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Abstract

Background: Epstein–Barr virus (EBV) is a well-known cause of infectious mononucleosisand it has also been linked to the development
of various malignant tumors. EBV can be classified into two genotypes based on EBNA-2 and EBNA-3 polymorphisms, with further
subclassification predominantly based on BNLF-1 and EBNA-1 variations. Currently, EBV subtyping has not been performed using
EBER genes. Thus, this study aimed to determine EBV subtypes in various malignant tumors and to assess the potential of EBER
polymorphisms for EBV classification. Methods: DNA was isolated from tissue samples of patients diagnosed with classical Hodgkin
lymphoma (cHL), angioimmunoblastic T cell lymphoma (AITL), and nasopharyngeal carcinoma (NPC). Specific fragments of theBNLF-
1, EBNA-1, EBNA-3C, and EBER genes were amplified, and population sequencing was conducted. Results: Based on EBNA-3C
sequences, all tumor samples were genotype EBV-1, whereas the BNLF-1, EBNA-1, and EBER sequences indicated that the tumor tissues
were infected with different EBV subtypes. The B95-8 subtype predominated in cHL, whereas North Carolina and P-ala were the most
frequent subtypes in NPC. In addition, we propose a newly designed algorithm for EBER-based subclassification, which showed that the
subtype Cro2 is more frequently present in cHL and AITL than in NPC.Conclusion: The results of this study show characteristic pattern
of EBV diversity based on the EBNA-3C, EBNA-1, and BNLF-1 gene sequences, as well as the EBER promoter sequence in AITL, NPC,
and cHL cohorts specific for the Caucasian population of southeastern Europe; however, these results may not relate to the distribution
of EBV variants in other geographic areas.

Keywords: Epstein–Barr virus; classical Hodgkin lymphoma; angioimmunoblastic T cell lymphoma; nasopharyngeal carcinoma; geno-
typing; phylogenetics; EBER

1. Introduction
Formally named human herpesvirus 4 (HHV-4), the

Epstein–Barr virus (EBV) is one of eight known human
herpesviruses (Herpesviridae family, genus Lymphocryp-
tovirus). Notably, over 90% of the global population is es-
timated to be infected with EBV [1], which causes infec-
tious mononucleosis [2] and has been associated with the
development of various malignancies [3]. The virus ex-
hibits tropism for oropharyngeal epithelial cells, B cells, T
cells, and natural killer (NK) cells [4].

The EBV replication cycle consists of lytic and la-
tent phases, each characterized by distinct gene expres-
sion patterns. Five protein products are essential for B-
cell transformation during the latent phase. This includes
proteins encoded by four Epstein–Barr nuclear antigen

genes (EBNA-1, EBNA-2, EBNA-3A, and EBNA-3C) and
the Latent Membrane Protein 1 (LMP-1) encoded by the
BamHI-N-fragment latent infection membrane protein 1
gene (BNLF-1) [1].

The EBV genome consists of double-stranded DNA
of approximately 172 kilobase pairs (kb) in length. It was
first sequenced in 1984 [5], with additional sequences re-
ported over the next four decades [6], further complicat-
ing EBV classification. The simplest classification of EBV
is based on variations in the EBNA-2 gene, dividing EBV
variants into type I (or type A) and type II (or type B)
[1]. To a lesser extent, the EBNA-3 gene sequence can also
be used for EBV classification [7]. The two EBV types
are characterized by different host immunobiological re-
sponses, as well as by distinct geographical distribution pat-
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terns, with type 1 (including wild-type strain B95-8, Akata,
Mutu, etc.) showing global prevalence and type 2 (for
example, strain Ag876) usually restricted to sub-Saharan
Africa, Papua New Guinea, and Alaska [6,8,9].

Based on the LMP-1 carboxyl end sequence and
the associated difference from the wild-type strain B95-
8 [5], EBV can also be classified into seven main vari-
ants: Alaskan, China 1, China 2, China 3, Mediterranean+
(Med+), Med-, and North Carolina (NC) [10]. LMP-1 is an
essential EBV oncogenic protein that constitutively stimu-
lates several signal transduction pathways, including those
mediated by NF-κB, PI3K/AKT, and JAK/STAT, leading
to the immortalization of B-cells [11]. Associations be-
tween variants on the C-terminal end of LMP-1 and the
frequency of various malignant diseases have been studied
with inconsistent results [12]. A 30-base-pair (bp) deletion
in the BNLF-1 gene (gene coding for the protein LMP-1)
reduces the immunogenetic potential of LMP-1. This dele-
tion is associated with a prolonged LMP-1 protein half-life
and is considered an indication of a more aggressive clini-
cal phenotype. In addition, a single nucleotide substitution
G169425T results in the loss of the XhoI restriction site at
the cytoplasmic N-terminal tail of LMP-1. Both of these
polymorphisms have been detected at increased frequency
in nasopharyngeal carcinoma (NPC) compared to samples
from healthy controls [12].

Based on the amino acid variations at position 487
in EBNA-1, EBV can be classified into two prototype se-
quences, P-ala (B95-8 prototype) and P-thr, and three vari-
ant sequences, V-val, V-leu, and V-pro. Furthermore, EBV
can be categorized into subvariants based on 22 additional
polymorphic loci and variations in five amino acids present
at the C-terminal end of EBNA-1 [13,14]. The increased
frequency of the V-val variant has been documented in
NPC from endemic areas and in lymphoma patients [13,14].
EBNA-1 is one of the essential viral proteins that plays a
key role in EBV episome maintenance and episome proper
segregation during mitosis through the interaction with the
replication origin site OriP.

EBV-encoded small RNAs (EBERs) encode small
non-coding RNAs involved in transformation and oncoge-
nesis. EBER sequences are usually not used for virus clas-
sification, but EBERs are the main markers for EBV de-
tection in malignant cells. Hui et al. [15] have identified a
four-base deletion downstream of theEBER-2 gene (EBER-
del, coordinates 7188–7191) that is present in 96.8% of
NPC cases and in 40.1% of population carriers from Hong
Kong. This suggests that high-risk EBV subtypes with
polymorphisms in the EBER locus may play an important
role in EBV-associated malignancies [15].

Thus, changes in EBV classifications are expected as
EBV sequence databases expand and analytical tools de-
velop [16]. However, Sanger sequencing of the BNLF-1
and EBNA genes remains the main tool for EBV strain de-
termination.

