, R. Allen, A. Trocha, et al. 2001. Evolution and
transmission of stable CTL escape mutations in HIV infection. Nature 412:
334–338.

31. Hislop, A. D., N. E. Annels, N. H. Gudgeon, A. M. Leese, and A. B. Rickinson.
2002. Epitope-specific evolution of human CD8� T cell responses from primary
to persistent phases of Epstein-Barr virus infection. J. Exp. Med. 195: 893–905.

32. Frahm, N., P. Kiepiela, S. Adams, C. H. Linde, H. S. Hewitt, K. Sango,
M. E. Feeney, C. Moore, M. M. Addo, M. Lichterfeld, et al. 2006. Control of HIV
replication by cytotoxic T lymphocytes targeting subdominant CTL epitopes.
Nat. Immunol. 7:173–180.

33. O’Brien, S. J., X. Gao, and M. Carrington. 2001. HLA and AIDS: a cautionary
tale. Trends Mol. Med. 7: 379–381.

34. Hunziker, I. P., A. Cerny, and W. J. Pichler. 1998. Who is right? Or, how to judge
the disagreement about HLA restriction of Nef peptides. AIDS Res. Hum. Retro-
viruses 14: 921–924.

35. Selin, L. K., S. R. Nahill, and R. M. Welsh. 1994. Cross-reactivities in memory
cytotoxic T lymphocyte recognition of heterologous viruses. J. Exp. Med. 179:
1933–1943.

36. Selin, L. K., K. Vergilis, R. M. Welsh, and S. R. Nahill. 1996. Reduction of
otherwise remarkably stable virus-specific cytotoxic T lymphocyte memory by
heterologous viral infections. J. Exp. Med. 183: 2489–2499.

37. Price, D. A., J. M. Brenchley, L. E. Ruff, M. R. Betts, B. J. Hill, M. Roederer,
R. Koup, S. A. Migueles, E. Gostick, L. Wooldridge, et al. 2005. Competition for
antigen shapes clonal dominance in CD8 T cell populations specific for persistent
DNA viruses. J. Exp. Med. 202: 1349–1361.

38. Chen, J. L., G. Stewart-Jones, G. Bossi, N. M. Lissin, L. Wooldridge, E. M. Choi,
G. Held, P. R. Dunbar, R. M. Esnouf, M. Sami, et al. 2005. Structural and kinetic
basis for heightened immunogenicity of T cell vaccines. J. Exp. Med. 201:
1243–1255.

39. Boon, A. C., G. De Mutsert, R. A. Fouchier, K. Sintnicolaas, A. D. Osterhaus,
and G. F. Rimmelzwaan. 2004. Preferential HLA usage in the influenza virus-
specific CTL response. J. Immunol. 172: 4435–4443.

40. Marsh, S. G. E., P. Parham, and L. D. Barber. 2000. The HLA Facts Book.
Academic, New York.

41. Brander, C., P. O’Connor, T. Suscovich, G. Jones, Y. Lee, D. Kedes, D. Ganem,
J. Martin, D. Osmond, S. Southwood, et al. 2001. Definition of an optimal CTL
epitope against the latently expressed KSHV kaposin protein. J. Infect. Dis. 184:
119–126.

42. Cerny, A., J. G. McHutchison, C. Pasquinelli, M. E. Brown, M. A. Brothers,
B. Grabscheid, P. Fowler, M. Houghton, and F. V. Chisari. 1995. Cytotoxic T
lymphocytes response to hepatitis C virus-derived peptides containing the HLA
A2.1 binding motif. J. Clin. Invest. 95: 521–530.

43. Altfeld, M., B. Livingston, N. Reshamwala, T. Nguyen, M. Addo, M. Shea,
M. Newman, J. Fikes, J. Sidney, P. Wentworth, et al. 2001. Identification of novel
HLA-A2-restricted HIV-1-specific CTL epitopes predicted by the HLA-A2 su-
pertype peptide-binding motif. J. Virol. 75: 1301–1311.

44. Yu, H., N. Srinivasan, E. Ren, and S. Chan. 2005. Identification of CD8� T-cell
epitopes specific for immediate-early transactivator Rta of Epstein-Barr virus.
Hum. Immunol. 66: 483–493.

45. Frahm, N., K. Yusim, S. Adams, J. Sidney, P. Hraber, H. S. Hewitt, C. H. Linde,
T. Woodberry, L. Henry, J. Listgarten, et al. 2006. Extensive HLA class I allele
promiscuity among viral cytotoxic T lymphocyte (CTL) epitopes. Submitted for
publication.

46. Frahm, N., P. Goulder, and C. Brander. 2003. Broad HIV-1 specific CTL re-
sponses reveal extensive HLA class I binding promiscuity of HIV-derived, op-
timally defined CTL epitopes. In HIV Molecular Immunology Database.
C. B. B. Korber, B. Walker, R. Koup, J. Moore, B. Haynes, and G. Meyers, eds.
Los Alamos National Laboratory: Theoretical Biology and Biophysics, Los
Alamos, NM.

47. Rodriguez, F., M. K. Slifka, S. Harkins, and J. L. Whitton. 2001. Two overlap-
ping subdominant epitopes identified by DNA immunization induce protective
CD8� T-cell populations with differing cytolytic activities. J. Virol. 75:
7399–7409.

48. Rodriguez, F., S. Harkins, M. K. Slifka, and J. L. Whitton. 2002. Immunodomi-
nance in virus-induced CD8� T-cell responses is dramatically modified by DNA
immunization and is regulated by gamma interferon. J. Virol. 76: 4251–4259.

4101The Journal of Immunology

 by guest on M
ay 20, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

