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Herpesviruses are ubiquitous, genetically diverse DNA viruses, with long-term presence
in humans associated with infrequent but significant pathology. Human leukocyte anti-
gen (HLA) class I presents intracellularly derived peptide fragments from infected tissue
cells to CD8+ T and natural killer cells, thereby directing antiviral immunity. Allotypes
of highly polymorphic HLA class I are distinguished by their peptide binding reper-
toires. Because this HLA class I variation is a major determinant of herpesvirus disease,
we examined if sequence diversity of virus proteins reflects evasion of HLA presenta-
tion. Using population genomic data from Epstein–Barr virus (EBV), human cytomega-
lovirus (HCMV), and Varicella–Zoster virus, we tested whether diversity differed
between the regions of herpesvirus proteins that can be recognized, or not, by HLA
class I. Herpesviruses exhibit lytic and latent infection stages, with the latter better
enabling immune evasion. Whereas HLA binding peptides of lytic proteins are con-
served, we found that EBV and HCMV proteins expressed during latency have
increased peptide sequence diversity. Similarly, latent, but not lytic, herpesvirus pro-
teins have greater population structure in HLA binding than nonbinding peptides.
Finally, we found patterns consistent with EBV adaption to the local HLA environ-
ment, with less efficient recognition of EBV isolates by high-frequency HLA class I allo-
types. Here, the frequency of CD8+ T cell epitopes inversely correlated with the
frequency of HLA class I recognition. Previous analyses have shown that pathogen-
mediated natural selection maintains exceptional polymorphism in HLA residues that
determine peptide recognition. Here, we show that HLA class I peptide recognition
impacts diversity of globally widespread pathogens.
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Herpesviridae is a family of large, double-stranded DNA viruses, with nine human-
infecting members spread across three subfamilies: α (e.g., Varicella–Zoster virus
[VZV]), β (e.g., human cytomegalovirus [HCMV]), and γ (e.g., Epstein–Barr virus
[EBV]) (1). Although seroprevalence varies considerably across populations, VZV,
HCMV, and EBV each infect more than 80% of humans (2–4), usually with mild or
no symptoms. In a minority but significant number of cases, herpesvirus infection
associates with severe malignancy, such as Burkitt’s lymphoma or nasopharyngeal
carcinoma (NPC) (5–7). Coinfection (8, 9) or immunodeficiency (10–12) may also
accompany herpesvirus pathogeneses, including postherpetic neuralgia caused by VZV
reactivation in older adults and HCMV disease in transplant patients. Such widespread
infection with low incidence of morbidity suggests that coevolution across millions of
years reduced the fitness cost of infection (13) and that herpesvirus-associated disease
represents disruption of an otherwise tolerated balance between host and virus (14).
Herpesviruses exhibit lytic and latent infection stages. Lytic infection is characterized

by expression of most of the viral genes and production of infectious virions, thereby
spreading the infection within and between hosts. In latency, those genes expressed in
the lytic cycle are down-regulated, virion production halts, and a more limited gene
expression program directs the establishment and maintenance of the viral genome
(15). Through this reduced gene expression, herpesviruses may evade immune detec-
tion in the tissues where they become latent. EBV infects naïve tonsillar B cells, where
latency proteins force B cell proliferation, survival, and differentiation into the memory
B cell pool (16, 17). HCMV has a broad lytic tropism, ultimately establishing latency
in early myeloid progenitors and monocytes, where the gene expression signature has
been difficult to define but may retain similarity to the late lytic cycle (18–20). VZV
infects tonsillar epithelial cells, T cells, and skin, ultimately establishing latency in sen-
sory nerve cells (21, 22).
Critical to the immune-mediated control of viral infections are human leukocyte

antigen (HLA) class I molecules. HLA class I (HLA-A, HLA-B, and HLA-C) presents
intracellular peptides to circulating CD8+ T and natural killer (NK) cells (23–25)
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(hereafter referred to as “cytotoxic lymphocytes”), thereby
orchestrating immune recognition of viruses. The HLA class I
loci are hyperpolymorphic, with allotype frequencies differen-
tially structured across human populations (26, 27). This strik-
ing pattern has been attributed to host–pathogen coevolution,
which can lead to the maintenance of genetic variation (28,
29). HLA polymorphism localizes to the peptide binding
groove, such that specific HLA allotypes can be distinguished
by their repertoire of presented peptides (30). The result is that
individuals and populations differ in the specific peptides that
may be presented by HLA and thus, recognized by cytotoxic
lymphocytes (31–33). Suggesting these differences in peptide
repertoires are significant in the control of herpesvirus infections,
specific HLA class I genetic variants are consistently associated
with herpesvirus diseases. Indeed, genome-wide association
studies for NPC and shingles (complications of EBV and VZV
infection, respectively) identified the most significant genetic pre-
dictors to be HLA class I loci (34–38).
EBV, HCMV, and VZV are genetically diverse, with varying

degrees of differentiation across human populations (39–50).
In this regard, EBV and VZV clades are highly structured by
population (46, 48, 50), whereas specific HCMV variants tend
to be common across populations (41). As evidenced either by
association with pathogenesis (51–53) or by the impact of
diversifying natural selection (42, 54, 55), the genetic variants
can have functional consequence. Functional variation may be
enriched in EBV latency genes, which show much higher diver-
sity and interspecific divergence than those involved exclusively
in the lytic cycle (40, 54, 56, 57), likely through sustained chal-
lenge by the immune system. Natural selection has also resulted
in cosegregation of specific variants in divergent regions of
EBV and HCMV, contrasting otherwise substantial genomic
recombination. Most notable in this regard are the EBNA-2 and
EBNA-3 latency genes, where divergent alleles of each define
type 1 vs. type 2 EBV strains (58, 59) and 21 HCMV genes that
have multiple nonrecombining variants (41). For EBV, these
genetic characteristics are enriched in proteins recognized by
CD8+ T cells (40, 60), implicating natural selection driven by
HLA class I in the global distribution of EBV genetic diversity.
In this study, we test the hypothesis that herpesviruses adapt

