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Abstract

Introduction: Disease progression, drug resistance mutations, and treatment strategies may vary by HIV-1 subtype. This study
determined HIV-1 subtypes circulating in Slovenia, a Central European country with an HIV-1 epidemic driven by men who have sex
with men, focusing on molecular epidemiology of non-B subtypes.

Methods: A total of 367 HIV-1 sequences were included. Subtype was assigned by employing eight different HIV subtyping tools
coupled with maximum likelihood phylogenetic analyses.

Results: The subtyping tools COMET, jpHMM, and REGA 3.0 exhibited the best performance on the dataset studied. Phylogenetic
analyses showed a 14.7% prevalence of non-B subtypes, with subtype A detected most frequently (4.9%), followed by CRFo2_AG
(2.4%), subtype C (1.1%), subtypes D, G, and CRFo1_AE (0.8% each), and subtypes F and CRF22_01A1 (0.3% each). A subtype could
not be assigned to 12 sequences (3.3%), indicating potential unique recombinant forms. Non-B subtypes were significantly associ-
ated with a heterosexual route of transmission and infection acquired in Eastern Europe, Africa, or Asia.

Conclusions: In a country where subtype B is predominant, non-B subtypes were observed in one out of seven patients, a non-
negligible proportion, which underlines the importance of systematic surveillance of HIV subtype diversity and the corresponding

molecular epidemiology.
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Introduction

TheHIVpandemicisstillaglobalhealth problem, withanestimated
38.4 million people living with HIV in 2021 (1). However, the num-
ber of newly diagnosed HIV-1 infections is continuously declining
(from 3.4 millionin 2001 to 1.5 millionin 2021), as well as the number
of HIV-related deaths (from 2.3 million in 2005 to 650,000 in 2021),
due to effective prevention efforts and high treatment coverage (1).

HIV-1 exists in many different subtypes and recombinant
forms, which are divided into four groups: M (major), O (outlier),
N (non-M, non-0), and P. Most of the subtypes circulating world-
wide belong to group M, which currently includes nine subtypes,
132 circulating recombinant forms (CRFs; https://www.hiv.lanl.
gov/components/sequence/HIV/crfdb/crfs.comp), and numer-
ous unique recombinant forms (URFs). HIV-1 group M has been
shown to originate from the Democratic Republic of the Congo
(2), which is supported by the fact that the greatest diversity of
subtypes is found in Central Africa, where all nine subtypes and
most CRFs and URFs have been identified. Globally, the most
prevalent subtype is subtype C, which accounts for nearly half
(46.6%) of all HIV-1 infections, especially in southern Africa,
East Africa, Ethiopia, and India. Other most prevalent subtypes
are subtype B (12.1%), subtype A (10.3%), CRFo2_AG (7.7%),
CRFo1_AE (5.3%), subtype G (4.6%), and subtype D (2.7%) (3).
In Western and Central Europe and North America, subtype B
predominates, at 83.3%. Other common non-B subtypes and
CRFs are subtype C, CRFo2_AG, subtype A, and subtype F (3).

= Corresponding author: mario.poljak@mf.uni-lj.si

Differences in transmission, identification of infection, disease
progression, pathogenesis, development of resistance, clinical
management of HIV infection, response to treatment, and drug
and vaccine design can be observed between subtypes (4-8).
One explanation for these differences is that distinct biological
properties of HIV-1 variants play a role in their spread. For ex-
ample, it was observed that subtype A virus in Uganda is trans-
mitted at a higher rate heterosexually than subtype D, resulting
in an increase in the proportion of subtype A and a decrease in
the proportion of subtype D in East Africa and worldwide (4, 7,
9—11). Subtype C has been found to be both congenitally and
sexually more transmissible compared to subtypes A and D (12,
13). In terms of disease progression, it has been observed that, in
patients infected with subtype D, the CD4+ T-cell count declines
faster, disease progression is faster, and dementia and advanced
immunosuppression occur to a greater extent than in patients
infected with subtype A (14, 15). On the other hand, individuals
infected with HIV-1 subtypes A and C have been found to have a
longer asymptomatic period and slower progression to AIDS to-
gether with an increased possibility of transmission compared to
other subtypes (8, 16-18). Viral load suppression during highly
active antiretroviral treatment (HAART) occurred most rapidly
in patients infected with subtype A, followed by subtype C and
subtype B (19). A study by Geretti et al. found that CD4+ T-cell
recovery was similar across subtypes, and so the immunological
efficacy of HAART should be similar (19). However, a study by
Chaix et al. showed that patients infected with CRFo2_AG or other
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non-B subtypes had better immunological response to HAART
than patients infected with subtype B (20). In addition, some drug
resistance mutations due to naturally occurring polymorphisms
are more common in certain HIV-1 subtypes, and so information
about the subtype should be considered when initiating treat-
ment (5, 7). Because it is still unknown how various HIV-1 sub-
types respond to different antiretroviral therapy regimens, HIV-1
subtype is more frequently considered in clinical trials (5, 21).