In a previous study, we analyzed the EBNA-3C and
BNLF-1 gene sequences in classical Hodgkin lymphoma
(cHL) [17]. Our results showed exclusive presence of EBV
genotype 1, with a narrow repertoire of LMP-1 variants,
including the B95-8 wild-type and the Mediterranean sub-
type with a 30 bp deletion, in the Croatian population of
patients diagnosed with cHL [17]. This study expanded on
the previous research by including additional EBV-related
gene sequences (EBNA-1 and EBER) and samples from pa-
tients diagnosedwith angioimmunoblastic T cell lymphoma
(AITL) and NPC.

T cell lymphomas are a heterogeneous group of malig-
nant neoplasms that are difficult to classify, diagnose, and
treat due to their diversity and low incidence. Due to their
heterogeneity, T-cell lymphomas are divided into multiple
subtypes based on their morphologic and molecular charac-
teristics. The largest subclass of T cell lymphomas mainly
comprises nodal tumors derived from mature T lympho-
cytes that have exited the thymus and entered the periph-
eral bloodstream. Therefore, these cells are termed periph-
eral T cell lymphomas (PTCLs) [18]. AITL represents one
of the most common subtypes of PTCLs, originating from
follicular helper T lymphocytes (TFH) [19] and accounting
for 15–30% of non-cutaneous T cell lymphomas and 1–2%
of all non-Hodgkin lymphomas (NHL) [18]. Unlike most
T cell lymphoma subtypes, AITL has a higher incidence
in Europe (28.7% of all T cell lymphomas) than in Asia
(17.9%) or North America (16%) [20]. Furthermore, AITL
is more common in the middle-aged and older populations,
with a higher incidence in men [21]. The poor prognosis for
this type of lymphoma is additionally worsened by the pres-
ence of EBV [22,23]. While tumor cells are generally EBV-
negative [18], EBV has been detected in 60–90% of AITL
cases in the surrounding large B lymphocytes [22,24–27];
however, the EBV molecular diversity in AITL is currently
unknown.

NPC is another tumor associated with EBV and is an
epithelial tumor belonging to the group of head and neck
carcinomas (HNCs). NPC accounts for 0.7% of the global
cancer burden and is more common in men [28]. Several
factors are associated with the risk of NPC development,
including diet, smoking, and drinking habits [29], as well as
human leukocyte antigen (HLA) genetics [30]. Most stud-
ies focus on the role of EBV in NPC biology, given the
universal presence of EBV in NPC [31–33], prioritizing en-
demic areas with high NPC frequency.

This study aimed to analyze the distribution of EBV
genotypes and variants based on EBNA and BNLF-1 se-
quences and to evaluate the potential significance of EBER
in EBV classification in malignant tumors, including cHL,
AITL, and NPC from a non-endemic region. To our knowl-
edge, this is the first study to analyze EBV molecular di-
versity in AITL and the first proposal of an EBER-based
algorithm for EBV classification.
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2. Materials and Methods
2.1 Tumor Tissue Samples

This study used tumor tissue samples from 91 pa-
tients. All samples were formalin-fixed paraffin-embedded
(FFPE) blocks taken from Merkur University Hospital’s
archive. EBV infection was previously confirmed in
all samples by immunohistochemical staining for LMP-1
and/or in situ hybridization for EBERs (EBER-ISH). The
study was approved by the Ethics committee of the Merkur
University Hospital, Zagreb, Croatia, on 25th September
2019 (UR. BR. 03/1-8793). For this study, informed con-
sent was obtained from the patients or their families/legal
representatives.

The group of EBV-positive patients analyzed in this
study included: 52 patients diagnosed with cHL, 37 males
and 15 females (median age: 56 years, range: 10–87 years),
11 patients diagnosed with AITL, 6 males and 5 females
(median age: 70 years, range: 49–82 years), and 28 patients
with NPC, 20 males and 8 females (median age: 56 years,
range: 26–89 years). All patients included in the study were
Caucasians and Croatian citizens.

2.2 DNA Extraction and PCR
DNA was extracted from the FFPE samples using a

commercially available Quick-DNA/RNA FFPE Miniprep
kit (ZymoResearch, Tustin, CA, USA) according to the
manufacturer’s instructions. Specific EBV sequences were
amplified by PCR using GoTaq DNA polymerase (M300A,
Promega, Madison, WI, USA) (Supplementary Table 1).
The cHL tumor tissue samples were used for the EBNA-1
and EBER analyses, while the AITL and NPC tumor tis-
sue samples were used for the BNLF-1, EBNA-3C, EBNA-
1, and EBER analyses. Data for the BNLF-1 and EBNA-3C
sequences in the same cHL samples used in this study were
taken from the previously published paper [17].

2.3 DNA Sequencing
PCR products were purified using the ChargeSwitch

PCR Clean-Up kit (CS12000-10, Life Technologies, Carls-
bad, CA, USA). The purified PCR products were sent to
Macrogen (Seoul, Republic of Korea) for Sanger sequenc-
ing.

2.4 Sequence Analysis
Forward and reverse sequences were overlapped using

Benchling (Benchling Inc., San Francisco, CA, USA). The
program was set to default settings, and the obtained con-
sensus sequences were used for further analysis. Alignment
of the consensus sequences was conducted using ClustalX
v.2.1. (https://clustalx.software.informer.com/2.1/) [34].
Further analysis and sequence editing were performed in
AliView v.1.17.1 (https://aliview.software.informer.com/)
[35]. Variable-length sequence ends were clipped, and base
readings were corrected manually if necessary.

Data for the BNLF-1 and EBNA-3C sequences in the
cHL sampleswere obtained from a previously published pa-
per, in which the sequences had been analyzed using the
same samples as in this study [17]. Analysis of the BNLF-
1 and EBNA-3C sequences in the AITL and NPC samples
was performed as previously described for the cHL sam-
ples [17]. In short, the EBV genotype was determined us-
ing the EBNA-3C gene amplicon. The 153 bp amplicon
was classified as the EBV-1 genotype, and the 246 bp am-
plicon was classified as EBV-2 [36]. The BNLF-1 gene
was used to determine six EBV subtypes: B95-8, China 1,
China 2, Mediterranean (two subvariants: Med+, with dele-
tion, and Med-, without deletion), Alaskan, and NC. Sub-
types were determined based on LMP-1 C-terminal region
sequence variability using an algorithm based on character-
istic changes of amino acids at precisely defined positions
(Supplementary Table 2). Analyzed sequences were com-
pared with the reference sequence B95-8 (accession num-
ber V01555.2), which was downloaded from the GenBank
database [10].