to their local HLA class I environment. We focus on EBV,
HCMV, and VZV due to the wealth of genomic data available
for these viruses spanning diverse human populations. We split
EBV, HCMV, and VZV proteins into regions likely bound by
HLA class I or not, allowing a comparative analysis of global
diversity with respect to HLA-mediated immune recognition.
Because EBV latency genes harbor greater genetic diversity
than genes expressed during lytic replication, we consider these
two classes of genes separately for each of the three virus spe-
cies. Consistent with previous reports (61–63), we find that
HLA binding peptides are derived from conserved regions of
herpesvirus lytic proteins. By contrast, HLA binding regions of
EBV and HCMV latency proteins have significantly greater
rates of diversity (ratio of nonsynonymous polymorphisms per
site to synonymous polymorphisms per site [pN/pS]). In addi-
tion, we show that unlike lytic cycle proteins, HLA binding
regions of latency proteins have greater population structure than
nonbinding regions. Consistent with a model of local adaptation,
we find patterns consistent with EBV latent protein evasion of
HLA allotypes that are at higher frequency in the population
from which the isolate is derived. We conclude that herpesvirus
protein diversity is altered in predicted HLA class I binding sites,
with a pattern consistent with the action of diversifying natural
selection during latency mediated by HLA class I.

Results

EBV, HCMV, and VZV Differ in Magnitude of Population
Differentiation, Genetic Diversity, and Constraint. We ana-
lyzed genetic diversity of EBV, HCMV, and VZV across 15,
13, and 17 human populations, respectively, representing six
major geographic regions (SI Appendix, Fig. S1). For this pur-
pose, we compared the mean pairwise FST for the coding
regions of 79 EBV (72 lytic, 7 latent), 170 HCMV (140 lytic,
30 latent), and 77 VZV genes (72 lytic, 5 latent) (Fig. 1A).
The posterior estimate for mean FST of EBV genes was 0.43
(95% CI: 0.40 to 0.48). The mean FST of HCMV genes was
significantly lower (FST = 0.24; 95% CI: 0.21 to 0.27; P < 0.
001) than EBV, and the mean FST of VZV genes was signifi-
cantly higher (FST = 0.65; 95% CI: 0.61 to 0.68; P < 0.001).
We also calculated Watterson’s θ (θW) per silent site for each
gene (Fig. 1A). Consistent with previous reports, HCMV genes
had the greatest silent site diversity, and VZV had the lowest.
Although HCMV sequences were lacking for some popula-
tions, we show that this hierarchy in θW is likely consistent
within each major geographical region (Fig. 1B).

We next analyzed the rates of single-nucleotide mutations
within the three viruses using a Poisson mixed model of genic
mutation counts. In this analysis, we considered synonymous
and nonsynonymous sites separately and whether each gene is
expressed during the lytic or latent stage of infection. The
model we used is similar in structure to Selection Inference
Using a Poisson Random Effects (SnIPRE), proposed as an
alternative to McDonald–Kreitman tests but has the divergence
parameters removed (Materials and Methods) (64, 65). We
observed significant evolutionary constraint (e.g., pN/pS < 1)
on nonsynonymous sites (P < 0.001), suggesting widespread
purifying selection in all three viruses (Fig. 1 C–F). EBV
latency genes exhibit increased synonymous polymorphism rela-
tive to genes expressed during lytic replication (P = 0.003).
Accounting for synonymous polymorphism rates, EBV latency
genes show greater nonsynonymous polymorphism rates than
lytic genes (P = 0.045) (Fig. 1F). Genetic diversity is not signif-
icantly altered in HCMV or VZV genes that can be expressed
during latency, as compared with lytic genes (Fig. 1F). Finally,
we observed greater constraint, evidenced by a reduced pN/pS
(Materials and Methods), in HCMV genes as compared with
EBV (P < 0.001) and VZV (P = 0.007) (Fig. 1F).

Proteins Expressed during Lytic Replication Have Reduced
Diversity in Regions Recognized by HLA. Linkage disequilib-
rium is maintained between nonsynonymous sites in genes that
encode for EBV T cell epitopes, consistent with the action of
natural selection imposed by immune recognition (60). We
hypothesized that adaptation in response to immune recogni-
tion may also be reflected in the rates of protein polymorphism
in HLA class I binding peptides. Therefore, we compared
regions of herpesvirus proteins predicted to be recognized by
HLA with corresponding gene-matched protein regions not
recognized by HLA using an SnIPRE-like Poisson mixed model
of mutation counts (64, 65).

Using a sliding window, each protein was split into peptide
fragments predicted to be recognized or not recognized by
HLA-A, -B, and/or -C (SI Appendix, Fig. S2). We included
HLA allotypes that were at >10% frequency in at least one
population from which a virus genome was derived. HLA-
recognized regions were distributed across the length of viral
proteins (SI Appendix, Fig. S3). The mutation counts in HLA
binding and nonbinding regions were used to calculate pN/pS
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(Fig. 2 A–C and SI Appendix, Fig. S4) and as input for the
SnIPRE-like models (Fig. 2 D and E). In analyzing the lytic
cycle genes, there were no differences in synonymous polymor-
phism rates between regions encoding peptides recognized by
HLA or not across any virus or HLA protein (A, B, or C) (Fig.
2 D and E, rows where mutation = “Syn.”). However, in both
EBV and HCMV but not VZV, regions of lytic cycle proteins
recognized by HLA had significantly reduced rates of nonsy-
nonymous polymorphism, relative to synonymous diversity
(EBV: P = 0.018; HCMV: P < 0.001) (Fig. 2D, row 5). These
results are consistent with a model whereby HLA recognizes
the most conserved regions of viral proteins expressed during
the lytic cycle.
Some posterior distributions for VZV parameter estimates

had wide CIs (Fig. 2D, row 6). Therefore, we tested if patterns
of diversity in regions of viral proteins predicted to bind HLA
varied across HLA-A, HLA-B, or HLA-C binding peptides
(Fig. 2E). We split regions predicted to encode HLA-presented
peptides into three separate classifications relating to presenta-
tion by HLA-A, HLA-B, or HLA-C. In these comparisons, two
sets of data were considered. In the first, regions of each viral
protein were split into regions recognized by each HLA protein
(A, B, or C) irrespective of whether they also bind another. For
example, a polymorphism in a peptide that binds HLA-A and
HLA-C would contribute to the mutation counts of both. In
the second, only regions of proteins that uniquely bind one of
HLA-A, -B, or -C were considered. The former provides more
data, perhaps allowing more accurate parameter estimates,
while the latter will not be confounded by any nonadditive

effects in the corecognition of a peptide by multiple HLA
proteins.