In Slovenia, a small country in Central Europe, fewer than one
in 1,000 inhabitants are estimated to be infected with HIV-1. Most
HIV-1 infections occur among men who have sex with men (MSM).
Other identified modes of transmission in Slovenia in the past
decade (2012-2021) were heterosexual contact, injection drug use,
and one case of mother-to-child transmission. According to na-
tional registry data, 759 people were living with HIV-1 in Slovenia
at the end of 2021. Of these, 95% (718/759) are receiving antiret-
roviral treatment, and 97% (698/718) have an undetectable viral
load (<40 copies/ ml) (22). In the last decade, the annual number
of HIV-1 newly diagnosed individuals in Slovenia ranged from 27
in 2020 to 62 in 2016. Previous studies have shown that the ma-
jority of patients diagnosed with HIV-1 in Slovenia (82%-89%)
are infected with subtype B (23—28). Subtype B was introduced in
Slovenia at several time points from the beginning of the Slove-
nian epidemic, and the local transmission links of most patients
indicate a closed community. Long-lasting infections have been
identified as the driving force of the epidemic in this region. Lu-
nar et al. previously studied the characteristics and transmission
patterns of the subtype B epidemic in Slovenia (28). A later study
characterized the potential HIV-1 URFs identified in Slovenia (29).
However, the epidemic dynamics of non-B subtypes in Slovenia
has not been comprehensively studied yet.

The aim of this study was to better understand the epidemic
of non-B HIV-1 subtypes in Slovenia, with particular emphasis on
transmission patterns, in order to adapt HIV-1 prevention strate-
gies. To better distinguish the epidemics of the different lineages,
we meticulously determined the HIV-1 subtypes circulating in Slo-
venia by employing different HIV subtyping tools and in-depth
manual phylogenetic analyses.

Methods
Study population

For the purpose of the study, data and partial HIV-1 pol sequenc-
es (> 900 bp) were obtained from previous studies in Slovenia
(23—28). Together with sequences obtained for routine genotypic
drug resistance testing, the study sample consisted of 367 patients
(324 drug-naive and 43 treated patients) with a confirmed HIV-1
diagnosis between the years 1989 and 2013. CD4+ T-cell count,
HIV-1 viral load, and epidemiological data (nationality, country
of infection, route of infection, and risk factors) were routinely
collected by clinicians for each newly diagnosed patient in the
form of a blinded questionnaire approved by the national Medical
Ethics Committee of the Republic of Slovenia (consent number:
126/12/03) and in accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki).

Subtyping

Nucleotide sequences were analyzed to determine the subtype by
employing the following subtyping tools: REGA HIV-1 & 2 Automat-
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ed Subtyping Tool Version 2.0 (REGA 2.0) (30, 31), REGA HIV Sub-
typing Tool Version 3.0 (REGA 3.0) (32), COMET HIV-1 1.0 (COMET)
(33), jpHMM (34), SCUEAL (35), HIVdb: Genotypic Resistance Inter-
pretation Algorithm (HIVdb) (36), STAR (37), and Geno2pheno [re-
sistance] 3.3 (Geno2pheno) (38). The subtype of each sequence was
confirmed by phylogenetic analyses (see below) if the sequence
formed a monophyletic group together with the subtype-specific
reference sequences or whole genome sequences.

Phylogenetic analyses

Phylogenetic analysis was performed to confirm the subtyping of
the sequences and to investigate the molecular epidemiology of
the non-B subtypes in Slovenia. Sequences were aligned to the
2010 HIV-1 subtype reference sequence set of group M subtypes
(A-K and recombinants) obtained from the Los Alamos HIV Data-
base using ClustalW multiple alignment incorporated in BioEdit
version 7.0.9 (39). The Find Best DNA/Protein Models tool (ML) in
Mega 5.05 (40) using the maximum likelihood statistical method
and neighbor-joining tree was employed to select the best fitted
evolutionary model. Finally, maximum likelihood (ML) phyloge-
netic trees were created by using PhyML 3.0 (41) and visualized
in FigTree vi1.4.2, available at http://tree.bio.ed.ac.uk/software/
figtree/ (42). Transmission clusters were identified at this point
according to approximate likelihood ratio test (aLRT) branch sup-
port values (> 0.90). The initial analysis was performed on all Slo-
venian sequences and subtype reference sequences, and a com-
mon tree was created. All non-B clusters containing Slovenian
sequences were identified and were reanalyzed separately with
up to 10 most similar sequences per Slovenian sequence selected
from those available in GenBank using the HIV BLAST search tool
(43-45), Standard Nucleotide BLAST (46), and Sequence Search
Interface of the HIV sequence database (http://www.hiv.lanl.
gov/). The maximum likelihood phylogenetic trees of subtype A
and subtype G and their recombinants were inferred from two
separate alignments for protease and reverse transcriptase com-
bined into one.