Analysis of the C-terminal region of the EBNA-1 pro-
tein in all tumor samples (cHL, AITL, and NPC) was per-
formed as follows: classification into prototypes and vari-
ants was based on the sequence diversity of the C-terminal
region. Determination of prototypes (P-ala and P-thr) and
variants (V-val, V-leu, and V-pro) was based on the differ-
ences in amino acids at position 487, as well as on amino
acid substitutions after position 487. We also identified
EBNA-1-associated subvariants. The variant V-ala, which
does not exhibit a mutation at position 487, but did at six
other positions compared to the prototype sequence, was
added to the existing classification (Supplementary Table
3) [13,37–43]. The obtained EBNA-1 sequences were com-
paredwith the reference sequence B95-8 (accession number
V01555.2) downloaded from GenBank.

2.5 EBER Evaluation

We designed an algorithm for determining EBV vari-
ants based on EBER promoter variability. Subsequently,
two sequences of the prototype B95-8 were identified in
the National Center for Biotechnology Information (NCBI)
genome database. Both sequences containedmutually iden-
tical EBER promoter sequences of exactly 150 bp in the
same locus. The EBER sequence of the prototype B95-8
(accession V01555) was then used to determine the precise
position of the EBER promoter in the EBV genome and
as a reference sequence in subsequent analyses (Table 1).
Each EBER promoter sequence was compared with the
reference sequence using the program MEGA X v.10.2.6
(https://www.megasoftware.net/) [44] with default settings.
The exact position of these changes was marked in the EBV
genome. Using the obtained data, the analyzed sequences
were grouped based on similarity, and a new algorithm for
EBV classification based on the EBER promoter sequence
was created. The exact positions used to determine the sub-
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Table 1. Prototype B95-8 EBER promoter sequence.
Access number Length (bp) EBER promoter sequence

V01555-8 150 gatccaaacttttgttttaggatttatgcatccattatcccgcagttccacctaaacggggcttaacgttgcatccca
gaagatgcacgcttaaccccgcctacaaccgtgacgtagctgtttaccagcatgtatagagttacggttcgc

Nucleotides in red show positions used in proposed EBV classification based on the EBER promoter sequence. EBV,
Epstein–Barr virus.

Table 2. Nucleotide substitutions in the EBER promoter region.

Position in the genome
EBV subtypes and subvariants

Cro1 Cro2

Cro1i Cro1ii Cro2i Cro2ii Cro2iii Cro2iv Cro2v

6829 A→G
6834 C→T
6854 G→A
6856 G→T G→T G→T
6884 G→A G→A G→A G→A G→A
6886 T→G T→G T→G T→G T→G
6911 A→G A→G A→G A→G A→G
6915 G→A
B95-8, prototype EBV strain; Cro1i, subtype with substitution G→T (position of the genome
6856); Cro1ii, subtype with substitutions G→A (6854) and G→T (6856); Cro2i, subtype with
substitutions G→A (6884), T→G (6886) and A→G (6911); Cro2ii, subtype with substitutions
A→G (6829), G→A (6884), T→G (6886) and A→G (6911); Cro2iii, subtype with substitu-
tions C→T (6834), G→A (6884), T→G (6886) and A→G (6911); Cro2iv, subtype with sub-
stitutions G→T (6856), G→A (6884), T→G (6886) and A→G (6911); Cro2v, subtype with
substitutions G→A (6884), T→G (6886), A→G (6911) and G→A (6915).

types and subvariants are marked in red in the EBER se-
quence in Table 1. The observed nucleotide substitutions
are shown in Table 2. The newly described subtypes and
variants were named Cro1 and Cro2 for easier identifica-
tion.

In addition, GenBank was searched for cHL, AITL,
andNPC samples that contain sequences for all genes inves-
tigated in this study. EBV sequences found in this way were
analyzed using the EBV classification algorithm based on
the EBER promoter. Moreover, the newly proposed EBER
algorithm was used for comparative analyses of high-risk
EBER sequences published by Hui et al. [15]

2.6 Statistical Analysis
In addition to the results from this study, we used data

from our previous research [17] to evaluate EBV molecu-
lar characterization in malignant tumors. Numerical vari-
ables are reported using the mean and standard deviation
(SD), while categorical variables are reported using counts
and percentages. The normality of numerical variable dis-
tributions was assessed graphically and with the Shapiro–
Wilk test. Normally distributed variables were compared
using the analysis of variance (ANOVA). The association
of categorical variables was assessed using the chi-square
test or Fisher’s exact test, as appropriate. Confidence in-
tervals (CIs) for the odds ratio (OR) were calculated us-
ing the conditional maximum likelihood estimate method.

The p-values were corrected for multiple testing using the
Benjamini–Hochberg method. All tests were two-tailed,
with a significance level of p < 0.05. Statistical analysis
was performed using R (v. 4.4.1, https://cran.r-project.org
/bin/windows/base/old/).

The same set of analyses was used for sequences de-
termined using GenBank data to validate the EBER-based
algorithm.

3. Results
3.1 BNLF-1 Gene

Edwards’ algorithm was used to determine the EBV
subtypes based on the BNLF-1 gene in tumor samples. As
described previously, in the 46 cHL samples, three sub-
types were detected: B95-8, Mediterranean (subvariant
with deletion, Med+, and subvariant without deletion, Med-
), and North Carolina [17]. In the 10 AITL samples, two
subtypes were detected: the Mediterranean subtype in five
(subvariants Med+ and Med-) and the B95-8 subtype in
three. In two samples, a co-infection with subtypes B95-
8 and Med- was detected (Supplementary Table 4).

In the 26 NPC samples, the B95-8, Mediterranean
(subvariantsMed+ andMed-), and North Carolina subtypes
were detected, while co-infection was found in two samples
(subtypes Med+ and NC). The Mediterranean subtype was
the most abundant variant, detected in 10 of 26 samples.
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Next were the B95-8 and North Carolina subtypes, noted in
7 and 6 out of 26 samples, respectively. In one sample, it
was not possible to determine the subtype according to the
Edwards’ algorithm (Supplementary Table 4).