When considering the dataset allowing multiple HLA mole-
cules to recognize a single peptide, we found that regions of
lytic cycle proteins predicted to bind HLA-C had significantly
lower rates of nonsynonymous polymorphism as compared
with their non-HLA binding counterparts (EBV: P = 0.047;
HCMV: P < 0.001; VZV: P = 0.018) (Fig. 2E, row 11).
Regions of HCMV lytic cycle proteins recognized by HLA-A
or HLA-B were similarly more conserved than gene-matched
regions that do not bind HLA (HLA-A: P < 0.001; HLA-B: P
< 0.001) (Fig. 2E, rows 9 and 10). While pN/pS was not sig-
nificantly different between HLA-A, HLA-B, or HLA-C bind-
ing peptides in EBV and HCMV, VZV peptides recognized by
HLA-C had reduced pN/pS as compared with those recognized
by HLA-B (P = 0.006) (Fig. 2E, comparing rows 10 and 11).
However, reduced pN/pS in HLA-C–presented VZV peptides,
alongside the difference between patterns of diversity in HLA-B
and HLA-C, was not significant in a model that only consid-
ered peptides uniquely bound to HLA-C (Fig. 2E). These anal-
yses suggest that VZV lytic gene regions presented by HLA-C
are more conserved, with lower pN/pS values, and that HLA-C
may more reliably bind VZV peptides across viral diversity.

Proteins Expressed during Latency Have Increased Diversity
in Regions Recognized by HLA Class I. We next considered
polymorphism patterns in viral genes expressed during latency.
Similar to lytic proteins, we did not observe altered synony-
mous polymorphism in HLA peptides from latent proteins

Fig. 1. Genetic diversity in HLA and certain herpesvirus genes is differentiated across populations. (A) Per-gene estimates of synonymous site diversity (θW)
plotted against FST. (B) θW measured within major geographical regions (as defined by the Allele Frequencies database) that had more than one sequenced
genome from at least two viruses. (C–E) Per-gene estimates of FST and pN/pS for each herpesvirus gene. Genes expressed during latency are marked with
an “X” and labeled when their FST or pN/pS values occurred in the top 10% for EBV and VZV or 5% for HCMV. (F) Summary of pN/pS values presented in C–E,
split by latent and lytic cycle proteins.
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(Fig. 2 D and E). However, regions of latent proteins recog-
nized by HLA class I had significantly greater pN/pS relative to
lytic proteins (Fig. 2D, row 6) (EBV: P = 0.004; HCMV: P =
0.035). Note that this effect (Fig. 2D, row 6) is measured rela-
tive to the rate of nonsynonymous polymorphism observed in
non-HLA binding regions of latent proteins (Fig. 2D, row 2).
Use of a more conservative set of HCMV latency proteins
(Materials and Methods) resulted in a similar trend (all HCMV
latency proteins: βNLatent :HLA = 0.29; conservative HCMV
latency proteins βNLatent :HLA = 0.33). The latter was not signifi-
cant (P = 0.12), likely due to reduced power through inclusion
of fewer genes.

In considering HLA-A, HLA-B, and HLA-C separately, we
only observed significant evidence for increased pN/pS in
HCMV latent cycle peptides bound to HLA-A, as compared
with non-HLA binding regions (P = 0.006) (Fig. 2E, row 12).
This observation extended to EBV latent-stage peptides
uniquely recognized by HLA-C (P = 0.029) (Fig. 2E, row
14). We observed no significant differences in latent gene diver-
sity between peptides bound by HLA-A, HLA-B, or HLA-C
(Fig. 2E, comparing posterior distributions from rows 12
to 14).

Thus, protein diversity of EBV and HCMV is increased in
HLA binding regions of proteins expressed during latency

Fig. 2. HLA recognition of latency genes is associated with higher levels of amino acid polymorphism. (A–C) pN/pS was calculated in HLA binding and non-
binding regions of each herpesvirus protein. Analogous data for regions recognized by HLA-A, HLA-B, and HLA-C are presented in SI Appendix, Fig. S4. The
significance between observed pN/pS values (A–C) was assessed using a Bayesian SnIPRE-like Poisson mixed model in Markov chain Monte Carlo
(MCMC)glmm (SI Appendix, Eq. 1); the output is summarized in D. Each distribution in D is the posterior distribution of the model coefficients (β), where a
value of less than one indicates a smaller polymorphism count associated with the corresponding class of mutation. A value of greater than one indicates a
greater count associated with the corresponding class. Colored distributions reflect significance at P < 0.05. E presents the same model as D but with
regions of each viral protein split into HLA-A, HLA-B, or HLA-C. Solid lines indicate that the data modeled used all peptides recognized by a particular HLA
protein (A, B, or C); dotted lines show a model using only peptides recognized uniquely by a single HLA protein (A, B, or C).
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compared with those expressed during lytic replication. For
EBV, this is especially evident in the EBNA-1, EBNA-2,
EBNA-3A, and LMP-1 genes (Fig. 2A). These data are consis-
tent with stronger HLA-mediated natural selection pressures on
latent-stage EBV and HCMV proteins than corresponding lytic
cycle proteins. Underlying this natural selection may be
immune detection by CD8+ T or NK cells, which can recog-
nize HLA class I–presented virus peptides. In this model, elimi-
nation of latently infected cells by cytotoxic lymphocytes could
select for mutations in latent proteins that are less efficiently
presented by HLA or recognized by lymphocytes.