Sequence data are available in GenBank; accession numbers:
AJo971091-AJ971144, AM113750, GQ398934, GQ399003, GQ399157,

GQ399167, GQ399210, GQ399318, GQ399406, GQ399433,
GQ399494, GQ399553, GQ399574, GQ399677, GQ399709,
GQ399721, GQ399731, GQ399787, GQ399882, GQ399950,
GQ399979, GQgoo0015, GQ400033, GQ400039, GQ400057,
GQ400283, GQ400355, GQgo0410, GQ4o00411, GQ400442,

GQ400452, GQ400472, ]X028303-]X028406, JX046402-]X046417,
KF753699-KF753751, KP013639-KP013747.

Phylodynamic analysis

The previously identified clusters of Slovenian non-B sequences
were further analyzed along with up to 10 most similar control
sequences used in the phylogenetic analyses to determine the
time of the most recent common ancestor (tMRCA) by using the
Monte Carlo Markov Chain (MCMC) method available in the soft-
ware BEAST 2.1.3 (47). A relaxed clock log normal distribution and
the Bayesian skyline coalescent model were employed on the data
set (47-49), and a reversible jump-based substitution model (RB)
was used as the substitution model. Sequences were split into
two codon partitions (1+2 codon, 3 codon). The chain was run for
300,000,000 generations until the effective sample size exceeded
200. Tracer 1.5 (50) was used to analyze the output results. TreeAn-
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notator 1.8.0 (51) was used to annotate the trees obtained with
10% burn-in, and the trees were viewed in FigTree v1.4.2 (42). The
clusters identified in the ML analysis were confirmed if the poste-
rior probability values obtained were > 0.990.

Drug resistance mutation determination

Sequences obtained from treatment-naive individuals were ana-
lyzed for the presence of surveillance drug resistance mutations
(SDRM) using the Stanford University HIV Drug Resistance Data-
base, HIVdb Program: Sequence Analysis (36), and Drug Resist-
ance Mutations for Surveillance of Transmitted HIV-1 Drug-Resist-
ance: 2009 Update (52).

Statistical analysis

Statistical significance tests were performed using Fisher’s exact
test for categorical data and a ¢-test for continuous data available
in the open-source program OpenEpi 2.3.1 (http://www.openepi.
com/Menu/OE_Menu.htm). Multivariate logistic regression was
performed in IBM SPSS Statistics 27. Because of highly correlated
variables, only route of transmission, country of infection, and
CD4+ T-cell count < 200 cells/mm3 were included in the multivari-
ate analysis. Values of p < 0.05 were considered significant.

Results

Subtyping of partial pol sequences using eight different
subtyping tools and ML analyses

Of 367 sequences included in the study, all eight subtyping tools
and ML analyses yielded congruent results for 80.9% (297/367) of
the sequences: namely, 289 subtype B (this corresponds to 92.3%
of subtype B sequences identified by ML analyses), two subtype
A (11.1% of subtype A), four subtype C (100% of subtype C), and
two CRFo1_AE (66.7% of subtype CRFo1_AE; Table 1, Fig. 1). Sub-
typing results obtained for the remaining 70 sequences for which
at least one of the subtyping analyses gave discordant results are
shown in Table 2.

As shown in Table 1, the only subtype for which the results of
all subtyping tools matched for all sequences was subtype C. Sub-
type A was concordantly assigned by all tools except the similar-
ity-based tools HIVdb and Geno2pheno, which subtyped part of
the sequence or whole sequence as CRFo1_AE, and STAR, which
was unable to assign the subtype to many of the sequences (Table
2). Subtyping tools and phylogenetic analyses did not include ref-