All detected deletions in the AITL and NPC samples
were 30 bp in length and corresponded to theMediterranean
subtype. These deletions were detected in 4 of 10 AITL
samples and 7 of 26 NPC samples. The deleted nucleotides
were at positions 168285–168256, corresponding to amino
acids 343–352. The China 1, China 2, and Alaskan sub-
types were not detected. The overall distribution of EBV
subtypes based on the BNLF-1 gene in different malignant
tumors is shown in Supplementary Table 5; there were no
statistically significant differences between age, sex, and
EBV subtypes (p > 0.05).

The B95-8, Mediterranean, and North Carolina sub-
types were detected in both AITL and NPC samples. The
North Carolina subtype was significantly more represented
in NPC compared to AITL samples (OR = 7.86, 95% CI
1.27–86.05; p = 0.016) and was significantly more repre-
sented in secondary compared to primary tumor types, i.e.,
in tumors of epithelial origin than in tumors of lymphocytic
origin (OR = 7.69, 95% CI 1.17–50.20; p = 0.016).

The final length of the BNLF-1 gene sequences was
157 bp or 127 bp (for sequences with the 30 bp deletion),
corresponding to nucleotide positions 168194 to 168350 of
the reference genome B95-8. In the phylogenetic analysis,
the most likely substitution model for the combined data
set was the JC + G model. The resulting phylogenetic tree
showed that the sequences did not cluster by diagnosis, tu-
mor stage, or cell of origin; instead, the sequences clus-
tered into distinct clades according to EBV subtype. The
Mediterranean subtype clustered into more than one clade,
while co-infections clustered into one of the subtypes rep-
resented. Branching support was less than 70% except in
the two clustering cases (Fig. 1, Ref. [17]).

Edwards’ algorithm was also used to determine EBV
subtypes based on the BNLF-1 gene for 53 sequences ob-
tained from GenBank, which were used to validate the
EBER algorithm. We were unable to identify cHL sam-
ples with sequences for all genes investigated in this study,
therefore additional analyses of the investigated gene was
performed on 36 EBV sequences from the NPC samples
(NCBI accession numbers: HQ020558.1, LC137018.1,
KJ411974.1, KF992565.1, KF992566.1, KF992567.1,
KF992568.1, KF992569.1, KF992570.1, KF992571.1,
AB850643.1, AB850644.1, AB850645.1, AB850646.1,
AB850647.1, AB850648.1, AB850649.1, AB850650.1,
AB850651.1, AB850652.1, AB850653.1, AB850654.1,
AB850655.1, AB850656.1, AB850657.1, AB850658.1,
AB850659.1, AB850660.1, LC150743.1, LC150742.1,
LC150741.1, LC150338.1, LC150337.1, LC150327.1,
LC149491.1, AY961628.3) and 17 sequences from the
AITL samples (NCBI accession numbers: MH837528.1,
MH837527.1, MH837526.1, MH837525.1, MH837524.1,
MH837523.1, MH837522.1, MH837521.1, MH837520.1,

MH837519.1, MH837518.1, MH837517.1, MH837516.1,
MH837515.1, MH837514.1, MH837513.1, MH837512.1).
In the NPC samples, the Med+ subtype was found in 23
cases, the China 1 subtype in 7 cases, the B95-8 strain in 3
cases, and the BNLF1 subtype could not be determined in
3 cases. In the AITL samples, five cases showed the B95-8
strain, five cases were the Med- subtype, three cases were
the Med+ subtype, one case was the China 1 subtype, and
one case was the Alaskan subtype. In two cases, it was not
possible to determine EBV subtypes based on the BNLF-1
gene sequence.

In the tumor samples data from GenBank, the Med+
subtype was significantly more represented in the NPC
samples compared with AITL (OR = 7.9, 95% CI 1.8–50.9;
p = 0.008), while the Med- subtype was significantly more
represented in the AITL samples compared with NPC (OR
= 14.8, 95% CI 1.6–73.0; p = 0.008).

3.2 EBNA-3C and EBNA-1 Genes

Out of 91 tumor tissue samples, 84 EBNA-3C se-
quences obtained by Sanger sequencing were of adequate
quality for further analysis. This included 46 sequences
from the cHL samples (from the previously published
study) [17], 11 sequences from the AITL samples, and 27
sequences from the NPC samples.

All samples were classified as EBV-1, with 79 EBNA-
1 gene sequences available for further analysis (42 from
cHL, 11 from AITL, and 26 from NPC).

Of 36 additional EBV sequences in NPC found in
GenBank for EBER algorithm validation, 30 were EBV-1
genotype, 1 was EBV-2 genotype, and for 5 cases, geno-
type could not be determined based on EBNA3C classifica-
tion. All 17 NPC samples from GenBank were determined
as genotype EBV-1.

To determine the EBV subtype (prototypes: P-ala and
P-thr, or variants: V-val, V-leu, V-pro, and V-ala), the vari-
ability of the sequences obtained was analyzed using pre-
viously established algorithms [13,37–43]. Two subtypes,
P-thr and P-ala prototypes, were detected in all three tumor
types (Supplementary Table 6). There was no statistically
significant association of age and sex with EBV subtypes
(p > 0.05).

However, determining the subvariants (P-thr′ or P-
thr′′) was not possible for the P-thr prototype, consider-
ing that the defining nucleotide position had not been se-
quenced. In one cHL sample with the EBV prototype P-thr,
an additional Ala→Thr substitution was found at position
525. For the P-ala prototype, P-ala′ was the most common
subvariant in cHL and AITL samples, except for the P-ala′
subvariant in one cHL sample. Two subvariants of the P-
ala prototype were found in the NPC samples: P-ala′ and P-
ala-v1 subvariants. The P-ala′ subvariant was significantly
more frequent in the NPC samples from women than from
men (OR = 8.33, 95% CI 1.04–102.44; p = 0.030). The V-
val, V-leu, V-pro, and V-ala variants were not found in the
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Fig. 1. A phylogenetic tree of theBNLF-1 genewas constructed using themaximum likelihoodmethodwith the JC+G substitution
model for 1000 pseudoreplications. Bootstrap values between 0.1 and 0.85 are shown at the nodes as red triangles, with size proportional
to the strength of branch support. The three diagnoses, cHL, AITL, and NPC, are represented by red, yellow, and blue-colored circles,
respectively, and black circles represent the control sequences (CS). The two-colored bar shows the developmental stage of the tumor,
while the three-colored bar represents the tumor origin. The color range shows the clades of different subtypes and co-infections. No
subtype was assigned to the control sequences. Data for BNLF-1 sequences in cHL samples were used from the previously published
paper [17]. cHL, classical Hodgkin’s lymphoma; AITL, angioimmunoblastic T- cell lymphoma; NPC, nasopharyngeal carcinoma; CS,
control sequences; NC, North Carolina subtype.

analyzed samples. The overall distribution of subtypes by
tumor type is shown in Supplementary Table 7.