Greater Population Structure in Regions of Viral Proteins
Predicted to Bind HLA Class I. A viral fitness landscape molded
by HLA class I–dependent immune recognition (e.g., by
CD8+ T and NK cells) may be expected to differ across
populations, dependent on the HLA allotype frequencies and
associated peptide binding repertoires in each population. A
prediction, therefore, is that genetic diversity of regions

encoding peptides presented by HLA class I would be more
structured across populations than regions less likely to be pre-
sented by HLA class I. To test this prediction, we compared
FST estimates across latent and lytic viral genes split into regions
predicted to encode HLA-bound peptides or not. We performed
analyses using FST estimated from either synonymous or nonsy-
nonymous sites. Prior to analysis, we filtered out genes (Materials
and Methods) with poor estimates of FST due to limited or no
polymorphism, resulting in inclusion of 60.7% of EBV, 81.1%
of HCMV, and 38.9% of VZV genes in the synonymous sites
model. FST estimated from only nonsynonymous sites resulted
in inclusion of 59.4% of EBV, 81.1% of HCMV, and 36.3% of
VZV genes (SI Appendix, Fig. S5).

FST estimated from either synonymous or nonsynonymous
sites was higher in EBV latency genes (P < 0.001) but not in
HCMV or VZV latency genes (Fig. 3A). In lytic cycle genes,
recognition by HLA was not associated with differences in FST
(EBV: P = 0.35; HCMV: P = 0.57; VZV: P = 0.85). How-
ever, in latency genes, regions predicted as encoding HLA

Fig. 3. Herpesvirus latent peptides that bind HLA have increased population differentiation. Estimates of FST were compared between latent and nonlatent
genes and between HLA binding and nonbinding sites in each herpesvirus protein using a linear mixed model to determine differences in FST. (A) The poste-
rior distribution for FST in genes expressed during latency or not is plotted for each virus. (B) Normalized FST, where virus-specific effects on FST were
removed from FST estimates for each herpesvirus gene (Materials and Methods), was plotted for HLA binding and nonbinding regions of latent or nonlatent
herpesvirus genes using either synonymous or nonsynonymous polymorphism. Significance was assessed by the proportion of MCMC iterations that over-
lap zero for the posterior distribution of the interaction effect between HLA binding and latent expression (βHLA:Latent in SI Appendix, Eq. 2). (C) The difference
between FST in HLA binding vs. nonbinding regions of each herpesvirus gene (ΔFST) was calculated for every herpesvirus protein:HLA allotype combination.
All EBV and VZV latency proteins included in the model and the 10 HCMV latency proteins with the highest ΔFST values are plotted, with box color corre-
sponding to ΔFST. Allotypes were clustered based on similarity in ΔFST values across latent genes. (D) Plotted is the posterior distribution of the difference
between uGene:HLA and uGene , which reflects the impact of HLA presentation on population structure of individual genes. Those with the 90% highest posterior
density intervals that do not overlap zero are shaded with color. *P < 0.05; **P < 0.01.
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binding peptides had significantly greater FST estimates than
regions not predicted to be presented when considering all sites
(P = 0.021), only nonsynonymous sites (P = 0.008), and only
synonymous sites (P = 0.04) (Fig. 3B). FST was estimated to be
increased by 0.051 (95% CI: 0.007 to 0.075) in HLA binding
peptides of latency genes when using synonymous sites and by
0.067 (95% CI: 0.02 to 0.12) when using only nonsynony-
mous sites. Using the conservative set of HCMV latency genes
yielded similar results, with an estimated 0.073 greater nonsy-
nonymous FST in HLA binding peptides of latency proteins (P
= 0.02). Consideration of a model that allowed FST to vary
between viruses in HLA binding regions of latency genes was
not supported by deviance information criterion (DIC) scores
and did not identify significantly different patterns of FST in
latency genes in any single virus. We conclude that the altered
population genetic patterns in latent HLA binding peptides
include increased population structure.

HCMV UL111A and EBV LMP-2 Have Increased Population Dif-
ferentiation in Predicted HLA Binding Peptides. To visualize
differences in FST associated with predicted HLA recognition
of latent-stage viral proteins, we calculated ΔFST (FST

HLA �
FST

notHLA) using only nonsynonymous sites separately for
regions identified by each HLA allotype for all allotypes
included in the analysis (Fig. 3C). For most viral latent-stage
proteins, we observed drastically variable ΔFST values across
HLA allotypes. Altogether, there was little evidence for single
HLA allotypes having a general effect on patterns of FST across
viral latency proteins. However, EBV LMP-2, HCMV
UL111A, and to a lesser extent, EBV EBNA-1 tended toward
positive ΔFST values across HLA allotypes. To test whether
these specific latency genes had generally higher FST values in
HLA binding sites across allotypes, we compared the posterior
distributions of the random effects associated with regions of
each gene that are recognized or not by HLA. For each, the
estimate (mean of the posterior distribution) for the difference
between HLA binding and nonbinding regions was positive
(Fig. 3D). HCMV UL111A had the greatest evidence for ele-
vated FST in HLA binding regions (P = 0.025) followed by
EBV LMP-2 (P = 0.052) and EBV EBNA-1 (P = 0.16)
(Fig. 3D).