erence sequences for all sub-subtypes of subtypes A and F, and so
the assigned sub-subtype may not be correct and only the subtype
is considered in the analysis. Only 8% (24/313) of the sequences
classified as subtype B in the ML analyses were not concordantly
assigned by one or more tools. HIVdb, jpHMM, and Geno2pheno
assigned all these sequences to subtype B, whereas other tools
classified them as BD, BF, and BU recombinants, B-like, complex
recombinants, or unassigned. Three Slovenian sequences were
classified as subtype D by REGA 2.0, REGA 3.0, COMET, Geno2phe-
no, and STAR, whereas jpHMM, SCUEAL, and HIVdb suggested
BD recombinants or CRF19_cpx. When the subtype ML phyloge-
netic tree was examined (Fig. 1C), these sequences formed a sepa-
rate cluster (aLRT > 0.9) and were clustered together with subtype
D control sequences with an aLRT support of 0.875. Similar to sub-
type D, the ML analyses, REGA 2.0, REGA 3.0, and Geno2pheno
were able to assign three sequences to subtype G that other tools
were unable to assign or assigned them as GJ, AG, or AEG recom-
binants. Most tools had no problems identifying CRFo2_AG, ex-
cept REGA 2.0 and SCUEAL. Only SCUEAL was able to subtype a
sequence as CRF22_01A1, as confirmed by ML analyses (Fig. 14,
cluster 2), whereas other tools classified it as A or as unassigned.
One sequence determined as CRF22_01A1 by SCUEAL remained
unassigned by phylogenetic analysis.

As shown in Table 2, and assuming that our ML analyses cor-
respond to the correct assignment, the subtyping tools COMET,
jpHMM, and REGA 3.0 provided the highest number of correctly
subtyped sequences and thus showed the best performance for
the Slovenian sequence set.

For 12 sequences, the subtype could not be determined even by
manual ML analyses. The subtyping tools classified six of these
sequences as subtype A, CRFo1_AE, and/or their recombinants.
The ML analyses also indicated recombinant forms for six other
sequences, for which part of a sequence belonged to a subtype
with which they formed a phylogenetic cluster. In addition, four
sequences appeared to be markedly complex, indicating unique
recombinant forms (Table 2).

Overall, according to the classification of ML analyses, the ma-
jority of patients (85.3%) were infected with subtype B (313/367),
whereas subtype A was present in 4.9% (18/367), CRFo2_AG in
2.4% (9/367), subtype C in 1.1% (4/367), subtypes D, G, and 01_AE
in 0.8% (three patients each), and subtypes F and CRF22_o01A1
in 0.3% (one patient each). In 12 sequences (3.3%), the subtype
could not be assigned. Thus, a total of 54 patients (14.7%) were
determined to be infected with non-B subtypes, including poten-
tial recombinants.

Table 1 | Number of subtyped sequences obtained with eight different subtyping tools available (REGA HIV-1 & 2 Automated Subtyping Tool version 2.0, REGA
HIV Subtyping Tool version 3.0, COMET HIV-1 1.0, jpHMM, SCUEAL, HIVdb: Genotypic Resistance Interpretation Algorithm, STAR, Geno2pheno 3.3) and phylo-

genetic analyses on 367 Slovenian sequences.

Subtype REGA2.0 REGA3.0 COMET jpHMM SCUEAL HIVdb Star Geno2pheno 3.3  Phylogeny Concordant
A 26 24 19 24 17 5 5 7 18 2
B 302 304 311 314 307 313 309 313 313 289
C 4 4 4 4 4 4 4 5 4 4
D 3 3 3 2 2 3 3 4 3 0
F 1 1 1 1 1 0 1 2 1 0
G 4 4 1 2 2 2 0 3 3 0
CRFO1_AE 2 4 4 5 3 7 3 19 3 2
CRFO2_AG 0 8 9 8 0 9 9 11 9 0
CRFO9_cpx 0 0 0 / 0 / / 3 0 0
CRF19_cpx 1 1 0 / 1 / / 0 0 0
CRF22_01A1 / / 0 / 2 / / 0 1 0
NA 24 14 15 7 28 24 33 0 12 0

NA = subtype not assigned, / = corresponding subtype could not be assigned because it is not included in the reference set of the subtyping tool.

101



J. Mlakar et al. Acta Dermatovenerol APA | 2023;32:99-110

A

Cluster 1
Cluster 2
p———
l — Cluster 3
L Il =
=
-q—
Cluster 4
| Cluster 5

R

Cluster 6

Cluster S2

Cluster 1

E Cluster S3
Cluster 2
E

Cluster 2

0.03

102



Acta Dermatovenerol APA | 2023;32:99-110

HIV-1 non-B subtype in Slovenia

D E

1—\]

Cluster 1

hEE:Iuster 2

Cluster 1

|ﬂ Wﬂﬂ

-,_‘:CIusler 2

Cluster 3

Cluster S4

Cluster S5

WW

0.04

Figure 1 | The maximum likelihood phylogenetic trees of the different subtypes and their recombinants: (A) subtype A (relative to HXB2: 2262-2549, 2661-3290),
(B) subtype C (HXB2: 2253-3554), (C) subtype D (HXB2: 2253-3554), (D) subtype F (HXB2: 2253-3554), (E) subtype G (HXB2: 2262-2549, 2661-3290). Slo-
venian sequences are colored red; reference sequences from 2010 HIV-1 subtype reference sequence set of group M subtypes (A-K and recombinants) obtained
from the Los Alamos HIV Database are colored green; full genome control sequences (> 8500 bp) are colored blue; other similar control sequences are colored
black (most similar sequences per Slovenian sequence selected from those available in GenBank using the HIV BLAST search tool (43-45), Standard Nucleotide
BLAST (46), and Sequence Search Interface of the HIV sequence database). Clusters with aLRT » 0.9 are highlighted in green, clusters with aLRT » 0.8 are purple,

and Slovenian clusters are yellow.