The P-ala subtype, subvariant P-ala′, was significantly
more frequent than the P-thr subtype in NPC samples com-
pared to the other analyzed tumor types (P-ala: OR = 9.89,
95% CI 2.96–37.05; p < 0.001, P-ala′: OR = 5.48, 95%
CI 1.59–20.83; p = 0.007). The P-thr subtype was more
frequent in primary tumors/tumors of lymphocytic origin
than in secondary tumors/tumors of epithelial origin (OR =
9.89, 95% CI 2.96–37.05; p < 0.001). Additionally, the P-
ala′ subvariant was significantly more frequently present in
the secondary tumor type compared to P-thr and other P-ala
subvariants (OR = 5.56, 95% CI 1.59–20.03; p = 0.007).

The final length of the EBNA-1 sequences was 214 bp,
corresponding to nucleotide positions 109377–109590 of
the reference genome B95-8. In phylogenetic analyses, the
JC + Gmodel was the most probable substitution model for
the combined data set. The phylogenetic tree shows that the
sequences were not grouped by diagnosis, tumor stage, or
tumor origin. The grouping of sequences into two clades is
visible and depends on EBV subtypes. The highest branch-
ing support was 65% (Fig. 2).

Of 36NPC samples found inGenBank for EBER algo-
rithm validation, EBV subtype based on EBNA1 sequence
was variant V-val in 31 cases, prototype P-ala in 3 cases,

and determination could not be performed in 2 cases. Out
of 17 AITL cases, 15 were P-thr prototypes, 1 was P-ala
prototype, and 1 was V-val variant.

In the tumor samples from GenBank, the variant V-
val was significantly more represented in NPC compared to
AITL samples (OR = 85.4, 95% CI 9.9–415.2; p < 0.001),
while P-thr prototype was significantly more represented
in AITL compared to NPC samples (OR = 157.6, 95% CI
16.5–785.5; p < 0.001).

3.3 The Association Between BNLF-1 and EBNA-1
Subtypes

The NC subtype was significantly more frequently ob-
served with the P-ala subtype compared to the P-thr subtype
(OR= 7.14, 95%CI 1.07–100.51; p = 0.024). The combina-
tion of the B95-8 and P-thr subtypes was significantly more
frequent in cHL samples compared to the other analyzed
tumor types (OR = 5.47, 95% CI 1.50–25.54; p = 0.009),
while the combination of the NC and P-ala subtypes was
more frequently found in the NPC samples (OR = 13.59,
95% CI 1.25–701.54; p = 0.019) compared to cHL and
AITL. The combination of Med+ and P-thr subtypes was
significantly less frequent in NPC samples than in the other
tumor types (OR = 0.15, 95%CI 0.02–0.77; p = 0.016). The
association between the BNLF-1 and EBNA-1 subtypes and
their distribution across tumor types is shown in Table 3.
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Fig. 2. Phylogenetic tree of the EBNA-1 gene constructed using the maximum likelihood method with the JC + G substitution
model for 1000 pseudoreplications. Bootstrap values between 0.1 and 0.65 are shown at the nodes as red triangles, with size proportional
to the strength of branch support. The three diagnoses, cHL, AITL, and NPC, are represented by red, yellow, and blue-colored circles,
respectively, and black circles represent the CS. The two-colored bar shows the developmental stage of the tumor, while the three-colored
bar represents the tumor origin. Clades of two subtypes are shown with two colors. No subtype was assigned to the control sequences.

In the tumor samples from GenBank, the combina-
tion of theMed+/V-val subtypes was significantly more fre-
quent in the NPC samples compared to the AITL samples
(OR = 21.2, 95% CI 2.7–97.7; p = 0.002), while the com-
binations of the B95-8/P-thr and Med-/P-thr subtypes were
more frequently found in AITL samples (OR = 16.2, 95%
CI 1.7–80.0; p = 0.004) compared to NPC.

3.4 EBER Gene
Out of 91 tumor tissue samples, 81 EBER sequences

were of adequate quality for further analyses (47 from cHL,
11 from AITL, and 23 from NPC samples). Recurrent mu-
tations were observed at specific positions within the ana-
lyzed EBER promoter sequence. Thus, a new algorithm for
EBV classification was designed based on these changes
(Table 1), following a similar principle used in EBV clas-
sification algorithms based on the BNLF-1 and EBNA-1
genes.

The B95-8 subtype and the newly defined Cro2 sub-
type were detected in all tumor types, while the Cro1
subtype was detected exclusively in the NPC samples.
Four subvariants of the Cro2 subtype were detected in the
cHL and AITL samples, in addition to the B95-8 subtype
(Supplementary Table 8). All three subtypes were de-
tected in the NPC samples, which included the Cro1 sub-
type with both subvariants, and the Cro2 subtype with three
subvariants (Supplementary Table 8); no statistically sig-
nificant association was observed for age and sex with EBV
subtypes (p> 0.05). The overall distribution of subtypes by
tumor type is shown in Supplementary Table 9.

The Cro2 subtype was significantly more frequent in
cHL andAITL compared to NPC (OR= 6.88, 95%CI 2.12–

25.45; p < 0.001), while the B95-8 subtype was more fre-
quent in NPC (OR = 4.51, 95% CI 1.31–16.28; p = 0.015).
Accordingly, the Cro2 subtype was more frequent in the
primary tumor type, i.e., in a tumor of lymphocytic origin
compared to the other EBER subtypes (OR = 6.88, 95% CI
2.12–25.45, p < 0.001), and the B95-8 subtype was more
commonly found in the secondary tumor type, i.e., in tu-
mors originating from epithelial cells (OR = 4.51, 95% CI
1.31–16.28; p = 0.015).