Predicted Detection of EBV Latent Proteins by HLA Is a
Function of HLA Allele Frequency. Natural selection on a virus
to evade presentation by HLA or detection by HLA-dependent
immune processes may have an expected dependence on HLA
allotype frequency in that population. Because we observed the
strongest evidence for altered population genetic patterns in
latency proteins, we tested if the number of latent viral peptides
from a particular viral isolate recognized by a particular HLA
allotype was correlated with the frequency of the HLA allotype
in the population from which the isolate was derived (Fig. 4
A–C). For HCMV and VZV, we used a Poisson mixed model
that accounts for multiple observations per HLA allotype and
per isolate alongside the correlation in HLA allotype frequen-
cies across populations (Materials and Methods). We used a
hurdle Poisson mixed model with a similar structure for EBV
because the distribution of the number of predicted latent
peptides per EBV isolate was zero inflated [P < 0.001, score
test (66)].
We did not observe a significant relationship between HLA

allotype frequency and the number of bound latent peptides for
HCMV (βFreq = �0.004 [�0.019 to 0.011]; P = 0.60) or
VZV (βFreq = �0.001 [�0.018 to 0.017]; P = 0.87) (Fig. 4 B

and C). Similar results were obtained when using the conserva-
tive set of HCMV latency proteins (βFreq = �0.017 [�0.075
to 0.029]; P = 0.52). We also did not observe a significant rela-
tionship between the number of (nonzero) EBV latent peptides
per isolate and HLA allotype frequency (Fig. 4A) (βFreq = 0.01
[�0.03 to 0.04]; P = 0.61). However, the proportion of EBV
isolate:HLA pairs that resulted in zero predicted latent peptides
increased with HLA allotype frequency (Fig. 4A). As such,
the estimated probability of observing zero recognized latent
peptides was significantly associated with HLA allotype fre-
quency (P = 0.007) (Fig. 4E). To exclude the influence of vari-
able sampling of isolates across populations, we confirmed this
trend in a reduced dataset that contained one isolate per popu-
lation chosen based on the completeness of genome assemblies
(Fig. 4D). In this reduced dataset, we similarly observed a sig-
nificantly greater failure to recognize latent viral proteins by
higher-frequency HLA allotypes (P = 0.02). There were no
relationships observed between the number of lytic peptides
predicted to be recognized and HLA allotype frequency for any
virus.

Because HLA class I binding is not necessarily indicative of
CD8+ T cell recognition, we next aimed to confirm the rela-
tionship between HLA allotype frequency and EBV latent pep-
tide recognition using verified CD8+ T cell epitopes from the

Fig. 4. EBV latent proteins encode fewer peptides predicted to bind high-
frequency HLA allotypes. The numbers of HLA binding latent peptides per
isolate of EBV (A), HCMV (B), and VZV (C) were determined for each HLA
allotype and plotted against HLA allotype frequency. Data were jointly
binned by allotype frequency and number of predicted peptides and nor-
malized by HLA allotype frequency bin, such that each column adds to
100%. (D) The proportion of allotype:isolate pairs from the bottom row of
A, except using only one isolate per population, was plotted against HLA
allotype frequency bins. E shows the estimated posterior distributions from
the hurdle model for the probability of observing zero HLA binding latent
EBV peptides [Pr(0)] across a range of HLA allotype frequencies.
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Immune Epitope Database (IEDB). We assembled IEDB
CD8+ T cell epitopes (8 to 12 amino acids) from the EBV
proteins BHRF1, BRLF1, BZLF1, EBNA-1, EBNA-2, EBNA-
3, and LMP-2A and determined their frequency across 18 pop-
ulations. We matched IEDB epitopes with our peptide binding
predictions and retained those that we could assign to at least
one HLA allotype. The IEDB epitopes were highly concordant
with the netMHCpan4.1 peptide predictions; 172 of 182
IEDB epitopes were contained within the set of predictions at a
percentile rank binding affinity of 0.05, the threshold used for
analyses in Fig. 4. Our analyses of predicted peptides focused
on nonamers, a total of 807 predicted across HLA allotypes.

The set of IEDB epitopes includes 113 nonamers, and all of
these were identified with netMHCpan4.1 at a 0.05 percentile
rank. Therefore, IEDB epitopes are a subset of the predicted
peptides with a stricter requirement for experimentally con-
firmed T cell stimulation.

Using a similar statistical framework as presented in Fig. 4,
we modeled epitope frequency across populations using a
hurdle binomial model. Relative to lytic cycle epitopes, latent
epitopes were both more likely to be missing from a population
(P < 0.001) (Fig. 5A) and at a lower baseline frequency
(P = 0.001) within populations (Fig. 5B, y intercept), consis-
tent with greater protein diversity and population structure in
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Fig. 5. IEDB epitope frequency is correlated with HLA allotype frequency. (A) Posterior distribution for the probability of not observing a particular latent or
lytic epitope in a particular population. (B) The modeled relationship between the log odds of observing a latent or lytic epitope and the highest-frequency
HLA allotype that recognizes that epitope in a population. The intercept and slope are plotted across 1,000 sampled iterations of the Markov chain. (C) Epi-
tope frequencies from each EBV protein are plotted by HLA allotype frequency bin. (D) A table of epitopes with the frequencies most significantly negatively
correlated with the frequency of HLA recognition alongside the allotypes predicted to recognize them, uncorrected P (Unc. p) values, and false discovery rate
(FDR) across the 211 tested latent epitopes. *P < 0.05; ***P < 0.001.

PNAS 2022 Vol. 119 No. 18 e2123248119 https://doi.org/10.1073/pnas.2123248119 7 of 12



latent epitopes. We also found that the relationship between
the frequencies of epitopes and their corresponding HLA
allotypes significantly differed between latent and lytic cycle
epitopes (P = 0.02) (Fig. 5B). As expected, latent-stage epitope
frequencies were inversely correlated with the HLA allotype fre-
quencies that recognize them, whereas lytic cycle epitopes
exhibited a weak positive correlation with HLA allotype
frequencies.
To determine if the relationship between epitope and HLA

frequencies varies across EBV latent proteins, we modeled
latent proteins individually. Modeling latent proteins individu-
ally, rather than as a group, resulted in a lower DIC score for
the former (1,277 vs. 1,414), suggesting gene-specific patterns.
In comparing individual latent proteins with lytic proteins (Fig.
5C), we observed that the frequency of EBNA-2, EBNA-3A,
and EBNA-3B epitopes was inversely correlated with HLA allo-
type frequency (EBNA-2: P = 0.02; EBNA-3B: P = 0.09;
EBNA-3C: P = 0.02). Given that EBNA-2 and EBNA-3 pro-
teins most notably differentiate type 1 and type 2 EBV, these
results could suggest a role of CD8+ T cell–mediated natural
selection on the establishment, maintenance, or population dis-
tribution of EBV type–defining diversity.
The observed significant relationship between the frequencies