Clinical and epidemiologic characteristics of patients infected
with non-B subtypes compared to patients infected with
subtype B

Patient characteristics are shown in Table 3. Completed ques-
tionnaires from the SPREAD surveillance program were available
for 75% (275/367) of patients, all treatment naive. Most patients
were men (87.2%), and the most common route of infection was
homo/bisexual contact (68.9%). Mean viral load was 4.94 + 0.96
log copies/ml, and 34.3% of patients had a CD4+ T-cell count <
200 cells/mm3 at the time of diagnosis. Patients infected with
subtype B were predominantly men (93.3%), whereas both sexes
were equally represented in those not infected with subtype B,
with a statistically significant difference between sex in subtype
B and non-B subtype—-infected patient groups (p < 0.001). Other
statistically significant characteristics of patients found to be in-
fected with non-B subtypes were heterosexual contact (p < 0.001),
infection acquired abroad (p < 0.001), mainly in Eastern Europe,
Africa, and Asia (p < 0.001, p < 0.001, p = 0.014, respectively), pa-
tients originated from abroad (p < 0.001), mainly from Eastern
Europe and Africa (p < 0.001, p = 0.031, respectively), and more
frequent diagnosis with a CD4+ T-cell count of < 200 cells/mm3
(p = 0.029). Multivariate logistic regression confirmed the statis-

tical significance of heterosexual transmission and infection ac-
quired in Eastern Europe, Africa, and Asia (p < 0.001, p = 0.023,
p =0.017, p = 0.049, respectively; Table 3). SDRM were detected in
3.5% sequences obtained from treatment naive patients (Table 3).
In addition, 21/43 treated patients had drug resistance mutations
identified. Amongst, 2/21 were infected with non-B subtypes, one
was identified as CRF22_o01A1 and one as CRFo2_AG.

Molecular epidemiology of non-B subtypes in Slovenia

ML analysis showed that non-B subtypes were introduced at least
34 times into Slovenia (Fig. 1). In the phylogenetic trees of non-B
subtypes, only five small clusters (three to five sequences) and six
transmission pairs of Slovenian non-B sequences were formed,
which means that only 57% (31/54) of patients were found to have
a transmission link within the country.

The most prevalent non-B subtype in Slovenia was subtype A,
with 18 sequences identified. The phylogenetic tree obtained by
ML analysis of subtype A and subtype A-related recombinants
that fully or partially correspond to subtype A in part of the HIV-
1 genome studied (e.g., CRFo1_AE) showed that Slovenian se-
quences were part of six major international clusters (Fig. 1A).
Interestingly, a sequence obtained from a patient originating from
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Slovenia that reported HIV-1 infection in Kenya was indeed found
among the sequences of a cluster originating from Africa (Fig. 1A,
Cluster 1). The second cluster included CRF22 sequences, in which
a Slovenian sequence was found (Fig. 1A, Cluster 2). The third
cluster included A sequences from Africa, Australia, and several
European countries, including three from Slovenia (Fig. 1A, Clus-
ter 3). The fourth cluster included CRFo1_AE sequences and its
recombinants, with five Slovenian sequences (three with subtype
CRFo1_AE determined with the subtyping tools, two without an
assigned subtype; Fig. 1A, Cluster 4). Many of the sequences in
this cluster originated from Thailand and other Asian countries,
and in fact three Slovenian sequences belonged to Slovenian pa-
tients presumably infected in Southeast Asia. The fifth cluster
contained A recombinant sequences originating from Africa and
Cyprus, with four originating from Slovenia, one of which became
infected in Slovenia, whereas the country of infection of the other
was unknown (Fig. 1A, Cluster 5). The sixth cluster consisted of 14
Slovenian sequences and other sequences from Eastern Europe
and Central Asia (Fig. 1A, Cluster 6). Six of the Slovenian patients
were from Ukraine (five reported being infected in Ukraine) and
three were from Bosnia and Herzegovina and reported being in-
fected in Russia, Bosnia and Herzegovina, and Slovenia. Two clus-
ters were identified that consisted of only Slovenian sequences,
and so additional MCMC analysis was performed. The results of a
Slovenian cluster with four subtype A sequences showed a poste-
rior probability value of 1 and a tMRCA determined to be between
1985 and 2008, with a mean in 2001 (Fig. 1, Cluster S2 and Fig. 2).
Bayesian analysis for the second cluster of Slovenian sequences
with an unknown subtype did not reach convergence, probably
due to possible recombinant sequences (Fig. 1A, Cluster S1).