Using GenBank data, the newly proposed algorithm
identified four distinct EBER sequences in NPC. Out of 36
NPC samples 28 samples had the sequence of B95-8 strain
with a substitution G>A on position 6866, three samples
had the same sequence as strain B95-8, two samples were
determined as Cro2 subtype (subvariant Cro2i), one sample
had duplication of sequence TCCATTAT (positions 6826–
6833), while the EBER sequence could not be analyzed for
one sample. The majority of AITL cases showed Cro2 sub-
type (12 in total, 11 subvariant Cro2i and one subvariant
Cro2iii). In addition, two cases were determined as the B95-
8 strain; in one case, substitutions G>T at position 6884 and
C>T at position 6885were observed in the B95-8 sequence,
and in the other case, the sequence could not be analyzed.

The Cro2 subtype was significantly more frequent in
the AITL samples compared to the NPC samples (p <

0.001), while the B95-8 sequence, with a substitution G>A
on position 6866, was exclusively present in the NPC sam-
ples.

When the newly proposed algorithm was applied to
the high-risk EBER deletion sequences published by Hui
et al. [15], 54 sequences showed no newly proposed Cro
subtypes; however, one sequence from the B95-8 strain
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Table 3. The association of BNLF-1 and EBNA-1 subtypes
and distribution of subtype combinations in the analyzed

tumors.

Polymorphisms
Tumor samples

cHL AITL NPC

B95-8/P-thr 18 (46.5%) 2 (20%) 3 (14%)
B95-8/P-ala 2 (5%) 1 (10%) 3 (14%)
Med+/P-thr 11 (28.5%) 3 (30%) 1 (4.5%)
Med+/P-ala 1 (2.5%) 1 (10%) 4 (18%)
Med-/P-thr 3 (7.5%) 1 (10%) 2 (9%)
Med-/P-ala - - 1 (4.5%)
NC/P-thr - - 2 (9%)
NC/P-ala 1 (2.5%) - 4 (18%)
B95-8/Med-/P-thr 1 (2.5%) 2 (20%) -
B95-8/Med-/P-ala - - -
B95-8/NC/P-thr 2 (5%) - -
B95-8/NC/P-ala - - -
Med+/NC/P-thr - - -
Med+/NC/P-ala - - 2 (9%)
B95-8, prototype EBV strain; Med+, Mediterranean subtype
with deletion; Med-, Mediterranean subtype without deletion;
NC, North Carolina subtype; P-thr, prototype of the EBV con-
taining the amino acid Thr at position 487 of the EBNA-1 pro-
tein; P-ala, prototype containing the amino acid Ala at position
487.

showed a G>A substitution at position 6866. Sequence
MH590551.1 (isolate HKNPC40) was determined as sub-
type Cro2i, sequence MH590535.1 (isolate HKNPC24)
could not be determined with the newly proposed algo-
rithm; however, in addition to substitutions G>A at posi-
tion 6866, a substitution G>Twas also observed at position
6915, while the sequence MH590512.1 (isolate HKNPC1)
was determined as the Cro1 subtype with an additional sub-
stitution G>A at position 6866.

3.5 The Association Between EBER, BNLF-1, and EBNA-1
Subtypes

The EBER Cro2i subtype was more often present with
the B95-8 or Med- subtypes compared to the Med+ or NC
(OR = 6.21, 95% CI 1.91–22.18; p < 0.001), while the
EBER B95-8 subtype was more frequently found with the
NC subtype compared to the other BNLF-1 subtypes (OR =
20.02, 95% CI 1.97–1024.12; p = 0.007). The Cro2iii sub-
type was more often present with the B95-8 or Med+ LMP-
1 subtypes compared to the Med- or NC subtypes (12.57,
95% CI 1.16–685.32; p = 0.015), while the Cro2iv subtype
was more commonly found with the Med+ subtype com-
pared to otherBNLF-1 subtypes (OR = 19.82, 95%CI 1.09–
1394.23; p = 0.024). When the individual tumor type was
analyzed, the association between the Cro2i subtype and the
B95-8 or Med subtypes was observed in NPC (OR = 10.63,
95% CI 1.01–610.74; p = 0.022).

By studying the association with the EBNA-1 sub-
types, the Cro2i EBER subtype was observed more often

with the P-thr subtype compared to the P-ala subtype (OR
= 50.32, 95% CI 6.72–2261.71; p< 0.001), while the B95-
8 EBER subtype was more commonly found with the P-ala
subtype (OR = 50.11, 95% CI 10.17–1000.26; p < 0.001).

When individual tumor types were analyzed, a more
frequent association between the Cro2i subtype and the P-
thr subtype was found in cHL (OR = 16.14, 95% CI 1.35–
893.58; p = 0.015) and NPC (OR = 12.92, 95% CI 1.04–
762.14; p = 0.024) compared with the P-ala subtype. A
more frequent association between the B95-8 EBER sub-
type and the P-ala subtype was also found in all analyzed
tumor types, cHL (OR = 26.79, 95% CI 1.04–2017.52; p
= 0.024), AITL (OR = 19.98, 95% CI 0.87–1691.98; p =
0.022), and NPC (OR = 17.52, 95% CI 1.69–945.93; p =
0.007) compared to the P-thr subtype.

By comparing the BNLF-1, EBNA-1, and EBER sub-
types, the combination of the B95-8, P-thr, and Cro2i sub-
types was significantly more frequent in cHL compared to
AITL and NPC (OR = 10.32, 95% CI 2.07–102.29; p <

0.001), and the combination of P-ala and B95-8 EBER sub-
types was significantly more frequent in NPC compared
to cHL and AITL (OR = 7.68, 95% CI 1.80–39.90; p =
0.007). The most common subtype combinations based on
the BNLF-1, EBNA-1, and EBER gene polymorphisms are
shown in Table 4.

When the GenBank EBV data were analyzed, a more
frequent association between the Cro2i subtype and the P-
thr EBNA1 subtype andB-95-8 LMP-1 sequencewas found
in AITL (OR= 12.4, 95%CI 1.2–63.6; p = 0.015) compared
to NPC. A more frequent association between the B95-8
EBER sequence and the Med+ LMP-1 subtype and V-val
EBNA1 variant was found in NPC (OR = 13.3, 95%CI 1.7–
60.6; p = 0.029) compared with AITL.