of specific HLA allotypes and EBV epitopes is almost certainly
driven by a subset of allotype:epitope combinations. To iden-
tify IEDB epitopes that are most likely to have responded to
HLA-mediated selection, we modeled epitope frequency with
only the frequency of HLA recognition (βFreq) as a covariate
using simple linear models. After multiple testing, no individual
epitope was significantly associated with HLA allotype fre-
quency. This finding suggests that the significant relationship
between HLA allotype and viral epitope frequencies (Figs. 4A
and 5B) is driven by smaller effects across epitope:HLA combi-
nations, rather than a few epitopes that have coevolved
extremely closely with specific allotypes. The 10 epitopes exhib-
iting the strongest negative relationship (P < 0.05, before mul-
tiple correction) with frequency of HLA recognition are shown
in Fig. 5D. The relationships of some of these peptides with
HLA allotype frequency are unlikely to be driven by immune
recognition. For example, VPQCRITPL has only two other
possible peptides across EBNA-1 diversity, and each is pre-
dicted to be recognized by the same three HLA allotypes. How-
ever, others may represent candidate loci for HLA evasion. The
most frequency-dependent peptide, GLKDAIKDL, was corre-
lated with A*02:03 frequency. These positions of EBNA-1 are
extremely variable, with eight possible peptide sequences identi-
fied across EBV isolates and each peptide recognized by one to
four HLA allotypes (A*02:01, A*02:03, B*15:06, or B*46:01).
Similarly, FLKAQRQGL is one of four EBNA-3C peptides at
this position, where the other three nonamers are predicted to
be presented by C*06:02, C*07:01, and C*07:02. As such,
FLKAQRQGL may evade HLA-C recognition, allowing sus-
ceptibility to presentation by specific HLA-A and HLA-B allo-
types (Fig. 5D).

Discussion

We observed greater population differentiation and rates of
protein polymorphism in the residues of herpesvirus latency
proteins that are presented by HLA class I. Complex demo-
graphic and selective forces shape herpesvirus diversity within
and between hosts, which could confound efforts to localize the
causes of natural selection. Bottlenecks have been documented
through the progression of infection of each virus, promoting

genetic drift and reducing diversity. For example, only one to
three VZV virions establish the skin infection that underlies a
single lesion, and interhost divergence of HCMV can be com-
parable with intrahost divergence between tissue compartments
due to bottlenecks following superinfection (67–70). Thus, the
viral genome sequenced from a particular individual will
depend on the sampled tissue site. However, demography may
be assumed to similarly influence all sites in a linked region,
and comparison of interspersed sites within a gene may avoid
the misinterpretation of demographic forces as selective ones.
Our analyses specifically compare HLA-targeted regions with
nontargeted ones, and we consider it unlikely that bottlenecks,
or other demographic forces, could discriminate between these
regions under neutrality.

Altered patterns of genetic diversity in HLA class I–presented
peptides, most apparent in EBV and HCMV, are generally con-
sistent with the action of diversifying, population-specific natural
selection pressures from local HLA allotypes with variable peptide
binding repertoires. These altered patterns of diversity were only
apparent in genes expressed during latency. Notably, some latent-
expressed proteins are also expressed during the lytic stage, and
our modeling cannot distinguish natural selection during latency
from natural selection on latent proteins during the lytic cycle.
However, the latter would require stronger natural selection on
latent proteins expressed during the lytic cycle as compared with
other lytic proteins. Because this scenario lacks biological prece-
dence or a clear mechanism, we favor the hypothesis that altered
diversity of latent proteins reflects natural selection during the
establishment or maintenance of latency.

EBV latency proteins are established in having greater poly-
morphism than most lytic proteins (40, 54, 71). Our analyses
support a generally increased pN/pS in EBV latency genes,
with significantly greater values in the regions that bind HLA
class I. Therefore, while our results suggest that HLA class I
promotes the maintenance of EBV latent protein diversity, it
does not alone explain the observed increased diversity, and
other diversifying natural selection forces likely target EBV
latent proteins. For example, HLA class II also coordinates
immune detection of EBV and may be especially important
given EBV infects B cells.

Latently expressed HCMV proteins have not previously been
considered separately in population genetic analyses, perhaps
because the exact nature of HCMV latency is still debated (18,
20, 72). We find that HCMV genes expressed in latency do
not have generally higher rates of polymorphism but that pN/
pS is specifically increased in regions encoding for peptides pre-
sented by HLA class I. Our results were similar when consider-
ing a conservative set of HCMV latency proteins or a larger set
recently characterized by transcriptome sequencing of HCMV
latently infected hematopoietic progenitor cells (18).

In contrast to EBV and HCMV, we did not observe patterns
consistent with HLA class I–mediated natural selection in VZV
latent proteins. This difference could be caused by true biologi-
cal differences in the immune responses to these viruses or by a
reduced power to detect natural selection in VZV. Population
genetic patterns may be a reflection of virus-specific immune
responses; both EBV and HCMV are robustly targeted by
CD8+ T cells, with large expansions in primary infection,
while the HLA class II–dependent CD4+ T cells are primarily
studied in the VZV immune response (6, 33, 73, 74). How-
ever, VZV has a lower recombination rate and lower levels
of polymorphism than EBV and HCMV, with global VZV
diversity reflecting a recent lineage replacement (43, 47). Thus,
there could have been insufficient time for VZV to accumulate
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a detectable number of mutations in HLA binding peptides, or
linked selection could create correlated patterns of diversity in
the interspersed HLA binding and nonbinding regions of each
protein. Further, VZV is the only herpesvirus with an available
vaccine, which could alter the fitness landscape imposed by
immune recognition.
Altered patterns of variation in HLA class I–presented pepti-