Similarly, a cluster of five Slovenian sequences and a cluster of
three Slovenian sequences were observed in a CRFo2_AG cluster
in the phylogenetic tree of subtype G and its recombinant forms,
which included a total of 14 Slovenian sequences (Fig. 1E, Cluster
S4 and Ss). The control sequences most similar to the Slovenian
ones were mainly from West and Central Africa. An additional
Bayesian analysis was performed for this cluster, but it did not
reach convergence.

The third Slovenian cluster with a sufficient aLRT was that of
subtype D (three sequences; Fig. 1C, Cluster S3). Bayesian analysis
was not performed for this cluster because it was too small.

Discussion

The aim of this study was to investigate the distribution of HIV-
1 subtypes in Slovenia and to identify the characteristics of pa-
tients associated with specific subtypes. In order to accurately
determine the subtype of infection of all patients, eight different
subtyping tools and phylogenetic analyses were used on all avail-
able Slovenian sequences for subtype determination. All tools
congruently assigned subtypes to 80.9% of Slovenian sequences;
however, this was true for only 14.8% of non-B sequences. We
found that disagreements between tools were more frequent for:
a) subtypes and recombinants for which the analyzed region (pol)
originated from the same subtype (e.g., subtype A and CRFo1_AE;
CRFo1_AE and CRF15_01B; D and CRF19_cpx; A or CRFo1_AE and
CRF22_01A1); and b) closely related but epidemiologically distinct
groups (e.g., subtypes B and D; A and G), as previously reported
(53). Our approach has been to consider manual maximum-like-
lihood phylogenetic analyses as the gold standard for comparing
different subtyping tools, which has its limitations, especially for
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recombinant forms. However, in some cases, especially when epi-
demiologically distinct groups are studied, phylogenetic analyses
can be used to clarify misclassifications, as was the case for the
majority of Slovenian sequences. Phylogenetic analysis yielded
no results for only 12 Slovenian sequences, indicating possible
URFs or rarer CRFs. However, because only part of the pol region
was studied, the diversity among Slovenian sequences could be
much higher. The unresolved sequences were further investigated
with detailed whole genome analyses (29).

Our assessment of the performance of different subtyping tools
is broadly consistent with the results of other studies (32,53-55).
COMET, jpHMM, and REGA 3.0 performed best, as previously
noted and recommended for detailed epidemiological analyses
(5,32). A useful feature of REGA 3.0, a phylogeny-based tool, is
that it displays recombination breakpoints, whereas COMET and
jpHMM, statistically based methods, perform better when analyz-
ing sequences with a low phylogenetic signal. On the other hand,
Geno2pheno has been shown to perform well in identifying pure
non-B pure subtypes, a result not observed in our study (55). In-
deed, this tool had difficulty identifying both subtype A and com-
plex recombinants. SCUEAL was the only tool that correctly iden-
tified CRF22_o01A1. Misclassifications occurred largely because the
tools did not include CRF22_o01A1 in their reference sequence set
because this strain had not yet been confirmed in bootscanning
analysis at that time. The Slovenian sequence clustered among
full genome sequences and several non-full genome ones that
were previously characterized as CRF22_o01A1 or its recombinants.
This cluster also contained partial genome sequences classified
as A or CRFo1_AE that may have been misclassified because they
were analyzed prior to the identification and characterization of
CRF22_01A1 in 2010 (56, 57). Many of the control sequences in-
cluded in our phylogenetic analyses were classified by the original
author and using different subtyping methods, and so we cannot
fully rely on the subtype indicated in the database when examin-
ing phylogenetic trees. Because the Slovenian sequence clustered
together with full genomes of this recombinant, we determined
that this sequence in this genomic region is indeed CRF22_01A1,
whereas we cannot make any claims for the other genomic re-
gions that were not sequenced (http://www.hiv.lanl.gov/content/
sequence/HelpDocs/classification.html).

REGA 2.0 yielded a higher number of unassigned sequences be-
cause it was designed to emphasize specificity over sensitivity and
because a smaller number of CRFs were included in the reference
set (32, 55, 58). In contrast, HIVdb performed poorly because of
shorter sequences (the protease and reverse transcriptase region
sequences are subtyped separately). The subtyping tool STAR left
many of the sequences unclassified, as previously reported in an-
other study (55). However, when STAR determined the subtype,
it was the only tool that assigned all the subtypes concordantly
with manual phylogenetic assignment of the subtype. Our results
illustrate that more than one subtyping tool should be used when
determining the subtype of sequences because these tools vary in
performance when analyzing different subtypes. Performing ad-
ditional phylogenetic analyses can help resolve divergent results,
but this proves to be a tedious and time-consuming task.