4. Discussion
The results of this study showed characteristic pat-

terns of EBV genotype/variant distribution based on the se-
quences of the EBNA-3C, EBNA-1, and BNLF-1 genes, as
well as the EBER promoter, in three models of malignant
diseases (AITL, NPC, and cHL) in a cohort of patients re-
ceiving care in a single clinical center from southeastern
Europe. Based on EBNA-3C gene sequencing, all enrolled
patients were infected with EBV genotype 1. The BNLF-1
variant analysis demonstrated an exclusive presence of only
three variants (Mediterranean subtype with or without 30
bp deletion and the wild-type strain B95-8) in AITL, with
the addition of the North Carolina variant in NPC patients.
Interestingly, the frequencies of EBV prototypes P-ala and
P-thr, and the associated variants based on theEBNA-1 gene
sequence, were significantly associated with the type of ma-
lignant disease (increased in NPC) and the tumor type (in-
creased in secondary tumor types). Our newly designed al-
gorithm for the classification of EBV variants based on spe-
cific positions within the EBER promoter also identified a
pattern of variant representation, with the Cro1 subtype be-
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Table 4. Association of BNLF-1, EBNA-1, and EBER subtypes, and distribution of subtype combinations in the analyzed
tumors.

Combination of BNLF-1, EBNA-1, and EBER subtypes
Tumor samples

cHL AITL NPC

B95-8, P-thr, Cro2i 16 (43.2%) 1 (10.0%) 1 (5.0%)
Med+, P-thr, Cro2i 7 (18.9%) 1 (10.0%) 0 (0.0%)
P-ala, EBER B95-8 2 (5.1%) 2 (18.2%) 9 (40.9%)
Med+, Cro2i 8 (19.1%) 1 (10.0%) 0 (0.0%)
B95-8, prototype EBV strain; Med+, Mediterranean subtype with deletion; P-thr, prototype that con-
tains the amino acid Thr at position 487 of the EBNA-1 protein; P-ala, prototype that includes the
amino acid Ala at position 487 of the EBNA-1 protein; Cro2i, subtype with substitutions G→A (po-
sition of the genome 6884), T→G (6886) and A→G (6911).

ing more common in the NPC samples. To our knowledge,
this is the first study to analyze the molecular diversity of
EBV in AITL and the first to classify EBV based on EBER
promoter sequences.

The classification of EBV into genotypes 1 and 2 (or
A and B) is usually the first step in studies analyzing the
molecular diversity of this virus. However, it should also
be emphasized that the two genotypes exhibit different bi-
ological features in vitro and in vivo. For example, in vitro
studies have shown that EBV genotype 1, such as the wild-
type B95-8, has a greater capacity to transform resting hu-
man B-cells into lymphoblastoid cell lines than genotype 2.
The ability of EBV genotypes to determine cellular growth
phenotype in this experimental model was associated with
molecular features of EBNA-2 protein [9]. However, more
recent studies in humanized mouse models have confirmed
the ability of EBV type 2 to establish type III latency in
T- and B-cells and to induce a malignant disease similar to
diffuse large B-cell lymphoma in vivo, with features also
comparable to those observed in human models [8]. In ad-
dition, EBV genotype 2 is characterized by distinct viral
tropism for T cells [45].

A large number of studies analyzing the molecular
epidemiology of EBV in various models of malignant and
non-malignant diseases have shown a global predominance
of EBV genotype 1. Furthermore, region-specific pat-
terns with a high frequency of genotype 2 in selected pa-
tient populations (Burkitt’s lymphoma in Africa and HL in
China and Mexico) have been documented [32]. Our pre-
vious studies have shown the presence of genotype 1 in
a cohort of 50 patients with histologically verified EBV-
positive cHL from Croatia, as well as in a cohort of pedi-
atric patients with EBV-associated infectious mononucleo-
sis [17,46]. The region-specific predominance of EBV type
1 has also been confirmed in the present study, with this
genotype exclusively present in the NPC and AITL cohorts.
The NPC findings observed in our study are in concordance
with the data collected by Banko et al. [47], who observed
the presence of genotype 1 in 90.7% of samples from a co-
hort of 30 patients with infectious mononucleosis, six trans-
planted patients, 16 NPC patients, and one patient with cHL
from Serbia.

Since LMP-1 is an essential oncogenic protein of
EBV, the distribution of the viral BNLF-1 variants has been
extensively investigated in patients with malignant diseases
of different cellular origin (cHL, NHL, NPC, T cell lym-
phomas, andBurkitt’s lymphoma) aswell as in patients with
EBV-associated infectious mononucleosis and healthy sub-
jects [8,47–53]. Recently, we have shown a very narrow
repertoire of EBV BNLF-1 variant distribution in patients
with cHL from Croatia, with the predominance of the wild-
type strain B95-8 and the Mediterranean subtype with a 30
bp deletion, while NC, theMediterranean subtype without a
30 bp deletion, and co-infections were very rare [17]. Con-
trary to these findings, BNLF-1 variant distribution in Croa-
tian pediatric patients diagnosed with infectious mononu-
cleosis was more diverse, including the China 1 variant, and
revealed a very high percentage of BNLF-1 variant recom-
binants (16.4% of patients) [46]. The BNLF-1 variant anal-
ysis in this study showed a narrow repertoire of variants in
AITL, including only the Mediterranean subtype (with or
without the 30 bp deletion) and the wild-type strain B95-
8. Since this is the first experimental evidence of BNLF-1
variant distribution in AITL, it is not possible to determine
whether this distribution reflects regional specificity or a
more general skewing of gene diversity associated with this
particular disease.

The possible clinical importance ofBNLF-1 gene vari-
ability has been extensively investigated in NPC. A recent
systematic review and meta-analysis by Banko et al. [12]
provided a proof of concept for the association between 30
bp deletion (OR = 3.53, 95% CI 1.48–8.43) and XhoI loss
(OR = 14.17, 95%CI 4.99–40.20) and showed a skewing of
the BNLF-1 variant repertoire in this model by demonstrat-
ing a very rare occurrence of B95-8, China 1 andNC inNPC
patients [12]. Contrary to these findings, our results suggest
that in addition to the Mediterranean variant (mainly with a
30 bp deletion) and the wild-type B95-8, NC, and recombi-
nants between the Mediterranean with deletion and NC are
also present in Croatian NPC patients. These results once
again emphasize the need for careful comparisons and in-
terpretations of studies from different geographic regions
that clearly exhibit specific variant distributions.
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Due to the importance of the EBNA-1 protein in
the process of infection, genome replication, transcription,
maintenance, as well as in the transformation of target cells,
several studies investigated the variability of the EBNA-1
gene based on the amino acid at position 487 in malignant
diseases associated with EBV.