des of EBV and HCMV are likely due to detection by cytotoxic
CD8+ T cells or NK cells. During early EBV infection, CD8+
T cell responses against highly immunogenic lytic antigens
abound, followed by a dominant response to EBNA-3 epitopes
in the transition to latency (6). Subdominant T cell responses
toward latent proteins EBNA-1, EBNA-2, and LMP-2 also occur
and can be HLA restricted (75–77). HCMV-reactive CD8+ T
cells continue to expand after primary infection, a phenomenon
termed “memory expansion” (78). Cytotoxic CD4+ and CD8+
T cells also target HCMV latency-associated proteins (79, 80),
which overlap considerably with the genes expressed during early
lytic infection (18). The importance of CD8+ T cells in the con-
trol of EBV and HCMV is consistent with the altered patterns of
polymorphism in HLA class I binding peptides of these two
viruses. In addition to CD8+ T cells, NK cells can also underlie
peptide-specific immune recognition. NK cells canonically target
cells with reduced HLA class I expression; however, more recent
evidence suggests that activating killer cell immunoglobulin-like
receptors (KIRs) can recognize peptide–HLA complexes as
ligands to eliminate infected cells (23–25). While certain EBV
peptides can alter HLA–KIR binding (81–83), the prevalence
and determinants of peptide-specific KIR–HLA binding are not
well described, precluding a clear suggestion of whether NK cells
are likely to markedly impact herpesvirus evolution through HLA
recognition.
HLA-mediated natural selection on herpesviruses could

conceivably progress through two distinct but not mutually
exclusive modes. In the first, herpesviruses could adapt to their
individual host over the course of their infection, resulting in
evasion of the specific HLA allotypes present in that host.
Indeed, EBV and HCMV genomes sampled early in infection
are genetically diverse, suggesting superinfection by a popula-
tion of strains that could then be targeted by natural selection
(70, 71). Intrahost selective sweeps are evident during HCMV
infection, and EBV diversity converges toward a reference
strain from the sampled population (71, 84, 85). Thus, it is
likely that most virus genome sequences included in this study
have been targeted by some degree of within-host natural selec-
tion. This may be especially true for EBV genomes sampled
from tumors, which can evade detection by HLA through
mutations in latent genes. For example, in HLA-A*02+ NPC
patients, antigenic mutations arise in LMP-1 of tumor-
associated isolates that were not present in peripheral blood
(40, 86, 87). Especially strong natural selection on EBV+
tumors to evade immune detection could conceivably drive the
relationship between HLA allotype frequency and HLA recog-
nition of EBV latency proteins (Fig. 3). However, polymor-
phism in EBV latent epitopes restricted to high-frequency
allotypes has been discovered outside of EBV+ tumors, suggest-
ing that intrahost evolution alone is unlikely to drive these
patterns. An example is populations with high HLA-A*11
frequency, such as Papua New Guinea and southern China,
where there are high-frequency mutations with evidence of
recent positive selection in EBV EBNA-3B epitopes that are
immunodominant in other populations with lower HLA-A*11
frequencies (88–90). Our results suggest that this may be a
more general occurrence across HLA allotypes.

The second possible mode of herpesvirus evolution in response
to HLA is a more persistent coevolution between humans and
their herpesviruses, which could lead to concurrent population
differentiation, ultimately resulting in virus strains adapted to the
average local HLA landscape. Correlations between the phyloge-
nies of primates and lymphocryptoviruses (91), cytomegaloviruses
(92), and varicella viruses (45) suggest that EBV, HCMV, and
VZV likely cospeciated with humans. Their prolonged relation-
ship could offer a sufficient timescale for codifferentiation to
occur, especially given the possibility of intrahost evolution. A
prediction would be differentiation of population-wide epitope
frequencies, which could be reflected in the higher FST values
observed in predicted HLA binding latent peptides.

We observed patterns consistent with HLA class I evasion
specifically in latent proteins but not lytic proteins. Rather, we
observed significantly reduced protein polymorphism (pN/pS)
(Fig. 1) in HLA binding regions of EBV, HCMV, and VZV
lytic proteins. These observations are consistent with other analy-
ses that show that HLA binding peptides tend to have greater
constraint across pathogen and human proteomes (61–63). Thus,
HLA class I proteins may be better suited to recognize certain
highly conserved amino acid residues or sequences (e.g., func-
tional protein domains). Presentation of peptides derived from
conserved protein domains could then offer a pathogen with a
trade-off between immune recognition and optimal domain func-
tion. Further, if uncontrolled lytic replication is detrimental to
herpesvirus fitness, an immune-mediated self-domestication borne
of lytic epitope conservation may be beneficial to both host and
virus. An assured rapid recognition of lytic proteins could increase
the importance of establishing latency, from which reactivation
and transmission could occur. A transmission strategy that
requires latency could drive strong natural selection in latent pro-
teins to evade immunity, even in the presence of a trade-off with
optimal protein function.

The diversity of EBV latency genes has been attributed to
more direct or sustained exposure to patrolling immune cells.
EBV latency genes are expressed at different points during the
establishment of latency, but once latency is established, there
is exclusive and only sporadic expression of EBNA-1 (17).
However, dysregulation of other EBNA and LMP genes has
been described in EBV+ cancers, such as Hodgkin’s lymphoma
and NPC (6). Thus, a particularly strong natural selection for
immune evasion during the establishment of latency or follow-
ing tumorigenesis could drive the patterns of diversity observed
in latent EBV proteins. Alternatively, HCMV latency proteins
may have sustained contact with the adaptive immune system,
where continual reactivation of latency-associated genes could
underlie memory expansion of CD8+ T cells, ultimately select-
ing for escape variants.

Overall, our analyses provide reasonable evidence to con-
clude that HLA class I peptide presentation has shaped global
patterns of diversity in EBV and HCMV latency–associated
genes. HLA class I genetic variation is associated with HCMV
reactivation in transplant patients (93, 94) and pathogenesis of
EBV malignancies (34–36, 95, 96). Our observations provide
historical context for these associations and could aid in future
development of inclusive therapies and vaccines.