In this study, subtype B was the most prevalent subtype, deter-
mined in 85% of the sequences. This is consistent with the well-
documented high proportion of subtype B in Western and Central
Europe and North America (83.3%) (3). In a pan-European study,
the lowest prevalence of subtype B was found in Israel (27.9%)
and Portugal (39.2%) and the highest in Poland (96.2%) and Slo-
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Figure 2 | The maximum clade credibility tree of subtype A sequences (relative to 2253-3554 nucleotides of the HXB2 genome) constructed using a relaxed clock
log normal distribution and Bayesian skyline coalescent model in BEAST 2.1.3. Branches of Slovenian sequences are colored red; branches of other similar control
sequences are colored black. The cluster of Slovenian sequences with posterior probability value » 0.990 is highlighted in blue. The scale axis is set at 5-year inter-
vals from right to left, starting with the sampling time of the latest sequence (2013.5). Posterior probabilities are shown at the nodes.

venia (93.6%) (59). High prevalence of subtype B was also ob-
served in neighboring countries and some Balkan countries (Cro-
atia, Hungary, Serbia, and Montenegro), in contrast to countries
where non-B subtypes are prevalent (e.g., subtype A in Albania
and subtype F in Romania) (60).

Of the non-B subtypes, subtype A was most prevalent in Slove-
nia, accounting for 5% of patients. This subtype was also detected
in low numbers in neighboring countries (from 0.5% in Austria to
5% in Croatia), whereas subtype A is highly prevalent worldwide
(52.8%-53.4%) in East Africa, Eastern Europe, and Central Asia
(59—62). Analysis of transmission clusters revealed that subtype
A cases in Slovenia originated from four different countries. Five
patients reported being infected in Ukraine, one in Russia, one in
Bosnia and Herzegovina, and one in Kenya, which mostly coin-

cides with regions where subtype A is highly prevalent.

In this study, infection with non-B subtypes was found to be
significantly associated with heterosexual transmission and infec-
tion outside the country (from Eastern Europe, Africa, and Asia),
compared to infection with subtype B. Both sexes were almost
equally represented in the cohort of non-B-infected patients,
whereas subtype B was significantly associated with male sex.
This finding is due to the fact that the most at-risk group for HIV-1
infection in Slovenia is MSM. Phylogeny confirmed this because
more than half of the large subtype B clusters consisted only of
male patients and, in addition, two large clusters contained only
patients that reported homosexual route of transmission (28).

Our study shows that at least 31% of non-B subtypes were in-
troduced into the country by immigrants and Slovenians traveling
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abroad (Eastern Europe, Africa, and Asia). This could still be an
understatement because in 44% of non-B—infected patients the
country of infection was unknown. Studies conducted in other
countries have also shown that the non-B epidemic is maintained
by frequent introduction from many geographic sources—namely,
immigration from countries with high HIV-1 prevalence (sub-Sa-
haran Africa, Eastern Europe, South America, and Southeast Asia)
and travel throughout the world—resulting in increasing spread
of non-B variants (6, 8, 59, 61, 63—69). Interestingly, a study con-
ducted in Croatia, a country neighboring Slovenia, found that in
particular seamen (labor migrants) and their steady sexual part-
ners were introducing non-B subtypes into the country (65). Con-
sistent with this, the present study found a significant association
between non-B subtypes and infection acquired abroad. Thus,
24% of non-B infections were attributable to immigrants, mainly
from Eastern Europe (subtype A), Africa (subtypes C and G), and
Asia (CRFo1_AE). Subtype A was found predominantly among im-
migrants from Ukraine, where this subtype is most prevalent (70,
71). We expect to see a significant increase of subtype A as a result
of the influx of war immigrants to other European countries in the
last few years. Subtype C has also been identified in patients origi-
nating from a region where this subtype is prevalent; namely, East
Africa (Tanzania) (3). Many studies have reported that immigrants
from countries with high HIV-1 prevalence are increasing its diver-
sification in regions where subtype B is most prevalent. For exam-
ple, in Sicily, Italy, a very low proportion (9.7%) of natives were
found to be infected with non-B subtypes (66).