The largest study of NPC patients to date was reported
by Thuan et al. [13], which showed a clear predominance
of the V-val subtype in about 80% of biopsy samples from
Vietnamese patients. In addition, the authors identified a
novel pattern of the V-val subtype with amino acid changes
at positions 492, 528, 529, 553, 585, and 588 comparedwith
the wild-type B95-8, suggesting a specific variation pattern
of the EBNA-1 gene in Vietnam [13]. These findings sup-
port the data from Zhang et al. [54], who demonstrated the
exclusive presence of the V-val subtype in NPC patients ob-
tained in endemic and non-endemic areas of China. Con-
trary to these findings, the EBNA-1 gene variability analy-
sis reported in our study focusing on NPC patients from a
non-endemic European country revealed the complete ab-
sence of V-val subtype and the predominance of P-ala (sub-
variants P-ala′ and P-ala-v1) in comparison with the P-thr
prototype. In addition, our findings showed an exceptional
frequency for the P-thr subtype in cHL and AITL patients.

Recently, Vafapour et al. [55] compared the variabil-
ity of the EBNA-1 gene in 40 patients with chronic lympho-
cytic leukemia (CLL) and 21 healthy subjects, showing the
highest frequency of the P-ala variant in both groups, but
also suggesting that the P-thr and V-val variants might be
associated with the pathogenesis of CLL.

Several recent studies on NPC from endemic popu-
lations have clearly demonstrated the association between
variation in the EBV genome and functional consequences,
as well as the pathogenesis of this malignant disease, in-
cluding variants within the BALF-2 [56] and EBER-2 genes
[15,57] (for review, see Young [58]). Since EBERs signif-
icantly contribute to the efficient in vitro transformation of
B cells by enhancing the growth potential of transformed
lymphocytes, polymorphisms in these genes are likely can-
didates for further analysis of their clinical significance in
NPC and other diseases [59]. Here, we demonstrated the
exclusive presence of the Cro1 subtype in NPC samples us-
ing a newly developed algorithm to characterize EBER-1
subtypes in our cohort of patients, thereby providing an im-
portant candidate for further functional analyses that could
lead to the possible identification of clinically relevant EBV
variants in NPC from non-endemic areas. In addition, to
validate our algorithm, we used the GenBank database to
identify EBV sequences from tumors of the same type as
those in our study. We found 36 available sequences from
NPC patients (samples mostly from China) and 17 from
AITL patients (samples mostly from France). After apply-
ing our algorithm to those sequences, we observed a very
rare occurrence of the Cro2 subtype in NPC samples and a
very frequent occurrence in AITL samples. Moreover, we
applied our algorithm to known high-risk EBER deletion

sequences [15] and found no correlation between high-risk
deletion and EBER Cro subtypes.

Single-nucleotide polymorphisms (SNPs) in promoter
regions, such as those described in this paper, can signif-
icantly influence gene regulation by altering transcription
factor binding sites and, thereby, increasing or decreasing
transcription factor affinity for those sites [60]. SNPs also
influence promoter strength, with some positions in the pro-
moter sequence exerting greater influence than others [61].
Recently, Kim et al. [62] showed that an SNP in the BART
promoter region enhanced gene activity and may, therefore,
contribute to the development of EBV-associated epithelial
malignancies. We hypothesize that SNPs in the EBER pro-
moter could have a similar effect. Although the exact func-
tional effects of the SNPs described in this study remain
unknown, these findings provide a foundation for future re-
search into the mechanistic roles of SNPs. Additionally,
further research could investigate the potential relevance of
these effects for vaccine development and other therapeutic
strategies.

It is also important to highlight the limitations of our
study. Analyses of EBV genetic diversity in malignant dis-
eases reported in the literature refer to various populations
and geographic regions and, in some disease models, de-
pend on region-specific epidemiology. Therefore, our re-
sults describing characteristic patterns of EBV diversity in
the three selected malignant diseases are most relevant to
Caucasian patients from the southeastern part of Europe
and may not necessarily translate to findings in other ge-
ographic areas. In addition, viral diversity studies in any
disease model can be influenced by the heterogeneity in
the population regarding the their demographic and genetic
backgrounds, as well as social and behavioral patterns.

Furthermore, translating data on EBV molecular di-
versity into the clinical context and considering the possi-
ble inclusion of EBV genotyping in the diagnostic work-up
of patients will require prospective longitudinal studies that
link EBV virological background to clinical outcomes. The
evaluation of the individual EBV genotypes described in
this study as possible predictors of favorable or less favor-
able outcomes across different models of malignant disease
at the population level is a promising area of future research.
Notably, collaborative studies across different geographic
regions, for example, Europe, Asia, and Africa, might con-
tribute to more accurate identification of pathogenic EBV
variants in various disease models that may require adapted
treatment protocols.

The majority of the literature on EBV diversity is
based on Sanger sequencing, which, due to the inherent
limitations associatedwith providing a consensus sequence,
does not allow accurate determination of potential recom-
binants or co-infections with multiple viral variants. The
use of high-throughput sequencing (HTS) by short-read, for
example, next-generation sequencing on the Illumina plat-
form, or long-read—such as Nanopore-based direct DNA
sequencing—allows a more detailed analysis of the viral
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population architecture and is likely to contribute to a more
accurate analysis of EBV recombinants and co-infections in
various models of malignant diseases. In our recent study
of the BNLF-1 genotype distribution in pediatric patients
with EBV-associated infectious mononucleosis by Oxford
Nanopore Technology, sequences were classified as recom-
binants when polymorphisms associated with more than
one BNLF-1 variant were found at distinct nucleotide po-
sitions [63]. In contrast, sequences were considered co-
infections when polymorphisms from multiple variants oc-
curred at the same position with approximately equal fre-
quencies. The use of different HTS technologies to more
in-depth analysis of EBV diversity in malignant diseases
might also yield a more accurate map of viral co-infections
or recombinants across various geographic regions.

5. Conclusion
In conclusion, this study has shown a characteristic

pattern of EBV diversity based on sequences of the EBNA-
3C, EBNA-1, and BNLF-1 genes, as well as the EBER pro-
moter, across AITL, NPC, and cHL cohorts from southeast-
ern Europe. To our knowledge, this is the first study of EBV
molecular diversity on AITL and the first to provide a novel
EBV classification algorithm based on EBER promoter se-
quences. These data may provide an important contribution
to the development of therapeutic or prophylactic vaccines,
as well as novel treatment options for EBV-associated dis-
eases.
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