Materials and Methods

Herpesvirus Genomes. We obtained EBV, HCMV, and VZV genomes (strains)
from the National Center for Biotechnology Information (NCBI) Virus database.
We filtered out duplicates, those that did not contain geographical information,
and laboratory-derived transgenic strains and confirmed the geographical
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metadata. In the cases where a single virus strain had multiple genome sequen-
ces, we kept the one that had the higher number of genes annotated. We kept
691 EBV (52, 97–104), 258 HCMV (41, 42, 105–112), and 163 VZV (43, 44, 68,
69, 113–118) strains from 25, 16, and 18 populations, respectively, for further
analysis (Dataset S1). SI Appendix, SI Methods discusses the bioinformatic proc-
essing of virus genomes.

For analyses, we classified LMP and EBNA proteins as EBV “latency proteins”;
US28, UL144, UL138, UL111A, and genes expressed with Fragments Per Kilo-
base of transcript per Million mapped reads > 12,500 in Cheng et al. (18) as
HCMV latency proteins; and ORF21, ORF29, ORF71, ORF70, and ORF66 prod-
ucts as VZV latency proteins (119, 120). HCMV analyses were also repeated with
a more conservative set of latency proteins: US28, UL144, UL138, and UL111A.
Latent and lytic classifications were assumed to be mutually exclusive. While
some genes may be expressed in latent and lytic stages, our modeling approach
allows for comparison of genes that can be expressed during latency with those
with no known latent-stage expression.

Prediction of Herpesvirus Peptides Bound by HLA. We next predicted
herpesvirus-derived peptides expected to bind HLA class I allotypes. We pre-
dicted binding peptides for any allotype that occurs at high frequency (>10%) in
at least one of the populations from which the herpesvirus strains were isolated.
We compiled HLA allotype frequency data from the Allele Frequencies Database
(121) (Dataset S2), in each case using two field–resolution (denoting a unique
polypeptide sequence, also known as allotype) HLA genotypes. Herpesvirus
strains that were isolated from populations without high-resolution HLA typing
data were excluded. For populations with complex ancestries and for which HLA
genotypes were available across ancestries (the United States and Brazil), we
used average weighted frequencies derived from the expected proportions of
those ancestries (Dataset S2).

We used netMHCpan4.1 to predict the herpesvirus peptides bound to the set
of HLA allotypes that reached >10% frequency in a population (122). For each
virus (EBV, HCMV, VZV), we used a sliding window to consider all unique pep-
tide nonamers derived from the annotated coding sequence (CDS) of the set of
sequenced strains as input to predict those that bound HLA allotypes of interest.
We only considered “strong binding” peptides, defined as less than a 0.5% per-
centile rank binding affinity. Percentile rank is a preferable filter to absolute
binding affinity, as predictions of the latter can vary considerably across HLA
allotypes (123, 124). Comprehensive epitope mapping and netMHCpan bench-
marking suggest that this threshold should account for 75 to 90% of T cell epito-
pes and response magnitude (125, 126). We mapped strong binding peptides
back to the herpesvirus multiple sequence alignment, thereby splitting each pro-
tein alignment into residues predicted to bind HLA class I and those not
expected to bind HLA class I. The latter includes nested classes of residues bound
by HLA-A, HLA-B, and HLA-C as well as the peptides bound by specific allotypes.
To avoid spuriously high rates of protein polymorphism in predicted HLA binding
sites, we only used the consensus sequence to classify regions as HLA binding or
nonbinding, rather than all variants across isolates.

Calculation of Population Genetic Statistics. pN/pS and FST were calcu-
lated independently for each entire CDS and for various subsets of residues
defined by HLA-binding properties. These residue subsets included CDS regions
not bound by HLA class I, bound by HLA class I, bound by any HLA-A allotype,
bound by any HLA-B allotype, bound by any HLA-C allotype, or bound by an indi-
vidual HLA allotype. Columns of the multiple sequence alignment were subset
and used as input to calculate pN/pS and FST. We calculated pN/pS by simple
counting of the observed number of segregating amino acid and synonymous
polymorphisms and dividing each by the respective number of nonsynonymous

and synonymous sites estimated with the YN00 model implemented in PAML
(127). As such, intraspecies pN/pS is similar to the interspecies statistic ratio of
divergence at nonsynonymous and synonymous sites, except without fitting a
substitution model. We calculated the average pairwise nucleotide FST (128) as
implemented in PopGenome (v2.7.5) (129). SI Appendix, SI Methods has a
description of statistical analyses. The code and data used for all analyses are pro-
vided in Figshare (DOI: 10.6084/m9.figshare.19119743).

Analysis of IEDB Epitopes. A set of 11 EBV genes was selected for analysis.
The selection included most protein-coding latency genes (EBNA-1, EBNA-2,
EBNA-3A, EBNA-3B, EBNA-3C, LMP-2A), which show the strongest geographical
stratification, evidence for persistent positive selection (40, 54, 98), and signals
of association with diseases (130). The subset was complemented by five addi-
tional genes with critical roles for the EBV’s lytic phase (BDLF4, BGLF4, BHRF1,
BRLF1, BZLF1) that have suggested associations with a wide range of EBV-related
diseases (131–134). The analyses included the totality of the 7– to 12–amino
acid epitopes falling within these selected EBV genes described in the IEDB.

For each EBV gene, all available protein sequences with geographical infor-
mation were downloaded from GenBank, including the translation of the
sequences generated in Telford et al. (50). Lists of the accession identifications of
all sequences and epitopes are available in Dataset S1. Each protein sequence
was aligned to the NC_007605 reference sequences using T-coffee, with default
settings. The sequences showing poor alignments (more than 10% of gaps or
X’s in the nonrepeating parts of the proteins) were excluded from the subse-
quent analyses. A “callable” region was defined as the parts of the epitopes that
were covered by high-quality sequences in all our dataset (i.e., excluding repeti-
tive regions and regions with originally low coverage). The callable region cov-
ered more than 98% of the epitope list. The remaining complete sequences
were selected for each epitope and used to calculate population frequencies of
each epitope haplotypic variant. SI Appendix, SI Methods has a description of
the statistical analysis.

Data Availability. Population genetic data tables, R code, and Python code
have been deposited in Figshare (DOI: 10.6084/m9.figshare.19119743) (135).
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