When phylogenetic trees were examined, only five small clus-
ters (consisting of three to five patients) and six transmission
pairs of Slovenian non-B sequences were observed, meaning that
43% of Slovenian non-B-infected patients were found without
an identified transmission link to another Slovenian patient. On
the other hand, a study of HIV-1 patients infected with subtype
B in Slovenia showed that the majority of patients were found in
large clusters of 10 or more, leaving only 19.3% of patients without
an epidemiological link within the country (28). This reconfirms
that non-B subtypes are not transmitted further, except to regular
sexual partners. This was also observed in a study from Serbia,
in which no non-B subtypes were identified within transmission
clusters (72). However, some of the studies reported increasing
frequency and transmission of HIV-1 non-B subtypes in non-mi-
grant European populations and among MSM (69, 73, 74). Moreo-
ver, the countries in which patients reported having acquired HIV
infection were confirmed by phylogenetic analysis because Slo-
venian sequences were found in clusters with GenBank control
sequences from the same parts of the world.

Another patient characteristic found to be significantly associ-
ated with non-B infection in univariate logistic regression analy-
sis, but not in multivariate logistic regression, was a CD4+ T-cell
count of < 200 cells/mm3 at the time of HIV diagnosis. This sug-
gests that patients infected with non-B subtypes are either less
aware of the risk of HIV-1 infection and are less likely to be tested
regularly or are immigrants from countries where HIV testing is
not widely available. This important finding identifies a specific
population at higher risk of being diagnosed late in infection. Giv-
en the high prevalence of late presenters in many European coun-
tries and its importance for epidemic spread, these specific popu-
lations should be targeted by campaigns to promote HIV testing.

This study has some limitations. First, the sample size is rela-
tively small, which could reduce the statistical power and flexibil-
ity of the effect size. This is mainly due to the small number of
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newly diagnosed individuals in the country, as our study sample
represented 58% of all HIV patients diagnosed in Slovenia by the
end of 2013. Despite the relatively good sample coverage, it is possi-
ble that we have missed the less frequent HIV-1 variants in circula-
tion. Next, analyses were performed on partial HIV-1 pol sequences
> 900 bp long obtained from routine genotypic drug resistance
testing and generated for our previous studies. This genomic
region has previously been shown to provide sufficient phyloge-
netic signal for confident subtype identification by manual phy-
logenetic analysis (75). However, the gold standard for HIV-1 clas-
sification remains phylogenetic analysis of full-length genome
sequences, which was out of the scope of our study (32). Indeed,
some of the unresolved sequences from this study were further
investigated with detailed whole genome analyses in another
study (29). However, we cannot rule out the possibility that the se-
quences resolved as specific subtypes or CRFs in this study belong
to other subtypes in other regions of the genome that were not se-
quenced. Sequencing additional genes such as gag, env, or even
the full genome would allow us to more accurately determine the
subtype and identify recombination breakpoints. In addition, the
subtype assignment of the control sequences obtained from data-
bases and used in the phylogenetic analyses may not have been
correct and could have impacted our results. For this reason, we
color-coded the sequences derived from the sequenced whole ge-
nomes and assumed their subtype assignments with greater con-
fidence. However, because of the different methods used by au-
thors to assign subtypes, even these assignments could have been
inaccurate. Considerable diversity was observed within subtypes
A and F, highlighting the importance of sub-subtypes. Unfortu-
nately, in this study it was not possible to compare results at the
sub-subtype level because subtyping tools used employ different
reference sequence sets for analysis. In the example of subtype
A, many of them did not include sub-subtypes other than A1 in
their reference sets at the time of the analysis, even though at least
five other sub-subtypes have been recognized to date (A2, A3, A4,
A6 and A7) (Los Alamos HIV Sequence Database). Finally, due to
logistical, financial, and COVID-19-related reasons, this study pre-
sents relatively old data collected up to 2013. Despite this impor-
tant limitation, the present study still considerably contributes to
the knowledge of the diversity of HIV-1 subtypes. The results of
this study demonstrate the importance of HIV-1 subtype surveil-
lance, which may prove to be particularly important due to the
significant migration flows to Europe in recent years. As soon as
the situation of our research group improves, we aim to fill this re-
search gap and continue surveillance of subtypes in our country.

Conclusions

Among 367 HIV-1 sequences from patients diagnosed in Slovenia,
14.7% belonged to non-B subtypes, with the most prevalent non-B
subtypes being subtype A and CRFo2_AG. Consistent with previ-
ous studies in other European countries, non-B subtype infection
was found to be significantly associated with heterosexual route
of transmission and infection outside of the country, in contrast
to subtype B infection.

The distribution, diversity, and prevalence of HIV-1 variants
are important factors in the HIV-1 pandemic and may impact HIV
diagnostics, clinical management, and preventive measures. It
is essential to continue with systematic surveillance of the HIV-1
subtype distribution and corresponding molecular epidemiology
throughout the world.
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